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Asachi” Technical University of Iaşi, serving as the head of this department since 2016. He has

been a Ph.D. supervisor in the field of mechanical engineering since 2008. Prof. Doroftei has
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Preface

Research into the design, control, and application of advanced robots has increased over the

past few decades, with many different and interesting projects being developed. Advanced robots

have many promising applications in various areas of modern society. These robots could yield

significant positive impacts on society, but they also carry the potential to cause negative impacts.

Therefore, these impacts should be considered and discussed from the perspectives of not only

technical solutions but also relevant social issues that concern safety, law, ethics, psychology, and

philosophy.

This Special Issue, entitled “Advanced Robots: Design, Control, and Application—2nd Edition”,

showcases the most recent contributions in the theoretical and experimental research from fields

related to the design, control, and application of advanced robots (particularly human–robot

interactions (HRI) and social robotics); healthcare and medical applications; service and assistance;

soft robotics; autonomous robots; etc.

We would like to express gratitude to all the authors who contributed to this Special Issue and

to the staff at MDPI for their excellent technical and editorial support.

Ioan Doroftei

Guest Editor
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“You Scare Me”: The Effects of Humanoid Robot Appearance,
Emotion, and Interaction Skills on Uncanny Valley
Phenomenon
Karsten Berns * and Ashita Ashok

Department of Computer Science, University of Kaiserlautern-Landau, 67663 Kaiserslautern, Germany;
ashita.ashok@cs.rptu.de
* Correspondence: karsten.berns@cs.rptu.de

Abstract: This study investigates the effects of humanoid robot appearance, emotional expression,
and interaction skills on the uncanny valley phenomenon among university students using the
social humanoid robot (SHR) Ameca. Two fundamental studies were conducted within a university
setting: Study 1 assessed student expectations of SHRs in a hallway environment, emphasizing
the need for robots to integrate seamlessly and engage effectively in social interactions; Study 2
compared the humanlikeness of three humanoid robots, ROMAN, ROBIN, and EMAH (employing
the EMAH robotic system implemented on Ameca). The initial findings from corridor interactions
highlighted a diverse range of human responses, from engagement and curiosity to indifference
and unease. Additionally, the online survey revealed significant insights into expected non-verbal
communication skills, continuous learning, and comfort levels during hallway conversations with
robots. Notably, certain humanoid robots evoked stronger emotional reactions, hinting at varying
degrees of humanlikeness and the influence of interaction quality. The EMAH system was frequently
ranked as most humanlike before the study, while post-study perceptions indicated a shift, with
EMAH and ROMAN showing significant changes in perceived humanlikeness, suggesting a re-
evaluation by participants influenced by their interactive experiences. This research advances our
understanding of the uncanny valley phenomenon and the role of humanoid design in enhancing
human–robot interaction, marking the first direct comparison between the most advanced, humanlike
research robots.

Keywords: uncanny valley; humanoid robots; emotional responses; human–robot interaction; social
robots

1. Introduction

Within the premise of humanoid robots in human–robot interaction (HRI), one finds
the pervasive phenomenon of uncanny valley. The uncanny valley hypothesis, proposed
by Masahiro Mori, states that the humanlike perception of social humanoid robots (SHRs)
enhances their likeability and familiarity [1]. However, this hypothesis was prefaced with a
warning that excessive humanlikeness triggers a shift of the affine perception from positive
feelings to a sense of eeriness [2]. This shift in perception is referred to as the uncanny
valley effect (UVE) which stems from either aberrant behaviour or lack of realism, posing a
significant challenge in HRI [3].

Recent advancements in SHRs have emphasized humanlikeness in both design and
behavioural interaction. From a hardware perspective, robotic agents include a pair of eyes,
a mouth to communicate, a body, two hands, legs (mostly immobile), etc. [4]. Meanwhile,
from a behavioural perspective, SHRs have been personalized with unique names, backsto-
ries, voices, gaze algorithms, turn-taking, clothing, hair, etc. [5–8]. In social robotics, robot
personality has been used to either establish a connection with human interlocutors or to

Actuators 2024, 13, 419. https://doi.org/10.3390/act13100419 https://www.mdpi.com/journal/actuators1
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make similar-looking agents differentiable [9,10]. Studies have focused on robot personality-
induced uncanniness and have implied that robots that depict emotional stability tend to
reduce feelings of eeriness [11,12].

To achieve humanlike communication is the primary goal of HRI [13]. The acceptability
of robots as social agents underpins a display of rich anthropomorphic behaviour that is
fluid, mutually regulated, affective, intuitive, and natural [14]. The impact of a robot’s
appearance and behaviour on the human disposition is deemed significant, particularly
in tasks requiring social interaction [15]. This interaction dynamic was explored in a
groundbreaking piece of research by Herbert Clark and Kerstin Fischer, who examined the
intriguing question of why humans perceive social robots as sentient beings while, at other
times, they are perceived as mere mechanical constructs or machinery [16].

Significant research has been conducted with the appearance and movement of robots
as variables to assess how these factors influence the UVE. Previous research has primarily
focused on how different levels of humanlikeness affect user perception by using robot
images as stimuli [17]. A study with a similar focus on university students’ perception of
a tutor robot’s appearance found the preference to be a mix of both mechanical coupled
with a humanlike look and few facial features [18]. Analysing robot stereotypes on the
dimensions of communion and agency, a study found humanoid and android robots (rated
high on agency and communion) to evoke positive emotions such as pride and admiration,
typically not triggered by discriminatory tendencies such as passive or active harm, which
exists in the case of low-agency communion robots [19]. Additional findings reported that
humanoid robots were assumed to be a part of the “in-group” based on the Stereotype
Content Model and the Behaviours from Intergroup Affect and Stereotypes Map, aligning
with societal robotics. At the same time, a discrepancy arises due to said anthropomorphism,
prompting human normative expectations that do not translate to robots. Extending this
narrative, a study exploring the influences of robot decisions found that more humanlike
robots were favoured less and attributed as being deficient, highlighting a moral uncanny
valley effect [15]. Although most studies have found that humans show aversion to
highly humanlike robots within a few seconds of viewing photo stimuli, indicating a
robot’s perceived humanness [2,20,21], one study established a preference for realistic
humanlike visualization of humanoid home assistants [22]. Studies have also highlighted
the importance of robot appearance coupled with response in relation to their contribution
to SHR’s perceived social presence regarding natural HRI [23]. The above-mentioned
studies carried out robot evaluations through photos, videos, or live interaction stimuli,
but one prior research suggests that movement (shown in GIF or video) is crucial to
reducing the eeriness, but this creates privacy concerns due to robot eye movements [24,25].
Additionally, studies have highlighted that the emotional expression of humanlike faces
inhibits the UVE in HRI but this, of course, has understandable limitations due to the
texture of robot skin used [26].

The aspect of human likeness has been considered in different research activities within
our research group robotics research lab (RRLab) (https://rrlab.cs.rptu.de/ (accessed
on 15 July 2024)) since 2006, in which we developed the first humanlike head able to
express Ekman’s six basic emotions. The results indicated that the missing degree of
freedom (DOF) in the robot face (e.g., eye and eyelid movement) leads to inadequate
recognition compared to human facial expressions. In addition, it was found that the
speed of the facial expressions, which is essential for the quality of the recognition process,
was also unsatisfactory. In Hirth 2012, we defined an optimal speed function, which
could be parameterized for the different facial expressions [27]. With the development of
the humanoid upper-body system ROMAN, the extension of the body motion and hand
and arm gestures only partially lead to a pronounced humanlike robot appearance [28].
The synchronization and the adaptation of various robot body motions according to the
interaction situation made the holistic implementation solution very difficult. The use
of our behaviour-based control architecture iB2C [29,30] enables an overlap of different
body motions by using adequate fusion mechanisms [31]. Not only the movement of
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the system but also the social behaviour of the robot influences humanlikeness. With the
robot’s automatic change in emotional states, we developed a humanlike adaptation of the
robot’s behaviours in typical interaction scenarios. With an “emotion-based architecture”,
an appraisal system adjusts the social reaction based on the satisfaction level of motives and
the observed situation around the humanoid robot [27]. For humanlike robot behaviour, it
is essential that the robot perceives the intention of the interaction partner. We additionally
developed a detailed communication model, in which descriptors for verbal and non-verbal
communication are separated [28]. Besides recognizing mimics, hand and body gestures,
and feedback cues, we determine the personality of the interaction partner [32,33]. As a
result, a better understanding of the interaction partner has been reached, which allows
a better adaptation of the social behaviour of the robot system. In addition, personalised
verbal communication also plays a vital role in attributing humanlikeness [34].

The current study aims to survey the perception of SHR Ameca among university
students as student companions. A study with a similar focus on the perception of tutor
robot’s appearance by university students found the preference to be a mix of both me-
chanical coupled with a humanlike look and few facial features [18]. For this purpose,
two studies with Ameca in a university setting were devised: (a) Study 1, assessing the
expectations from SHRs in hallway/corridor; (b) Study 2, a follow-up study comparing
three humanoid robots on their humanlikeness. The technical system, the EMAH robotic
system, is developed for and implemented on Ameca (hereon referred to as EMAH), an
upper-torso enabled humanoid robot as shown in Figure 1.

Figure 1. EMAH (Empathic Mechanized Anthropomorphic Humanoid) robotic system implemented
on Gen 1 Ameca robot from Engineered Arts.

2. Study 1: Robot in University Hallway

The growing demand for advanced HRI in public settings, where social robots can
provide knowledge and companionship, highlights the relevance of this study. The core
objective is to assess how SHRs can seamlessly integrate into a university corridor en-
vironment and effectively initiate and sustain meaningful interactions. To develop and
navigate SHRs in companion contexts, one must comprehend human–robot collaboration
and establish meaningful social interactions with human interlocutors [35]. A fundamental
property of social robots is their capacity to interact with humans by following social
cues and regulations [36]. Additionally, social robots’ bidirectional communication and
emotional human–robot interaction are crucial for their efficiency in social settings [37]. The
”open social environment” in HRI refers to a setting where robots interact with humans and
other agents while being aware of human interactional structures like turn-taking (venues
such as shopping malls, museums, cultural sites, wide corridors, etc.) [38].

3
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2.1. Research Question

R1: What robot features are important for hallway HRI?

2.2. Experimental Design

The study aimed to identify characteristics EMAH should offer for hallway interaction
and acquire essential insights in a university setting. This study used an in-person field
study and an online questionnaire to obtain student feedback about SHRs. Participants were
notified of anonymizing their data and provided their informed consent. The presented
user study was approved by the Ethics Committee of the Department of Social Sciences,
University of Kaiserslautern (RPTU Kaiserslautern).

2.2.1. Field Study

The Wizard of Oz technique [39] was utilized where the investigation included a re-
searcher controlling EMAH situated at the university corridor of RPTU Kaiserslautern. The
language of interaction was English and German. The SHR was positioned at the university
corridor, replicating real-life interactions. The main focus of the study was to examine how
people react to the presence of the humanoid robot and to explore three specific research
inquiries. This experimental design enabled the investigation of human perceptions and
responses to a robot in a realistic university corridor setting. EMAH initiated interaction
by saying ”Hello, my name is EMAH. Do you have time to answer three short questions?”
and if the participant agreed, it proceeded to ask the following questions:

• What are your feelings towards me as a robot?
• What tasks or information would you find useful from me?
• Would you interact with me if you saw me again?

All responses were noted down using real-time Google speech-to-text API in English
and German.

2.2.2. Online Study

A within-subjects empirical study was carried out in English. The online form creator
involve.me (https://www.involve.me/ (accessed on 20 February 2024)) was employed.
A six-part mixed methods questionnaire was surveyed, including demographic factors
(age, gender, residence history, language, and field of study). The second part explained
EMAH and ‘Social Robots’. Third, a brief video of EMAH at the RPTU Kaiserslautern
university hallway along with four perspectives was shown with the instruction “You are
going to watch a short video where EMAH is depicted in the university hallway of RPTU
Kaiserslautern. Also, shown below, there are four perspectives of EMAH in the hallway.
In the next three pages, we will ask you questions regarding this robot scenario. Please
watch the video, view the images, and focus on the robot and your feelings toward the
robot.”. A 5-point Likert scale [40,41] was used to respond to 11 statements with 1 = Not at
all, 2 = Slightly, 3 = Moderately, 4 = Very, 5 = Extremely. Participants were asked to express
their ideas and sentiments about EMAH honestly. Participants were asked 14 yes–no
questions about EMAH’s physical appearance and functionality. Finally, participants were
asked to respond to further open-ended questions, including elaborating and suggestive
answers about their particular needs and expectations.

2.3. Participants
2.3.1. Field Study

The study involved 24 participants with different characteristics. The age range of
the participants spanned from 18 to 55 years, encompassing a wide variety of age groups.
The study included male and female participants. In addition, the participants had diverse
language backgrounds, encompassing German, French, and English.

4
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2.3.2. Online Study

A diverse and representative sample of 25 people (14 female, 10 male, and 1 other)
from numerous nationalities volunteered for the study. The participants spoke German,
French, English, etc. The average age of participants was 26.08 years (range 20–32 years,
SD = 3.21). Participants were recruited in several ways, including online questionnaire
distribution via department-based instant messaging, social media, and email invitations.
This study targets overseas students at our university having access to a computer/laptop,
smartphone, headphones, and internet connection. The average completion time of the
online questionnaire was 16.58 min. Before participating, all subjects gave written consent,
assuring informed contribution to the study.

2.4. Stimuli
2.4.1. Field Study

As shown in Figure 1, the main focus of our research is the Ameca robot in HRI,
with a stature of 187 cm and a weight of 49 kg, representing adult humanlike proportions.
The humanoid Ameca was designed by Engineered Arts with 52 degrees of freedom
(DOF), allowing it to move like a human and improving its social skills. It has fluid
body movements, attentive gaze-tracking behaviour, silicone skin, teeth, and lip sync of
generated speech. Ameca’s software now uses the EMAH robotic system developed at
RRLab, which entails a sophisticated dialogue management system to perform interactions.
The robotic system operates on Finroc, a robust C++/Java robot framework that facilitates
real-time interaction with a structure that supports the robot’s various functionalities,
including speech recognition, perception system, and generation of robot gestures and
poses [42]. The dialogue management system of EMAH was designed as a finite state
machine powered by XML templates supported by a Finroc port-based message-passing
system. The robot can perceive complex visuals and audio with a stereo vision camera
and microphone. Although the appearance of the robot has been designed to portray a
non-gendered look, the choice of robot text-to-speech (TTS) was set as female for English
and German from Acapela group (https://www.acapela-group.com/ (accessed on 4 July
2024)) (British English: Lucy; German: Julia). Figure 2 gives an all-around view of EMAH
during this study regarding location and waiting to be approached.

Figure 2. EMAH in the university hallway.

5
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2.4.2. Online Study

Four 360-degree photos and one 50-s video (https://youtu.be/xCoHLO7N0cE (ac-
cessed on 26 June 2024)) of approaching robot in front view were shown to participants.
The pictures were taken during the field study, as shown in Figure 2.

3. Study 2: Humanlikeness of Huamnoid Robots

Ekman’s facial action coding system (FACS) has been instrumental in advancing the
field of emotional robotics [43]. In our research in HRI here at RRLab with ROMAN, ROBIN,
and EMAH, we implemented Ekman’s inspired emotion to create realistic facial expres-
sions, enhancing the robot’s ability to engage in emotionally rich interactions with human
interlocutors. As technology continues to evolve, researchers strive to build machines that
recognize and respond appropriately to human emotions [44].

3.1. Research Question

R1: How does a robot’s ability to depict emotions via facial expressions affect the human-
likeness of the robot?

R2: How does a robot’s ability to make gestures depicting movements affect the human-
likeness of the robot?

3.2. Experimental Design

To answer our research questions, a within-subject online study was conducted at
the RPTU Kaiserslautern using involve.me platform. A mixed-methods approach for the
online survey included a 6-part questionnaire series rated on a Likert scale. The study
began with the consent form and was followed by the participant demographics (age,
gender, residence history, languages known, field of study, prior contact with SHRs at
university). The second part included explanatory constructs of Attitudes Towards Robots
and Trust Disposition Towards Robots [45]. The third instruction, supplemented with
three named robot images, was to arrange the robots by their names based on low, medium,
and high human likenesses (separated by a comma). The sections hereafter were repeated
for all three robots in a randomized order. The fifth part included a short description
(see Section 3.4) of the robot followed by the task to rate seven emotions (Anger, Disgust,
Fear, Happy, Neutral, Sad, Surprise) of humanoid robot images “How accurately do you
believe *robot* displayed a *emotion* face above?”. The 5-point Likert scale used in this
section was 1 = Not accurate at all, 2 = Slightly accurate, 3 = Moderately accurate, 4 = Very
accurate, 5 = Extremely accurate. Next, participants viewed a short video featuring the
robot interacting with a male human interlocutor. Unfortunately, compared to EMAH,
due to robot malfunctions, old videos of ROMAN and ROBIN were used, thereby adding
another variable—the content and scenario of interaction. A manipulation check was
installed by surveying noticeable robot emotions in the video. Here, participants were also
prompted “Describe what you think about how *robot* looks like.” [12]. Finally, Godspeed
constructs of anthropomorphism and likeability were measured using a 5-point Likert
scale, coupled with three items of mechanical vs. humanlike (humanlikeness), strange vs.
familiar (familiarity), and slightly eerie vs. extremely eerie (eeriness) [17,46].

3.3. Participants

This experiment focused on participants fluent in English, aged 18 to 35, accessing the
internet via personal devices. Recruitment was effectively managed through direct emails
and instant messaging platforms, targeting a broad range of university students. Our
diverse group consisted of 67 participants, including 36 males, 29 females, and two whose
gender was not specified. They represented various academic disciplines, predominantly
from the fields of computer science and engineering, followed by other sciences and the
humanities. Participants displayed considerable linguistic diversity, speaking 27 different
languages, with many being multilingual in significant languages such as English, German,
and various Asian languages. The geographic background of our sample included residents
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from multiple countries, predominantly Germany and India, the largest nationalities at
RPTU Kaiserslautern, which provided a comprehensive cultural representation of students
at our university. The completion times for our experiments varied widely, reflecting
different engagement levels with the tasks assigned, with an average completion time of
30.17 min (approx.). Each participant consented in writing to use their anonymized data to
advance this research study, ensuring ethical compliance and data integrity.

3.4. Stimuli

In accordance with state-of-the-art strategies to measure reduced robot uncanniness,
this study utilized two aspects of humanoids, emotions and movement, which were consid-
ered stimuli types. We implemented seven emotions (Anger, Disgust, Fear, Happy, Neutral,
Sad, and Surprise) on each robot (ROMAN, ROBIN, EMAH).

3.4.1. EMAH

The robot specifications are the same as described in Section 2.4.1, and as shown
in Figure 1. Based on the available 13 facial action units (AUs) on EMAH as shown in
Table 1 (left), we created the target facial expressions as shown in Figure 3. The short
description used in the emotion classification task was, “EMAH, short for Empathic Mecha-
nized Anthropomorphic huamnoid system, is developed to interact naturally with humans
focusing on empathetic, personalized interactions.”. An example of values used to create
the Anger emotion is also shown in Table 1 (right). All emotions except for the Sad emotion
have gaze set to default state due to the inability to lower the corners of the mouth (mouth
movement limited to open-close); gaze target theta was set to the minimum value of −62.
The video stimuli used contained the robot within an HRI with movements signified with
depicting emotional expressions, hand gestures, gaze behaviour, and speech delivery as
shown https://youtu.be/m8gzJQy-WXw (accessed on 15 April 2024).

Figure 3. Emotions of EMAH along with the image shown for humanlikeness ranking.
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Table 1. EMAH: Existing facial degrees of freedom available from Ameca motor control system (left),
example values of Anger facial expression (right).

Action Unit Default Min Max Example: Anger Value

Smile L 0 0 1 Smile L 0
Smile R 0 0 1 Smile R 0
Mouth open 0 0 2 Mouth open 0
Jaw slew 0.5 0 1 Jaw slew 0.5
Top eyelid L 1 −1 2 Top eyelid L 1
Top eyelid R 1 −1 2 Top eyelid R 1
Bottom eyelid L 1 −1 2 Bottom eyelid L 0
Bottom eyelid R 1 −1 2 Bottom eyelid R 0
Brow L 0.5 0 1 Brow L 0
Brow R 0.5 0 1 Brow R 0
Outer brow L 0 0 1 Outer brow L 0
Outer brow R 0 0 1 Outer brow R 0
Nose wrinkle 0 0 1 Nose wrinkle 1
Gaze target phi 0 −130 130 Gaze target phi 0
Gaze target theta 0 −62 62 Gaze target theta 0

3.4.2. ROBIN

The robot specifications are described in Figure 4. Based on the available 20 facial
action units (AUs) on ROBIN, the existing facial expressions were chosen [47]. The emotions
are shown in Figure 5. The short description used in the emotion classification task was
“ROBIN, short for robot–human interaction, focuses on creating a seamless interaction by
bridging the gap between robotic functionality and human interaction through advanced
recognition of both non-verbal and verbal cues.”. The video stimuli used for ROBIN with
visible movements can be seen https://youtu.be/bVoVtfm9kBo (accessed on 15 April 2024).

Figure 4. Robot–human interaction (ROBIN) [7] (p. 1).
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Figure 5. Emotions of ROBIN along with the image shown for ordering for humanlikeness.

3.4.3. ROMAN

The robot specifications are as described in Figure 6. Based on the available 40 facial
action units (AUs) on ROMAN, the existing facial expressions were chosen [48]. The emo-
tions are as shown in Figure 7. The short description used in the emotion classification
task was, “ROMAN, short for robot–human interaction machine aimed to facilitate nat-
ural interactions beyond traditional input devices through dynamic modeling of human
behaviour.”. The video stimuli used to depict interaction with ROMAN can be viewed
https://youtu.be/mzeE4YiggGA (accessed on 15 April 2024) [49].

Figure 6. Robot–human interaction machine (ROMAN) [50] (p.1).
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Figure 7. Emotions of ROMAN along with the image shown for ordering for humanlikeness.

4. Results and Analysis

The analyses were carried out using JASP 0.18.3, University of Amsterdam, Amster-
dam, The Netherlands (https://jasp-stats.org/ (accessed 31 May 2024)).

4.1. Hallway Study

R1: What robot features are important for hallway HRI?

4.1.1. In-Person

Analyzing human behaviour during this study, the typical reactions from participants
ranged from laughter and smiles to completely disregarding the robot’s presence. Several
participants eagerly approached EMAH, showing a keen interest in further interaction
and offering positive feedback. Surprisingly, a group of participants interacted extensively,
capturing selfies, making specific requests or commands, and documenting their experience
with the robot through videos and photos. Several participants shared their emotions
in response to EMAH’s questions, ranging from fear to curiosity. Several participants
interacted with EMAH by requesting information or expressing their task preferences.
Despite the various reactions from participants, a few individuals opted not to provide
a response. The findings highlight the complex range of human reactions to robots in
real-world environments, providing insights into both common and distinct responses to
humanoid robots such as EMAH.

Exploring the responses to the three questions put forth by EMAH revealed human
perceptions of the robots at university. The participants exhibited various emotional
responses to surveyed feelings towards the robot. Some expressed “Fear”, and others
noted the robot as “Interesting”, with a few reporting “Nothing” to indicate indifference.
When questioned about functional tasks for the robot, responses varied from “Everything”
to specific requests such as “Mensa information” and “Cooking skill”. Despite some
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inaudible responses and participants abruptly leaving amidst the experiment, the question
of willingness to interact again received a recurring affirmation to “Yes” and “Yes of
course”. Findings, therefore, suggest a general openness to future engagements with the
robot despite awkward first impressions.

4.1.2. Online

A. Robot Importance

On analyzing items from Appendix A.1, importance for robot learning (Mean = 4.120,
SD = 0.881) and response rate (Mean = 4.000, SD = 0.707) was highlighted. Interpretation of
non-verbal cues by the robot was also rated highly (Mean = 3.920, SD = 0.954), underscoring
the value of nuanced communication. Lower scores were observed for human trust in the
robot performing human tasks (Mean = 2.840, SD = 0.746) and neutral levels of comfort
with the robot in the hallway (Mean = 3.000, SD = 1.000). These findings suggest that
although students at university display enthusiasm for advanced robots, there remains
hesitation for trust and comfort within HRI.

B. Interaction Preferences

On the analysis of Appendix A.2 yes–no questions, the findings suggest that a sig-
nificant majority, 88%, favoured guidance within the university premises, while 80% and
76% supported EMAH providing Cafeteria options and course information, respectively.
Interestingly, interaction initiation by EMAH was favoured by 68% of the respondents,
with 60% of students agreeing to initiate interaction themselves. Similarly, 72% agreed on
the importance of EMAH’s ability to detect and appropriately respond to users’ moods.
Preferences over EMAH’s personality were split, with a slight majority favouring the robot
to have its own distinct personality (N = 18) over mimicking the user’s mood (N = 7). Rat-
ings for the data privacy item: The majority expressed concerns about the robot recording
or storing camera data (72%) and dialogue transcripts (52%) during interactions.

The preferences for robot stance were equally divided between mobile and stationary
options. Regarding gender assignment, a notable preference was shown for a neutral
gender, although some responses indicated selections for either female or male gender,
reflecting varied participant comfort levels with gendered interfaces. The graphical repre-
sentation of the findings can be seen in Figure 8.

Figure 8. Results of human preferences of interaction with EMAH.

C. Open-ended

Participants stated a range of skills expected of EMAH, with one emphasizing the
need for “empathetic talks” and another suggesting for “navigating, speaking different
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languages, and chatting” as essential. Responses also reveal the expectation for context-
aware interactions beyond being an information agent. Befitting the robot in the university
hallway, expected tasks centred around academic and administrative support, with one par-
ticipant requesting “guidance regarding courses and locations”, and another “answering
questions about university procedures such as enrollment”. This indicates EMAH usage as
a navigational aid and a procedural guide within the university setting. Privacy concerns
were also highlighted, and participants advocated for strict user data protection. One par-
ticipant explicitly mentioned “just do not record my face or voice”, reflecting concerns for
personal data security in HRI. Regarding recommendations for robot behaviour, partici-
pants wanted EMAH to “focus on one person at a time” and employ precise turn-taking
mechanisms. This can be inferred as mirroring human-to-human conversation dynamics.
Regarding robot engagement during interactions, participants suggested that EMAH could
use gestures such as “nodding as listening and putting a hand on a head as thinking”. Sug-
gestions for EMAH to improve daily university experiences included “being someone cool
to talk to”, “Make university more interesting” and providing “directions and answering
different questions”. The open-ended responses collectively reflect a small portion of the
university community open to technological integration with clear expectations of privacy
and interaction quality.

4.2. Humanlikeness Study

R1: How does a robot’s ability to depict emotions via facial expressions and movement
affect the humanlikeness of a robot?

4.2.1. Rankings Before-After

In a comparative analysis using the Wilcoxon signed-rank test, the study aimed to
explore changes in the perception of human likeness for three social robots—ROBIN, RO-
MAN, and EMAH-before and after exposure to robot emotions and HRI videos. Rankings
of ROBIN exhibited no significant change in perceived human likeness, suggesting it is
perceived consistently, possibly indicating medium human likeness (p = 0.935). In contrast,
ROMAN and EMAH showed significant changes in perception, suggesting a shift in how
they are viewed post-experiment (p = 0.015 * and p = 0.0326 *, respectively). The results
demonstrated varied changes in rankings, with significant alterations observed for ROMAN
and EMAH but not for ROBIN. At the beginning of the experiment, ROBIN and ROMAN
were frequently perceived as the least humanlike (N = 26 and N = 25, respectively), while
EMAH (N = 45) was most commonly seen as the most humanlike. After the experiment,
perceptions shifted notably, with ROMAN being the least humanlike (N = 40), suggesting a
decreased perceived humanlikeness. In contrast, EMAH’s position as the most humanlike
decreased (N = 32), yet it remained the highest among the robots. ROBIN’s perception as
least humanlike decreased (N = 17) in the post-experiment rankings, and an increase in
being perceived as more humanlike (N = 21).

4.2.2. Robot Emotion Classification

In analyzing the emotion recognition across the three humanoid robots, findings
suggest distinctive emotional expressiveness attributed to each robot, as shown in Table 2.
ROMAN displayed enhanced expressiveness in emotions such as Sad (SD = 1.152) and
Anger (SD = 1.130), with a significant variability suggesting a more dramatic emotional
range. Additionally, ROBIN was found to be expressive in Happy (SD = 1.132) and Neutral
emotions (SD = 1.089). Overall, ROBIN maintained moderate scores across emotions,
suggesting a balanced but less intense emotional expression. Notably, EMAH was rated
consistently high for Neutral (Mean = 4.090, SD = 0.965), with the low variance indicating
a stable and subtle emotional display. The results highlight the appropriate capability
of humanoids with facial attributes to exhibit specific emotions, facilitating emotional
engagement within HRI.
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Table 2. Descriptive Statistics for Humanoid Emotions.

ROMAN ROBIN EMAH

Emotion Mean SD SE Mean SD SE Mean SD SE

Sad 3.716 1.152 0.141 3.254 1.283 0.157 3.119 1.094 0.134
Surprise 3.567 1.144 0.140 3.567 1.076 0.131 2.582 1.208 0.148
Anger 2.104 1.130 0.138 3.746 1.172 0.143 3.687 1.003 0.123
Disgust 2.343 1.136 0.139 3.642 1.164 0.142 2.373 1.126 0.138
Fear 2.910 1.300 0.159 3.403 1.155 0.141 3.403 1.060 0.129
Happy 3.090 1.276 0.156 3.552 1.132 0.138 3.642 1.111 0.136
Neutral 2.209 1.162 0.142 3.582 1.089 0.133 4.090 0.965 0.118

4.2.3. Robot Movement in HRI

A. Emotion check

In the video stimuli, ROMAN’s facial expression was intended to display “Neutral”
and was successfully perceived as Neutral (N = 42), with notable counts of Happy (N = 17)
and Surprise (N = 7). ROBIN was intended to show Happy and Other (Thinking, Skeptical,
Sarcasm), but was reported showing Neutral (N = 52), followed by Happy (N = 26) and
Surprise (N = 19). EMAH was intended to be “Neutral” and was correctly perceived as
such (N = 56), with some perceiving Happy (N = 19).

B. Description of Robot Appearance

The analysis of participants’ descriptions of the robots’ appearances employed the
natural language toolkit (NLTK) library, leveraging stopwords and WordNetLemmatizer
for preprocessing. Negative word lists consisted of weird, scary, and uncanny, whereas
positive word lists consisted of humanlike, cool, and nice. Participants frequently described
ROMAN with negative terms like uncanny (N = 3), weird (N = 1), and scary (N = 1). ROBIN
was also negatively perceived, with descriptors such as weird (N = 1), uncanny (N = 2),
and scary (N = 1). EMAH received similar negative feedback with uncanny (N = 2) and
scary (N = 1). Positive descriptions were seldom, with ROMAN termed cool once, and
ROBIN and EMAH both labeled humanlike sparingly, highlighting existing challenges for
humanoid robots.

4.2.4. Robot Impression

The study explored the impact of robot emotion, assessed through images of emotional
robot faces and movements in HRI videos, on the perception of uncanniness.

A. Anthropomorphism and Likeability

A repeated measures ANOVA was carried out to analyze the effects of humanoid type
(EMAH, ROBIN, ROMAN), the two constructs of the Godspeed questionnaire (Anthro-
pomorphism and Likeability), and their interaction on participant responses. The results
showed a significant impact for “Humanoid Type” (F = 11.870, p < 0.001), indicating distinct
perceptions based on different humanoid types. The “Godspeed” items also depicted a
significant effect (F = 18.278, p < 0.001), suggesting notable variations in robot perception.
Furthermore, the interaction between “Humanoid Type*Godspeed” revealed significant
differences (F = 21.687, p < 0.001), emphasizing the combined effect of these factors. Note:
Analysis results with and without the Greenhouse-Geisser sphericity correction remained
consistent across these adjustments.

A post hoc Tukey test [51] revealed the following results. For the Fake–Natural
dimension, EMAH was perceived as more natural than ROMAN (MD = −1.284, 95%
CI: −1.918 to −0.649, p < 0.001). In the Machinelike–humanlike dimension, significant
differences were observed: EMAH was perceived as more humanlike than ROMAN (MD =
1.433, 95% CI: 0.815 to 2.051, p < 0.001). Regarding the Unfriendly–Friendly and Unkind–
Kind dimensions, ROMAN was consistently perceived as less friendly and kind compared
to EMAH (MD = −1.030, 95% CI: −1.576 to −0.484, p < 0.001) and a lesser extent compared
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to ROBIN (MD = −0.955, 95% CI: −1.501 to −0.410, p < 0.001). The Unpleasant–Pleasant and
Awful–Nice dimensions showed that ROMAN was perceived more negatively compared to
both ROBIN and EMAH. Additionally, in the Artificial–Lifelike dimension, ROMAN was
rated significantly more artificial than both ROBIN (MD = −0.746, 95% CI: −1.381 to −0.111,
p = 0.002) and EMAH (MD = −0.448, 95% CI: −1.083 to 0.187, p = 0.603), underscoring its
artificial appearance. Here, MD refers to Mean Difference. The descriptive measures are
shown in Table 3.

Table 3. Descriptive Statistics for Anthropomorphism and Likeability.

ROMAN ROBIN EMAH

Godspeed Mean SD Mean SD Mean SD

Fake–Natural 2.090 1.055 2.851 1.104 3.030 1.073
Machinelike–humanlike 2.075 1.005 2.597 1.060 2.791 1.023
Unconcious-Concious 2.478 1.146 3.373 1.071 2.776 1.098
Artificial-Lifelike 2.104 0.956 2.493 1.092 2.582 0.987
Rigidly Elegantly 2.075 0.942 2.537 1.133 3.149 0.989
Dislike-Like 2.701 1.115 3.552 0.113 3.433 0.857
Unfriendly–Friendly 3.119 1.122 3.582 0.109 3.672 0.660
Unkind–Kind 3.045 0.960 3.373 0.097 3.672 0.683
Unpleasant–Pleasant 2.925 1.078 3.522 0.113 3.537 0.927
Awful–Nice 3.015 1.037 3.582 0.095 3.567 0.857

B. Humanlikeness, Familiarity, Eeriness

The findings indicate that the robots ROMAN, ROBIN, and EMAH elicited varied
impressions of humanlikeness, familiarity, and eeriness as shown in Figure 9 and Table 4.
ROMAN was perceived as least humanlike (Mean = 2.090, SD = 0.866) and moderately
eerie (Mean = 2.866, SD = 1.100), whereas EMAH was perceived as relatively more hu-
manlike (Mean = 2.761, SD = 0.889) and less eerie (Mean = 2.537, SD = 0.959). ROBIN,
similar to findings of emotion classification task Section 4.2.2, scored moderately across all
attributes. These variations reflect differing degrees of uncanniness, directly influenced by
the combination of robotic emotional expressions and robot movement presented.

Figure 9. Raincloud plot of humanoid robots rated on bi-variate ratings of humanlikeness, familiarity,
and eeriness.
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Table 4. Descriptive statistics for humanlikeness, familiarity, eeriness measurements.

ROMAN ROBIN EMAH

Attribute Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

humanlikeness 2.090 0.866 2.552 1.063 2.761 0.889
Familiarity 2.313 0.972 2.925 0.893 2.821 0.920
Eeriness 2.866 1.100 2.716 1.042 2.537 0.959

5. Discussion and Conclusions

The exploration of humanoid robots in human–robot interaction (HRI) contexts, par-
ticularly within university settings, reveals interesting dynamics related to the uncanny
valley phenomenon and the effectiveness of social humanoid robots (SHRs) like Ameca.
This study summarises the findings from two critical studies conducted to investigate
the impacts of robot appearance, emotional expression, and interaction skills on human
perception of SHR Ameca. The uncanny valley phenomenon was evident in our stud-
ies, particularly in the varied responses to SHRs like EMAH and ROMAN, indicating a
complex interaction between human expectations, robot design, and robot interactive capa-
bilities. In Study 1, conducted at a university hallway setting, which focused on EMAH’s
interactions, participants displayed a range of reactions, from curiosity and engagement
to wariness and indifference. EMAH’s design, with its anthropomorphic features and
expressive capabilities, aimed to facilitate natural interactions. The findings highlighted
that while some participants were open to EMAH’s presence and engaged in a positive
manner, a few students remained disinterested, depicting the challenge of integrating SHRs
seamlessly into public environments. The online survey complementing Study 1 revealed a
strong preference for robots capable of advanced communication and emotional expression,
indicating that these two features impact perceived humanlikeness and interaction quality.
However, concerns about data privacy and the robot’s ability to perform human tasks
affected some participant’s acceptance.

Study 2 aimed to understand further the depths to which robot humanlikeness af-
fects human expectation across three types of humanoid robots—ROMAN, ROBIN, and
EMAH—using emotional facial expressions and one-on-one interaction scenarios. The
findings indicated that exposure to emotional stimuli significantly influenced participants’
perceptions of humanlikeness, particularly in cases of ROMAN and EMAH. These robots
demonstrated varied degrees of emotion regulation through facial action units and in-
teraction capabilities, influencing how participants evaluated their humanlikeness when
compared to human interlocutors. This re-emphasizes that the ability to express emotions
enhances robots’ acceptance and integration in social settings, diminishing aspects of the
uncanny valley. Designing SHRs that balance humanlikeness with functional robot be-
haviour leads to user acceptance and remains an active challenge. With the integration of
emotional expression and adaptive interaction skills, we aim to improve robot usability,
thereby increasing acceptance.

In conclusion, this research advances the discourse on the uncanny valley phenomenon
by interpreting how different aspects of humanlike humanoid robots influence human
perception of robot appearance and interaction dynamics. It sets a foundation for future
studies to explore how subtle changes in robot hardware design and behaviour can strate-
gically navigate the uncanny valley, enhancing the usage and acceptability of SHRs in
everyday settings. As assistance robots become increasingly prevalent in social settings,
understanding and addressing the human–robot dynamics via robot appearance will be
crucial for the successful integration of these technologies into human societies.
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Notations and Abbreviations

HRI Human–Robot Interaction
SHR Social Humanoid Robot
UVE Uncanny Valley Effect
RRLab Robotics Research Lab
GIF Graphics Interchange Format
DOF Degree Of Freedom
ROMAN Robot–human interaction machine
iB2C integrated Behaviour-Based Control
EMAH Empathic Mechanized Anthropomorphic Humanoid system
XML Extensible Markup Language
TTS Text To Speech
FACS Facial Action Coding System
ROBIN Robot–human interaction
AU Action Unit
NLTK Natural Language Toolkit

Appendix A. Hallway Study

Appendix A.1. 5-Point Likert

Here we would like to learn about your attitudes and feelings toward robots. Please
read each statement carefully and provide your honest response based on your personal
opinions and feelings.

1. How important do you think is a humanlike appearance for EMAH?
2. How important is it for EMAH to interpret and respond to non-verbal cues like

gestures or facial expressions?
3. How important is it for EMAH to remember previous interactions with the same individuals?
4. What level of personalization in interactions do you expect from EMAH?
5. How significant is it for EMAH to display and recognize emotions?
6. How important is the response speed of EMAH during interactions?
7. How much would you trust EMAH to perform certain tasks on your behalf?
8. How important is it for EMAH to learn and improve from its interactions over time?
9. How critical is it for EMAH to manage interruptions gracefully?
10. How comfortable would you feel having a conversation with EMAH in a hallway?
11. How comfortable would you feel having a conversation with EMAH in a hallway

knowing it is a stationary robot (it cannot move its legs)?

Appendix A.2. Yes–No

Please imagine yourself in the scenario where you witness EMAH in the hallway at
your university and respond to these questions.

1. Would you prefer EMAH to be assigned a gender?
2. Which gender do you prefer EMAH to be assigned? (male vs. female vs. nonbinary)
3. Would you be inclined to initiate interaction with EMAH if you saw it in a hallway?
4. Should EMAH be programmed to initiate conversations first?
5. Would you prefer EMAH to guide people verbally about specific locations within

the university?
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6. Which robot stance do you prefer for EMAH? (Stationary (Only upper torso movement)
vs. Mobile (able to navigate body))

7. Should EMAH provide information about courses offered at our university?
8. Should EMAH provide information about Mensa options for the day at our university?
9. Do you think EMAH should have entertainment capabilities, like telling jokes, singing

or dancing?
10. Would you be concerned about EMAH recording or storing camera data during

interaction for learning purposes?
11. Would you be concerned about EMAH recording or storing conversational tran-

script/dialogues for learning purposes?
12. Do you think EMAH should be able to detect and appropriately respond to a person’s

mood (e.g., happy, stressed)?
13. Do you think EMAH should mimic facial expressions and gestures in response to a

person’s mood?
14. Do you think EMAH should have it’s own personality or mimic a person’s mood? (it’s

own vs. match person’s)

Appendix A.3. Open–Ended

Please imagine yourself in the scenario where you witness EMAH in the hallway at
your university and respond to these questions.

1. What skills do you think the robot is able to perform?
2. What specific tasks or information would you find most useful from EMAH?
3. What topics would you like EMAH to be knowledgeable about or programmed to discuss?
4. Express your privacy concerns, if any, regarding the data EMAH might collect dur-

ing interactions.
5. Share your safety concerns, if any, regarding interactions with EMAH.
6. How should EMAH manage interactions with multiple people simultaneously?
7. Describe how you would prefer EMAH to handle misunderstandings or errors dur-

ing interactions.
8. Share your thoughts on how EMAH should signal that it’s ’listening’ or ’thinking’

during an interaction.
9. How do you feel about interacting with humanoid robots like EMAH in a university

setting? (if you feel negative or nothing, please suggest how EMAH could fix this)
10. In what ways could EMAH improve your daily experience in the university corridors?
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Abstract: Cable conduits are crucial for urban power transmission and distribution systems. However,
current conduit robots are often large and susceptible to tilting issues, which hampers the effective
and intelligent inspection of these conduits. Therefore, there is an urgent need to develop a smaller-
sized conduit inspection robot to address these challenges. Based on an in-depth analysis of the
characteristics of the cable conduit working environment and the associated functional requirements,
this study successfully developed a small-scale urban cable conduit inspection robot prototype. This
development was grounded in relevant design theories, simulation analyses, and experimental tests.
The test results demonstrate that the robot’s bracing module effectively prevents tilting within the
conduit. Additionally, the detection module enables comprehensive 360-degree conduit inspections,
and the vacuuming module meets the negative pressure requirements for efficient absorption of dust
and foreign matter. The robot has met the expected design goals, effectively enhanced the automation
of the cable conduit construction process, and improved the quality control of cable laying.

Keywords: cable conduit; robot; inspection; bracing module; vacuuming module

1. Introduction

With the rapid development of cities, the importance of infrastructure, such as electric-
ity, has significantly increased. Cables play a crucial role in this context, and their safe and
stable operation is essential for ensuring the smooth functioning of urban areas. Typically,
cables are laid in underground ducts, but due to construction activities, these ducts are
prone to misalignment and the accumulation of debris, such as sand and dust. This not
only affects cable operation but also poses potential risks to the power grid’s operation.
Given the narrow, inconvenient, and complex environment of cable ducts, developing a
small-sized intelligent inspection robot capable of reliably detecting duct defects and taking
corrective actions is highly necessary [1–3].

Researchers have developed a variety of conduit robots, which provide foundational
cases for the research presented in this paper. Traditional conduit robots, utilizing wheels
or tracks for movement, offer high stability and practical utility. Elankavi R S et al. compre-
hensively summarized traditional conduit robots equipped with different types of wheels,
including magnetic wheels, standard wheels, and mechanical wheels [4]. Thung-Od, K
et al. introduced a train-type conduit inspection robot equipped with two sets of vertical
omnidirectional wheels capable of longitudinal and lateral movements to ensure the robot
navigates the conduit path effectively [5]. M. Cardona et al. invented a single-degree-of-
freedom wheeled conduit inspection robot featuring adjustable detection height, strong
driving force, and significant engineering practicality [6]. To enhance obstacle avoidance,
Tang, S. et al. developed a tracked conduit inspection robot with two independently driven
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side track motion mechanisms and posture adjustment systems, capable of performing
well on various terrains and overcoming obstacles [7]. However, traditional wheeled and
tracked robots generally lack support mechanisms, making them susceptible to tilting or
even overturning within the conduit.

To address the issue of tilting within conduits, bionic conduit inspection robots have
been developed. Wang, J. et al. proposed a small six-legged conduit robot equipped with a
support mechanism, providing a structural foundation for subsequent obstacle avoidance
robot designs [8]. Additionally, Manhong Li et al. developed a soft crawling robot for
conduit detection [9], and Jingwei Liu et al. designed a snake-like conduit robot [10]. These
robots mimic the characteristics of mollusks, allowing them to better adapt to conduits
through creeping excavation, thus enabling stable movement and preventing tilting. Fang
et al. highlighted that the design inspiration for bio-inspired robots is drawn from the
wall-climbing abilities of insects and animals, offering considerable advantages in specific
operational environments. This has advanced the development of bio-inspired climbing
robots, making them suitable for applications on conduit walls as well [11]. However, the
current application of bionic robots remains limited to ideal laboratory conditions, and
their capabilities for practical engineering applications require further development.

To achieve both engineering practicality and anti-tilt capability in conduit robots,
we can refer to external conduit inspection robots. For instance, Wang Z. et al. devel-
oped an external cable pipe wall-walking inspection robot that employs a non-enclosed
four-bar clamping mechanism, ensuring stable operation [12]. Li J. et al. invented a
flexible obstacle-crossing conduit robot, which significantly enhanced stability and obstacle-
crossing capability through a rotating joint mechanism and an elastic shock-absorbing
suspension system [13]. Additionally, Z. Tang et al. drew inspiration from the conduit
outer diameter inspection robot developed by Z. Zheng et al. [14] and designed an adaptive
diameter conduit inspection robot. This robot utilizes a support structure and a lifting
structure arranged at 120◦, with the outer diameter of the grinding wheel system adjusted
through a screw adjustment module to accommodate different pipe diameters and prevent
tilting issues [15]. Furthermore, to prevent the robot from tipping over within the conduit,
Yan H. introduced a spiral conduit robot that reduces slippage by increasing the spiral
angle, thereby providing an effective driving force for the adaptive conduit robot [16].
Concurrently, Zhang L. et al. conducted an in-depth study on the stability of conduit robots,
providing a theoretical foundation for maintaining the stability of the robot’s posture [17].
Subsequently, Y. Zhang et al. simulated and optimized the support and drive mechanisms
of the adaptive diameter conduit robot, further advancing research into anti-roll solutions
for conduit robots [18].

In addition to the detection function, the robot must be equipped with specialized
devices to address various conduit defects. For instance, Y. Chen et al. designed an
adaptive conduit robot drilling device capable of removing stones and debris from the
conduit [19]. Moreover, Fanghua Liu et al. enhanced the conduit inspection robot by
incorporating a rotating device to grind internal conduit defects coupled with a brush for
cleaning purposes [20]. The robot developed in this paper is designed to detect internal
defects of the conduit and clean the inside of the conduit at the same time, especially to
transport sand and soil inside the conduit after construction.

In this context, this paper presents the development of a small-scale cable conduit
inspection robot. This wheeled, single-degree-of-freedom inspection robot features a
uniform four-wheel drive to prevent slipping, a bracing mechanism to avoid tilting, and a
360◦ all-round inspection device for accurate feedback on conduit defects. Additionally,
it is equipped with a vacuuming device to collect dust and sand, thereby preventing any
adverse impact on the cable insulation layer. By integrating these functionalities, the robot
can complete inspection tasks more efficiently, providing a model for the development of
future wheeled inspection robots.

21



Actuators 2024, 13, 349

2. Functional Requirements and Technical Indicators

The small-volume urban cable conduit inspection robot focuses on detecting and
addressing internal defects in urban cable conduits. As shown in Figure 1, such defects
include foreign matter such as dust, sand, and stones left in the conduit due to construction
activities, as well as interface misalignment defects formed during the conduit connection
process. All the defects significantly impact the laying and discharge of cables.
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Therefore, the following points are particularly important for small-sized urban cable
conduit inspection robots to effectively complete their tasks in the complex environment of
cable conduits:

1. Small Size: To ensure that the robot can fit into the confined space of the cable duct, it
must be designed to be compact and small.

2. Reasonable Drive: When the robot is moving in a circular cross-section cable duct, it
is necessary to ensure that each driving force has sufficient power to avoid slipping.

3. Comprehensive Inspection: Given the differences in conduit diameters, the inspection
device needs to be appropriately adjustable to ensure effective defect detection.

4. Stable Operation: When a wheeled robot maneuvers within a circular cross-section
cable conduit, the center of gravity often shifts away from the conduit’s center, leading
to tilting. In severe instances, this can result in the robot rolling over. Hence, strict
control of the tilt angle is crucial to prevent it from becoming excessive.

In addition to these requirements, the robot should also have the capability to clean
foreign objects (vacuum) to meet the practical needs of engineering and production.

According to project indicators and functional analysis, the main quantitative indica-
tors of the small-scale urban cable conduit inspection robot are presented in Table 1.

Table 1. Quantitative indicators of robot.

Robot Mass
m/kg

Conduit
Diameter

Range
D/mm

Number of
Driving
Wheels

Detection
Angle
α0/(◦)

Inclination
Angle
θ/(◦)

Vacuuming
Negative
Pressure

p/kPa

≤12 225–275 4 360 ≤8 ≥3

3. Robot Working Principle and Structural Design
3.1. Robot Overall Structure Design

The structural design of the small-volume urban cable conduit inspection robot (here-
inafter referred to as the robot) includes a main module, a bracing module, a detection
module, and a vacuuming module. The overall structure is illustrated in Figure 2.

The camera detection module is positioned at the front end of the robot’s main module,
equipped with components such as an industrial camera, fill light, servo, and rotary motor
drive. A bracing module is located in the middle section of the robot, comprising a push-rod
motor and bearing rollers. The push-rod motor is adjustable for different conduit diameters
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with a specific stroke. At the rear end, there is a vacuuming module designed for collecting
dust and foreign matter.
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3.2. Robot Body and Bracing Module Design

As illustrated in Figure 3, power transmission within the robot’s main body module
occurs through a plane cross-axis gear to an odd-parallel-axis gear set, which subsequently
transfers power to the front and rear output shafts. This transmission method ensures even
distribution of power to the four sets of non-slip rubber drive wheels, thereby ensuring
uniform power output.
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The selection of the drive motor significantly influences the operational performance
of the robot. Parameters such as the robot’s mass, drive wheel radius, driving speed, and
friction coefficient directly affect the motor’s torque and power requirements. To simplify
calculations, it is assumed that all four sets of drive wheels maintain non-slipping contact
with the conduit wall.

T1 is the torque required to overcome the rotational inertia:
{

T1 = Jα
α = ω

t
(1)

In the equation, J represents the equivalent rotational inertia of the drive motor itself,
the transmission system, and the four sets of drive wheels. The variable α denotes the
angular acceleration of the drive motor, ω represents the angular velocity of the motor, and
t is the motor startup time.
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The torque T2 required by the wheel to overcome friction:

T2 = µmgR (2)

where µ represents the maximum static friction coefficient between the driving wheel and
the conduit, m is the weight of the robot, and g denotes the acceleration due to gravity.

Thus, the power P1 required by the motor to overcome the load and the power P2
required to overcome friction can be determined.

{
P1 = T1n

9550
P2 = T2n

9550
(3)

where n represents the motor speed.
From the above, the required safety torque T and safety power P for the motor can be

determined: {
T = (T1 + T2)N
P = (P1 + P2)N

(4)

where N represents the safety factor.
Dynamic analysis reveals the necessary driving torque and power:

T =
(

Jω
t + µmg

)
N

P =
(

Jωn
9550t +

µmgn
19100

)
N

(5)

Based on the calculated torque and power requirements, the selected motor dimen-
sions, as shown in Figure 4, fulfill both the design specifications and spatial constraints.
This motor is produced by DJI Technology Co., Ltd., Shenzhen, China.
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robot without anti-tilt measures. 

Figure 4. Drive motor dimensions and structural diagram.

To ensure stable operation and prevent tilting or tipping due to poor conduit con-
ditions, a high center of gravity, or excessive speed, it is crucial to carefully analyze tilt
phenomena and implement corresponding measures. Figure 5a illustrates the analysis of
the robot without anti-tilt measures.

In Figure 5a, G and G1 denote the positions of the center of gravity before and after
tilting, respectively; θ represents the tilt angle; H is the distance between the center of
gravity and the bottom of the robot; 2W denotes the length of the bottom of the robot; F
represents the weight of the robot; Fx is the component of gravity parallel to the wheel axis;
Fy is the component of gravity perpendicular to the wheel axis. Given the robot’s relatively
slow forward speed, only static tipping is considered in tipping scenarios. Under tilting
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conditions, gravity generates a tipping moment, M1, and a tipping-preventing moment,
M2, expressed as follows:

M1 = Fx × H
M2 = Fy × W

(6)

The component expressions of gravity are:

Fx = F × sin θ
Fy = F × cos θ

(7)

If the tipping moment exceeds the anti-tipping moment, the robot will tilt over. To
prevent tilting, the tilt angle must be maintained below a certain critical value, denoted as:

θ ≤ arctan
(

W
H

)
(8)

In actual conduit inspection processes, without implementing anti-tilt measures, it
becomes impractical to maintain the tilt angle within a controllable range, thereby making
it difficult to prevent tipping from occurring reliably.
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Figure 5. Simplified model of the robot’s conduit traversal: (a) two-dimensional simplified model of
the robot’s inclination and rollover; (b) force analysis diagram of the robot’s bracing device.

Therefore, it is essential to implement anti-tilt measures. As illustrated in Figure 6,
bracing bearing rollers and push-rod motors are utilized to stabilize the robot and prevent
tilting and rotation. The push-rod motor provides a specific amount of force and stroke to
act as rigid bracing, adapting to the actual conditions within the conduit. The thrust on
the duct wall is maintained by a passive system. First, the 3D model of the robot is placed
within a 225–275 mm cable conduit, and the stroke of the push-rod motor is determined
based on its position in the 3D space. The cable conduit is produced by Hebei Zhongming
Environmental Protection Engineering Co., Ltd. in Cangzhou City, Hebei Province, China.
The appropriate voltage and thrust (self-locking force) are then selected according to the
power supply requirements. The selected push-rod motor operates at 12 V, with a 50 mm
stroke and a thrust of 150 N.
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Figure 6. Three-dimensional schematic diagram of the robot’s bracing device.

An MX471 current sensor module is added to the main control board, which extends
the push-rod motor through the main control board. The MX471 current sensor module is
produced by Shenzhen Nuojing Technology Co., Ltd., China. When an increase in current
is detected, it indicates that the roller has contacted the cable conduit wall, prompting the
motor to stop extending. At this point, the push-rod motor generates a self-locking force to
hold against the duct wall, preventing the robot from tilting.

Additionally, the use of bracing bearing rollers reduces friction, transforming sliding
friction between the bracing and the conduit wall into rolling friction, thereby minimizing
the robot’s travel resistance. During conduit inspections with this bracing mechanism,
depicted in Figure 5b, if a clockwise tilt tendency occurs, the left bracing bearing roller
generates a vertical downward force F1, while the right side produces a vertical upward
force F2. These forces collectively create a torque that prevents the robot from tilting,
ensuring smooth operation during conduit inspections.

3.3. Robot Detection and Vacuuming Module Design

Currently, most wide-angle camera modules used for inspections feature structures
with adjustable relative heights, necessitating adjustments based on conduit diameter. As
depicted in Figure 7a, when the camera axis deviates from the conduit centerline, the
quadrilateral wide-angle area ABCD formed becomes asymmetric relative to the axis. This
asymmetry results in variations between upper and lower observation areas, which can
affect the assessment of conduit defects. Rotating the camera to view the asymmetric area
can lead to image distortion if the rotation angle is excessive, significantly impacting the
detection of conduit misalignment defects.
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Therefore, the height of the adjustable detection device should be adjusted to align
the two axes as closely as possible. In Figure 7b, where W is half of the robot width, D
is the wheel diameter, R is the conduit radius, l is the vertical distance from the center of
the conduit to the bottom of the wheel, and hmax is the maximum adjustable height of the
camera relative to the bottom of the vehicle. Using these parameters, the approximate
adjustable height h can be calculated as:

h = hmax −
√

R2 − W2 − D/2 (9)

Therefore, the range of the conduit diameter should determine the corresponding
adjustable height range, ensuring that hmax exceeds this adjustable height range. It is
important to note that in Equation (9), the values of R and W should account for the
thickness of the wheel.

Figure 8 illustrates the adjustable height range calculation, which incorporates a single-
axis servo and rotary motor to compensate for the camera height in the detection module
of the robot.
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Figure 8. Three-dimensional schematic diagram of the robot’s detection device.

When the detection module identifies a defect in the cable duct, targeted treatment of
the defect is necessary. The small-volume urban cable duct detection and vacuuming robot
utilizes a vacuuming module to absorb and collect dust and foreign matter. This prevents
degradation of cable insulation performance, obstruction of heat dissipation, and corrosion
damage caused by dust.

The dust collection module structure consists of a cyclone motor, a dust collection box,
an air conduit joint, and a dust collection head, as illustrated in Figure 9. The cyclone motor
serves as the core component, generating airflow and negative pressure to suction dust and
dirt. The air conduit joint connects to the external dust collection head, directing airflow
and dust entry. During operation, the cyclone motor creates negative pressure, efficiently
drawing in dust and dirt from the conduit bottom. The dust collection head acts as the inlet,
while the air conduit joint guides airflow and particulate matter into the dust collection
box. To safeguard the motor from large particles, a filter is installed between them, and the
dust collection box is sealed to securely store and collect dust and dirt.
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4. Robot Simulation Analysis
4.1. Simulation Analysis of Robot Body and Bracing Module

Based on the above analysis, it is evident that without anti-tilt measures, the robot
moving in the conduit may tilt or even overturn. However, after incorporating the bracing
module, the robot’s tilt issue is mitigated. To further investigate the influence of the robot’s
speed within the conduit on tilting, dynamic analysis was conducted using the Motion plug-
in of SolidWorks2021 software. This analysis considered different speeds and the presence
or absence of bracing devices for the robot. The abbreviations for different simulation
conditions are detailed in Table 2 below.

Table 2. Abbreviation for simulation of center of mass position under different conditions.

Abbreviation Direction of Center
of Mass

Bracing Mechanism
Presence

Operating Speed
v/(m/s)

Case 1 X Without bracing

0.1
Case 2 X With bracing
Case 3 Y Without bracing
Case 4 Y With bracing

Case 5 X Without bracing

0.2
Case 6 X With bracing
Case 7 Y Without bracing
Case 8 Y With bracing

Case 9 X Without bracing

0.3
Case 10 X With bracing
Case 11 Y Without bracing
Case 12 Y With bracing

For robots equipped with bracing mechanisms, a detailed analysis of the contact
forces and friction forces generated during their interaction with cable conduit walls is
required. Additionally, the forces exerted by the bracing mechanisms on the duct walls at
different speeds should be compared. Abbreviations for the various simulation conditions
are presented in Table 3.
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Table 3. Abbreviation for simulation of dynamic analysis under different conditions.

Abbreviation Types of Forces Operating Speed
v/(m/s)

Case 13 Contact force
0.1Case 14 Rolling friction force

Case 15 Contact force
0.2Case 16 Rolling friction force

Case 17 Contact force
0.3Case 18 Rolling friction force

The selected parameters were validated by observing the relative position changes
between the robot’s center of mass and the origin, as shown in Figure 10. When the robot
moves along the axial direction of the cable conduit, only the changes in the center of mass
in the X and Y directions relative to the origin need to be measured to reflect the robot’s
inclination during motion, while changes in the Z direction can be disregarded.
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Figure 10. Schematic diagram of the simulation measurement object of the robot.

In Figure 10, the observed parameters are the distances between the robot’s center of
mass and the origin along the X and Y directions. Using the Motion plug-in, gravity, contact,
material, and other parameters are set, providing the robot with a specific rotational speed
(given speed), and the calculation time is set to 8 s. Subsequently, using the drawing plug-in
integrated with SolidWorks, the vertical distance between these points is selected for data
export and further processing.

Firstly, for the robot without a bracing device, vertical gravity and contact between
the robot and the conduit are configured. The tire material is set to rubber, and the cable
conduit material is set to glass-reinforced steel. The wheel speeds are set at 0.1 m/s,
0.2 m/s, and 0.3 m/s, respectively, allowing it to travel in a theoretically infinite cable
conduit for 8 s.

Next, the same boundary conditions are applied to the robot with a bracing device,
with the addition of contact settings between the auxiliary roller and the conduit. The tire
material remains rubber, and the cable conduit material is glass-reinforced steel. Wheel
speeds are set at 0.1 m/s, 0.2 m/s, and 0.3 m/s, allowing travel in a theoretically infinite
cable conduit for 8 s.

After completing the simulations, a comparative analysis of the changes in the robot’s
center of mass in the X and Y directions under different conditions was conducted, as
shown in Figure 11. Figure 11a illustrates the position changes of the center of mass in
the X direction relative to the origin for robots with and without bracing mechanisms at a
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speed of 0.1 m/s. Figure 11b shows the corresponding changes at a speed of 0.2 m/s, and
Figure 11c at 0.3 m/s. Similarly, Figure 11d–f display the changes in the Y direction relative
to the origin at speeds of 0.1 m/s, 0.2 m/s, and 0.3 m/s, respectively, for both bracing and
without bracing robots.
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Figure 11. Comparison of displacement of centroid in X and Y directions at different velocities:
(a) 0.1 m/s, X; (b) 0.2 m/s, X; (c) 0.3 m/s, X; (d) 0.1 m/s, Y; (e) 0.2 m/s, Y; (f) 0.3 m/s, Y.

A comparison of the six plots in Figure 11 reveals that robots without bracing mecha-
nisms exhibit significant fluctuations in the center of mass in both the X and Y directions,
indicating displacement in these directions and resulting in an overall inclination of the
robot. In contrast, robots equipped with bracing mechanisms show minimal fluctuations
in the center of mass in both directions, demonstrating the effectiveness of the bracing
mechanism in mitigating the robot’s inclination.

After completing the robot motion analysis, further investigation into its dynamics
is required, focusing specifically on robots with bracing mechanisms. The analysis will
primarily examine the relationship between the contact force and rolling friction force
between the bracing mechanism and the inner wall of the cable conduit. As shown in
Figure 12, Figure 12a,d present the contact force and rolling friction force at a speed of
0.1 m/s, respectively. Figure 12b,e display these forces at 0.2 m/s, while Figure 12c,f show
the corresponding forces at 0.3 m/s.

Figure 12a–c show that the maximum contact forces at different speeds are approxi-
mately 7.5 N at 0.1 m/s, 12 N at 0.2 m/s, and 20 N at 0.3 m/s, respectively. This indicates
that the magnitude of the contact force between the bracing mechanism and the cable
conduit wall increases with the robot’s speed. The fluctuations in contact force suggest that
the bracing mechanism operates in a state of dynamic equilibrium, passively adjusting to
mitigate inclination. Observing Figure 12d–f, it is noted that the maximum rolling friction
forces are approximately 0.75 N at 0.1 m/s, 1 N at 0.2 m/s, and 1.5 N at 0.3 m/s. This
demonstrates that, like the contact force, the rolling friction force also increases with the
robot’s speed. However, since the rolling friction force remains relatively small, its impact
on the robot’s forward motion is minimal.
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4.2. Simulation Analysis of Robot Detection and Dust Collection Module

In the ADAMS2019 motion simulation software, connections were added to the visual
inspection module. A fixed pair was applied to the motor rack located at the right end
of the module. Additionally, rotation pair 1 was established between the right-end motor
shaft and the middle servo rack, while rotation pair 2 was set between the middle servo
and the left-end camera rack. The configured visual inspection module setup is illustrated
in Figure 13.
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The revolute pair drive is configured to simulate actual motor operation in the ADAMS
motion simulation software. Initially, during setup, the visual inspection module remains
static. Subsequently, revolute pair 2 rotates, orienting the camera’s horizontal symmetry
plane at a 30◦ angle relative to the horizontal plane, simulating the camera’s adjustment
to observe or capture road and conduit conditions ahead, crucial for transmitting conduit
conditions for image recognition. Following this, revolute pair 1 initiates rotation, causing
the camera and servo to rotate, mimicking a 360◦ observation (adjustable as per actual
requirements) of the conduit’s current position. Finally, revolute pair 2 rotates again to
conclude the camera’s capture session, returning it to its initial position. This sequence is
illustrated in Figure 14.
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Figure 14. All orientation diagrams of the detection device in the simulation environment: (a) upper
position, (b) left position, (c) lower position, (d) right position.

To limit the angle of the servo motor and prevent collisions or interference between
the camera and the conduit wall, a comprehensive kinematic simulation of the servo’s
position within the cable conduit was conducted at its maximum operating angle, as shown
in Figure 14. The results indicate that the camera does not collide or interfere with the cable
conduit wall at any of the four orientations tested, confirming that the servo’s maximum
operating angle of 30◦ is a reasonable design choice.

After detecting defects such as dust and foreign matter, the detection module activates
the suction module in collaboration with the main module to perform suction operations.
To ensure sufficient negative pressure for effective dust and foreign matter removal, an
internal fluid simulation of the suction pressure is conducted.

Using the Flow Simulation plug-in in SolidWorks, the dust collection motor was
selected, and the volume flow rate at the outlet of the collection box was calculated to be
0.005 m3/s based on its parameters. The inlet ambient pressure was set to the standard
external ambient pressure, boundary conditions were established, and grids were divided
prior to solving. As depicted in Figure 15, the minimum static pressure recorded was
97.24844 kPa, resulting in a negative pressure of 4.07656 kPa relative to the ambient pressure.
Typically, dust collection requires a negative pressure range of 1 kPa to 3 kPa, and the
maximum negative pressure generated by the dust collection motor at the collection port is
4.07656 kPa, meeting operational requirements.
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5. Robot Experiment Verification

The designed small-volume urban cable conduit inspection robot was processed and
manufactured, and the robot and its host computer terminal interface were obtained, as
shown in Figure 16. Its key parameters are shown in Table 4.
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Table 4. The key parameter table of the robot prototype.

Key Parameter Numerical Value

Robot mass m/kg 10
The traveling speed of the robot v/(km/h) 0.5–15

Driving motor power P/W 14
Adaptable conduit diameter D/mm 225–275
Battery endurance of the robot T/h 4

The robot can be directly connected to the power supply through the line. To enable
emergency work, the robot is also equipped with an internal battery that can provide about
4 h of working time.

The robot’s drive motor, suction motor, camera rotation motor, and servos communi-
cate with the main controller via CAN communication, facilitated by the TJA1050 CAN
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transceiver chip (Zhidashunfa Electronics Co., Ltd., Shenzhen City, China) embedded in
the main control board. The image transmission module communicates with the main
controller through an Ethernet connection, as shown in Figure 17.
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19a reveals that the robot equipped with a bracing device exhibits less tilt. The close prox-
imity of the bracing wheel to the inner wall is evident through reflection, demonstrating 
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5.1. Experimental Verification of Robot Body and Bracing Module

Through the theoretical analysis and simulation verification above, it is evident that
during actual conduit inspections, a robot without anti-tilt measures tilts after a period of
operation. Conversely, integrating an anti-tilt device effectively mitigates this tilt.

The following is an experimental verification conducted by the robot prototype. As
shown in Figure 18, in order to restore the real cable conduit scene more realistically, the
prototype robot entered a conduit consisting of two sections of 225 mm diameter cable
conduits with the same length and a misaligned interface in the middle at a speed of
0.2 m/s in both the bracing and unbracing states.
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Figure 18. The experimental verification scene diagram of the robot.

During the same distance of travel, observations of the robot equipped with and with-
out a bracing device from the entrance of the conduit are depicted in Figure 18. Figure 19a
reveals that the robot equipped with a bracing device exhibits less tilt. The close proximity
of the bracing wheel to the inner wall is evident through reflection, demonstrating its effec-
tive role in mitigating tilt and keeping the robot within acceptable tilt angles. Conversely,
Figure 19b shows a noticeable tilt of the robot without a bracing device relative to the center
of the cable conduit. This experimental validation aligns with theoretical predictions and
simulations, confirming the beneficial anti-tilt effect of the bracing device during the robot’s
traversal in the cable conduit.

34



Actuators 2024, 13, 349Actuators 2024, 13, x FOR PEER REVIEW 16 of 18 
 

 

Left bracing wheel Right bracing wheel

 
(a) (b) 

Figure 19. The experimental effect diagram of the main body and bracing devices: (a) the effect 
diagram of the bracing devices; (b) the effect diagram of the unbracing devices. 

5.2. Experimental Verification of Robot Detection and Vacuuming Module 
The robot, under coordinated action of the main module and bracing module, enters 

the 225 mm cable conduit. Utilizing commands from the host computer terminal, the ro-
bot’s detection module proceeds to survey the conduit in all directions. As depicted in 
Figure 20, the experiment validates the detection device’s capability to reach four posi-
tions: upper, lower, left, and right. Adjustment of the detection device enables a compre-
hensive 360° detection coverage of the cable conduit. 

 
(a) (b) (c) (d) 

Figure 20. All orientation diagrams of the detection device in the experimental environment: (a) 
upper position, (b) lower position, (c) left position, (d) right position. 

The simulation of the dust collection module demonstrates that the negative pressure 
generated by the dust collection motor, operating through the dust collection box and re-
lated components, achieves 4.07656 kPa, surpassing the required negative pressure for 
effective dust collection. As depicted in Figure 21, dust and other foreign particles are 
strategically placed within the conduit to simulate real-world conditions. Upon activation 
of the dust collection device, a noticeable reduction in dust content is observed before and 
after collection. These results affirm the device’s efficacy in effectively suctioning and col-
lecting dust and foreign matter within the conduit, thereby mitigating their potential im-
pact on cable insulation and ensuring cable protection. 

Figure 19. The experimental effect diagram of the main body and bracing devices: (a) the effect
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5.2. Experimental Verification of Robot Detection and Vacuuming Module

The robot, under coordinated action of the main module and bracing module, enters
the 225 mm cable conduit. Utilizing commands from the host computer terminal, the
robot’s detection module proceeds to survey the conduit in all directions. As depicted in
Figure 20, the experiment validates the detection device’s capability to reach four positions:
upper, lower, left, and right. Adjustment of the detection device enables a comprehensive
360◦ detection coverage of the cable conduit.
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Figure 20. All orientation diagrams of the detection device in the experimental environment:
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The simulation of the dust collection module demonstrates that the negative pressure
generated by the dust collection motor, operating through the dust collection box and
related components, achieves 4.07656 kPa, surpassing the required negative pressure for
effective dust collection. As depicted in Figure 21, dust and other foreign particles are
strategically placed within the conduit to simulate real-world conditions. Upon activation
of the dust collection device, a noticeable reduction in dust content is observed before
and after collection. These results affirm the device’s efficacy in effectively suctioning and
collecting dust and foreign matter within the conduit, thereby mitigating their potential
impact on cable insulation and ensuring cable protection.
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6. Conclusions

Addressing the requirements for cable conduit inspection robots across various tasks,
this study successfully developed a wheeled, small-volume urban cable conduit inspection
robot prototype. This development was achieved through theoretical analysis, simulations,
and experimental verification. The main conclusions are as follows:

To ensure smooth movement within the conduit, a four-wheel drive system and
an anti-tilt and rollover bracing device based on gear transmission were designed for
the robot. The feasibility of this device was validated through theoretical modeling and
simulation analysis. Experimental observations at equivalent speeds and conduit distances
demonstrate that the deflection angle of the robot equipped with the bracing device is
smaller compared with the one without it. The results indicate that the support device
effectively resolves the issues of tilting and tipping of the robot within the cable duct.

To meet the requirements of conduit inspection and cleaning, an inspection and
vacuuming module for the robot was designed, followed by simulation and experimental
verification. The results demonstrate that the detection device can rotate to four positions
within the cable conduit without interference, thereby fulfilling the requirements for 360-
degree conduit inspection. Furthermore, the dust collection module achieves a maximum
negative pressure of 4.07656 kPa, effectively cleaning dust and other foreign matter from
the conduit.

The research findings present an example for advancing the study of cable and conduit
robots, contributing to the secure and stable operation of urban power grids.
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Abstract: When the landing position of a shipborne helicopter on the deck does not meet the require-
ments for towing it into the hangar, its position must first be corrected before towing can proceed. This
paper studied the methods for using Shipborne Rapid Carrier Robots (SRCRs) to correct helicopter
positions on the deck and proposed two correction methods, the stepwise correction method and the
continuous correction method, aiming to improve the efficiency of the position adjustment process.
Firstly, the actual helicopter landing position deviation was divided into two components—lateral
offset and fuselage yaw angle—to quantitatively assess the deviations. Then, a mathematical model
of the SRCR traction system was established, and its traction motion characteristics were analyzed.
The kinematic characteristics and control processes of the two proposed position correction methods
were subsequently studied, revealing the coordinated control relationships between key control
elements. Finally, simulations were conducted to validate the feasibility of the proposed correction
methods and compare their efficiencies. The results indicated that both the stepwise and continuous
correction methods effectively achieved the position correction objectives. The stepwise method
was more efficient when the initial yaw angle was small, while the continuous method proved more
efficient when the initial yaw angle was large and the lateral offset was minimal. The results of this
study may provide a valuable reference for correcting the positions of helicopters on deck.

Keywords: shipboard helicopter; helicopter landing deviation correction; helicopter deck position
correction; shipborne rapid carrier robot; stepwise correction method; continuous correction method

1. Introduction

A shipborne helicopter needs to carry out on-board recovery operations after complet-
ing its mission at sea. This generally includes the processes of landing assistance, securing
the helicopter, correcting the helicopter’s deck position, and towing the helicopter to the
ship’s hangar. Shipborne special carrier robots are used for securing and transferring
helicopters during the recovery process. Compared to the traditional manual methods
of mooring and transferring, shipborne special carrier robots greatly improve the safety
and efficiency of helicopter landing operations [1–5]. However, the landing position of
the helicopter is affected by the motion of the deck [6] and the ship’s airwakes [7]. Heli-
copter deck position correction is a prerequisite for helicopter warehousing. Correcting
the helicopter’s position in advance is necessary. This allows the helicopter traction and
warehousing operations to be carried out smoothly and quickly [8–10]. Therefore, studying
helicopter deck position correction methods is of great significance for ensuring helicopter
warehousing and improving the efficiency of shipborne recovery operations.

Various types of shipborne helicopter traversing systems can be broadly classified into
two categories; one type is the towing cart, which only possesses a traction function and
needs to be used in conjunction with a harpoon grid system or recovery assist, securing,
and traversing (RAST) system [11]. The other type integrates helicopter-assisted landing
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and towing functions, such as the Aircraft Ship Integrated Secure and Traverse System
(ASIST) [12] and the Twin Claw Aircraft Ship Integrated Secure and Traverse System
(TC-ASIST) [13].

Ground support equipment (GSE) [14,15] is a helicopter towing cart introduced by
Curtiss-Wright, used for towing helicopters on land or aircraft carrier decks. Baury Alexan-
dre enhanced the safety of the GSE towing system by adding a guide rail [16] and vacuum
discs [17]. For traversing helicopters secured by the RAST system, Baekken Asbjorn
et al. [18] designed the RAST helicopter towing system. Pesando Mario [19] designed a
towing device for helicopters using both harpoon grid landing systems and RAST landing
systems and used the Sea Lynx helicopter and the Sea King helicopter as examples to
illustrate the towing process. However, the towing systems for harpoon grids and RAST
require crew members to collaborate on the deck during landing aid and towing processes,
resulting in high operational difficulty and low efficiency. To achieve automated operations
for carrier-based helicopter landing and towing, Pesando Mario et al. [20] designed the
ASIST system. This system completes securing and traversing operations by capturing
and towing a rod on the helicopter underbelly. Zhang Z et al. [21] proposed the EASIST
system with an asynchronous motor, enhancing shipborne helicopter traction efficiency
and combat effectiveness. Zhang Z has enhanced ASIST performance across multiple
research fields, including dynamic modeling [22], energy consumption characteristics [23],
traversing performance [24], and system reliability [25].

Due to the requirement for helicopters to have rods installed on their underbellies
for the ASIST system, which limits its compatibility with all helicopter models for landing
and towing, Curtiss-Wright introduced the Two Claw Aircraft Ship Integrated Secure and
Traverse System (TC-ASIST) [13] after launching the ASIST [12]. This system features two
mechanical arms capable of capturing the probes on both sides of the helicopter’s tail wheel,
eliminating the need for helicopter structural modification. It is suitable for a wider range
of helicopter models and can tow heavier helicopters.

In terms of control strategies for helicopter towing systems, there has been consid-
erable research on towing carts, including towing stability control and path planning
methods. In the area of towing stability control, Liu H et al. [26] proposed a method
using active four-wheel steering and variable structure control to improve the stability of
shipborne aircraft traction. Wang Y X [27] proposed an adaptive backstepping controller
to enhance deck tractor–airplane stability, compensating for ship motion and vehicle pa-
rameter uncertainties. Neng Jian W et al. [28] proposed using rear steering control with
variable structure control for robust tractor–helicopter stability. In the area of path planning
methods, Meng X et al. [29] proposed the KS-RRT* algorithm for safe and time-optimal
path planning in autonomous aircraft towing on carrier decks. Liu J et al. [30] propose
offline trajectory planning and online tracking methods for efficient and safe dispatching of
towed aircraft systems.

Despite the extensive research on trajectory planning for towing carts, the complexity
of ship motion control [31,32] makes it impossible for carts to be used for helicopter
towing operations in high sea conditions. It is necessary to use integrated securing and
traversing helicopter systems to complete the towing work. Due to the simplicity of the
RAST and ASIST towing structures, research on the towing process focuses on modeling
methods [33], helicopter motion characteristics, and towing system energy consumption
characteristics [34]. The shipborne special carrier robot studied in this paper, similar to
the TC-ASIST, uses two claws for towing helicopters. It is suitable for a wider range of
helicopter models and can tow heavier helicopters. However, the unique structural design
and traction motion mode limit the flexibility of helicopter traction motion and increase
the difficulty of helicopter deck position correction. There is limited research on rapid
helicopter deck position correction methods.

This paper aims to add an automatic helicopter deck position correction process
into the TC-ASIST system to improve the efficiency and accuracy of helicopter hangar
operations. This paper proposes a stepwise correction method and a continuous correction
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method to correct the landing position during the transferring of helicopters. In Section 2,
the composition and calibration principles of the shipborne rapid carrier robots (SRCRs)
are introduced, along with an analysis of the traction motion characteristics. Sections 3
and 4, respectively, propose the stepwise calibration method and the continuous calibration
method, while deriving the velocity-coordinated control equations. In Section 5, simulation
studies are conducted on the correction motion trajectory and velocity characteristics.
Under various traction conditions (different fuselage yaw angle θ0 and lateral offset d0),
simulation test comparisons of the stepwise and continuous methods for correction are
conducted to validate the feasibility of the proposed correction methods and analyze their
simulation performance across different scenarios. The conclusion is presented in Section 6.
The Nomenclature is shown in Table 1.

Table 1. Nomenclature.

Symbol Description

θ The helicopter fuselage yaw angle
d The helicopter lateral offset
v1 The traction velocity of the left winch
v2 The traction velocity of the right winch
V1 The traction speed provided by the left winch
V2 The traction speed provided by the right winch
va The velocity of the left traction point a of the SRCR
vb The velocity of the right traction point b of the SRCR
ω The rotational angular velocity of the SRCR
L The distance between the left and right traction tracks
∆va The traction velocity difference between the left and right winches
∆va1 The velocity of the left traction point (shaft a) moving within the sliding groove

∆va2
The rotational velocity of the left traction point a on the SRCR when it performs rigid
body motion around the right traction point b

vz The capturing point velocity of the right robotic arm
vs The lateral correction velocity of the right robotic arm
rz The distance from the right robotic arm capturing point cR to the right traction point b
γ The steering angle of the helicopter steerable nose wheel
xs The sliding displacement of the right robotic arm

L0
The distance from the initial position of the right robotic arm (i.e., axis y1) to the center
of the helicopter’s main wheel

L1
The distance between the right traction point of the SRCR (i.e., shaft b) and the initial
position of the right robotic arm

L2
The distance between the helicopter main wheel shaft and the line connecting the left
and right traction points (i.e., line a–b)

vB
The rotational velocity of the right robotic arm’s capture point around the right
traction point of the SRCR (i.e., shaft b)

δ The central angle of the continuous correction trajectory
r The arc radius of the continuous correction trajectory

L3
The distance from the center of the helicopter’s main wheel shaft to the center of the
helicopter steerable nose wheel

s The length of the continuous correction trajectory

2. Mathematical Model and Kinematic Characteristic Analysis
2.1. The Structure and Correction Principle of Helicopter Deck Traction System

The research object in this paper is the SRCR, focusing on the helicopter deck tow-
ing operation. The simplified system principle is shown in Figures 1 and 2. Figure 1
is a schematic of the three-dimensional layout of the traction system. Figure 2 shows
the schematic diagram of the towing system principle, and Figure 3 shows the three-
dimensional structure of the SRCR.

As shown in Figures 1 and 2, the deck traction system includes left and right traction
winches, the winch hydraulic power system, the traction cable pretightening device, the
shipborne rapid carrier robot, and the left and right tracks. The winch hydraulic power
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system controls the hydraulic motor, thereby driving the winch. The track tractor and the
SRCR are connected, as shown in Figure 3. In Figure 3, it can be seen that there are two
types of motion pairs between the left track tractor and the SRCR; one is a rotational pair
around shaft a, and the other is a sliding pair along the groove. There is only one rotational
pair around shaft b between the right track tractor and the secure device. The left and right
robotic arms slide along lateral slide rails at the front end of SRCR and are controlled by
the winch hydraulic power system. The left and right robotic arms capture and hold the
helicopter by clamping the securing rods of the helicopter’s main wheels.
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The traction principle of the SRCR can be summarized as follows. The left and right
traction winches, respectively, tow the SRCR for translational or rotational movement, and
then SRCR robotic arms tow the helicopter for translational or rotational movement.

The ideal landing position of the helicopter is characterized by two key factors. The
center point of the helicopter’s main axle should be located on the center line of the
two traction rails, and the fuselage should be parallel to the traction rails, as shown in
Figure 4. However, the actual landing position is often uncertain due to factors such as the
unpredictable motion of the ship, airwake disturbances, and the pilot’s control accuracy.
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To quantitatively evaluate the deviation between the actual and ideal landing positions,
this paper decomposes the offset of the actual landing position relative to the ideal landing
position. The offset can be categorized into two types: lateral position offset and fuselage
direction angle offset. These are referred to as lateral offset d0 and fuselage yaw angle θ0, as
shown in Figure 5. Therefore, the objective of the helicopter deck position is to eliminate
the lateral offset and the fuselage yaw angle. The SRCR is equipped with angle sensors and
displacement sensors, allowing for real-time monitoring of the helicopter’s fuselage yaw
angle θ and lateral offset d.
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2.2. Analysis of Traction Motion Characteristics of SRCR

Figure 6 is a schematic of the SRCR structure, simplifying the body structure and the
complex internal dynamic system for traction motion analysis.
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According to the connection relation between SRCR and traction tracks, the SRCR can
only produce relative rotation around shaft b. In relation to the connecting shaft a, it can
produce not only relative rotation around shaft a but also relative sliding along the groove.
Therefore, the traction motion of the SRCR can be simplified to the planar motion of a rigid
body. If the SRCR is considered a rigid body, its traction motion can be decomposed into
the translational motion along the direction of the right traction track and rotational motion
around shaft b.

Through the kinematic analysis of the SRCR, the schematic is shown in Figure 6. The
motion trajectory of the SRCR is determined by the traction velocities of the left and right
winches, denoted as v1 and v2, respectively. The traction speeds are assumed to be positive
in the direction shown in Figure 6. The left and right winches transmit power through
shafts a and b on the SRCR, with the velocities of a and b denoted as va and vb, respectively.
Shaft b is the base point of the SRCR’s planar motion, its velocity vb is equal to the right
traction velocity v2, and va is equal to the left traction velocity v1. The relationship between
the velocities va and vb can be expressed as follows:

→
va =

→
vb +

→
ω · r, (1)

In Formula (1), ω represents the rotational angular velocity of the SRCR around shaft
b, and r is the distance between shaft a and shaft b.

As shown in Figure 6, r changes with the rotation angle θ and can be expressed as:

r =
L

cos θ
, (2)

In Formula (2), L is the distance between the left and right traction tracks, and θ is
the fuselage yaw angle of the SRCR. Through dynamic analysis of the robot, it is known
that the rotational torque of the robot comes from the difference in left and right traction
velocities, ∆va. According to the velocity decomposition theorem, ∆va can be decomposed
into velocity components ∆va1 and ∆va2, as shown in Figure 6. ∆va1 is the relative motion
velocity of point a in the groove direction relative to the base point b, and ∆va2 is the
linear velocity of point a rotating around shaft b. The expressions for the traction velocity
difference ∆va and velocity component ∆va2 are shown in Formulas (3) and (4).

∆va = v2 − v1, (3)

∆va2 = ω · r, (4)

The relationship between the velocity component ∆va2 and velocity difference ∆va can
be expressed as:

∆va2 = ∆va cos θ, (5)

According to Formulas (2) through (5), the angular velocity of the SRCR, ω, can be
expressed as:

ω =
(v2 − v1) cos2 θ

L
, (6)

According to Formula (6), the rotation angular velocity ω is related to v1, v2 and the
yaw angle θ. When the angular velocity ω is positive, it indicates counterclockwise rotation.
Conversely, when ω is negative, it indicates clockwise rotation.

After analyzing the motion of the SRCR, it is also necessary to analyze the motion
of the left and right robotic arms along the SRCR’s lateral sliding rail. This analysis will
determine the motion trajectory of the helicopter as captured by the left and right robotic
arms. The left and right robotic arms move synchronously along the lateral sliding rail
during the helicopter’s movement. For example, consider the capture point cR on the right
robotic arm, which secures the right main wheel of the helicopter. Assume that the sliding
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velocity of the robotic arm along the lateral sliding rail is vs (i.e., the lateral velocity of the
right robotic arm). According to the velocity synthesis theorem, the vector expression of
the capturing point velocity vz of the right robotic arm is as follows:

→
vz =

→
vb +

→
ω · rz +

→
vs, (7)

In Equation (7), rz is the distance from the right robotic arm capturing point cR to
base point b. Analysis of Equations (1)–(7) reveals that the capturing point velocity, vz, is
related to the left winch traction velocity (v1), right winch traction velocity (v2), and the
right robotic arm lateral velocity (vs).

During the helicopter traversing process, the motion of the helicopter on deck com-
pletely depends on the traction applied by the robotic arm to the main wheel capturing
probe. The fuselage yaw angle (θ) and lateral offset (d) for helicopter deck position correc-
tion must be managed through the coordinated velocity control of left and right traction
winches. These factors significantly increase the difficulty of the path planning for heli-
copter deck position correction. Therefore, the path planning of the helicopter correction
must fully consider the traction motion characteristics of SRCR.

3. The Stepwise Method of Helicopter Deck Position Correction

Based on the analysis of the SRCR traction motion characteristics, this paper proposes
a stepwise correction method for helicopter deck position and investigates the cooperative
control relationship between the winch traction speeds (v1, v2) and right robotic arm lateral
velocity (vs).

3.1. The Principle of Stepwise Correction Method

The steering angle of the helicopter’s steerable nose wheel, denoted as γ, determines
the helicopter’s motion trajectory. There are two special steering angles: 0◦ and 90◦. When
the steering angle is 0◦, the helicopter will translate along the fuselage direction. When the
steering angle is 90◦, the helicopter will rotate around the center point of the main wheel
shaft. The stepwise correction method proposed in this paper leverages the particularity
of the two steering angles, allowing the helicopter to alternate between translation and
rotation. This method aims to eliminate the helicopter’s lateral offset and fuselage yaw
angle. Due to its step-by-step nature, it is referred to as the stepwise correction method.

Assuming that the helicopter’s lateral offset and fuselage yaw angle at the initial
landing position are not zero, the stepwise correction method can be summarized as
follows: first, stepwise translation correction, then stepwise rotation correction.

Firstly, the translation motion of the helicopter is shown in Figure 7a. The angle of
the steerable nose wheel is adjusted to 0◦. Then, the left and right winch traction speeds
and the correction speeds of the robotic arm are cooperatively controlled to move the
helicopter along the direction of the steerable nose wheel. When the helicopter’s lateral
offset d becomes 0, it marks the completion of the stepwise translation correction. This
means that the center point O of the helicopter’s main axle has reached the centerline of the
left and right traction tracks, indicated as point O′ in Figure 7a.

Next, the rotating motion of the helicopter is shown in Figure 7b. After adjusting the
angle of the steerable nose wheel γ to 90◦, the left and right winch traction speeds and the
correction speed of the robotic arm are cooperatively controlled to rotate the helicopter
around the center point O′ of the main wheel shaft. When the direction of the helicopter
fuselage is parallel to the tracks’ centerline, the fuselage yaw angle is reduced to zero,
indicating the completion of the stepwise rotational correction.

After completing these stepwise correction operations, the helicopter’s steerable nose
wheel angle can be set to 0◦ to tow the helicopter into the hangar. However, the qualitative
motion analysis of the stepwise translational and rotational corrections does not reveal
the coordinated control relationship between the left and right winch traction speeds and
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the robotic arm correction speed during the correction process. Section 3.2 will provide a
detailed explanation of this aspect.
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If the lateral offset of the helicopter is zero but the yaw angle of the fuselage is not,
only the stepwise rotational correction is implemented, as shown in Figure 7b.

If the yaw angle of the helicopter’s initial landing position is zero and the lateral offset
is not, the fuselage direction will be parallel to the track direction. This paper defines this
condition as the helicopter parallel landing position, as shown in Figure 7c. During the
stepwise correction for a parallel landing position, the helicopter first undergoes rotational
correction by rotating around point O by a certain fuselage yaw angle θ. Next, the SRCR
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sequentially completes the stepwise translational correction and the stepwise rotational
correction, as shown in Figure 7d. Since the correction angles for the two stepwise rotational
corrections are equal in magnitude but opposite in direction, the time required for each
stepwise rotational correction is the same. Therefore, the stepwise correction for a parallel
landing position with a lateral offset of d0 can be considered as two stepwise corrections
for cross landing positions, each with a lateral offset of 0.5d0 and a fuselage yaw angle of θ.
Different from cross landing positions, in the stepwise correction process for parallel landing
positions, the fuselage yaw angle θ is set by the crew. Therefore, under different lateral
offsets d0, it is necessary to find an optimal θ to achieve the best correction performance.

3.2. The Relationship of Speed Cooperative Control in the Stepwise Correction Method

Based on the above analysis of the traction motion characteristics, there is a cooperative
matching relationship between the left and right traction speeds (v1, v2) and the correction
speed of the right robotic arm (vs). Therefore, establishing a cooperative control relationship
is a necessary prerequisite for achieving helicopter traction correction.

Based on the traction motion analysis of SRCR (as shown in Figure 7), the system
kinematics of the helicopter during translational motion is analyzed, as shown in Figure 8.
The reference coordinate system on the deck is assumed to be x0–y0, with the transverse
axis of the deck as the x0 axis, the longitudinal axis as the y0 axis, and the centerline of the
left and right traction tracks as the zero position of the x0 axis. Additionally, the robotic
arm’s lateral sliding rail is taken as the x1 axis, and the initial position of the right robotic
arm is taken as the y1 axis, with the origin located at the rightmost end of the robotic arm’s
lateral sliding rail.
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Figure 8. The system kinematics of the helicopter in translation motion. 
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Figure 8. The system kinematics of the helicopter in translation motion.

The initial positions of the left and right robotic arms are at the left and right ends of
the robotic arm’s lateral sliding rail, respectively. The physical meanings of the marked
parameters in Figure 8 are as follows. xs represents the distance between the current
position and the initial position of the right robotic arm (the sliding displacement of right
robotic arm); L0 represents the distance from the initial position of the right robotic arm
(i.e., axis y1) to the center point O of the helicopter’s main wheel; L1 represents the distance
between the right traction point of the SRCR (i.e., shaft b′) and the initial position of the
right robotic arm; L2 is the distance between the main wheel shaft and the line connecting
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the left and right traction points (i.e., a′–b′); points p0~p4 are auxiliary points, and the
dotted line is the auxiliary line. It is assumed that θ counterclockwise is positive and
clockwise is negative.

The length of p1p4 is expressed as:

p1p4 =
L

2 cos θ
+ L1, (8)

The auxiliary line segments defined by points p1 through p4 satisfy the following relation:

p1p2 = p1p4 − p3p4 − p2p3, (9)

The length expression of the auxiliary line segment p2p3 is:

p2p3 = L2 tan θ, (10)

p3p4 = xs, (11)

After connecting Equations (8), (10) and (11) with Equation (9):

p1p2 =
L

2 cos θ
+ L1 − xs − L2 tan θ, (12)

Th e length of op0 is expressed as:

op0 = p1p2 − L0, (13)

The formula for calculating the lateral offset d is:

d = op0 cos θ, (14)

d =
L
2
+ (L1 − xs − L0) cos θ − L2 sin θ, (15)

If d is positive, it means that the center point of the main wheel is located on the right
side of the central axis of the traction track; if d is negative, it means that the center point is
located on the left side.

During the helicopter correction process, the direction of the SRCR right traction
velocity v2 is related to lateral offset d and fuselage yaw angle θ. Define the speed value
provided by the right winch system as V2, then the SRCR right traction velocity v2 can be
expressed as:

v2 =
θd
|θd|V2, (16)

Equation (16) indicates that the direction of right traction velocity v2 is determined by
yaw angle θ and lateral offset d. During the traction process, the SRCR and the helicopter
share the same rotational angular velocity. Therefore, when the helicopter is in translational
motion, the SRCR must also move translationally. Based on the previous analysis of
SRCR traction motion characteristics, when the SRCR moves translationally, the difference
between the left and right traction speeds (v1 and v2) is zero. Consequently, v1 should equal
v2 during the helicopter’s translational traction.

Since the synthesis of the translational velocity v2 and the correction velocity vs of the
right robotic arm results in the translational velocity vz along the fuselage direction, the
correction velocity vs of the right robotic arm can be expressed according to the velocity
synthesis theorem as:

vs =
θd
|θd|V2 sin θ, (17)
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Equation (17) indicates that when the helicopter is in translational motion, the correc-
tion velocity vs is determined by yaw angle θ, lateral offset d, and the absolute value of the
translational traction velocity V2. The correction velocity vs is directly proportional to the
traction translational velocity V2.

Next, the cooperative speed control relationship during helicopter rotational correction
is analyzed. Figure 9 illustrates the system kinematic analysis for the helicopter’s rotating
motion. The angle β, marked in Figure 9, represents the angle between the line (connecting
the right robotic arm capture point cR and rotation base point b′) and fuselage direction.
According to the previous analysis of SRCR traction motion characteristics, the velocity vz
at the right robotic arm capture point can be decomposed into three velocity components:
right winch traction velocity v2, rotation velocity vB around base point b’, and correction
velocity vs of the right robotic arm.
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The rotation velocity vB of the right robotic arm’s capturing point cR around b′ is:

vB =
L2ω

cos β
, (18)

Since the velocity of the capturing point vz is perpendicular to the direction of the
main wheel shaft, the sum of the projections of the three velocity components (v2, vB, vs) in
the direction of the main wheel shaft must be zero. Therefore, the corrected velocity vs of
the right robotic arm can be expressed as:

vs = vB cos β + v2 sin θ, (19)

vz = v2 cos θ − vB sin β, (20)

The capturing point cR of the right robotic arm can also be considered as undergoing
rotational motion around the midpoint O′ of the helicopter main wheel shaft. Therefore,
the capturing point speed vz can be expressed as:

vz = ω · L0, (21)
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The relationship between the left and right traction velocities v1 and v2 and the
relationship between the right robotic arm correction velocity vs and traction velocity v2
are shown in Equations (22) and (23), respectively.

v1 =

(
1− 1

(k1 + k2 tan β) cos θ

)
v2, (22)

vs =

(
sin θ − k2 cos θ

k1 + k2 tan β

)
v2, (23)

In the formula, k1 = L0
L , k2 = L2

L , tan β = xs−L1
L2

.
Equations (22) and (23) comprehensively describe the cooperative control relationship

between the traction velocities (v1, v2) and the correction velocity (vs) of the right robotic
arm when the helicopter rotates around the center point of the main wheel shaft. If the
right traction speed v2 is taken as the reference speed, the ratios of the left traction speed v1
and the correction speed of the right robotic arm vs to the reference speed v2 are nonlinear
functions of the sliding displacement of the right robotic arm xs and the helicopter fuselage
yaw angle θ.

In summary, the speed cooperative control relationship for helicopter traction correc-
tion has the following characteristics. During translational correction, the left and right
traction velocities (v1, v2) are equal, and the correction speed (vs) of the right robotic arm is
directly proportional to the right traction velocity (v2). During rotational correction, the left
traction velocity (v1) and the correction speed (vs) of the right robotic arm are time-varying
nonlinear functions.

4. The Continuous Method of Helicopter Deck Position Correction

Drawing inspiration from the circular arc trajectory method commonly used in auto-
parking systems, this paper designs a continuous correction method for SRCR. The trajec-
tory is a single circular arc, allowing the helicopter correction process to proceed without
stepwise operations.

4.1. The Principle of Continuous Correction Method

Based on whether fuselage yaw angle is zero, the helicopter landing position can be
classified into parallel landing position and cross landing position. For parallel landing
positions, where the fuselage direction is parallel to the track direction, two tangential
arcs can be used as the correction track. For cross landing positions, where the fuselage
direction is at an angle to the track direction, a single arc track can be used for correction.
The following will detail the correction principles for both landing positions.

4.1.1. Parallel Landing Position

The correction principle for parallel landing position is illustrated in Figure 10. The
green thick solid line curve in the figure represents the correction trajectory, which is

composed of two identical and tangent arcs,

)

OO1 and

)

O1O2. R is the center of correction
trajectory, δ is the center angle of correction trajectory, and γ is the helicopter steerable nose
wheel angle. The specific expression is as follows:

γ =
d0

|d0|
|γ|, (24)

The operation process of continuous correction method under parallel landing position
is as follows. Firstly, based on the transverse offset d0 and Formula (24), the pilot sets the
helicopter’s steerable nose wheel angle γ. Then, the helicopter moves along the first arc

)

OO1 in Figure 10 under the traction of SRCR. When the current lateral offset d is reduced to
half of the initial lateral offset d0, it indicates that the center point O of the helicopter’s main
wheel shaft has reached the symmetry center point O1 of the two correction trajectories.
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At this time, the pilot changes the steerable nose wheel angle to the same magnitude

in the opposite direction, and the helicopter moves along the second arc

)

O1O2. Finally,
when current lateral offset d returns to 0, the center point O of the helicopter reaches O2,
completing the correction operation.
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Based on the geometric relationship in Figure 10, the correction arc radius r can be
deduced as follows:

r =
L3

|tan γ| , (25)

L3 is the distance from the center point of the main wheel shaft to the center of the
helicopter’s steerable nose wheel.

The central angle δ corresponding to the arc of the correction trajectory is:

δ = arccos
2L3 − d0 tan γ

2L3
, (26)

The correction length s in the continuous correction method is:

s = 2r sin δ, (27)

By Formulas (25)–(27), it can be determined:

s =

√
4L3d0

tan γ
− d2

0, (28)

As can be seen from Formula (28), the correction length s is determined by the heli-
copter steerable nose wheel angle γ.
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The two continuous correction trajectories for a parallel landing position are symmet-
ric about the trajectory’s center point, meaning that the time required for each correction

segment is equal. The correction trajectory along arc

)

O1O2 is the same as a single continu-
ous correction trajectory for a cross landing position. The following section will provide a
detailed explanation of the continuous correction method for the cross landing position.

4.1.2. Cross Landing Position

The continuous correction method for the cross landing position is similar to that for
the parallel landing position, but it requires only one arc. The principle diagram is shown in
Figure 11. In Figure 11, the green arc represents the motion trajectory of the center point of
the main wheel shaft, γ′ is the helicopter steerable nose wheel angle, and r′ is the correction
arc radius.
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Figure 11. Schematic diagram of the arc trajectory corresponding to the cross landing position. Figure 11. Schematic diagram of the arc trajectory corresponding to the cross landing position.

Unlike the parallel landing position, the helicopter’s steerable nose wheel angle for a
cross landing position cannot be arbitrarily set; it must be calculated based on the lateral
offset and yaw angle of the helicopter’s initial landing position. By analyzing the geometric
relationship in Figure 11, it can be seen that the radius of the arc r′, the lateral offset d0, and
the center angle δ′ of the circle satisfy the following relationships:

r′ cos δ′+ d0 = r′, (29)

The radius r′ of the arc trajectory is:

r′ = L3

|tan γ′| , (30)

The central angle δ′ of the arc is exactly equal to the initial yaw angle θ0.

δ′ = θ0, (31)

Using Formulas (25)–(27), the angle of the helicopter’s steerable nose wheel γ′ can be
determined:

γ′ = arctan
L3(1− cos θ0)

d0
· −d0

|d0|
, (32)

According to Equation (32), γ′ is related to θ0 and d0.
To summarize, when the continuous correction method is adopted, the helicopter per-

forms only rotating motion. In the parallel landing position, the two correction trajectories
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are solely related to helicopter steerable nose wheel angle, γ. This angle is set by the pilot,
and the correction trajectory will vary accordingly with different angles.

4.2. The Relationship of Speed Cooperative Control in the Continuous Correction Method

When using the continuous correction method, assuming that the tires do not slip
sidesways, the helicopter engages only in rotational motion. The instantaneous center of
rotation is located at the intersection of the vertical lines in the direction of each wheel’s
speed, as shown in point R in Figure 12. The angle of the helicopter’s steerable nose wheel
is γ, the angular speed of the helicopter’s rotating motion is ω′, and the fuselage yaw angle
is θ.
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determined: 

( )3 0 0

0 0

L 1 cos
' arctan d

d d
θ

γ
− −

= ⋅ , (32) 

According to Equation (32), γ′ is related to θ0 and d0. 
To summarize, when the continuous correction method is adopted, the helicopter 

performs only rotating motion. In the parallel landing position, the two correction trajec-
tories are solely related to helicopter steerable nose wheel angle, γ. This angle is set by the 
pilot, and the correction trajectory will vary accordingly with different angles. 
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When using the continuous correction method, assuming that the tires do not slip 

sidesways, the helicopter engages only in rotational motion. The instantaneous center of 
rotation is located at the intersection of the vertical lines in the direction of each wheel’s 
speed, as shown in point R in Figure 12. The angle of the helicopter’s steerable nose wheel 
is γ, the angular speed of the helicopter’s rotating motion is ω′, and the fuselage yaw angle 
is θ. 
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Figure 12. Schematic diagram of the system kinematics analysis corresponding to the arc straight-
ening track. 
Figure 12. Schematic diagram of the system kinematics analysis corresponding to the arc straighten-
ing track.

Similar to the speed analysis of the stepwise correction method, the speed of the
robotic arm capturing point vz

′ can be decomposed into three speed components: the
traction translational speed v2, the rotation speed vB2

′ around the base point b, and the
robotic arm correction speed vs2

′, as shown in Figure 12. According to the analysis of the
traction motion characteristics of SRCR in the above section, the rotation angular velocity
of SRCR is ω′.

ω′ = (v2 − v1) cos2 θ

L
, (33)

v′B2 =
L2ω′
cos β

, (34)

The sum of the projections of the three velocity components (v2, vB2
′, vs2

′) in the
vertical direction is zero.

v′s2 = v2 sin θ − v′B2 cos β, (35)

The helicopter is only undergoing rotational motion, so the speed of robotic arm
capturing point vz

′ is expressed as:

v′z = (L3 cot γ + L0)ω′, (36)

According to the velocity synthesis theorem, the right robotic arm capturing point
velocity vz

′ can also be expressed as:

v′z = v2 cos θ − v′B2 sin β, (37)
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According to the above equations, the cooperative control relationship between the
two traction speeds v1 and v2, as well as the cooperative control relationship between the
robotic arm correction speed vs2

′ and the right traction speed v2, can be determined, as
shown in Equations (38) and (39).

v1 =

(
1− 1

(k1 + k2 tan β + k3 cot γ) cos θ

)
v2, (38)

vs2′ =
(

sin θ − k2 cos θ

k1 + k2 tan β + k3 cot γ

)
v2, (39)

In the formula, k1 = L0
L , k2 = L2

L , k3 = L3
L , tan β = x′s2−L1

L2
.

Equations (38) and (39) show that if the right traction velocity v2 is fixed, the left
traction velocity v1 and the robotic arm correction speed vs2

′ are nonlinear functions related
to the robotic arm correction displacement xs2

′ and the fuselage yaw angle θ.

5. Simulation Verification of the Correction Method
5.1. Simulation of the Stepwise Correction Method

To verify the feasibility of the stepwise correction method, this paper utilizes Adams
2020 software [35] and MATLAB 2019b [36] to simulate and analyze the corrected motion
trajectory of the helicopter. The simplified three-dimensional model of the traction system
is shown in Figure 13. This study takes the controllable steering wheel helicopter as an
example for simulation research. Table 2 presents the parameters of several medium
and heavy helicopters that are widely used and produced in large quantities worldwide.
To ensure that the SRCR can tow all types of helicopters listed in Table 2, the relevant
parameters of the simulation model are shown in Table 3.
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Table 2. Parameters of several medium and heavy helicopters.

Helicopter Type Width Rear Wheelbase Weight

CH-53K 5.33 m 3.52 m 25,000 kg
Sea hawk (SH-60B) 2.36 m 2.8 m 10,400 kg

Sea king (SH-3) 4.98 m 4.70 m 9707 kg
MI-171helicopter 2.50 m 4.28 m 11,000 kg

SH-90 3.8 m 2.7 m 10,600 kg
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Table 3. Main simulation parameters of the stepwise correction method.

Parameter Value

The length of track spacing for left and right traction tracks L 5000 mm
The length of capturing point to fuselage center line L0 2000 mm

The distance between the right traction point of the SRCR and
the initial position of the right robotic arm L1

150 mm

The distance between the helicopter main wheel shaft and the
line connecting the left and right traction points L2

300 mm

Initial helicopter yaw angle θ0 10◦

Initial helicopter lateral offset d0 200 mm
Right traction speed v2 10 mm/s

Firstly, the translation stepwise correction is simulated. With the helicopter steerable
nose wheel deflection angle set to 0◦ and the right winch traction speed set to 10 mm/s,
the main wheel motion trajectory obtained by simulation during the translational step is
shown in Figure 14. This figure displays the motion trajectories of the left and right main
wheel and the center point of the main wheel shaft. It can be seen that these trajectories are
three parallel straight lines, and after the translational motion, the center point O of the
main wheel shaft reaches the center line of the track. This indicates that the helicopter has
achieved the correction target of the translation motion step. Figure 15 shows the velocity
characteristic curves of the SRCR during the translational motion process. It also presents
the mathematical velocity characteristic curves based on the above collaborative velocity
governing equations and the simulation velocity characteristic curves based on the Adams
dynamics model. By comparison, it can be seen that Figure 15a,b are in good agreement;
the left and right traction velocities are equal, and the correction velocity of the right robotic
arm is proportional to right traction velocity. This demonstrates mutual verification of the
stepwise correction velocity cooperative control theory and the Adams dynamic simulation
model at the kinematic level.
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Figure 14. Trajectories of the helicopter’s main wheels during the translational phase.

55



Actuators 2024, 13, 342

Actuators 2024, 13, x FOR PEER REVIEW 19 of 30 
 

 

 
Figure 14. Trajectories of the helicopter’s main wheels during the translational phase. 

  

(a) (b) 

Figure 15. Velocity characteristic curves of the SRCR during the translational motion of the helicop-
ter. (a) Velocity characteristic curves obtained from mathematical model; (b) velocity characteristic 
curves based on Adams simulation. 

Simulation analysis of the rotating motion was conducted. The deflection angle of the 
helicopter’s steerable nose wheel was set to 90°, and the right traction speed was set to −10 
mm/s. The resulting movement trajectory of the main wheel under stepwise rotational 
motion of the helicopter is shown in Figure 16. The motion trajectories of the left and right 
wheels form two symmetrical arcs. After rotating motion of 10°, the shaft of the main 
wheel aligns horizontally, indicating that the helicopter’s fuselage direction is now paral-
lel to the traction track. This confirms that the rotational motion has successfully achieved 
the correction target. Figure 17 presents the velocity characteristic curves during the rota-
tional motion. Comparison of Figure 17a,b reveals that the mathematical velocity charac-
teristic curve derived from the cooperative velocity governing equation is in good agree-
ment with the curve obtained from the Adams simulation model, thus validating the ac-
curacy of both the simulation model and the mathematical model. 

0 500 1000 1500 2000 2500 3000 3500 4000

-1500

-1200

-900

-600

-300

0

300

Initial position line of main axle

 

 

 Left wheel trajectory

 Main axle midpoint trajectory

 Right wheel trajectory

Y
（

m
m

)

X(mm)

Main axle end position line

Center line of trajectory

L

L'

O

O'

R

R'

0 20 40 60 80 100 120
0

2

4

6

8

10

12

Robot arm correction speed
Right traction speed
Left traction speed

Sp
ee

d(
m

m
/s)

Time(s)
0 25 50 75 100 125

0

2

4

6

8

10

12

Sp
ee

d(
m

m
/s)

Time(s)

Robot arm correction speed
Right traction speed
Left traction speed

Figure 15. Velocity characteristic curves of the SRCR during the translational motion of the helicopter.
(a) Velocity characteristic curves obtained from mathematical model; (b) velocity characteristic curves
based on Adams simulation.

Simulation analysis of the rotating motion was conducted. The deflection angle of the
helicopter’s steerable nose wheel was set to 90◦, and the right traction speed was set to
−10 mm/s. The resulting movement trajectory of the main wheel under stepwise rotational
motion of the helicopter is shown in Figure 16. The motion trajectories of the left and right
wheels form two symmetrical arcs. After rotating motion of 10◦, the shaft of the main wheel
aligns horizontally, indicating that the helicopter’s fuselage direction is now parallel to
the traction track. This confirms that the rotational motion has successfully achieved the
correction target. Figure 17 presents the velocity characteristic curves during the rotational
motion. Comparison of Figure 17a,b reveals that the mathematical velocity characteristic
curve derived from the cooperative velocity governing equation is in good agreement with
the curve obtained from the Adams simulation model, thus validating the accuracy of both
the simulation model and the mathematical model.

Actuators 2024, 13, x FOR PEER REVIEW 20 of 30 
 

 

 
Figure 16. Trajectories of the helicopter’s main wheels during the rotational phase. 

  
(a) (b) 

Figure 17. Velocity characteristic curves of the helicopter rotating around point O. (a) Velocity 
characteristic curves obtained from mathematical model; (b) velocity characteristic curves based 
on Adams simulation. 

Through the above analysis, the correctness of the simulation model is verified by 
comparing the simulation results of the velocity characteristic curve with the mathemati-
cal solution results. This comparison also illustrates the correctness of the mathematical 
model of cooperative control relationship Equations (22) and (23). The simulation results 
of the helicopter trajectory based on the stepwise correction method demonstrate that the 
proposed method can quickly achieve the correction target, verifying its feasibility. 

5.2. Simulation of the Continuous Correction Method 
To verify the feasibility of the continuous correction method, Adams software is used 

in this paper to simulate and analyze the corrected motion trajectory of the helicopter. To 
ensure that SRCR can tow all types of helicopters listed in Table 2, the relevant parameters 
of the simulation model are shown in Table 4. 

  

0 1000 2000 3000 4000
-2000

-1500

-1000

-500

0

500

1000

1500

2000

Main axle end position line

Center point of main axle

O

Center line of trajectory

   Right wheel trajectory

 Left wheel trajectory

X(mm)

Y
（

m
m

)

L'

Initial position line of main axle
L

R

R'10°

0 5 10 15 20 25 30 35 40 45 50
-12

-8

-4

0

4

8

12

 Right traction speed
 Left traction speed
 Robot arm correction speed

sp
ee

d(
m

m
/s)

time(s)
0 5 10 15 20 25 30 35 40 45

-12

-8

-4

0

4

8

12

Right traction speed
Left traction speed
Robot arm correction speed

sp
ee

d(
m

m
/s)

time(s)

Figure 16. Trajectories of the helicopter’s main wheels during the rotational phase.
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Figure 17. Velocity characteristic curves of the helicopter rotating around point O. (a) Velocity
characteristic curves obtained from mathematical model; (b) velocity characteristic curves based on
Adams simulation.

Through the above analysis, the correctness of the simulation model is verified by
comparing the simulation results of the velocity characteristic curve with the mathematical
solution results. This comparison also illustrates the correctness of the mathematical model
of cooperative control relationship Equations (22) and (23). The simulation results of
the helicopter trajectory based on the stepwise correction method demonstrate that the
proposed method can quickly achieve the correction target, verifying its feasibility.

5.2. Simulation of the Continuous Correction Method

To verify the feasibility of the continuous correction method, Adams software is used
in this paper to simulate and analyze the corrected motion trajectory of the helicopter. To
ensure that SRCR can tow all types of helicopters listed in Table 2, the relevant parameters
of the simulation model are shown in Table 4.

Table 4. Main simulation parameters of the continuous correction method.

Parameter Value

The length of track spacing for left and right traction L 5000 mm
The length of grab point to fuselage center line L0 2000 mm

The distance between the right traction point of the SRCR and the
initial position of the right robotic arm L1

150 mm

The distance between the helicopter main wheel shaft and the line
connecting the left and right traction points L2

300 mm

The distance between helicopter control wheel and the main wheel
shaft L3

8000 mm

Initial helicopter yaw angle θ0 −20◦

Initial helicopter lateral offset d0 −200 mm
Right traction speed v2 30 mm/s

Helicopter control wheel angle γ 67.48◦

The helicopter’s arc correction track simulated in Adams is shown in Figure 18. As can
be seen, the tracks of the left and right wheels and the main wheel center point are three
concentric arcs. After a 20◦ rotation, the center point O of the main wheel shaft aligns with
the centerline of the traction track. Additionally, the main wheel shaft is perpendicular to
the centerline of the trajectory, indicating that the helicopter has successfully completed the
landing position correction task.
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Figure 18. Trajectories of the helicopter’s main wheels using the continuous correction method.

The speed characteristic curves of SRCR are shown in Figure 19. Figure 19a represents
the velocity characteristic curves based on the mathematical model, while Figure 19b shows
the velocity characteristic curves based on Adams simulation. The SRCR angular velocity
and yaw angle curves during helicopter position correction are illustrated in Figure 20. It
can be observed that the rotational angular velocity is not constant but follows a curved
shape, reflecting the complex speed matching relationship between the left winch traction
velocity, right winch traction velocity, and right robotic arm lateral correction velocity (v1, v2,
vs) during rotational motion. By comparing Figure 20a,b, it is evident that the mathematical
velocity characteristic curve obtained from the collaborative velocity governing equation
aligns well with the curve derived from the Adams simulation model, further validating
the accuracy of both the simulation model and mathematical model.
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Figure 19. Velocity characteristic curves of SRCR during the continuous correction phase. (a) Velocity
characteristic curves obtained from mathematical model; (b) velocity characteristic curves based on
Adams simulation.
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Figure 20. Angular velocity and yaw angle curves during the helicopter’s continuous correction
phase. (a) Velocity characteristic curves obtained from mathematical model; (b) velocity characteristic
curves based on Adams simulation.

5.3. Comparative Analysis of the Efficiency of the Stepwise Correction Method and the Continuous
Correction Method

Through the analysis of traction motion characteristics of SRCR in Section 2 and the
simulation tests in Sections 5.1 and 5.2, it is evident that the main factors affecting the
traction motion characteristics are (1) lateral offset d0; (2) initial yaw angle θ0; (3) right
traction speed v2. To explore the influence of these variables on operational performance,
two sets of tests were conducted using both the stepwise and continuous methods.

In the cross landing position, both the fuselage yaw angle θ0 and the landing offset
d0 of the helicopter can be measured using the angle sensors and displacement sensors
on the SRCR. However, in the parallel landing position, while the landing offset d0 can be
measured using the displacement sensors, the fuselage yaw angle θ must be set through
the first stepwise rotational correction shown in Figure 7d (i) or the first trajectory of the
continuous correction shown in Figure 10 (i). Therefore, it is necessary to find the optimal
fuselage yaw angle θ for different lateral offsets d0 to minimize the correction time.

To analyze the impact of these factors on the correction efficiency of the stepwise
and continuous methods, two sets of simulations were performed for each method: one
focusing on the impact of initial yaw angle θ0 and right traction speed v2, and the other
on the impact of initial yaw angle θ0 and lateral offset d0. The factors affecting correction
performance under different conditions were analyzed, and finally, the performance of the
stepwise correction method and the continuous correction method was compared.

5.3.1. Efficiency Analysis of the Stepwise Correction Method on the Impact of Initial Yaw
Angle and Traction Speed

The performance comparison test is shown in Table 5 and Figure 21. By analyzing the
data of different right traction speeds v2 at initial fuselage yaw angles of −10◦, −20◦, and
−30◦, the following conclusions can be drawn:

(1) By comparing serial numbers 1-2-3, 4-5-6, 7-8-9, it can be seen that increasing v2 can
effectively improve the efficiency of the correction operation and reduce the total
correction time t.

(2) By comparing serial numbers 1-4-7, 2-5-8, 3-6-9, it can be seen that during the transla-
tional operation, a larger initial yaw angle |θ0| results in a shorter translation time t1;
however, during the rotational operation, a larger initial yaw angle |θ0| results in a
longer rotation time t2.
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Table 5. Analysis results data on the impact of initial yaw angle and traction speed on efficiency of
the stepwise correction method.

Serial
Number

Initial
Fuselage

Yaw Angle
θ0/deg

Lateral Offset
d0/mm

Right Traction
Speed

v2/mm/s

Translation
Time
t1/s

Rotation
Time
t2/s

Total Correction
Time

t/s

1 −10◦ −200 10 108.71 43.80 152.51
2 −10◦ −200 20 54.56 21.80 76.36
3 −10◦ −200 30 36.42 14.60 51.02
4 −20◦ −200 10 78.29 91.00 169.29
5 −20◦ −200 20 39.18 45.60 84.78
6 −20◦ −200 30 26.16 30.40 56.56
7 −30◦ −200 10 95.56 149.20 244.76
8 −30◦ −200 20 47.82 74.60 122.42
9 −30◦ −200 30 31.90 49.80 81.70
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5.3.2. Efficiency Analysis of the Stepwise Correction Method on the Impact of Initial Yaw
Angle and Lateral Offsets

The performance comparison test is shown in Table 6 and Figure 22. By analyzing the
data for different lateral offsets d0 when the initial yaw angle θ0 is −10◦, −20◦, and −30◦,
respectively, the following conclusions can be drawn:

(1) By comparing serial numbers 1-2-3-4-5-6, 7-8-9-10-11, 12-13-14-15-16 and referring
to Figure 22, it can be seen that when the initial yaw angle |θ0| is fixed, the smaller
the lateral offset |d0|, the shorter the translation time t1, with no effect on rotation
time t2.

(2) According to Figure 22, in the stepwise correction for the cross landing position, when
the lateral offset d0 = −600 mm and −400 mm, the total correction time t is minimized
when the initial yaw angle θ0 is −20◦. For lateral offset d0 = −200 mm, −150 mm,
and −100 mm, the total correction time t is minimized when the initial yaw angle θ0
is −10◦.
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(3) According to Figure 22 and Table 6, in the correction process for the parallel landing
position, when the lateral offset d0 is −1200 mm or −800 mm, the total correction
time t is minimized when the fuselage yaw angle θ for the first stepwise rotational
correction is −20◦. For lateral offsets d0 of −400 mm, −300 mm, and −200 mm,
the total correction time t is minimized when the fuselage yaw angle θ for the first
stepwise rotational correction is −10◦.

Table 6. Analysis results data on the impact of initial yaw angle and lateral offsets on efficiency of the
continuous correction method.

Serial
Number

Initial
Fuselage

Yaw Angle
θ0/deg

Lateral Offset
d0/mm

Right Traction
Speed

v2/mm/s

Translation
Time
t1/s

Rotation
Time
t2/s

Total Correction
Time

t/s

1 −10◦ −600 30 109.26 14.60 123.86
2 −10◦ −400 30 72.84 14.60 87.44
3 −10◦ −200 30 36.42 14.60 51.02
4 −10◦ −150 30 27.32 14.60 41.92
5 −10◦ −100 30 18.21 14.60 32.81
6 −10◦ −50 30 9.11 14.60 23.71
7 −20◦ −600 30 78.48 30.40 108.88
8 −20◦ −400 30 52.32 30.40 82.72
9 −20◦ −200 30 26.16 30.40 56.56

10 −20◦ −150 30 19.62 30.40 50.02
11 −20◦ −100 30 13.08 30.40 43.48
12 −30◦ −600 30 95.70 49.80 145.50
13 −30◦ −400 30 63.80 49.80 113.60
14 −30◦ −200 30 31.90 49.80 81.70
15 −30◦ −150 30 23.88 49.80 73.68
16 −30◦ −100 30 15.85 49.80 65.65
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Figure 22. Bar chart of analysis results of the impact of initial yaw angle and lateral offsets on
efficiency of the stepwise correction method.

The following conclusions can be drawn regarding the stepwise correction method:
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(1) In the correction process for the cross landing position, a larger initial yaw angle
θ0 results in a longer time t2 required for stepwise rotational correction. However,
for the same initial lateral offset d0, the stepwise translational correction time t1 will
be shorter. Moreover, with the same initial yaw angle θ0, the variation in stepwise
correction time t is solely dependent on the initial lateral offset d0.

(2) In the correction process for the parallel landing position, according to the different
lateral offset d0, weighing the translation time t1 and the rotation time t2 and choosing
the optimal fuselage yaw angle θ for the first stepwise rotational correction is the key
to improving the efficiency of the stepwise correction method.

5.3.3. Efficiency Analysis of the Continuous Correction Method on the Impact of Initial
Yaw Angle and Traction Speed

The performance comparison test is shown in Table 7 and Figure 23. The following
conclusions can be drawn by analyzing the data of different right traction speeds v2 when
the initial yaw angle θ0 is −10◦, −20◦, and −30◦, respectively:

(1) By comparing serial numbers 1-2-3, 4-5-6, 7-8-9, it can be seen that an increase in right
traction speed v2 can effectively improve correction efficiency and reduce the total
correction time t.

(2) By comparing serial numbers 1-4-7, 2-5-8, it can be seen that the larger the initial yaw
angle |θ0|, the larger the helicopter control wheel angle |γ|, and the smaller the
helicopter correction radius r in the continuous correction method.

Table 7. Analysis results data on the impact of initial yaw angle and traction speed on efficiency.

Serial
Number

Initial
Fuselage

Yaw Angle
θ0/deg

Lateral
Offset
d0/mm

Right Traction
Speed

v2/mm/s

Helicopter Control
Wheel Angle

γ/deg

Helicopter
Correction Radius

r/mm

Total Correction
Time

t/s

1 −10◦ −200 10 31.29 13162.86 271.60
2 −10◦ −200 20 31.29 13162.86 135.80
3 −10◦ −200 30 31.29 13162.86 90.60
4 −20◦ −200 10 67.48 3316.98 200.60
5 −20◦ −200 20 67.48 3316.98 100.40
6 −20◦ −200 30 67.48 3316.98 67.20
7 −30◦ −200 10 79.43 1492.82 207.60
8 −30◦ −200 20 79.43 1492.82 103.80
9 −30◦ −200 30 79.43 1492.82 69.20
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5.3.4. Efficiency Analysis of the Continuous Correction Method on the Impact of Initial
Yaw Angle and Lateral Offsets

The performance comparison test is shown in Table 8 and Figure 24. By analyzing the
data of different lateral offsets d0 when the initial yaw angle θ0 is −10◦, −20◦, and −30◦,
the following conclusions can be drawn:

(1) As the initial yaw angle |θ0| increases and the lateral offset d0 decreases, the length
of the helicopter correction radius r also decreases, as indicated by the downward
trend of the red line in Figure 24.

(2) Comparing serial numbers 1-2-3-4, 5-6-7, 8-9-10 and Figure 24, it is evident that with a
fixed initial yaw angle |θ0|, a larger helicopter control wheel angle |γ| results in a
smaller helicopter correction radius r and a shorter correction time t.

(3) According to Figure 24, in the continuous correction for the cross landing position,
although the helicopter correction radius r varies from large to small under working
conditions from 1 to 10, a comparative analysis of serial numbers 1-5-8, 2-6-9, and
3-7-10 shows that with lateral offsets d0 of −200 mm, −150 mm, and −100 mm, the
shortest correction time t occurs with the initial yaw angle θ0 of −20◦.

(4) According to Figure 24, in the continuous correction for the parallel landing position,
when the lateral offset d0 is −400 mm, −300 mm, and −200 mm, the total correction
time t is minimized when the fuselage yaw angle θ for the first trajectory of the
continuous correction is −20◦.

The following conclusions can be drawn regarding the stepwise correction method:

(1) In the correction process for the cross landing position, the continuous correction time
t is negatively correlated with the initial yaw angle |θ0| and positively correlated
with the initial lateral offset |d0|.

(2) In the correction process for the parallel landing position, it is crucial to balance the
helicopter correction radius r and choose the optimal helicopter control wheel angle
γ according to different lateral offset d0 to improve the efficiency of the continuous
correction method.
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Table 8. Analysis results data on the impact of initial yaw angle and lateral offsets on efficiency.

Serial
Number

Initial
Fuselage

Yaw Angle
θ0/deg

Lateral
Offset
d0/mm

Right Traction
Speed

v2/mm/s

Helicopter Control
Wheel Angle

γ/deg

Helicopter
Correction

Radius
r/mm

Total Correction
Time

t/s

1 −10◦ −200 30 31.29 13162.86 90.60
2 −10◦ −150 30 39.01 9875.65 71.60
3 −10◦ −100 30 50.55 6582.97 52.80
4 −10◦ −50 30 67.63 3292.46 33.80
5 −20◦ −200 30 67.48 3316.98 67.00
6 −20◦ −150 30 72.73 2487.13 57.60
7 −20◦ −100 30 78.29 1658.18 48.40
8 −30◦ −200 30 79.43 1492.82 69.20
9 −30◦ −150 30 82.03 1120.06 63.40

10 −30◦ −100 30 84.67 746.36 57.40

5.3.5. Comparison of Performance between Stepwise and Continuous Correction Methods

Figure 25 shows the performance comparison between the stepwise correction method
and the continuous correction method under different initial yaw angles θ0 and lateral
offsets d0.

As can be seen from Figure 25, when the initial yaw angles are θ0 =−10◦ and θ0 = −20◦,
the total correction time t for the stepwise correction method is less. However, when the
initial yaw angle is θ0 = −30◦, the total correction time t for the continuous correction
method is less.

According to the conclusions in Sections 5.3.2 and 5.3.4, when the lateral offset d0
is constant and the initial yaw angle |θ0| is small, the rotation time t2 for the stepwise
correction method is shorter. In contrast, the continuous correction method takes more
time because the helicopter control wheel angle |γ| is small.
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However, when |θ0| is large, the increase in rotation time for the stepwise correction
method is greater than the decrease in translation operation time. In the continuous
correction method, a larger helicopter control wheel angle |γ| results in a smaller helicopter
correction arc radius r. Thus, the helicopter’s continuous correction path becomes smaller,
reducing the time spent.

The performance comparison results indicate that when the initial yaw angle |θ0|
is small, the stepwise correction method is faster. Conversely, when the initial yaw angle
|θ0| is large and the lateral offset |d0| is small, the continuous correction method is faster.

6. Conclusions

This paper studies the methods for correcting the position of a helicopter on a deck,
which is a critical operational process to ensure smooth towing into the hangar. This
process is of great importance for improving the efficiency of helicopter towing operations.
The paper proposes two methods for correcting a helicopter’s position based on SRCR
towing: the stepwise method and the continuous method. The effectiveness and correction
efficiency of these methods are studied, leading to the following conclusions.

(1) To address the helicopter deck position correction of SRCR, the actual landing position
deviation is decomposed into two components: lateral offset d0 and fuselage yaw
angle θ0. This allows for a quantitative evaluation of the landing position deviation.

(2) To correct the helicopter landing deviation, this paper proposes both the stepwise
correction method and the continuous correction method, based on the motion charac-
teristic model of the SRCR. The feasibility of these two correction methods is verified
through mathematical analysis and simulation research.

(3) The three key factors affecting correction efficiency are lateral offset d0, fuselage yaw
angle θ0, and right traction speed v2. The stepwise method and continuous method
were simulated and analyzed. Results indicate that in the correction process for the
parallel landing position, improving the efficiency of the stepwise correction method
hinges on selecting the optimal fuselage yaw angle θ for the first stepwise rotational
correction based on the different lateral offsets d0. Similarly, enhancing the efficiency
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of the continuous correction method requires choosing the optimal helicopter control
wheel angle γ according to the varying lateral offsets d0.

(4) Comparing the stepwise method with the continuous method, results show that when
the initial yaw angle |θ0| ≤ 20◦, the stepwise correction method has a significant
advantage. However, when the initial yaw angle |θ0| > 20◦ and the lateral offset
|d0| ≤ 200 mm, the efficiency of continuous correction is superior to the stepwise
correction method because the helicopter’s correction arc radius r is smaller.

The limitations of this study lie in it not accounting for trajectory deviations caused by
environmental disturbances during pilot operations and control system processes. Future
research will address these trajectory errors resulting from environmental disturbances,
pilot operation accuracy, and towing speed control during real-time correction to design
controllers for real-time deviation correction.
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Abstract: In response to problems such as insufficient adhesion, difficulty in adjustment, and weak
obstacle-crossing capabilities in traditional robots, an innovative design has been developed for a
five-wheeled climbing robot equipped with a pendulum-style magnetic control adsorption module.
This design effectively reduces the weight of the robot, and sensors on the magnetic adsorption
module enable real-time monitoring of magnetic force. Intelligent control adjusts the pendulum angle
to modify the magnetic force according to different wall conditions. The magnetic adsorption module,
using a Halbach array, enhances the concentration effect of the magnetic field, ensuring excellent
performance in high-load tasks such as building maintenance, bridge inspection, and ship cleaning.
The five-wheel structural design enhances the stability and obstacle-crossing capability, making it
suitable for all-terrain environments. Simulation experiments using Maxwell analyzed the effects
of the magnetic gap and the angle between the adsorption module and the wall, and mechanical
performance analysis confirmed the robot’s ability to adhere safely and operate stably.

Keywords: wall-climbing robot; adsorption performance; simulation analysis; Halbach

1. Introduction

With the continuous advancement of science and technology, robotics has made
tremendous progress and has shown great potential for application in various fields [1,2].
Wall-climbing robots are special robots, which are important branches in the field of
robotics, which comprehensively utilize various technologies such as mobile technology,
adsorption technology, and control [3]. Scholars have conducted a lot of research on wall-
climbing robots, and the adsorption methods are mainly divided into three types: negative
pressure adsorption, bionic adsorption, and magnetic adsorption. Originally, Professor Ryo
Nishi of Japan developed a wall-climbing robot in 1966, which uses the negative pressure
adsorption principle generated by the rotation of the electric fan to make it adsorb on the
wall. Since then, other countries have also joined the research of wall-climbing robots.
Wall-climbing robots can crawl on vertical, curved, and corner walls and carry specific
equipment to complete dangerous work such as cleaning, testing, and welding of special
machinery [4]. In addition, the robot adsorbed on the overhanging wall, compared with
manual inspection, has the outstanding advantages of strong safety and high detection
efficiency and has attracted more and more attention in the field of wall inspection [5–8],
which can be completed instead of humans to ensure personal safety, and has important
applications in industry and shipbuilding.

In the design of wall-climbing robots, adsorption technology is a crucial element.
Permanent magnet adsorption, as a common method, offers advantages such as a simple
structure and stable operation, making it widely recognized. The structural forms of
magnetic adsorption mechanisms are mainly categorized into flat-plate and wheel types.
The flat-plate type consists of a rectangular permanent magnet mechanism, typically
embedded in the tracks. Robots using annular array magnetic wheels often experience
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significant magnetic leakage and low magnetic energy utilization, leading to energy waste.
Although existing wall-climbing robot technologies have been widely applied in industrial
inspections, they often face limitations such as insufficient adsorption force and difficulty
adapting to complex surfaces. This study significantly enhances the robot’s stability and
adsorption efficiency on various surfaces by employing a Halbach array and a suspension-
type magnetic-controlled adsorption mechanism. The study conducts an in-depth analysis
and validation of the factors influencing the permanent magnet adsorption performance
of wall-climbing robots, providing theoretical and practical support for improving the
adsorption efficiency and stability of these robots.

Through data analysis, the influencing factors and their mechanisms are clarified,
which provides a practical, theoretical basis and technical support for future design op-
timization and provides technical support and guidance for practical engineering ap-
plications so as to promote the further development and application of wall-climbing
robot technology.

2. Wall-Climbing Robot Design
2.1. Structural Design

In order to meet the special working scene of flexible movement and steering of the
wall-climbing robot on the wall, the wheeled movement mode is adopted, which not only
avoids the shortcomings of large crawler volume and difficult steering but also avoids
the disadvantages of foot-type structure and complex control [9,10]. Common adsorption
methods are mainly divided into three categories: magnetic adsorption, negative pressure
adsorption, and bionic adsorption [11]. For metal walls, magnetic adsorption has the
advantages of energy saving, no heat, no noise, safety, and low cost compared with
other adsorption methods [12]. In order to ensure that the wall-climbing robot can be
safely adsorbed on the wall surface and at the same time meet the requirements of a
simple and lightweight structure, the permanent magnet unit is composed of NdFeB rare
earth permanent magnet material, which will not be dangerous due to power failure like
electromagnetic structure.

As shown in Figure 1, the wall-climbing robot mainly consists of walking parts and
deformed parts. This division clarifies the functions and interactions of each part, which is
crucial for the overall design.
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Figure 1. The overall structure of the wall-climbing robot.

The walking parts and deformed parts are symmetrically distributed. Figure 2 shows
the specific structure of the deformed parts, where the design of the swing rod allows
the two front walking parts to lift appropriately when encountering obstacles, thereby
overcoming them. The walking parts are connected to the swing rod through twisting
connectors, allowing the walking parts to rotate around the wheel set’s axis to adjust the
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angle between the wheels and the contact surface. This design enhances the robot’s ability
to adapt to different terrains, allowing it to walk on vertical and curved surfaces. The
mechanism parameters of the wall-climbing robot are shown in Table 1.
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Table 1. Structural parameters of wall-climbing robots.

Items Parameters

Length × width × height 1587 × 762 × 514
Robot weight 300

Number of wheel sets 5

Compared to traditional three- or four-wheeled climbing robots, the five-wheeled
design significantly improves stability, better distributes the robot’s weight, and improves
maneuverability on uneven and vertical surfaces, which is a common challenge in real-
world environments such as hulls and industrial complexes.

2.2. Magnetic Chuck Design

The core technology of the wall-climbing robot relies on the interaction between
the magnetic suction unit and the wall, which enables the robot to closely adhere to
and move on the wall by generating a strong magnetic attraction, and its performance
depends on the selected magnetic material and magnetic circuit design [13]. The magnetic
suction unit is composed of high-performance NdFeB permanent magnets (NdFe35), which
ensures that the robot remains stable under various special working conditions. The
traditional magnetic attraction method is to achieve magnetic attraction adsorption through
the magnetic wheel; the permanent magnet wheel is usually composed of a whole magnet,
its magnetic field is symmetrically distributed, its weight is large, and the magnetic energy
utilization rate is low. Only the magnetic wheel and the wall contact part produce magnetic
force, and the magnetic attraction force is very small. The designed magnetic suction unit
is suspended between the two wheels by the connecting shaft between the driving wheels,
which replaces the traditional permanent magnet design on the wheels, effectively reduces
the overall weight, improves the magnetic mass ratio, and thus improves the utilization
rate of magnetic energy.

The force sensors monitor the magnetic attraction force in real time while a motor
rotates a cylindrical gear to drive the magnetic chuck to the appropriate position. This
rotation adjusts the angle between the magnet and the yoke, thereby altering the magnetic
attraction force between the wall-climbing robot and the wall. This ensures attachment
stability under various wall conditions. Maximum magnetic attraction force is generated
when the surface is parallel to the wall, and the magnetic attraction force decreases when
the magnetic chuck is at an angle to the wall. The structure is shown in Figure 3.
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The specific parameters of the magnetic suction unit are shown in Table 2 below.

Table 2. Parameters of magnetic suction units.

Parameters Value (mm)

Overall length 140
Width 120

The height of the yoke 10
Radius of the lower arc 124.5

The permanent magnet and the conductive magnet are arranged in a variety of
different ways to make more magnetic flux converge into the working air gap to improve
the utilization rate of the permanent magnet. The Halbach-type permanent magnet array
was first discovered and proposed by Klaus Halbach of the United States [14], with good
uniformity and reduced self-weight.

During the design process, stability, flexibility, and magnetic attraction are mainly
considered:

(1) The five-wheel design can improve the stability of the robot in vertical and inclined
planes and avoid tipping over.

(2) The deformed parts allow the robot to adjust its attitude and adapt to different wall
angles to enhance its adaptability.

(3) The adsorption angle is adjusted by the pendulum magnetic suction mechanism
to improve the adsorption efficiency and ensure adhesion stability under different
wall conditions.

The pendulum magnetron adsorption module marks a significant improvement over
traditional stationary magnetic systems. By allowing the magnetic force to be dynamically
adjusted according to surface conditions, this design improves the safety and efficiency
of the operation of complex structures. The simulation results show that the magnetic
adhesion is significantly increased, especially on irregular surfaces, where conventional
systems may not be able to maintain sufficient contact.

In order to explore whether the designed magnetic chuck meets the safety require-
ments, the following simulation will be based on Maxwell and the influence of the distance
between the magnetic chuck and the wall on the magnetic attraction and the angle between
the magnetic chuck and the wall will be explored, respectively.

2.3. Magnetic Suction Simulation Based on Maxwell
2.3.1. Analysis of the Influence of Air Gap Distance on Magnetic Attraction

In order to obtain a large magnetic attraction and improve the performance under
heavy load conditions, the permanent magnet is made of NdFeB material, and the yoke
iron and metal wall are made of steel_1008 structural steel. The performance parameters of
the selected NdFeB materials are shown in Table 3 below.
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Table 3. NdFe35 neodymium iron boron performance parameters.

Model N35

Remanence 1.17–1.22 (Br/T)
Intrinsic coercivity ≥955 (Hcj/kJ·m−1)

Coercivity ≥860 (Hcb/kA·m−1)
Maximum energy product 263–287 (BH/kJ·m−3)

Restore permeability 1.05

Compared with the traditional arrangement of magnets that are magnetized in the
same direction, that is, the plate-type static magnetic field. The Halbach array has better
space and material utilization. Two types of magnets with the same volume produce
a much stronger magnetic field than the plate type [15]. The principle is to combine
permanent magnets with different magnetization directions according to certain rules and
superimpose the two magnetization methods of ordinary tangential magnetization and
radial magnetization. A more ideal sinusoidal distributed magnetic field can be obtained,
the structure of which is shown in Figure 4.
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Figure 4. Magnetization schematic of stacking method.

The magnetic field of the obtained magnet has the characteristics of obvious enhance-
ment on one side and obvious weakening on the other side [16]. The comparison of the
magnetic induction intensity on both sides is shown in Figure 5.
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chuck.

Simulation analysis of magnetic attraction force was conducted using ANSYS-Maxwell
software to calculate the magnetic attraction force of the magnet on the metal wall. Simula-
tion analysis: Magnetic force simulation was performed using Ansys Electronics Desktop—
Maxwell software, with the following simulation steps:

1. Create a model of the magnetic element and set the material properties, the yoke
iron and steel plate materials are Steel_1008, and the permanent magnet materials
are NdFe35.

2. The permanent magnet material is magnetized according to the Halbach arrangement.
3. Establish a closed simulation space, i.e., boundary conditions, and offset 20% outward

in the XYZ direction according to the maximum volume of the model, and then mesh
the yoke iron and steel plate to 10 mm.

4. Set the magnetic gap range from 1 mm to 20 mm, and the angle between the magnetic
unit and the wall clamp is 0~45◦.

5. Run the simulation to record the magnetic attraction at different parameters.
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6. Analyze the simulation results and plot the magnetic attraction as a function of the
gap and angle.

When the magnetic unit is 5.5 mm away from the wall, the magnetic attraction force of
the structural simulation using the Halbach array is 1994 N, while the traditional directional
consistency magnetization simulation result is 1012.6 N, and the magnetic energy utilization
rate is increased by 97.2%, which shows the significant effect of the Halbach array on
the magnetic field focusing. The relationship between the magnet and the wall and the
magnetic attraction is shown in Figure 6.
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Fitting the above data, the relationship between the distance between the magnet and
the wall and the magnetic attraction is obtained.

F = 4509 × e−0.1458x (1)

with a gap of 8 mm, Maxwell simulation showed a magnetic attraction of 1400.7 N, while the
magnetic attraction predicted by the exponential attenuation fitting model was 1404.5 N,
with a corresponding error of only 0.271%, showing a high degree of accuracy of the
model. In addition, the model had a goodness-of-fit (R2) of 0.9986, a value that reflects
the proportion of total variation explained by the model, indicating that the agreement
between the fit curve and the experimental data is extremely high. This high R2 value
confirms the reliability of the model in predicting the magnetic attraction simulation results
at different clearances.

Simulation analysis highlights the advantages of the pendulum magnetron adsorption
module in maintaining high adhesion across a wide range of surface angles and types. This
feature is critical for tasks that require high reliability, such as bridge inspections and high-
rise building maintenance, as previous technologies may not provide adequate performance.

2.3.2. Effect of the Relative Wall Angle of the Magnet on the Magnetic Attraction

As a kind of special robot, the wall-climbing robot often has to adapt to various com-
plex working conditions and wall transitions. Completing the wall chamfer transition is a
big problem, and Maxwell was used to simulate and analyze the wall-climbing robot during
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the right-angle transition. During the rotation of the magnetic structure, the horizontal and
vertical forces are constantly changing, so it is necessary to measure the magnetic attraction
at all angles first. The horizontal force and the vertical force are symmetrical processes
in the change of the magnetic structure from 0~90◦, so only the horizontal and vertical
directions in the range of 0~45◦ need to be measured, and the results are shown in Figure 7.
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The data fitting of the simulation results is carried out, and the relationship between
the rotation angle of the magnet and the force in the vertical direction is obtained.

F = 5612 × e(−
θ−96.88

29.27 )
2

(2)

The R2 of the above fitting is 0.9998, and the fitting effect is superior. As shown in
Figure 8, when the robot transitions at a right-angle wall, the magnetic induction intensity
contour of the magnetic chuck shows that during the rotation process, the force in the
vertical direction gradually decreases while the force in the horizontal direction gradually
increases. This change has an important impact on the navigation and stability of the
robot on complex wall surfaces, ensuring the adaptability and safety of the robot when
performing tasks.
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3. Analysis of Mechanical Properties of Five-Wheeled Wall-Climbing Robot
3.1. Robot Static Analysis

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn. The designed five-wheeled wall-climbing magnetic robot
can achieve a horizontal plane to a vertical plane, as well as an inner fold from the vertical
plane to the ceiling and an outer fold from the vertical plane to the roof. The circumferential
motion process of the inner fold angle is shown in Figure 9.
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When the five-wheeled wall-climbing robot is adsorbed on the metal wall surface for
movement, the horizontal plane movement is similar to that of ordinary wheeled robots
driven by a motor, and basically, no failure will occur. If you move on a vertical wall, the
direction of sliding can only be in the vertical direction, the support force of the robot
will be reduced, and the friction will be weakened accordingly, so there must be enough
magnetic attraction to generate enough friction to overcome the gravity of its own sliding
(see Figure 10). The intermediate wheel has two magnetic chucks, so the conditions for not
slipping on the vertical wall are as follows:

5FM·µ ≥ Mg (3)
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Figure 10. Schematic diagram of the force under the vertical state of the robot.

Additionally, on vertical surfaces, the condition of moment balance must be met;
otherwise, longitudinal overturning along the rear wheels may occur.

Calculating the torque at the contact point between the rear wheel and the wall.

L
2
·FX+L·2FX ≥ Mg·H (4)

L—the length between the two wheels of the wall-climbing robot is 910 mm;
H—the distance from the center of gravity of the robot to the wall is 150 mm;
M—The overall mass of the robot is 181.66 kg;
µ—The coefficient of static friction between the wheel and the wall is about 0.5.
Through the magnetic attraction data and calculations obtained from the simulation

results, it can be seen that the robot can not slip and overturn on the vertical wall. In
addition, the main forms of instability of the robot include failure in the transition from the
horizontal ground to the vertical wall, the slipping and falling of the vertical wall and the
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dangerous working conditions caused by the magnetic force change during the vertical
wall facing the ceiling. On both horizontal and vertical walls, the distance between the
magnetic suction mechanism and the wall is usually constant, so there is almost no danger.
In the process of the transition between the vertical wall and the ceiling, the magnetic
force of the wall-climbing robot decreases sharply, and there is no ground support force
to counteract gravity. The overall stress state and the minimum safe magnetic attraction
under this condition are discussed below.

In this section, we will analyze the entire process from before the front wheels of the
five-wheel wall-climbing robot touch the ceiling to the full adsorption to the ceiling. The
process is shown in Figure 11.
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At the beginning of the transition of the front wheels to the ceiling, the suction of
the vertical wall decreases sharply, and the suction of the ceiling to the wheels gradually
increases. Let the suction force of a single wheel in the horizontal direction be Fx, and the
suction force of a single wheel in the vertical direction be Fy, then it is necessary to meet the:

2Fy+µ·(3FX +2FX2
)
≥ Mg (5)

FX2 is the magnetic attraction of the wheel at the moment of transition, and its size
changes from moment to moment. Maxwell’s magnetic simulation results from different
angles show that Fx2 increases from 1994 N to 506.73 N and Fy rises from 1.2 N to 101.4 N
when the magnetic simulation results are changed from 0 to 38 degrees. At 40 degrees, Fy is
133.12 N, so it can be seen that 0~38◦ and 40~90◦ are absolutely safe processes. The range
angle of the most likely danger is 38~40◦, and the known simulation data are substituted,
and the five-wheeled wall-climbing robot can still maintain safe working conditions under
this angle.

After the front wheel is completely adsorbed to the ceiling, the middle wheel has a
suspension process in the span to ensure that the robot does not fall. The conditions are:

2
(
Fy +µ· FX

)
≥ Mg (6)

Based on the known magnetic attraction, this process does not cause failure such as
the robot falling.

3.2. Robot Dynamics Analysis

The robot spanning from the vertical wall to the ceiling is one of the most dangerous
stages. In the spanning stage, the middle wheel gradually moves away from the wall, the
speed is small, the acceleration can be ignored, and the resultant moment is calculated at
the rear wheel B point, wherein the wall support force FN3 for the intermediate wheel is 0
(see Figure 12), then it should be satisfied:

Fd1 LBA+FN1L + GLg − (FM! L + FM3LBC+F f 1LBA = 0 (7)
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Fd1 and Ff1 are the driving force and friction force of the front wheel, respectively, and
FM1, FM2, and FM3 are the magnetic attraction force of the front wheel, the rear wheel, and
the middle wheel on the wall, respectively. FN1 and FN2 are the normal support forces of
the front and rear wheels, respectively. L and LBA are the projection distances of the contact
point between the front wheel and the wall surface and point B in the X and Y directions,
respectively; LBC is the vertical distance between the rear wheels in the robot; Lg is the
projection of the center of gravity of the robot and point B in the Y direction. In the process
of moving the intermediate wheel away from the wall, the magnetic attraction of the wall
to the intermediate wheel is also gradually decreasing.

4. Climbing Robot Prototype Testing

Prototype testing takes place in a lab environment and is designed to simulate real-
world conditions encountered by wall-climbing robots in industrial applications. Test
surfaces include vertical steel walls, slopes, and curved surfaces to replicate a variety of
operating environments. The robot is equipped with sensors to measure adhesion, speed,
and stability. There is also anti-falling rope protection; even when the adsorption force is
insufficient, there will be no safety accidents.

The experimental setup involved the following key tests: The adsorption force of
the robot as it moves in horizontal, 60◦ inclined, and vertical planes was measured and
recorded using a force transducer to verify the effectiveness of the suspended magnetron
adsorption module. Obstacle crossing test: The robot was tested on a cuboid obstacle
with a height of 12 cm to evaluate the obstacle crossing performance of the five-wheeled
wall-climbing robot. The process is that the magnetic chuck of the front wheel is staggered
with the wall surface at first, forming an angle so that the magnetic attraction of the front
wheel and the wall surface is reduced so that the front wheel is more convenient to lift and
cross the obstacle, and then the middle wheel and the rear wheel cross the obstacle in turn.
The obstacle-crossing process is shown in Figure 13.

Wall Transition Test: Validates the robot’s ability to transition from horizontal to
vertical and from vertical to horizontal. The process of transition from the horizontal plane
to the vertical plane is that the front wheel is lifted first and then adsorbed to the vertical
wall, and the wall transition is gradually completed and the experimental process of inner
and outer fold angles is shown in Figures 14 and 15.

Obstacle crossing tests have shown that the robot can successfully cross obstacles up
to 12 cm without losing any stability or adhesion. During the wall transition test, when the
robot transitions from a vertical surface to a horizontal surface, the front wheel gradually
moves away from the wall, the adsorption decreases, and then the front wheel adsorbs
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to the horizontal plane, the whole process force changes within a certain range, but the
overall force remains within a safe operating range without slipping or falling.
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Obstacle crossing tests have shown that the robot can successfully cross obstacles up 
to 12 cm without losing any stability or adhesion. During the wall transition test, when 
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5. Conclusions 
This paper designed and developed a prototype of a wheeled magnetic climbing ro-

bot, conducted simulation analysis using Maxwell, and explored the effects of the gap and 
angle between the magnet and the wall on the magnetic attraction, validating its adhesion 
performance based on the mechanical model and ensuring a safe transition at the critical 
turning point. Motion tests on metal surfaces demonstrated that the five-wheel climbing 
robot meets the design requirements. Further research on the prototype’s dynamic and 
operational performance will focus on validating its performance and reliability in appli-
cation areas such as industrial inspection, ship cleaning, and building maintenance. 

In summary, the analysis and validation of the permanent magnet adhesion perfor-
mance of the climbing robot were successfully conducted, and the development of the 
five-wheel climbing robot prototype was completed. This research achievement has sig-
nificant implications for advancing robot technology applications in engineering and 
other fields and provides a useful reference and model for related research. 
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Figure 15. Diagram of the robot’s outer folding angle transition.

5. Conclusions

This paper designed and developed a prototype of a wheeled magnetic climbing
robot, conducted simulation analysis using Maxwell, and explored the effects of the
gap and angle between the magnet and the wall on the magnetic attraction, validat-
ing its adhesion performance based on the mechanical model and ensuring a safe tran-
sition at the critical turning point. Motion tests on metal surfaces demonstrated that
the five-wheel climbing robot meets the design requirements. Further research on the
prototype’s dynamic and operational performance will focus on validating its perfor-
mance and reliability in application areas such as industrial inspection, ship cleaning, and
building maintenance.

In summary, the analysis and validation of the permanent magnet adhesion perfor-
mance of the climbing robot were successfully conducted, and the development of the
five-wheel climbing robot prototype was completed. This research achievement has signifi-
cant implications for advancing robot technology applications in engineering and other
fields and provides a useful reference and model for related research.
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Abstract: In the present study, the capacity of two commercial NiTi and NiTiCu shape memory alloy
(SMA) wires to develop work-generating (WG) and constrained-recovery (CR) shape memory effects
(SMEs), as well as the capacity of a commercial NiTiFe super-elastic wire to act as cold-shape restoring
element, have been investigated. Using differential scanning calorimetry (DSC), the reversible
martensitic transformation to austenite of the three NiTi-based wires under study was emphasized
by means of an endothermic minimum of the heat flow variation with temperature. NiTi and NiTiCu
wire fragments were further tested for both WG-SME and CR-SME developed during the heating,
from room temperature (RT) to different maximum temperatures selected from the DSC thermograms.
The former tests revealed the capacity to repetitively lift various loads during repetitive heating,
while the latter tests disclosed the repetitive development of shrinkage stresses during the repetitive
heating of elongated wires. The tensile behavior of the three NiTi-based SMA wires was analyzed by
failure and loading–unloading tests. The study disclosed the actuation capacity of NiTi and NiTiCu
shape memory wires, which were able to develop work while being heated, as well as the resetting
capacity of NiTiFe super-elastic wires, which can restore the initial undeformed shape of shape
memory wires which soften while being cooled down. These features enable the design of a robotic
gripper based on the development of NiTi-based actuators with repetitive action.

Keywords: shape memory alloy; super-elastic alloy; martensitic transformation; work; constrained
recovery; repetitive actuation

1. Introduction

Shape memory alloys (SMAs) are able to recover a “hot shape”, which was induced
in the austenite high-temperature state, by simply heating an element to which a “cold
shape” was induced in the martensite low-temperature state. [1] This heating-triggered
phenomenon is called shape memory effect (SME) and can be observed in alloys, ceramics
and polymers [2]. Depending on the constraints that the SMA has to overcome during its
hot shaped recovery, SME can be: (i) with free recovery (FR) without constraints, (ii) with
constrained recovery (CR) with stress development at a constant strain, or (iii) work
generating (WG) with stroke development under a constant force [3].

The work generating capacity of SMAs inspired the first exposure of an application
of these materials at the Brussels International Fair in 1958. It was a cycling lifting device
actuated by an Au-Cd single crystal which lifted a load during electrical resistive heating
and lowered it back during air-fan cooling. This was the first ever mentioned SMA-activated
thermal actuator [4].

With the discovery of NiTi SMA in 1963 [5], a remarkable burst in the development of
actuators with active elements made from NiTi-based SMAs was observed [6]. This progress
was enhanced by the advance of ternary alloyed NiTi-based SMAs, such as Ni-Ti-Cu or Ni-
Ti-Fe [7]. The former has been able to decrease transformation hysteresis, stabilize critical
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transformation temperature, soften the martensite, and cause a two-step shape change [8].
The latter depressed the critical temperatures of the martensitic transformation below
room temperature (RT) which enabled the alloys to be austenitic at RT [9]. Some SMAs
experience a reversible thermoelastic martensitic transformation which is the mechanism of
a work-generating SME [10]. These commercial SMAs, based on NiTi, CuZnAl, or CuAlNi,
when deformed in an austenitic state, enable the obtainment of an unstable stress-induced
martensite which forms during loading and reverts to austenite during unloading. This
mechanism governs super-elasticity (SE) behavior, characterized by RT unloading recovery
strains that, in special cases, can be as high as 25% [11].

NiTi-based SMAs have been produced in the form of wires [12], beams [13], coil [14] or
helical springs [15], thin plates [16], etc., which can provide various useful properties [17].
One of these properties is the quiet and soft operation that enabled the development of
various bioinspired applications, mimicking the operation of the tendons, such as robotic
arms capable of pan–tilt movements [18]. By connecting several NiTi wires in series, large
values for specific strokes and work outputs were obtained at a parallel gripper [19].

NiTi-based SMAs have a remarkable storage capacity, releasing as much as 4 J/g
upon heating-induced SME and 6.5 J/g during super-elastic RT unloading [20]. Based on
these features, a large variety of work-generating SME-driven applications have been fabri-
cated [21], such as mini modular mechanical devices [22], small bioinspired robots [23], self-
sensing compact actuators [24], artificial limbs [25], and dynamic vibration absorbers [26].
These applications are generally characterized by a long functional fatigue life, being able
to withstand up to 105 cycles [27].

One of the main drawbacks of all SMA-driven actuators is the requirement of “cold
shape” resetting, since the material is unable to develop a perceptible amount of work
during cooling [28]. A possible solution could be the application of a training thermome-
chanical treatment meant to obtain two-way shape memory effects (TWSME). Through
TWSME, the active SMA element can instantly recover its hot shape during heating and its
cold shape during cooling [29]. Various training procedures have been devised, such as the
bidirectional memory effect training method, which enables maximum deflections of about
10 mm [30]. Nevertheless, due to some structural and functional fatigue phenomena, both
hot and cold shapes become gradually deformed, as compared to the initial ones, and the
total stroke is reduced [31].

Other constructive solutions involved the use of “dead loads” that diminish the useful
stroke developed by WG-SME during heating and have the merit of resetting the cold
shape, thus enhancing the cycling functioning of the actuator [32].

Several constructive variants have been adopted for “cold shape” resetting. The first
variant was the use of regular steel springs which had the disadvantage of producing the
maximum resetting force at the beginning of the backstroke [6]. The improved variants
involved using reciprocating SMA elements [33] or a pair formed by an SMA and a super-
elastic element [34]. The functioning principle of the SMA/super-elastic coupling consists
in the deformation of the latter during the heating of the former (that becomes tougher
during heating and softer during cooling) and its shape resetting under the effect of the
super-elastic element that forces it to recover its cold shape [35].

Based on the actuation capacity of NiTi-based SMAs, several types of grippers were
developed. Some representative examples include a soft robotic gripper capable of handling
delicate things [36], a module with adjustable grasping stiffness [37], or a modular soft
gripper driven by large wire tendons [38].

A particular type of solution was introduced by Guo et al., who designed a compliant
differential SMA actuator with two antagonistic wires, coupled by a torsion steel spring,
that developed an angular motion [39].

All these applications have their specific disadvantages concerning cold shape reset-
ting. The use of bias steel springs caused an increase in the resistance force with the increase
in the stroke, while the backstroke is subjected to maximum resetting force at the beginning.
On the other hand, using SMA/super-elastic couplings did not involve a direct connection
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between the two executive elements, which caused an efficiency loss from an energetic
point of view.

The present paper aims to: (i) evaluate the capacities of NiTi-based SMAs to develop
WG and CR-SME as well as to accommodate tensile strains both during single and multiple
cycling); (ii) to emphasize the effect of partial substitution of Ni with Cu, to enhance SM
response; (iii) to analyze the functioning of an actuation setup where an SM and an SE wire
are working against each other, and (iv) to introduce a three-fingers gripper with a fast
grasping speed, caused by three SMA wires and a slow releasing capacity, due to three
super-elastic wires which are directly connected to the SMA ones.

2. Materials and Methods

Here, 0.5 mm-diameter wires were purchased from Kellogg’s Research Labs, (New
Boston, NH, USA) with three chemical compositions: Ni48Ti52; Ni45Ti50Cu5, and Ni48Ti50Fe2.
The wires were subjected to: (i) thermal analysis, (ii) WG-SME experiments, (iii) RT
tensile testing, (iv) tensile CR-SME investigations, and (v) SM shrinkage biased by SE
recovery tests.

Thermal analysis was performed by differential scanning calorimetry (DSC) using a
NETZSCH calorimeter type DSC 200 F3 Maya, with a sensitivity below 1 µW, temperature
accuracy of 0.1 K, and an enthalpy accuracy below 1%. Calibration was performed with
Bi, In, Sn, and Zn standards. Heating scans were performed between RT and 200 ◦C
with a heating rate of 10 ◦C/min. Calibration curves were also used to exclude any
background noise. NiTi, NiTiCu, and NiTiFe wire fragments weighing less than 5 mg
were cut and were investigated under an Ar-protective atmosphere. The resulting DSC
thermographs, comprising heat flow variations with temperature, were evaluated with the
Proteus software v.6.1.

WG-SME experiments were achieved by means of an experimental setup which was
recently fully described [40]. Based on the critical temperatures determined on the DSC
thermographs, the maximum heating temperatures were selected as 39 ◦C, 41 ◦C, 43 ◦C,
and 50 ◦C. Both NiTi and NiTiCu wires were subjected to WG-SME experiments during
which they were elongated by four different loads (2.5, 3, 3.5 and 4 kg) at RT, lifted
them during heating and lowered them back during cooling. The entire heating–cooling
cycle was controlled by an experimental electronic device specially built for this purpose.
The device instantly switched between heating and cooling modes when the maximum
pre-set temperature was reached. Experiments were performed with a single heating–
cooling cycle for each of the above four maximum temperatures under the effect of each
of the four applied loads. In the case of the 4 kg load, five heating–cooling cycles were
applied in order to check the reproducibility of the displacement variation with temperature
during WG-SME experiments. The results of these experiments consisted of plotting the
variations in temperature and the wire’s free-end displacement, which were recorded by
an acquisition module.

RT tensile tests of NiTi, NiTiCu, and NiTiFe wires were performed on an INSTRON
3382 tensile machine (Norwood, MA, USA). The machine was equipped with a thermal
chamber able to heat up to 250 ◦C. The tests were first performed up to the wire failure and
then consisted in loading–unloading up to a maximum strain ranging between 6–8%. Both
failure and loading–unloading tests were performed with a cross-head speed of 1 mm/min.
To firmly fasten the 0.5 mm-diameter wires, a special type of grips was designed and
manufactured. Figure 1 illustrates the details of the experimental grip assemblies which
were designed to accommodate a longer wire length, such as to increase the friction force
between the wire and grip and to firmly fasten the wire specimen.
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ing hole and the final central slot were created using wire spark erosion and enabled the 
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men passed between the two tightening screws, and then it was tilted through the devia-
tory hole and wound around the fixing screw. After the final tightening of all three screws, 
the wire specimen was firmly fastened, as shown in the lower part of Figure 1a. Figure 1b 
illustrates a wire specimen that failed in tension while being fixed in the lower grip as-
sembly fastened in the thermal chamber of the tensile testing machine. 

It must be noted that the SMA wire specimens are rather stiff and hard to bend 
around the load reduction roller. Moreover, bending alters the structure and induces par-
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Figure 1. Images of the experimental grip assemblies specially designed for wire testing: (a) individ-
ual images of the grip assembly in a dissembled state (up) and assembled state with the fixed wire
specimen; (b) wire specimen failure while being fixed in the lower grip assembly fastened on the
tensile testing machine.

The grips were machined from E 335 plain carbon steel. The drilled central elasticizing
hole and the final central slot were created using wire spark erosion and enabled the grip
body to act as a tweezer, as illustrated in the upper part of Figure 1. The wire specimen
passed between the two tightening screws, and then it was tilted through the deviatory hole
and wound around the fixing screw. After the final tightening of all three screws, the wire
specimen was firmly fastened, as shown in the lower part of Figure 1a. Figure 1b illustrates
a wire specimen that failed in tension while being fixed in the lower grip assembly fastened
in the thermal chamber of the tensile testing machine.

It must be noted that the SMA wire specimens are rather stiff and hard to bend around
the load reduction roller. Moreover, bending alters the structure and induces parasitic
mechanical stress on the specimens. To keep the same length for each experiment, the
specimens were fastened in the dedicated clamping mechanism by the two large M8 screws.
The results of the RT tensile tests comprised stress–strain curves recorded either during
tensile failure or during loading–unloading tests. The same grips were used to emphasize
CR-SME occurrence.

Tensile CR-SME investigations were performed using the above described tensile
testing machine and wire testing grips assemblies. In this case, NiTi and NiTiCu wires were
fastened and subjected to two types of investigations. The former comprised emphasizing
single CR-SME occurrence, by RT loading–unloading and heating to 56 or 60 ◦C in an
elongated state. The latter consisted of (i) RT loading up to 4% strain, (ii) heating–cooling
under 4% constant strain, starting from an elevated stress, (iii) RT additional loading
from 4 to 5%, and (iv) heating–cooling under 5% constant strain. The results of these
investigations comprised ternary stress–strain–temperature diagrams.

The experiments aiming to monitor the interaction between the SM shrinkage of
pre-strained NiTiCu wire and the SE recovery of NiTiFe wire were performed on a special
experimental setup designed and fabricated for this study. Figure 2 illustrates the main
elements of this setup.
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ends; (c) detail of the lever mechanism with a displacement transducer; (d) experimental setup 
equipped for thermomechanical cycling, with details of the mechanism of stroke reversion; (e) ex-
perimental setup equipped for force measurement. 

Two guide rails are fixed on the support plate. On each rail, one rivet is fixed by 
means of an adjustment screw. The right-side screw fastens the SM NiTiCu wire specimen, 
which was pre-strained with approx. 5% force, as it will be pointed out later. The left-side 
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Figure 2. Schematic illustration of the experimental setup for monitoring the interaction between SM
shrinkage of NiTiCu wires and SE recovery of NiTiFe wires: (a) general view of the experimental
setup, displaying the SM (NiTiCu) and the SE (NiTiFe) wires; (b) fixing detail of the wire upper ends;
(c) detail of the lever mechanism with a displacement transducer; (d) experimental setup equipped
for thermomechanical cycling, with details of the mechanism of stroke reversion; (e) experimental
setup equipped for force measurement.

Two guide rails are fixed on the support plate. On each rail, one rivet is fixed by means
of an adjustment screw. The right-side screw fastens the SM NiTiCu wire specimen, which
was pre-strained with approx. 5% force, as it will be pointed out later. The left-side screw
fastens the SE NiTiFe wire specimen. The SM-NiTiCu and the SE-NiTiFe wires are fastened
in parallel, as shown in Figure 2a. The upper ends of the SM and the SE wires are fixed, as
shown in the detail from Figure 2b. The lower ends are connected to a 1st degree leverage,
which transmits the displacement from one to the other by rotating around a rotation
axis. In addition, the SM NiTiCu wire is coupled to electric connectors at its two ends.
When heated, the wire will develop WG-SME and will shrink. The lever will stretch the
SE NiTiFe wire, as illustrated in Figure 2c. After cutting off the electric power, the NiTiCu
wire will cool down, will become martensitic, and will soften, transmitting less force to
the lever, which will allow the SE wire to shrink in order to recover its initial undeformed
state. Therefore, in turn, each wire will be elongated by the other, by means of the leverage:
the SE NiTiFe wire will be elongated during SM NiTiCu heating which, in turn, will be
elongated after becoming softer during cooling as a result of the unloading of the SE NiTiFe
wire. Figure 2d illustrates the setup equipped for thermomechanical cycling. The detail
shows a flexible elastic lamella fixed at one end of the leverage, which alternatively touches
the upper and lower limit stops. During NiTiCu wire heating, it will shrink and rotate the
leverage, which will elongate the SE NiTiFe wire, until the flexible elastic lamella touches
the upper limit stop, as displayed in Figure 2d. This will stop the electric resistive heating,
and the NiTiCu wire will start very quickly to cool down, thus becoming softer. When
its stress would become lower than that of the NiTiFe wire, the latter would rotate the
leverage clockwise, thus elongating the NiTiCu wire. Thus, the electric resistive heating
will be turned on and off, thus determining the oscillating rotation of the leverage. Finally,
Figure 2e exemplifies how the force developed by WG-SME of the NiTiCu wire is measured
with a force transducer. The results of these experiments have the form of ternary diagrams
of the wire’s free-end displacement as a function of time and temperature.

3. Results and Discussion

The results of the thermal analysis, WG-SME experiments, RT tensile tests, CR-SME
investigations, and SM shrinkage vs. SE recovery experiments are presented and discussed
in this section.
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3.1. Thermal Analysis

The DSC thermograms recorded during the first heating and second heating–cooling
cycle, up to 60 ◦C, of fragments of the three wires, are illustrated in Figure 3. The first
cooling to RT was performed without a controlled temperature variation rate and is missing
from the figure.
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Figure 3. DSC thermograms recorded during the first heating and second heating–cooling cycle to
100 ◦C of different wire fragments: (a) NiTi; (b) NiTiCu, and (c) NiTiFe.

The presence of an endothermic minimum on the DSC charts recorded during the
heating of a martensitic SMA is typically associated with martensite reversion to austenite
and represents the mechanism of SME [41].

The martensitic Ni48Ti52 SMA wire, which is Ti-rich, would experience, in the first
heating, a reverse martensitic transformation, which can be associated with the major
endothermic peak located at 39.4 ◦C, and an R-phase transition [42] located, in this case,
at 43.2 ◦C, according to Figure 3a. During the second heating–cooling cycle, martensite
reversion occurred at 37.7 ◦C because uncontrolled cooling resulted in unstable martensite,
which reversed to austenite at lower temperature [17]. When comparing the specific
absorbed enthalpies that accompany the two heating-induced transitions, values between
0.86 and 0.9 mW/mg can be observed at the first heating and a value of 0.4308 mW/mg
can be observed at the second heating. The second controlled cooling caused martensite
formation at 33 ◦C.

Figure 3b, displaying the heat flow variation during the heating of a fragment of
Ni45Ti50Cu5 wire, illustrates two endothermic peaks, during the first heating. The smaller
one, located at 35 ◦C, can be ascribed to the reverse transformation of B19′ monoclinic
martensite into B19 orthorhombic martensite [43], while the larger one, located at 41.4 ◦C
corresponds to the reversion of the intermediate B19 martensite [44] to B2 body-centered
cubic austenite [45]. From the point of view of the specific absorbed enthalpies, Figure 3b
shows that the fragment of Ni45Ti50Cu5 wire required about 0.98 mW/mg for the first
transition and 1.3 mW/mg for the second one. During the second heating, martensite rever-
sion occurred in a single step at a lower temperature (35.3 ◦C), and martensite formation
occurred at 30.8 ◦C.

Finally, Figure 3c displays a thermogram without any transition that corresponds to
the super-elastic character of the Ni48Ti50Fe2 wire, which is austenitic at RT [46].

From the above results, it can be concluded that the NiTiCu wire is more suitable for
developing WG-SME since it requires a larger amount of specific energy for the reverse
martensitic transformation.

3.2. Work-Generating Shape Memory Effect

To compare the WG-SME capacity of the two SM-wires, they were elongated at RT by
four loads weighing 2.5, 3, 3.5, and 4 kg, and were resistively heated up to four maximum
temperatures selected from the DSC thermograms from Figure 3 as 39 ◦C, 41 ◦C, 43 ◦C, and
50 ◦C, respectively. The variations in time (which was omitted for simplicity reasons) of the
displacement of wire’s end where the load is fastened and maximum heating temperature
are illustrated in Figure 4 for the TiNi wires and in Figure 5 for the NiTiCu wires.
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and 4 kg, respectively, during the heating from RT to different temperatures: (a) 39 ◦C; (b) 41 ◦C;
(c) 43 ◦C; (d) 50 ◦C.
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Figure 5. Highlighting the development of WG-SME by NiTiCu wires, by lifting four loads of 2.5, 3,
3.5 and 4 kg, respectively, during the heating from RT to different temperatures: (a) 39 ◦C; (b) 41 ◦C;
(c) 43 ◦C; (d) 50 ◦C.

In all of the 16 diagrams from Figure 4, the wires that were elongated at RT by the
applied loads shrunk during heating and lifted the loads. The smaller loads, such as 2.5 and
3 kg, could not elongate the wire to a greater extent at RT. For this reason, the displacements
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associated with these loads were lower. Conversely, the highest displacements were
associated with the higher loads, namely 3.5 and 4 kg.

The maximum vertical displacement was 12 mm = 0.012 m and the maximum load
lifted along this distance was 4 kg, as in Figure 4a. It follows that the maximum work,
developed by the NiTi wire was 0.012 m × 9.8 ms−2 × 4 kg ≈ 0.47 J.

Another noticeable fact is the delay between the variations of displacement and
temperature. The former varies much faster, reaches the maximum value, and remains
constant, while the latter is still varying. This is due to the thermal inertia of the temperature-
measuring thermistor.

Figure 5 displays the variations of the displacement of the Ni45Ti50Cu5 wire end with
ah attached load and the maximum electric resistive heating temperature.

When comparing Figures 4 and 5, two features can be noticed, as follows:

• NiTiCu wires warmed up faster than the NiTi ones;
• The displacements developed by the NiTiCu wires were slightly lower than those

developed by the NiTi wires, compared to which they were smoother and had shorter
maintaining times.

Aiming to compare the cycling capacities of the two SM wires, during repetitive WG-
SME development, they were subjected to five cycles of resistive heating up to a maximum
temperature of 50 ◦C, with an applied load of 4 kg. The results are illustrated in Figure 6.
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Figure 6 shows that there are the following differences between the repetitive develop-
ment of WG-SME by the two SM wires:

• From the point of view of temperature variation, the NiTiCu wire warmed up faster,
cooled down faster and maintained the maximum temperature longer than the NiTi
wire, though the two wires had the same diameter and length;

• From the point of view of displacement variation, it is obvious that the NiTiCu wire
developed a larger stroke, about 10 mm, while the NiTi wire remained elongated after
the first heating–cooling cycle.

These results demonstrate that both SM wires were able to develop repetitive WG-
SME, but the NiTiCu wire was able to develop a larger stroke and a maximum work of
0.392 J.

3.3. Tensile Behavior at Room Temperature

The tensile failure curves at RT of the three wires are illustrated in Figure 7
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Figure 7. Tensile failure curves at RT of different wire specimens: (a) NiTi; (b) NiTiCu; (c) NiTiFe.

The main mechanical parameters, (E—Young’s modulus; Ry,m—yield and failure
strength, and εy,m—yield and failure strains) of the three failure curves are summarized in
Table 1.

Table 1. Mechanical parameters of the tensile failure curves from Figure 7.

Wire
Material

E Ry Rm εy εm

GPa MPa MPa % %

Ni48Ti52; 38 259 279 0.8 5
Ni45Ti50Cu5 23 220 1177 1.2–5.7 12
Ni48Ti50Fe2 56 481 925 1-7.7 46

These results confirm the beneficial effects of ternary alloying of NiTi SMAs, if one
considers that both the NiTiCu and NiTiFe wires exhibit larger values of failure stress
and strain.

The next tensile tests were performed by loading–unloading, with the aim of monitor-
ing the mechanical response of NiTi-based wires when subjected to reversible deformation.
The resulting tensile loading–unloading curves are illustrated in Figure 8, for the three alloy
wires under study.
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The two diagrams from Figure 8a,b are typical for the plastic deformation of the 
SMAs that experience a thermoelastic martensitic transformation [47]. The first quasi-
linear portion (AB) corresponds to the elastic deformation of the martensitic wires (as 
shown in Figure 3, both Ni48Ti52 and Ni45Ti50Cu5 wires were martensitic at RT). The stress 
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Figure 8. Tensile loading–unloading curves at RT of different wire specimens: (a) NiTi; (b) NiTiCu;
(c) NiTiFe (please see text for explanations).

The two diagrams from Figure 8a,b are typical for the plastic deformation of the
SMAs that experience a thermoelastic martensitic transformation [47]. The first quasi-linear
portion (AB) corresponds to the elastic deformation of the martensitic wires (as shown in
Figure 3, both Ni48Ti52 and Ni45Ti50Cu5 wires were martensitic at RT). The stress plateaus
(BC) are generally associated with the crystallographic reorientation of martensite by
detwinning. Further deformation caused the elastic deformation of detwinned martensite
(CD) which springs back during unloading (DE) [48]. On the other hand, the diagrams from
Figure 8c, revealing an unloading stress plateau, are typical for the super-elastic response
of the Ni48Ti50Fe2 SMA wires [49]. When increasing the number of cycles, both the loading
and unloading stress plateaus became shorter and more inclined, while permanent strain
increased in terms of absolute value but relatively decreased at the cycle level [50]. For this
reason, the SE description was reduced from an unloading stress plateau to an unloading
inflection point.

3.4. Constrained Recovery Shape Memory Effect

The typical curves, displaying stress variation during RT loading–unloading followed
by constant strain-heating, are illustrated in Figure 9, for the NiTi and NiTiCu wires.
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Figure 9. Emphasizing CR-SME after RT tensile loading–unloading and heating at a constant strain:
(a) NiTi heated to 56 ◦C; (b) NiTiCu heated to 60 ◦C (please see text for explanations).

The characteristic stages of the RT loading–unloading can be easily identified along
the A–B–C–D–E route, which coincides with the points designated in Figure 8. In point E,
approximate values of 4.5% and 5% were obtained for the permanent strain in Figure 9a
and in Figure 9b, respectively.

The crosshead of the tensile testing machine was blocked, so the respective permanent
strains were subsequently kept constant and the heating chamber was turned on. During
heating, stress increased abruptly up to point F which corresponds to the first endothermic
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peak of the DSC thermograms from Figure 3a,b and represents the midpoint of the reverse
martensitic transformation.

To explain this initial stress increase, one must consider that, during the first half of
the reverse martensitic transition, the transformation rate increases and stabilizes. Then, in
the second half, it remains constant upon further heating, and then it finally decreases [51].

The transformation rate increase, between E and F, could be the cause of the abrupt
stress rise at the beginning of heating, when SME-induced strain recovery counteracts
thermal expansion. The former causes a stress rise, since it tends to stretch the wire
specimen, while the latter tends to increase the wire’s length, thus reducing the tensile stress.

The continuation of the heating process initially caused an initial stress decrease with
several MPa, then a slow continuous gradual increase up to 123 MPa for the NiTi wire and
147 MPa for NiTiCu.

The initial stress decrease can be associated with the transformation rate diminution
in the second half of the reverse martensitic transformation in such a way that thermal ex-
pansion becomes the most prominent phenomenon. At higher temperatures, R-phase/B19
martensite reversion to B2 austenite is completed in such a way that SME-induced shrink-
age again becomes the prominent phenomenon and the tensile stress rises because B2
austenite has a smaller relative volume than both R-phase and B19 martensite [52].

Aiming to determine the behavior of the two SM-wires when undergoing repetitive
CR-SME tests, according to the mechanical response from Figure 10, the specimens were
(i) elongated to 4% strain at RT, 0–1 and kept in a stressed state in point 1, (ii) heated under
a constant strain up to 56 or 60 ◦C, 1–2, (iii) cooled to RT under constant strain, 2–3, and
additionally loaded from 4 to 5%, 3–4, for a second cycle of CR heating (4–5) and cooling
(5–6), according to the same routine as in the first cycle.
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for the NiTi wire, stress increased by 123 MPa, when starting from 0, and with approx. 50 
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Figure 10. Emphasizing CR-SME during two cycles comprising 0–1 = RT tensile loading to 4%,
1–2 = heating at constant strain, 2–3 = cooling at constant strain, 3–4 = RT loading from 4 to 5%,
4–5 = heating at constant strain, 5–6 = cooling at constant strain: (a) NiTi heated up to 56 ◦C;
(b) NiTiCu heated up to 60 ◦C.

It is obvious that even when the two wire specimens were heated up to the same
maximum temperatures as in Figure 9, the stress increase was smaller in Figure 10. Thus,
for the NiTi wire, stress increased by 123 MPa, when starting from 0, and with approx.
50 MPa after additional loading between two heating–cooling cycles, when starting from
300 MPa. On the other hand, the corresponding rise was 147 MPa and with approx. 70 MPa,
when starting from 180 MPa, respectively.

90



Actuators 2024, 13, 319

As such, the following can be concluded:

• The NiTiCu wire experienced a larger relaxation capacity during cooling, in good
accordance with the WG-SME response from Figure 6;

• Both SM-wires were able to develop repetitive CR-SME.

3.5. Actuation System Based on SM Shrinkage vs. SE Recovery

The final set of tests was performed on the experimental setup and monitored the
evolution of the NiTiCu SM-wire working against that of the SE NiTiFe wire. The results
are summarized in Figure 11.
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Figure 11. Emphasizing the variation in the shrinkage of the Ni45Ti50Cu5 SM wire biased by the
unloading recovery of the SE Ni48Ti50Fe2 wire, at different maximum voltage values of the electric
current used for resistive heating: (a) 3.5 V; (b) 4 V; (c) 4.5 V; (d) 5 V.

The martensitic NiTiCu wire was pre-strained at RT with 5%. For actuation, four
voltages were used, as pointed out in Figure 11. During resistive heating, SME occurred
and stretched the NiTiCu wire which, in turn, elongated the SE NiTiFe wire by means of
the leverage, as specified in Figure 2. When the elastic lamella shown in Figure 2d touched
the upper limit stop, resistive heating was interrupted and the NiTiCu wire started to cool
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down. During the transformation of austenite into martensite, the NiTiCu wire softened
and gradually became elongated by the NiTiFe wire. As can be observed from Figure 11 and
from the Supplementary Material Video S1, the displacement rate was much larger during
SME development than during super-elastic recovery. Actually, SM shrinkage occurred
in a few seconds while SE recovery took about 50 s. Nevertheless, the process has been
reproducible for several tens of cycles. For example, Figure S1 from the Supplementary
Materials displays cycles recorded during a 40 min period. Displacement variation was
recorded every five cycles, with SME being caused by a 4 V voltage-heating effect. It can
be noticed that the displacement loops tend to become narrower with the increase in the
number of cycles. This could be a training effect that is frequently observed in NiTiCu
SMAs, as it was previously reported by some of the present authors [53].

From an energetic point of view, the setup consumed energy during SME development
when loading the NiTiFe wire and restored it during super-elastic unloading. So, the area
under the loading curve (corresponding to displacement variation during SME develop-
ment) is proportional to the amount of consumed energy, W0, while the area under the
unloading curve (corresponding to super-elastic recovery) is proportional to the amount of
restored energy, Wrec. These area values are summarized in Table 2.

Table 2. Variation in the surface areas proportional to specific consumed (Wo) and restored (Wrec)
energies during SM vs. SE displacement cycles (a.u.).

1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle

W0 Wrec W0 Wrec W0 Wrec W0 Wrec W0 Wrec

3.5 V 640.35 393.55 687.2 452.5 644.7 455.6 663.35 455.8 762.85 504.7
4 V 630.9 418.3 680.45 458.2 664.75 465.35 644.8 443.6 637.65 468.95

4.5 V 550.45 341.55 550.5 356.2 666.8 429.8 529.7 338.85 549.6 362.8
5 V 281.7 240.5 460 260.6 506.15 282.3 502.95 291.95 509.45 302.8

By subtracting the restored energy from the consumed energy and dividing the result
(∆W = W0 −Wrec) by the consumed energy one, can calculate the specific energy dissipated
by internal friction, as shown in Figure 12.
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Figure 12. Variations in the specific energy, dissipated by internal friction, during consecutive cycles
of resistive heating-induced SM shrinkage of the Ni45Ti50Cu5 SM wire compensated by unloading
recovery of the Ni48Ti50Fe2 SE wire.

Figure 12 confirms the decreasing tendency of the thermal hysteresis, proportional to
the area between the loading and unloading curves [54], with the increase in the number
of cycles.
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Based on the above observations, a robotic gripper was designed. The device was
built up by adapting a NiTiCu and a NiTiFe wire, as an actuating element, on a classical
gripper, as illustrated in Figure 13.
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Figure 13. Design of a robotic gripper, actuated with a NiTiCu SM and NiTiFe SE wires: 1—housing;
2—NiTiFe wires; 3—piston; 4—NiTiCu wires; 5—fork; 6—pins; 7—connecting rods; 8—claws. (a) gen-
eral view; (b) detail of the grasping system.

The system comprises a housing (1), three NiTiFe SE wires (2), a piston (3), three
NiTiCu SM wires (4), a fork (5), nine pins (6), six connecting rods (7), and three claws
(8) that act as gripping elements. The NiTiCu wires (4) are in the martensitic state at room
temperature, being pre-strained and connected with one end at the housing base and with
the other end to the piston, as illustrated in Figure 13b. The NiTiFe wires (2) are connected
with one end at the piston and with the other end to the top of the housing. Their role is to
act as a bias element. Thus, while being non-actuated, the NiTiCu wires are softer than the
NiTiFe wires, being pre-strained and fixed in the assembly in an elongated martensitic state.

During resistive heating, by means of the electric connection wires shown in Figure 14a,
the NiTiCu wires stretch back, since they become tougher than the NiTiFe wires, thus
causing the translation of the piston (3) which moves the fork (5). After cutting the power,
the NiTiCu wires start to cool, regain the martensitic state, and became softer than the
NiTiFe wires, which move the piston back in the initial position.
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The claws (8) are articulated at one end to the fork and at the middle to the housing, by
means of the connecting rods (7). The piston translation causes a rotation movement of the
claws, hence the device being able to grip and release loads, as illustrated in Figure 14b,c,
respectively. The robotic gripper is able to grab various objects, with the action controlled
by electric resistive heating of the NiTiCu wire, and to release them in a fixed position, with
the action controlled by the super-electic recovery of the elongated NiTiFe wire.

4. Summary and Conclusions

By summarizing the above results, the following conclusions may be drawn.

1. From the point of view of WG-SME:

• The SM response (RT displacement) increased with the applied load up to 12 mm,
corresponding to a work of 0.47 J;

• Cu addition caused higher heating and cooling rates during single tests and
larger displacement during cyclic tests, developing a repetitive work of 0.392 J.

2. From the point of view of the RT tensile behavior:

• Both Ni48Ti52 and Ni45Ti50Cu5 wires exhibited stress plateaus during loading
associated with the crystallographic reorientation of martensite;

• The Ni48Ti50Fe2 wire had stress plateaus both during loading and unloading,
associated with a reversible stress induced martensitic transformation, which
changed to inflection points during cycling.

3. From the point of view of CR-SME:

• Ni48Ti52 and Ni45Ti50Cu5 wires elongated with 4.5 and 5% developed CR stresses
of 123 MPa and 147 MPa, when heated to 56 and 60 ◦C, respectively;

• Both Ni48Ti52 and Ni45Ti50Cu5 wires, when heated in elongated state, developed
repetitive stress–temperature variations;

• Cu addition caused a larger relaxation capacity during cooling.

4. From the point of view of the trade-off between SM shrinkage and SE recovery:

• When heated under the effect of a voltage of 4.5–5 V, the 5% pre-strained
Ni45Ti50Cu5 wires developed a 28 mm stroke which elongated the Ni48Ti50Fe2
wire by means of leverage;

• When air-cooled, the Ni45Ti50Cu5 wires were elongated again by the unloading
recovery of the Ni48Ti50Fe2 wire;

• SM shrinkage lasted a few seconds, while and SE recovery lasted up to 50 s;
• SM vs. SE displacement cycles could be repeated for tens of cycles, during which

time a decreasing tendency of the specific energy dissipated by internal friction
was noted;

• A robotic gripper was designed based on the antagonistic deformation of
Ni45Ti50Cu5 and Ni48Ti50Fe2 wires;

• Compared to classical solutions, with hydraulic or mechanical actuation, the
proposed system is more compact, rapid, economical, and ergonomic. Compared
to other SMA-driven systems, the present solution can provide the manipulated
objects’ fast grasping and slow release speeds.

• General conclusions:
• Here, 0.5 mm-diameter martensitic Ni48Ti52 and Ni45Ti50Cu5 wires were able

to perform both WG-SME and CR-SME by repetitively lifting loads up to 4 kg,
(developing works of 0.392–0.47 J) and by generating stress of 123–147 MPa
(when pre-strained with 4.5 and 5%), respectively;

• Here, 5% pre-strained martensitic Ni45Ti50Cu5 wires and austenitic Ni48Ti50Fe2
wires developed a 28 mm stroke by SM/SE coupling, which was repeated during
tens of cycles and accompanied by a decreasing tendency of energy dissipation
by internal friction.
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• The simulated three-fingers gripper has the potential to develop rapid grasping
forces and slow release rates due to the direct coupling of pre-strained SM and
SE wires.

• After manufacturing the gripper, additional experiments have to be performed
to determine its real grasping and releasing rates and to test the training effect
on these rates.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/act13080319/s1, Video S1: SM vs. SE 2 cycles; Figure S1: SM vs.
SE displacement cycles recorded during a 40 min period.
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Abstract: Autonomous underwater vehicles (AUVs), as primary platforms, have significantly con-
tributed to underwater surveys in scientific and military fields. Enhancing the maneuverability
of autonomous underwater vehicles is crucial to their development. This study presents a novel
vectored thruster and an optimized blade design approach to meet the design requirements of
a specially shaped AUV. Determining the ideal blade characteristics involves selecting a maximum
diameter of 0.18 m and configuring the number of blades to be four. Furthermore, the blades of
the AUV were set to rotate at a speed of 1400 revolutions per minute (RPM). The kinematics of
the thrust-vectoring mechanism was theoretically analyzed. A propulsive force test of the vectored
thruster with ductless and ducted propellers was performed to evaluate its performance. A ductless
propeller without an annular wing had a higher propulsive efficiency with a maximum thrust of
115 N. Open-loop control was applied to an AUV in a water tank, exhibiting a maximum velocity
of 0.98 m/s and a pitch angle of 53◦. The maximum rate of heading angle was 14.26◦/s. The test
results demonstrate that the specially designed thrust-vectoring mechanism notably enhances the
effectiveness of AUVs at low forward speeds. In addition, tests conducted in offshore waters for
depth and heading control validated the vectored thruster’s capability to fulfill the AUV’s motion
control requirements.

Keywords: autonomous underwater vehicles; novel vectored thruster; thrust-vectoring mechanism;
specially shaped AUV

1. Introduction

As an extremely significant tool, underwater vehicles play a significant role in various
ocean-related activities, such as military applications, scientific research, port operations,
and maritime safety. Underwater vehicles are primarily used for inaccessible, hazardous,
and expensive tasks for divers [1]. Engineers have an essential mission to improve the
capability of underwater vehicles to explore oceans while performing these tasks [2].

These missions require underwater vehicles equipped with advanced and vital tech-
nologies to expand their capabilities such as maneuvering and autonomy. Sophisticated
sensors and intelligent algorithms can improve the autonomy of underwater vehicles.
The propulsion system is a crucial factor determining the maneuverability of underwater
vehicles; hence, the question of how to incorporate underwater propulsion technology with
high navigation efficiency and excellent maneuverability has always been a research focus
in the field of underwater robots [3].

Different missions and applications determine the shapes, configurations, and propul-
sion systems of underwater vehicles [4]. The propulsion systems of underwater vehi-
cles can be classified into three types: classical rear propeller propulsion, bio-inspired
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propulsion [5,6], and vectored thrust propulsion [1]. The propulsion strategy of an under-
water vehicle determines its movement-control mode. Underwater vehicles intended for
high-speed cruising are designed with streamlined hulls to reduce hydrodynamic drag.
A main propeller equipped at the tail cone enables these streamlined-shaped vehicles to
propel, and the steering ability is achieved by changing the angle of fins and rudders [7].
However, a major disadvantage of propulsion technology is that the underwater vehicle
control authority is unstable at low speeds or suspended [8]. Under such conditions, the
effectiveness of fins and rudders for controlling the vehicle is diminished or rendered
nearly ineffective.

However, this limitation can be overcome by adding additional thrusters to under-
water vehicles [9,10]. The ineffectiveness of the control surfaces was solved using the
differential propulsive forces of the thrusters. This results in an overall hull configuration
of the underwater vehicle complex. The weight, manufacturing cost, hydrodynamic drag,
and energy consumption of underwater vehicles have also increased [11].

Another effective method to overcome the drawbacks discussed above is vectored
thrust propulsion (VT), which replaces conventional rear or multiple propeller propulsion
and bio-inspired propulsion [7]. Typically, an underwater vehicle is equipped with only
one vectored thruster. The vectored thrust provided by the vectored thruster can be
decomposed into two components: a control force and a driving force.

In recent decades, the application of vector propulsion technology in the field of under-
water robots has undergone rapid development. There are relevant studies documenting
the application of vector propellers in various underwater robots. However, some vector
propellers remain at the theoretical design stage or prototype verification stage. In other
words, during the process of transforming vectored thruster prototypes into practical appli-
cations, a multitude of issues tend to become pronounced. The following will introduce the
design or applications of typical vector propellers.

Some vector propulsion technologies have their main propulsion motor placed at the
end of the propeller, and the propeller is directly driven by a waterproof motor, meaning
that the motor is exposed to water. The vector mechanism changes the thrust direction
by altering the orientation of the motor itself. Obviously, this kind of mechanism has
a large rotational inertia at its end, and when the propeller deflects, the power required by
the reversing drive motor is also relatively large. Below, we will introduce several vector
propellers of this type.

The Bluefin series AUV [12] is equipped with a vector propulsion system that changes
the orientation of the mobile platform through the linear movement of a push rod to
alter the direction of the propeller thrust. This vector propulsion device boasts a simple
mechanical structure, flexible movement, and easy sealing.

The vectored thruster designed by E. Cavallo consists of a spherical parallel mecha-
nism, which comprises a fixed platform and a moving platform connected by three identical
chains [13,14]. By rotating the three active joints on the fixed platform, it drives the rotation
of the three driven joints connected to the moving platform, thereby changing the attitude
of the moving platform.

Spherical underwater robots employ three or four vectored thrusters based on pumped-
water jets, with each vectored thruster controlled by two servo motors for a total of 2 DOFs
(degrees of freedom) [11,15]. This vector mechanism is only suitable for this kind of small
underwater robot like SUR-I and SUR-III. This article refers to this design method, but
there have been critical issues in practical applications, which will be discussed later in
the text.

For AUVs with a torpedo shape and limited tail space, Tao Liu designed a vector
mechanism based on the 3-RPS parallel mechanism. The author conducted simulations
on this mechanism but did not provide any practical application cases. Compared to the
method of using two servo motors to achieve two degrees of freedom, this mechanism
utilizes three linear motors. The control of various kinematic and dynamic methods for this
mechanism is overly complex, and there are few documented cases of its actual application
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in AUVs. The biggest issue is that for the three linear motors of this mechanism to achieve
a certain angle of the vectored thruster, a certain response time is required, resulting in
input time delays for the AUV [2,7].

In addition to the direct drive of the propeller by a waterproof motor, there are also
some vector propellers that utilize a non-waterproof motor to drive the propeller through
a drive shaft or magnetic coupling. The drive shaft is a flexible transmission shaft formed
by connecting a ball gear and a universal joint in series. The propeller is rotated in different
thrust directions by driving the flexible shaft with the main motor. The magnetic coupling
drive method achieves the rotation of the propeller in different thrust directions through
a magnetic coupling drive.

A study has reported the implementation of a spherical reconfigurable magnetic
coupling (S-RMC) method for motor-driven propellers [16]. A servo motor is utilized to
ensure that the change in thrust direction can be achieved with one degree of freedom
(DOF). However, the vectored thruster remains in the design phase and has not been
applied to underwater robots.

Based on reference [16], which utilized a single steering gear to achieve one degree
of freedom for the vectored thruster, Yaxin Li et al. [3] proposed the use of two servo
motors to form a vector steering actuator, enabling two degrees of freedom for the vectored
thruster. To achieve spatial vector thrust output, the steering actuator is assembled from
two intersecting arc-shaped slide rails. At the end of each slide rail, a servo motor is
mounted on the support frame to change the deflection angle. The propeller’s driving
method still utilizes the spherical reconfigurable magnetic coupling (S-RMC) approach.

Luca Pugi and his team proposed a method similar to the one in reference [16] for
designing a vectored thruster. To address the sealing issue, this vectored thruster employs
two magnetic couplings. One magnetic coupling is used by the main motor to drive
the propeller rotation, while the other magnetic coupling is used by the steering gear to
adjust the attitude of the thruster, thus achieving one degree of freedom for this vectored
thruster [8]. It has not been actually applied to underwater robots.

The magnetic coupling-based vector propulsion device scheme is conducive to achiev-
ing the sealing of the main motor, but the non-collinear torque transmission performance
of the magnetic coupling shaft coupler will deteriorate when the propeller deflects.

There are also some studies that provide cases of propeller rotation driven by the
combination of drive motors, spherical gears, and transmission shafts [17]. For instance,
the gear-and-ring vector propulsion device developed by MIT [18] utilizes gears meshed
with incomplete gear rings to control the horizontal and vertical movement of the propeller.
This solution is still in the theoretical research stage.

In conclusion, a considerable amount of research is currently focused on underwater
vector propellers. While there are mature design schemes for vector propellers with classic
application cases, most of the research is still in the model testing phase, and practical
applications are not yet mature. The main reasons for this inability to achieve practical
application are poor sealing reliability, as well as corrosion issues faced by mechanisms
in seawater; the non-collinearity of the propeller shaft and motor shaft during deflection,
which can easily lead to low transmission efficiency; complex vector mechanisms prone
to processing errors, reduced coupling between branches, and increased control difficulty;
and the cumulative errors of each joint in serial vector mechanisms, which can result in low
deflection accuracy at the end.

There is a comprehensive plan available as a reference for designing an underwater pro-
peller prototype. The design of the propeller prototype typically requires considerations of
the driving motor, the shape and diameter of the propeller, the number of blades, the shape
of the duct or nozzle, the drive circuit, and the coupling transmission components [19,20].
After the design is completed, the thrust, friction, torque, and efficiency values of the
propeller are first calculated through finite element analysis [21]. Secondly, an open-water
test is conducted to identify the thruster parameters [22]. Finally, performance tests are
carried out on an actual underwater vehicle to verify the performance of the propeller [23].
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The main contribution of this study lies in the design of two prototype vectored
thrusters based on linear actuators and steering motors, which aim to fulfill the design
requirements of specially shaped AUV. Both vectored thrusters were utilized for AUVs to
perform underwater missions lasting for weeks and months, and the linear actuator-based
vectored thruster was selected after evaluation. Propulsion force tests were conducted to
evaluate the performance of the vectored thruster, and kinematic analysis was performed
on the thrust-vectoring mechanism to achieve reliable and precise control. To verify the
design principles, an AUV equipped with this vectored thruster was tested in a water
tank. Different thrust forces for propelling the AUV were tested to investigate the vehicle’s
open-loop response at various vector angles. Additionally, the closed-loop control perfor-
mance of the vectored thruster was tested in a real marine environment. Experimental
results demonstrate that the thrust-vectoring mechanism can adjust the vector thrust in a
directionally, and the vectored thruster can achieve a sufficient level to meet the control
requirements of the AUV.

This study focuses on the design and validation of a novel vectored thruster that
exhibits reliable performance and precise control. Successfully applied to the motion
control of AUV, it provides a new solution for enhancing the design and performance of
AUV. Section 2 presents the design requirements of the vectored thruster, and the general
design of the vectored thruster is analyzed. In Section 3, the kinematics of the thrust-
vectoring mechanism are discussed and the propulsive force test of the vectored thruster
is described. Section 4 conducts water tank tests and offshore depth and heading control
tests using an actual AUV to verify the performance of the developed prototype. Finally,
Section 5 summarizes the study and discusses future work.

2. The General Design of the Vectored Thruster
2.1. Specifications of the Solar-Powered AUV

As illustrated in Figure 1, an underwater vehicle preparing to install the designed
vectored thrust is a specially shaped AUV. The required design parameters for the AUV are
listed in Tables 1 and 2.

Actuators 2024, 13, x FOR PEER REVIEW 4 of 27 
 

 

tests are carried out on an actual underwater vehicle to verify the performance of the pro-
peller [23]. 

The main contribution of this study lies in the design of two prototype vectored 
thrusters based on linear actuators and steering motors, which aim to fulfill the design 
requirements of specially shaped AUV. Both vectored thrusters were utilized for AUVs to 
perform underwater missions lasting for weeks and months, and the linear actuator-based 
vectored thruster was selected after evaluation. Propulsion force tests were conducted to 
evaluate the performance of the vectored thruster, and kinematic analysis was performed 
on the thrust-vectoring mechanism to achieve reliable and precise control. To verify the 
design principles, an AUV equipped with this vectored thruster was tested in a water tank. 
Different thrust forces for propelling the AUV were tested to investigate the vehicle’s 
open-loop response at various vector angles. Additionally, the closed-loop control perfor-
mance of the vectored thruster was tested in a real marine environment. Experimental 
results demonstrate that the thrust-vectoring mechanism can adjust the vector thrust in a 
directionally, and the vectored thruster can achieve a sufficient level to meet the control 
requirements of the AUV. 

This study focuses on the design and validation of a novel vectored thruster that ex-
hibits reliable performance and precise control. Successfully applied to the motion control 
of AUV, it provides a new solution for enhancing the design and performance of AUV. 
Section 2 presents the design requirements of the vectored thruster, and the general design 
of the vectored thruster is analyzed. In Section 3, the kinematics of the thrust-vectoring 
mechanism are discussed and the propulsive force test of the vectored thruster is de-
scribed. Section 4 conducts water tank tests and offshore depth and heading control tests 
using an actual AUV to verify the performance of the developed prototype. Finally, Sec-
tion 5 summarizes the study and discusses future work. 

2. The General Design of the Vectored Thruster 
2.1. Specifications of the Solar-Powered AUV 

As illustrated in Figure 1, an underwater vehicle preparing to install the designed 
vectored thrust is a specially shaped AUV. The required design parameters for the AUV 
are listed in Tables 1 and 2. 

 
Figure 1. A specially shaped AUV equipped with a vectored thruster. 

The designed vectored thruster was installed below the stern of the AUV. The AUV 
was not equipped with traditional fins or rudders. The driving and control forces gener-
ated by the vectored thruster combine to form the resultant force for controlling the mo-
tion of the AUV. The inclination of the thruster is a critical variable that governs the oper-
ational efficacy of the AUV. The deflection angle of the vectored thruster determines the 
direction and magnitude of the driving and control force. 

The design of a vectored thruster consists of two parts. The first part involves the 
design of the thruster itself, including the selection of the motor and the design of the 
propeller. The second part is the vector mechanism that enables the spatial vector output 

Figure 1. A specially shaped AUV equipped with a vectored thruster.

Table 1. Main parameters of AUV.

Parameter Value

Weight 205 kg
Dimension 2391 mm × 2130 mm × 519 mm
Max. speed 2.5 kn

Designed positive buoyancy 1 kg
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Table 2. The relationship between power and speed of AUV.

Parameter Value

V (knots) 1 1.5 2 2.5

PE (W) 8.12 24.76 56.93 109.74
PE (hp) 0.0107 0.0328 0.0753 0.1452
R (N) 15.79 32.09 55.33 85.33

The designed vectored thruster was installed below the stern of the AUV. The AUV
was not equipped with traditional fins or rudders. The driving and control forces generated
by the vectored thruster combine to form the resultant force for controlling the motion of
the AUV. The inclination of the thruster is a critical variable that governs the operational
efficacy of the AUV. The deflection angle of the vectored thruster determines the direction
and magnitude of the driving and control force.

The design of a vectored thruster consists of two parts. The first part involves the
design of the thruster itself, including the selection of the motor and the design of the pro-
peller. The second part is the vector mechanism that enables the spatial vector output of the
thruster, typically with two degrees of freedom. This study first designed the corresponding
propeller based on the motor specifications, and then designed and fabricated two types of
vector mechanisms using steering motors and linear motors. Finally, open-water tests of the
thruster and control tests of the autonomous underwater vehicle (AUV) were conducted to
verify the practical application performance of the vectored thruster.

2.2. Design of Propeller Blades

The design of underwater propeller blades requires comprehensive consideration of
various factors, including blade shape, angle, pitch, rotational speed, noise and vibration,
load, and strength, as well as material and manufacturing processes. These factors interact
with each other and jointly determine the performance and service life of the propeller.
In this study, the underwater D5085 motor was selected, and the motor parameters are
presented in Table 3. To ensure that the propeller and motor can work efficiently and stably
together to achieve the best propulsion effect, the matching relationship between the under-
water propeller blade and the motor must be fully considered during the design process.

Table 3. The parameters of the motor.

Parameter Specification

Product Model D5085
Voltage 22.2 V

No-load Current 0.8 A
No-Load Speed 3100 rpm
Load Current 29.5 A

Power 650 W
Weight 680 g

To meet the design requirements of an AUV in Table 1, an analysis of the propeller
design was conducted, including variations in the number of blades and propeller diame-
ters. This investigation was conducted within the framework of an optimum blade design
technique. The present study considered two, three, and four blades. The diameter values
for the propeller were in the range of 0.15~0.18 m. The other relevant parameters for the
propeller are listed in Table 4.
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Table 4. The parameters of the propeller.

Parameter Specification

Airfoil Profile NACA
Number of Blades 2–4

Number of Propeller Single
Propeller Rotation Direction Clockwise

Diameter of Blade 0.15~0.18 m
Pivot Diameter 0.058 m

Rotate Speed of the Propeller 400 r/min~1600 r/min

The propulsion efficiency was calculated for different rotational speeds, diameters,
and number of blades to obtain the optimum combination. The values of the rotation
speeds were in the range of 400–1600 rpm. Two, three, or four blades were used. The
calculation results are shown below.

As shown in Figure 2, the larger the diameter of the blade, the higher the efficiency.
When the maximum diameter of the blade was 0.18 m, the propulsion efficiency of the
propellers with different numbers of blades did not differ significantly. Therefore, the
number of blades of the propeller was set to four. When the rotation speed was 1400 rpm,
the propulsion efficiency was the highest, and in the range of 1000–1600 rpm, the propulsion
efficiency was also relatively high. Considering the motor’s efficiency, the propeller speed
was selected as 800–1600 rpm. A preliminary determination of the propeller parameters
was obtained, which is shown in Table 5.
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Table 5. The preliminary parameters of the propeller.

Parameter Specification

Airfoil Profile NACA
Number of Blades 4
Diameter of Blade 0.18 m

Rotate Speed of the Propeller 800 r/min~1600 r/min

For a rotational speed that meets the thrust requirements, the Lifting Line Theory is
used to optimize the chord length of the propeller and the torque, MProp, generated by the
optimized chord length of the propeller at a specific speed. We assumed that the torque
generated by the motor was Mmotor. Considering the torque loss due to sealing, friction,
and other reasons for the motor, the efficiency of the motor was set to Mmotor = 0.8·MProp.
The blade design employed the foil NACA65A010 thickness distribution, with a modified
mean line of NACA a = 0.8 modified mean line.

Load coefficient, σT0, is defined as

σT0 =
T

1
2 ρπR2V2

a
(1)

The efficiency formula, ηdisk, for an ideal actuating disc is

ηdisk =
2

1 +
√

1 + σT
(2)

Classical propeller open-water characteristics were used as the performance metrics
in this study. The metrics were the thrust coefficients KT , torque coefficient KQ, propeller
efficiency J, efficiency η, propeller speed n, and diameter of blade D.

KT =
T

ρn2D4 (3)

KQ =
Q

ρn2D5 (4)

J =
Va

nD
(5)

η =
KT
KQ

J
(6)

The propulsion coefficients KT0 and KT1 were used to represent the load coefficients
σT0 and σT1. The advance ratios were taken across the range of 0.14 to 0.34. Under
the condition of satisfying the thrust coefficient, the propeller design was optimized for
different advance ratios. Finally, the relationship between KT0 and KT1, as well as the
open-water performance curve KT and the efficiency of the propeller under different design
inlet ratios, were obtained, as shown in Figure 3.

The open-water characteristic curves of KT , KQ, and η based on the designed blade
are shown in Figure 4.
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2.3. Performance Testing of the Thrust-Vectoring Mechanism

After summarizing the relevant literature on the design of vectored thrusters, it can be
seen that there are two types of vector mechanisms used to achieve the spatial movement of
thrusters: steering motors and linear motors. In this study, two types of vectored thrusters
were designed and manufactured, as shown in Figure 5.

The vectored thruster in Figure 5a was designed with reference to the vectored
thrusters used in the small underwater robots SUR-I and SUR-III, which utilize two steering
motors to achieve two degrees of freedom of rotation of the vectored thruster. Steering
motor 1 enables the rotation of the thruster around the x-axis with a range of [−180◦, 180◦],
while steering motor 2 achieves rotation around the y-axis within a range of [−20◦, 20◦].
The significant advantage of this approach lies in its simple structural design, and the
steering motors’ faster response speed compared to linear actuators. Standard steering
motors typically take from 0.11 s to 0.21 s to rotate 60◦, which can be considered almost
instantaneous for the motion control of AUVs with slower movement speeds.
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When this vector mechanism is applied to an AUV, the circular duct of the thruster
functions as a rudder surface. As steering motor 2 rotates around the y-axis up and down,
the greater rotation speed generates higher resistance. Figure 6 shows the vector diagram
of the surface pressure field of the AUV operating at speeds of 0.5 kn, 1 kn, and 2 kn, with
a detailed vector diagram of the thruster enclosed in the red box. The surface pressure
distribution of the AUV remained almost the same at these three speeds, and the regions
of maximum and minimum pressure distribution were identical. The key point to note is
that when the speed was 0.5 kn, 1 kn, and 2 kn, the maximum pressure at the front of the
annular duct of the AUV’s vectored thruster was approximately 30 Pa, 130 Pa, and 520 Pa,
respectively, while the rear of the duct was under negative pressure. The pressure at the
front of the circular duct was significantly greater than that at the rear, indicating that the
circular duct encountered significant hydrodynamic resistance. And, the hydrodynamic
resistance increased exponentially with the increase in speed, and steering motor 2 needs
to provide torque equal to the hydrodynamic force to maintain the attitude of the vectored
thruster. If steering motor 2 sustains a large torque for a prolonged period, it can lead to
damage. When this solution was applied to an AUV for sea trials, the lifespan of steering
motor 2 often lasted for only a few hours. From this, it can be concluded that steering
motor-based vectored thrusters are not suitable for underwater robots.
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In Section 2.2, the design of the blade of the vectored thruster is described. This
section discusses the vector mechanism of the vectored thruster. As shown in Figure 5, the
vectored thruster designed in this work was composed of a linear actuator and a steering
motor, a stepping motor, and a steering motor, which achieved a change in the tilt angle.
The tilt angle combines two angles: elevation α and azimuth β. Referring to Figure 5,
when the vectored thruster rotates around the y-axis, this was defined as a change in the
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elevation angle α of the vectored thruster, and the red arrow indicates that the rudder is
pointing downward at this moment, as shown in Figure 7a. Similarly, when the vectored
thruster rotates around the x-axis, this was defined as a change in the azimuth angle β of
the vectored thruster, and the red arrow indicates that the rudder is rotating clockwise at
this moment, as illustrated in Figure 7c.
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Figure 7. Tilt angle adjustment of vectored thruster relative to AUV: (a) elevation angle α; (b) initial
position; (c) azimuth angle β.

Due to the frequent damage to steering motor 2, this study proposed an improved
design for the vectored thruster. This design replaces steering motor 2 with a linear actuator.
The vectored thruster comprises two parts: a propeller and a thrust-vectoring mechanism.
The ductless propeller and ducted propeller are shown in Figure 8a,b, respectively, and
their physical structure and local design details are shown in Figure 8c. A ducted propeller
combines a screw propeller and annular wing. The annular wing also mitigates the threat
posed by marine animals and seaweeds to screw propellers. However, a ductless propeller
without an annular wing has higher propulsive efficiency, as shown in Figure 9. Underwater
vehicles can quickly accelerate from zero or low speed to a predetermined speed.
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Figure 9. Thrust testing of two types of vectored thrusters.

3. Analysis and Test of the Thrust-Vectoring Mechanism
3.1. Thrust-Vectoring Mechanism Design

As an executing actuator, the vectored thruster is a critical component in the overall
system of the AUV. Depending on the collocation requirements and application circum-
stances, there are many design schemes for the mechanical structure of thrust-vectoring
mechanisms. Implementing thrust-vectoring mechanism functions for AUVs relies entirely
on the chosen mechanism structure. Based on the application background of AUVs, the
new design concept presented in this article for a thrust-vectoring mechanism for AUVs is
shown in Figure 10.

The thrust-vectoring mechanism has two rotational degrees of freedom, which are
achieved through four rotational axes. These two rotational degrees determine the spatial
posture of the vectored thruster. Rotating coupling, namely rotary axis 1, joins the steering
motor to a platform in a circular truncated cone, as shown in Figure 10. The steering
motor can achieve platform rotation, thereby changing the azimuth angle of the vectored
thruster. The platform can be considered as a fixed base relative to the ducted propeller
and linear actuator.
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The linear actuator assembled on a fixed platform with two joints was an actuating
prismatic joint. One of the joints, rotary axis 2, was attached to the platform by a rotational
joint, which had only one rotational degree of freedom. Another joint, rotary axis 4, was
connected to the ducted propeller by a passive rotational joint. The linear actuator consisted
of a ball screw assembly, magnet, Hall sensor, and stepping motor. The Hall sensor was
installed in a fixed position inside the linear actuator, and a magnet was installed on the ball
screw assembly. Thus, the feedback signal from the Hall sensor can be used to determine
the operation length range of the linear actuator during working when the Hall sensor
approaches the magnet. Similarly, the ductless propeller was installed on a fixed platform
by a rotational joint, rotary axis 3, which had only one rotational degree of freedom. The
length variation of the linear actuator achieved a rotational degree of freedom.

3.2. Kinematic Analysis of the Thrust-Vectoring Mechanism

The tilt angle of the thrust-vectoring mechanism is essential. Accurate control of
the tilt angle ensures the safety and reliability of AUV operations. An accurate tilt angle
measurement can be realized by mounting an attitude transducer on a fixed platform.
However, this practical and straightforward approach has not been adopted because of
the limited space available for the vectored thrusters. A kinematic analysis of the thrust-
vectoring mechanism was performed to achieve reliable and accurate control of the tilt angle
of the thrust-vectoring mechanism. This study’s kinematic model of the thrust-vectoring
mechanism is more accessible than the 3SPS-S parallel manipulator-based vectored thruster.
There is only a linear actuator and a steering motor.

The linear actuator connected the ductless propeller and stationary platform via
revolute joints. The two connecting joints are identified as points A and B. The ductless
propeller was connected to the linear actuator and stationary platform by two designated
connection points, points R and B, where the distance between locations A and B exhibited
variability. It should be noted that points A, B, and C correspond to rotary axis 2, rotary axis
3, and rotary axis 4 in Figure 10 respectively. The distance between the RB and RA remained
constant, with RB measuring 2 cm and RA measuring 10 cm, as shown in Figure 11.
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Figure 11. The schematic representation of revolute and spherical joints.

The cosine theorem describes the length of the RB, AB, and RB line segments and the
angles between the neighboring line segments. The angle between RB and RA is denoted
by α.

AB2 = RB2 + RA2 + 2× RB× RA× cos(α) (7)

The relationship between the change in length of AB and α is

α = arccos

(
RB2 + RA2 − AB2

2× RB× RA

)
(8)

Because RB = 2 and RA = 10, the range of length changes of linear actuators is
limited to

8 ≤ AB ≤ 12

Due to the structural limitations, the range of changes in α is limited to

−20◦ ≤ α ≤ 20◦

As shown in Figure 12, when the ductless propeller moved regularly according to the
input of elevation angle α, the length changes of the linear actuator present a regular trend
that echoes the inputs of elevation angle α.
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Thrust T in the two-dimensional plane can be rotated by adjusting the tilt angle α. The
components of T are expressed as follows:

[
Fx
Fyz

]
=

[
Tcosα
Tsinα

]
(9)

β is achieved by a rotating motor, with a variation range of [−180◦ 180◦]. At this time,
the three components of T in three-dimensional space can be represented by the following
equation: 


Fx
Fy
Fz


 =




Fx
Fyz·sinβ
Fyz·cosβ


 =




Tcosα
Tsinαsinβ
Tsinαcosβ


 (10)

Assuming T is a fixed value of 112 N, the spatial motion range of the output terminal
can be obtained when the sliding range of the linear actuator and steering motor are given,
as shown in Figure 13.
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The AUV was capable of conducting six-degree-of-freedom (6DOF) movements in
water, but the vectored thrusters can only control three of them, namely surge, pitch, and
yaw. In this study, the component forces

[
Fx Fy Fz

]
for controlling the three-degree-of-

freedom movement of the AUV were the outputs of PID (Proportional-Integral-Derivative)
controllers. That is, given the output of the vectored thruster as

[
Fx Fy Fz

]
, the input[

T α β
]

to the vectored thruster can be expressed using the following equation:




T
α
β


 =




Fx
2 + Fy

2 + Fz
2

arctan
((

Fy
2 + Fz

2
)1/2

/Fx

)

arctan
(

Fy/Fz
)


 (11)

3.3. Control of Thrust-Vectoring Mechanism

The hardware and software implementation strategies are provided in detail based on
the thrust-vectoring mechanism of the AUV. The main control board used to control the
vectored thruster in Figure 14a was designed by our team. The MUC is an STM32F103C8T6
chip, which is responsible for generating PWM (Pulse Width Modulation) signals to control
the steering and thruster. The PWM was set at 50 Hz, with a pulse width ranging from
1 ms to 2 ms. The propeller power was the smallest when the pulse width equaled 1 ms.
When the pulse width was 2 ms, the propeller power was at its maximum. The control of
the linear actuator was achieved through a driver board and a position sensor. The position
sensor was a Hall sensor.
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Figure 14. The (a) hardware and (b) software implementation strategies for vectored thruster.

The propeller and steering motor were controlled using PWM frequency, which was
set at 50 Hz, with a pulse width ranging from 1 ms to 2 ms. The propeller power was the
smallest when the pulse width equaled 1 ms. When the pulse width was 2 ms, the propeller
power was at its maximum.

The relationship diagram between the propulsive force and current was obtained
based on the thrust test in Section 2.3, and is shown in Figure 15a. To facilitate control of the
upper computer, it was necessary to map the pulse width to the control input. The control
inputs on the upper computer were set between 0 and 5. The mapping of the pulse width
of 1 ms–2 ms to the control input was 0–5. The propulsive force and control inputs were
fitted to obtain two curves, Fitted Curve 1 and Fitted Curve 2, as shown in Figure 15b. The
control input was selected to be Level 0–4 to avoid excessive current, and the program used
Fitted Curve 2 as the mapping relationship. When the pulse width was 1 ms, the control
input was 0, and when the pulse width was 2 ms, the control input was 4.
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Figure 15. (a) Vectored thruster thrust testing; (b) propulsive force fitted curve; (c) fitting error of
fitted curve.

The two curves in Figure 15c represent two types of fitted error curves. As the
control input was selected as Level 0–4, the error of Fitted Curve 2 was smaller. Finally,
Fitted Curve2 was selected as the mapping relationship between the pulse width and
control input.

4. Field Tests and Results

Assuming that the thrust generated by the vectored thruster is T, the thrust T acting
on the AUV can be illustrated as shown in Figure 16 below. Here, coordinate system
ONED − XnYnZn is defined as the reference inertial coordinate system, while coordinate
system OBody −XbYbZb is defined as the body-fixed coordinate system attached to the AUV.
The thrust and its direction generated by the vectored thruster are indicated by the red
arrow in the figure.
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The DVL sensor measured the speed. Figure 18a–c shows the velocity–time relation-
ship during the surge stage of the AUV. The reproducibility of the three test results was 
satisfactory. The maximum velocity corresponding to the three levels of propulsion inputs 
was 0.41 m/s, 0.65 m/s, and 0.98 m/s, respectively. Owing to the limited space in the test 

Figure 16. Coordinate frame of the AUV.

4.1. Water Tank Tests

Underwater tests of an actual AUV are necessary to determine the propulsive effect
of the designed vectored thruster. A validation test was conducted in a water tank. The
test environment was a water tank that was 22 m in length, 10 m in width, and 20 m in
depth. The AUV was placed in an underwater environment, as shown in Figure 17, and the
detailed venue and methods of the water tank tests can be found in the field test videos in
the Supplementary Materials. Open-loop control for the horizontal and vertical motion of
a specially shaped AUV is an essential and efficient method for evaluating the propulsive
efficiency of a newly developed vectored thruster. The horizontal and vertical motions
include three basic motions: surge, pitch, and yaw. The durations of the three basic motions
were restricted to relatively small ranges. Surge and yaw motions were conducted in the
horizontal plane, and pitch motions were conducted in the vertical plane. Owing to the
asymmetric shape in the XY-plane and YZ-plane of the AUV, it was evident that the motion
and hydrodynamic characteristics of the three basic motions may be distinct.
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Figure 17. The AUV was tested in a water tank.

4.1.1. Surge Motion

In the surge motion, the AUV moved forward along the X-axis, and the rudder angle
α and elevator angle β of the vectored thruster were equal to 0. The tests conducted were
assigned to three groups, where the thrust outputs were Level 2, Level 3, and Level 4. Each
test was repeated three times.

The DVL sensor measured the speed. Figure 18a–c shows the velocity–time relation-
ship during the surge stage of the AUV. The reproducibility of the three test results was
satisfactory. The maximum velocity corresponding to the three levels of propulsion inputs
was 0.41 m/s, 0.65 m/s, and 0.98 m/s, respectively. Owing to the limited space in the test
pool, the AUV did not accelerate to its maximum speed. The maximum speed measured
did not reach the designed speed of 2.5 knots.
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4.1.2. Pitch Motion

An AUV is an underactuated underwater robot, whose depth and descent speed
are related to the pitch angle. The heave motion was achieved using pitch motion. The
maximum designed working depth of the AUV was 300 m. The maximum depth of the
water tank was 20 m; tests of the heave motion could only be carried out in shallow water.
The pitch motion was performed to verify the maximum diving speed of the AUV. To
obtain the AUV’s maximum pitch angle, the elevator angle α of the vectored thruster was
set to a maximum angle of 20◦, and the azimuth β was 0◦. Simultaneously, the control
input to the thrusters was fixed at 4. The test was repeated three times.

The IMU sensor was responsible for measuring the rotational angle. The depth sensor
measured the depth. As Figure 19a–c indicate, the tests were repeated three times and the
results matched each other reasonably well. The maximum errors appeared in the three
pitch curves; the pitch curve L4 T3 represented the fastest descent speed during the tests.
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Figure 19. Heave motion of AUV. (a) Velocity; (b) depth; and (c) pitch.

In Figure 19a, the maximum speed along the X-axis was reduced from 0.98 m/s to
0.67 m/s. Figure 19b indicates that, in the initial stage of motion, the depth of the AUV
remained unchanged from 0 to 15 s; the depth gradually increased after 15 s, and the
descent speed remained stable after 25 s. As shown in Figure 19c, the pitch angle of the
AUV remained unchanged from 0 to 12 s, gradually increased after 15 s, and remained
stable after 30 s. The maximum pitch angle of the AUV was 53◦, and the fastest descent
speed of the AUV was 0.45 m/s.

4.1.3. Yaw Motion

The yaw motion of an AUV refers to its rotational movement around the z-axis. The
azimuth angle of the vectored thruster was configured to−90 degrees to achieve the highest
rate of change in the AUV heading angle. For comparison, the elevator angle was set to
its maximum value of 20◦. This configuration was intended to induce a counterclockwise
rotation in the AUV. Because of the symmetrical shape of the shell of the AUV in the XZ
plane, the hydrodynamic characteristics in the counterclockwise and clockwise directions
were the same. Simultaneously, the control input to the thrusters was fixed at 4. The
test was repeated three times. As shown in Figure 20, the results from the repeated tests
matched each other reasonably well. The heading angle of the AUV remained unchanged
from 0 s to 12 s and gradually increased after 12 s. The maximum rate of the heading angle
was 14.26◦/s, and the turning radius was less than 1 m.
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Figure 20. Yaw motion of AUV.

4.2. Offshore Tests

The open-loop test of the vector propeller applied to an AUV was completed in
a safe and controllable still-water environment, and the basic performance parameters of
the propeller were obtained. Next, a closed-loop test of the AUV’s depth and heading
control were conducted in an actual marine environment. The test was carried out in
Nanshan Port, Sanya City, as shown in Figure 21, and the detailed testing results of
offshore depth and heading control can be found in the field test videos provided in the
Supplementary Materials.
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Figure 21. Offshore testing area of AUV.

The AUV only utilized one vectored thruster, making it an underactuated system. This
vectored thruster could only control three degrees of freedom of the AUV, namely speed,
depth, and heading direction. The combined force T of the vectored thruster and its three
component forces Fx, Fy, and Fz are defined in Equation (10). Specifically, Fx serves as the
driving force to control the speed (u) of the AUV, Fy is the steering force for the AUV’s
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heading direction, and Fz regulates the depth (h) of the AUV. The control scheme of the
AUV is shown in Figure 22 below, where all three controllers utilize PID control.
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Figure 22. Motion control of AUV.

From Figure 13, we can see that the variation ranges of the three components Fx, Fy,
and Fz of the thrust T generated by the vectored thruster were [0 112], [−38 38] and [−38 38].
Within these ranges, the control input for the AUV can be calculated using Equation (11)
based on the three thrust components

[
T α β

]
.

Generally, the three parameters KP, Ki, and Kd wee adjusted and set by trial and error.
Finally, a set of relatively ideal adjustment parameters were obtained, as shown in Table 6.

Table 6. Coefficients of PID controller.

Parameter Heading Depth Pitch Velocity

KP 0.2 1.5 1 1.3
Ki 0.01 0.1 0.1 0.15
Kd 3 5 5 3

During the test, the rotational angular velocity of the linear actuator was set at 1.6◦/s,
and the rotational angular velocity of the steering motor was set at 25◦/s. The target
AUV was set with a reference depth of hr = 6 m, a reference speed of ur = 0.9 m/s, and
a reference heading of ϕr = 50◦, and multiple tests were conducted. Figure 23 below shows
the results of two of these tests.
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Figure 23. Results of motion of AUV (the maximum angular velocity of linear actuator is set at
1.6◦/s). (a) Pitch; (b) depth; (c) yaw; and (d) velocity.

As can be seen from the diagram, the depth control and heading effect of the AUV
based on this vectored thruster were not satisfactory, as the AUV oscillated near the
reference values without converging to the target depth and heading. Further discussion is
needed on the response of the AUV’s steering motor and linear actuator, as illustrated in
Figure 24 below.
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Figure 24. The target angle output by the PID. (a) Steering motor; (b) linear actuator.

Because the depth and heading control did not converged, resulting in repeated
oscillations around the reference values, the two actuators needed to continuously adjust
the attitude of the vectored thruster based on the PID output. Figure 24 shows the target
angle output by the PID, and the linear actuator and the steering motor needed to track
this target angle. As seen in Figure 24, the linear actuator would have to adjust from 20◦ to
−20◦ within 1 s, but with a maximum adjustment angular velocity of 1.6◦/s, it was unable
to track the target angle output by the PID. Similarly, the steering motor would also need to
adjust from 80◦ to −80◦ within 1 s, but it was also unable to track the target angle output by
the PID. There was a relatively long input delay for the AUV, preventing it from accurately
tracking the target depth and heading.

The output angular velocity of the linear actuator needed to be adjusted, and the
rotational angular velocity of the linear actuator was reset to 3.2◦/s, while the rotational
angular velocity of the steering motor was set to 25◦/s. With the PID control parameters
remaining unchanged, multiple tests were conducted. Figure 25 shows the results of two
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tests, where the reference depth of the target AUV was set as hr = 6 m, the reference
velocity was ur = 1 m/s, and the reference headings were ϕr = 140◦ and ϕr = 110◦.
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Figure 25. Results of motion of AUV (the maximum angular velocity of linear actuator is set at
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From Figure 25, it can be seen that the depth control and heading of the AUV based
on this vectored thruster achieved the expected results, both converging to the reference
values. The response of the steering motor and linear actuator is also presented in Figure 26.
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As seen in Figure 26, during the first 40 s, there was a significant error between the
actual pitch angle and heading angle when compared to the reference values. The range of
target angle variations output by the PID was relatively wide, making it difficult for the
linear actuator and the steering motor to track the target angle. However, after 40 s, the
error between the actual pitch and heading angles and their reference values gradually
decreased, allowing the linear actuator and the steering motor to track the target angle
output by the PID. As the movement of the AUV stabilized, the adjustment range of the
linear actuator and the actuator’s output gradually narrowed, eventually reaching a stable
state. This indicates that when the rotational angular velocity of the linear actuator is
set to 3.2◦/s and the rotational angular velocity of the steering motor is set to 25◦/s, the
configured vectored thruster can meet the AUV’s motion control requirements. In future
research, a more suitable controller can be designed for this vectored thruster to further
enhance the stability of the AUV’s motion control.

5. Conclusions

In this study, we designed a vectored thruster based on a linear actuator and steering
motor to satisfy the design requirements of a specially shaped AUV. It employs a ductless
propeller as a thrust supply to produce a vectored thrust for driving the AUV. Propulsive
force tests were performed to evaluate its performance. Kinematic analyses of the thrust-
vectoring mechanism were performed to achieve reliable and accurate control of the
thrust-vectoring mechanism.

An AUV equipped with the designed vectored thruster was built to verify the design
principles. The AUV was tested in a water tank. The thrust used for propelling and control-
ling the AUV was selected to study the vehicle’s response at various vectoring angles.

Three basic motions (surge, pitch, and yaw) of an AUV are essential and efficient
methods for evaluating the propulsive efficiency of a newly developed vectored thruster.
The results showed that the thrust-vectoring mechanism directionally regulates vectored
thrust. The vectored thruster can reach a sufficient level for AUV control.

The performance of the vectored thrusters in actual marine environments was tested,
indicating that the vectored thrusters can meet the motion control requirements of AUVs.
In the future, long-term sea trials will be conducted on the AUV to verify the durability and
reliability of the vectored thruster. Considering the characteristics of the vectored thruster
from the perspective of control algorithms, such as the rate and range of variation in the
elevation angle α, the motion control of the AUV can be more efficient. In addition, in
subsequent tests, improvements and upgrades will be made to the vectored thruster based
on the problems encountered.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/act13060228/s1. This section provides videos of field
tests, including the open-loop control test video in the water tank, and the offshore heading control
test video and depth control test video to demonstrate the effectiveness and mechanism of the work.
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Abstract: In response to the challenges of multiple personnel, heavy support tasks, and high labor
intensity in coal mine tunnel drilling and anchoring operations, this study proposes a novel tracked
drilling and anchoring robot. The robot is required to maintain alignment with the centerline of the
tunnel during operation. However, owing to the effects of skidding and slipping between the track
mechanism and the floor, the precise control of a drilling and anchoring robot in tunnel environments
is difficult to achieve. Through an analysis of the body and track mechanisms of the drilling and
anchoring robot, a kinematic model reflecting the pose, steering radius, steering curvature, and
angular velocity of the drive wheel of the drilling and anchoring robot was established. This
facilitated the determination of speed control requirements for the track mechanism under varying
driving conditions. Mathematical models were developed to describe the relationships between a
tracked drilling and anchoring robot and several key factors in tunnel environments, including the
minimum steering space required by the robot, the minimum relative steering radius, the steering
angle, and the lateral distance to the sidewalls. Based on these models, deviation-correction control
strategies were formulated for the robot, and deviation-correction path planning was completed.
In addition, a PID motion controller was developed for the robot, and trajectory-tracking control
simulation experiments were conducted. The experimental results indicate that the tracked drilling
and anchoring robot achieves precise control of trajectory tracking, with a tracking error of less
than 0.004 m in the x-direction from the tunnel centerline and less than 0.001 m in the y-direction.
Considering the influence of skidding, the deviation correction control performance test experiments
of the tracked drilling and anchoring robot at dy = 0.5 m away from the tunnel centerline were
completed. In the experiments, the tracked drilling and anchoring robot exhibited a significant
difference in speed between the two sides of the tracks with a track skid rate of 0.22. Although
the real-time tracking maximum error in the y-direction from the tunnel centerline was 0.13 m, the
final error was 0.003 m, meeting the requirements for position deviation control of the drilling and
anchoring robot in tunnel environments. These research findings provide a theoretical basis and
technical support for the intelligent control of tracked mobile devices in coal mine tunnels, with
significant theoretical and engineering implications.

Keywords: drilling and anchoring robot; track mechanism; skidding and slipping; deviation correc-
tion control; path tracking

1. Introduction

During the coal mine tunneling process, the permanent support time accounts for
60% of the total time [1,2]. There are issues such as excessive personnel, heavy support
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tasks, and high labor intensity [3–5]. This paper proposes a novel tracked drilling and
anchoring robot that is required to maintain alignment with the centerline of the tunnel
during operation. Owing to the complex nonlinear interaction between the track and
the floor, accompanied by high-speed track skidding and low-speed track slipping [6],
the drilling and anchoring robot is prone to collisions with the sidewalls of the tunnel in
tunnel environments.

In a study on tracked chassis steering, Jia W. [7] determined the track force of tracked
vehicles during steering based on a shear stress model, established a dynamic model with
high computational accuracy, and investigated the steering stability of tracked vehicles
in sandy road environments under different steering conditions. Xiong H. [8] provided
a dynamic model of the tracked mechanism and a method for motion control in a new
underwater environment with nonholonomic constraints and used the Lyapunov principle
to verify its safety. Qin H.W. [9] presented a comprehensive overview of recent advance-
ments and breakthroughs in the field of path planning for mobile robots while conducting
an in-depth examination and comparison of various path-planning algorithms. Sabiha
A.D. [10] optimized the backstepping controller as a kinematic controller and verified the
stability analysis of the entire system based on Lyapunov theory. Saglia J. [11] studied
the establishment of dynamic models and the adjustment of control gains. The research
optimizes the control parameters by analyzing and reducing the execution conflicts and
tracking errors. Simulations and experiments have been conducted to implement the
analysis and control strategies in mechanisms. Fang Y. [12] established a dynamic model
of a negative-pressure suction-tracked wall-climbing robot based on the discrete method
of track force load and analyzed the influence of design parameters on the motion perfor-
mance of tracked robots. Ishikawa T. [13] developed a trajectory tracking control system for
dump trucks tracked on both hard and soft surfaces, enabling path tracking under varying
ground conditions. Zhang M.J. [14] addressed the slippage and tunnel gradient issues.
They established a neural network PID-based motion control algorithm for a boom-type
roadheader, achieving real-time correction control of the roadheader. Qu Y.Y. [15] achieved
deviation correction for roadheader body walking based on pose deviation path tracking
control. Zhang X.H. [16] proposed an automatic directional excavation control method
for boom-type roadheaders based on visual navigation, thereby realizing the automatic
directional excavation function of the boom-type roadheader. The motion control accuracy
is within ±20 mm. Mao Q.H. [17] proposed a deviation correction path planning method
based on an Improved Particle Swarm Optimization (I-PSO) algorithm for a full-width
horizontal axis roadheader, achieving path planning for the EJM340/4-2 type full-width
horizontal axis roadheader.

In summary, the interaction between the track mechanism and the roadway surface
is complex, particularly in the confined spaces of underground coal mine tunnels. The
track mechanism cannot freely change direction, necessitating a thorough analysis of the
track mechanism and steering performance. Therefore, this paper will study the following
aspects. First, the article introduces the overall structure and key parameters of the drilling
and anchoring robot, laying the foundation for its subsequent analysis. Secondly, the paper
analyzes the steering kinematics of the drilling and anchoring robot, investigating the
fundamental principles behind its maneuverability. Next, the article discusses the deviation
correction control strategy for the drilling and anchoring robot, which is crucial for ensuring
the accuracy and reliability of its drilling and anchoring operations. Furthermore, the paper
analyzes the path tracking control testing conducted on the drilling and anchoring robot,
evaluating its ability to accurately follow a specified trajectory. Finally, the article tests
and analyzes the lane deviation control of the drilling and anchoring robot in tunnel
environments, assessing its overall applicability in such challenging applications.

2. Structure and Parameters of the Drilling and Anchoring Robot

Drilling and anchoring robots can be used in conjunction with traditional roadheaders,
robotic roadheaders, bolter miners, and other equipment to complete support and drilling
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tasks, reduce the labor intensity of workers, and improve drilling efficiency. The drilling
and anchoring robot mainly consists of a main frame, left-track mechanism, right-track
mechanism, and other components, as shown in Figure 1. Depending on the research
requirements, the tunnel coordinate system Oh and the drilling and anchoring robot coordi-
nate system Or were established where θ represents the yaw angle, α represents the pitch
angle, and ϕ represents the roll angle.
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Figure 1. Composition of drilling and anchoring robot. 1. Left track mechanism, 2. main frame,
3. right track mechanism.

A 3D model of the track mechanism of the drilling and anchoring robot is shown
in Figure 2, where B0 represents the track width, r1 is the radius of the driving wheel, r2
is the radius of the driven wheel, L is the length of the track contact segment with the
ground, D is the overall length of the track, d is the track pitch, and h is the track thickness.
Owing to the thickness of the track, the influence of track thickness cannot be ignored when
determining the traveling speed of the robot.
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Figure 2. The 3D model of the track mechanism.

The drilling and anchoring robot uses typical differential steering, where the speed and
direction are mainly controlled by adjusting the rotation speed of the driving wheels on the
left and right tracks to achieve precise tracking control of the predetermined trajectory. The
planar steering model of the drilling and anchoring robot is illustrated in Figure 3, where O
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represents the symmetrical center of the two track axes of the drilling and anchoring robot,
CM denotes the center of mass of the robot, a is the distance from O to CM, and B is the
distance between the centerlines of the left and right tracks. The primary parameters of the
drilling and anchoring robots are listed in Table 1.
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Table 1. Main parameters of the drilling and anchoring robot.

Parameters Value

Dimensions (L0 ×W0 × H) 4.95 × 4.28 × 3.1 m
Track distance (B) 3.9 m

Distance from front axle to front end (L1) 2.01 m
Distance from rear axle to rear end (L2) 0.83 m

The distance of CM offset (a) 0.1 m
Travel speed (v) 0~30 m/min
Track length (D) 2.67 m
Track width (B0) 0.38 m

Track thickness (h) 0.04 m
Length of track contact with ground (L) 2.11 m

3. Steering Kinematics Analysis of the Drilling and Anchoring Robot
3.1. Kinematic Analysis

The definition of the state variables of the drilling and anchoring robot in the global co-
ordinate system of the tunnel is denoted by P = (x, y, θ)T , whereas the state variables in the
local coordinate system of the drilling and anchoring robot are denoted by Pr = (xr, yr, θr)

T .
The orthogonal rotation matrix R(θ) mapping of the local coordinate system of the drilling
and anchoring robot to the global coordinate system is as follows [18]:

R(θ) =




cos θ − sin θ 0
sin θ cos θ 0

0 0 1


 (1)

The relationship between P and Pr can be expressed as P = R(θ)Pr, Pr = R−1(θ)P.

128



Actuators 2024, 13, 221

Without considering the skidding factor, based on the principles of theoretical mechan-
ics, the kinematic equations [19] of the drilling and anchoring robot in the tunnel coordinate
system can be established as follows.





vL = ωL(r1 + h)
vR = ωR(r1 + h)
v = (vL + vR)/2
ω = (vR − vL)/B
vr = ωa

(2)

where vL and vR represent the linear velocities of the left and right tracks; ωL and ωR
represent the angular velocities of the left and right track drive wheels; v is the linear
velocity of the robot at point o; ω represents the angular velocity of the robot at point
o; and vr represents the linear velocity of the drilling and anchoring robot’s CM. The
equation for the motion relationship of the CM of the drilling and anchoring robot is given
as follows [20]:

.
P =




.
x
.
y
.
θ


 =




(r1+h) cos θ
2 + dr sin θ

B
(r1+h) cos θ

2 − dr sin θ
B

(r1+h) sin θ
2 − dr cos θ

B
(r1+h) sin θ

2 + dr cos θ
B

− (r1+h)
B

(r1+h)
B



[

ωL
ωR

]
(3)

As can be seen from the above equation, the drilling and anchoring robot con-
sists of three variables, whereas the control inputs have only two, making it a typical
nonholonomic system.

3.2. Steering Curvature Analysis of the Drilling and Anchoring Robot

To eliminate the influence of the drilling and anchoring robot’s own width on the
steering performance, the concept of relative steering radius is introduced, defined as

ρ = R/B (4)

where R represents the track steering radius, and B represents the track center distance.
When ωL and ωR are constant, the steering curvature κ of the robot is given by:

κ ≤
.
θ

v
=

2(vR − vL)

B(vR + vL)
=

2(ωR −ωL)

B(ωR + ωL)
(5)

Because the drilling and anchoring robot’s travel speed ranged from 0 to 30 m/min,
four different values of vL (0, 10, 20, and 30 m/min) were chosen. Simultaneously, the vR
range was set to [–30, 30] m/min. A simulation analysis was conducted to examine the
changes in the steering curvature and travel speed of the drilling and anchoring robots
under these four scenarios, as illustrated in the following Figure 4.

From the simulation results, it can be concluded that the greater the difference between
the speeds of the left and right track wheels, the larger is the steering curvature, indicating
a smaller turning radius for the drilling and anchoring robot. Conversely, when the speeds
of the left and right track wheels were closer, the steering curvature was smaller and the
steering of the drilling and anchoring robot was smoother. When the drilling and anchoring
robot traveled at the maximum speed (v = vmax), the steering curvature of the robot was 0.
At this point, the drilling and anchoring robot could only move along a straight line.
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3.3. Analysis of Skid Steering in Drilling and Anchoring Robots

The walking mechanism of the drilling and anchoring robot is a tracked structure that
is always accompanied by skidding and slipping phenomena during movement. When
describing the characteristics of a robot’s track skidding and slipping, it is assumed that the
tracks at all points cannot be stretched, meaning that no deformation occurs. The motion
of the drilling and anchoring robot was analyzed based on the ground mechanics model
developed by Wong [21]. i represents the state of track skidding and slipping, is represents
the skid rate, and it represents the slip rate. The following relationship can be obtained:

i =

{
ωR(r1+h)−ν

ωR(r1+h) = (1− re
r1+h )× 100% = is, i f r1 ≥ re

ν−ωR(r1+h)
ν = (1− r1+h

re
)× 100% = it, i f r1 ≤ re

(6)

where re represents the effective rolling radius of the drive wheel of the track.
In this equation, the skidding and slipping ratios can be used for the entire motion pro-

cess of different drilling and anchoring robots, including acceleration or braking. Because
the drilling and anchoring robot travels at a slow speed in tunnel environments, only the
slip situation of the track is considered in this study (i = is). Therefore, the actual traveling
speed and relative steering radius of the drilling and anchoring robots can be determined
using the following equations:

{
v = 1

2 [ωR(r1 + h)(1− iR) + ωL(r1 + h)(1− iL)]

ρ = ωR(1−iR)+ωL(1−iL)
ωR(1−iR)−ωL(1−iL)

(7)

where iL, iR represent the slip rates of the left and right tracks, respectively.
From Equation (7), it is evident that when the left and right track speeds of the robot

are limited, the robot achieves its maximum speed when iR = iL = 0. As the speed of the
drilling and anchoring robot varied from 0 to 30 m/min, the analysis was conducted for
cases where the linear speed during the steering process was set to 0, 5, 15, and 20 m/min.
The relationship between the drive wheel speed and turning radius of the drilling and
anchoring robot is shown in Figure 5 for both scenarios: without considering (i = 0) and
considering (i = 0.3) the track slip factor.
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From Figure 5, it can be observed that considering or not considering the effects of
track skidding and slipping causes significant differences in the control requirements for
the speed of the drilling and anchoring robots. By controlling the speed difference between
the robot’s left and right tracks, the robot can achieve a specified turning radius during
its steering motion, based on the state of track skidding and slipping and the required
driving speed. When the robot’s speed remains constant and completes the same radius
turning motion, the speeds of the tracks on both sides of the robot are much higher when
considering the track’s slipping than when not considering it. For instance, at points A and
B in the graph, where the robot’s speed is 10 m/min and it completes a steering motion with
ρ = 50, without considering track skidding and slipping (i = 0), the drive-wheel speeds of
the drilling and anchoring robot are A(33.44, 32.13) rad/s, whereas when considering track
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skidding and slipping (i = 0.3), the drive-wheel speeds of the drilling and anchoring robot
are B(47.77, 45.91) rad/s.

4. Analysis of the Deviation Correction Control Strategy for the Drilling and
Anchoring Robot
4.1. Analysis of the Steering Space of the Robot

An analysis of the steering motion of the drilling and anchoring robots was conducted
to understand the relationship between the driving motion of the drilling and anchoring
robots and their spatial environment. The principle diagram of the steering motion space
of the drilling and anchoring robots is shown in Figure 6. ICR represents the instantaneous
center of rotation of the steering motion of the robot. Rmax denotes the radius of the largest
arc space occupied by the robot during steering and Rmin represents the radius of the
smallest arc space occupied by the robot during steering. During the steering motion of the
drilling and anchoring robot, the minimum travel space required was the area enclosed by
segments Rmax and Rmin.
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The formulas for calculating the minimum and maximum steering radii of the robot
are as follows. 




Rs =
B

k−1 −
B0
2

Rm =

√(
B

k−1 + B0
2 + B

)2
+ (L/2 + L1 + a)2 (8)

When Rs = 0, the minimum relative steering radius required for the drilling and
anchoring robot is

ρ0 =
B0/2 + B/2

B
=

1
2
(

B0

B
+ 1) (9)

4.2. Relationship between the Steering Angle of the Robot and the Distance to the Sidewall

Influenced by factors such as the width of the tunnel, equipment, and distance from
the sidewall, the steering capability of the drilling and anchoring robot is closely related not
only to its intrinsic structural parameters and driving parameters, but also to the distance
from the tunnel sidewall. Therefore, when traveling in a tunnel, drilling and anchoring
robots cannot steer freely. Based on an analysis of the structural dimensions of the drilling
and anchoring robot and the tunnel parameters, as shown in Figure 7a, the relationship

132



Actuators 2024, 13, 221

between the steering angle of the robot and its distance from the sidewall coal seam can
be obtained. 




R1 =
√
(L + 2L2 + 2a)2 + (B + B0)

2/2
YR = R1 cos(α− θ)

tan α = L+2L2+2a
B+B0

(10)
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Substituting the parameters related to Table 1 into the above equation, the param-
eters determining the structure of the drilling and anchoring robot are α = 42.5◦ and
R1 = 2.92 m, respectively. When the robot was at a distance YR = 2.14 m from the right
sidewall, at this point, θ = 0◦, the robot could not turn and could only move forward, as
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indicated by point A in Figure 7b. When considering the robot’s safe distance, at this point
where YR = 2.19 m, the robot’s steering angle is θ = 1.5◦, as shown by point B in Figure 7b.
During |YR| > 2.92 m, the robot can turn freely without being limited by obstacles, as
shown by point C in Figure 7b. Assuming that the centerline of the drilling and anchoring
robot coincides with the centerline of the tunnel, with a tunnel width of 5.8 m, the maximum
distance between the robot and the sidewall will be YR = 2.9 m < = 2.92 m, and the robot
will not be able to achieve a 360◦ pivot turn. Considering a safety distance of SR = 0.05 m
between the robot and the tunnel wall during travel, the drilling and anchoring robot will
be able to adapt to a tunnel width of 5.7 m, and the maximum steering angle for the drilling
and anchoring robot is θ = 30.4◦, as indicated by point D in Figure 7b.

4.3. Correction and Steering Control Strategy for the Drilling and Anchoring Robot

To ensure safe and smooth operation of the drilling and anchoring robot in the tunnel,
the structure of the drilling and anchoring robot must not collide with the sidewalls of the
tunnel. For ease of analysis, let A, B, C, and D represent the vertices of the drilling and
anchoring robots, respectively. The coordinates of these four vertices relative to the robot’s
body coordinate system can be obtained using geometric relationships [22–24]. If the coor-
dinates of the robot’s center of mass in the tunnel coordinate system are P = (x,y,z) and the

coordinates of point A in the robot’s coordinate system are PAr = ( L
2 + L01

2 ,− B
2 −

B0
2 , θ)

T
,

then the coordinates of point A in the xy-plane coordinate system of the tunnel can be
calculated as follows:

PA =

{
x + ( L

2 + L01
2 − a) cos θ + ( B

2 + B0
2 ) sin θ

y + ( L
2 + L01

2 − a) sin θ − ( B
2 + B0

2 ) cos θ
(11)

The coordinates of points B, C, and D on the drilling and anchoring robot can be
obtained in the same manner.

PB =

{
x + ( L

2 + L01
2 − a) cos θ − ( B

2 + B0
2 ) sin θ

y + ( L
2 + L01

2 − a) sin θ + ( B
2 + B0

2 ) cos θ

PC =

{
x +−( L

2 + L01
2 − a) cos θ − ( B

2 + B0
2 ) sin θ

y− ( L
2 + L01

2 − a) sin θ + ( B
2 + B0

2 ) cos θ

PD =

{
−( L

2 + L01
2 + a) cos θ + ( B

2 + B0
2 ) sin θ

−( L
2 + L01

2 + a) sin θ − ( B
2 + B0

2 ) cos θ

To ensure that the drilling and anchoring robot does not collide with the sidewalls of
the tunnel, it is necessary to restrict the positions of the four vertices of the drilling and
anchoring robot. Let the width of the tunnel be W, the safe distance of the robot from the
left side be SL, and the safe distance of the drilling and anchoring robot from the right side
be SR, as illustrated in Figure 8. Then, the vertical coordinate distances of points A, B, C,
and D from the centerline have the following constraints.

{
SRmin = min(|yA|, |yD|) < W

2 − SR
SLmin = min(|yB|, |yD|) < W

2 − SL
(12)

Based on the above relationships, the following collision avoidance driving control
strategy can be formulated for drilling and anchoring robots:

1. During |SRmin − SLmin| < sa, the drilling and anchoring robot maintains its current
state and does not require correction. sa represents the permissible error for robot
navigation, which must be set based on the tunnel environment, typically defaulting
to 0.01 m.
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2. When |SRmin − SLmin| > sa and SRmin < SLmin, the drilling and anchoring robot
deviates towards the right side of the tunnel, requiring leftward correction.

3. When |SRmin − SLmin| > sa and SRmin > SLmin, the drilling and anchoring robot
deviates towards the left side of the tunnel, requiring rightward correction.
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5. Drilling and Anchoring Robot Path Tracking Control Test Analysis
5.1. Anchoring Robot Deviation Correction Path Planning in a Tunnel Environment

To verify the effectiveness of the deviation correction path planning of the anchoring
robot in a tunnel environment, we formulated the following requirements for steering
and driving.

The steering angle of the robot during turning must be limited within a reasonable
range, θ < 30.4◦.

The starting and ending angles should align with the direction of the tunnel, θ = 0◦.
Based on the above requirements, we devised a smooth path denoted as a-b-o-c-d, as

shown in Figure 9. In this path, segment a-b is a straight line, b-o represents the left-turn
path with a turning radius of R1, and o-c represents the right-turn path with a turning
radius of R2. When the CM of the drilling and anchoring robot coincides with the centerline
of the tunnel, the robot travels in a straight line, as illustrated by curves c-d in the diagram.
The entire adjustment curve b–c represents the displacement segment for robot adjustment.
Assuming that the driving speed of the drilling and anchoring robot is v, and the steering
angular velocity is ω, the equations for the path curves of the robot during each stage of
travel are as follows:

a-b: {
x = vt
y = 0

, t < t1

b-o: {
x = xAB + R1 cos(−π

2 + ω(t− t1))
y = R1 + R1 sin(−π

2 + ω(t− t1))
, t < t2

o-c:

{
x = xAB + xBO + R1 cos(π

2 + ω(t2 − t1) + ω(t− t2))− R1 cos(π
2 + ω(t2 − t1))

y = yAB + yBO + R1 sin(π
2 + ω(t2 − t1) + ω(t− t2))− R1 sin(π

2 + ω(t2 − t1))
, t2 ≤ t < t3
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c-d:
{

x = xAB + xBO + xOC − R2 cos(π
2 + ω(t3 − t2))

y = yAB + yBO + yOC − R1 sin(π
2 + ω(t3 − t2)) + R2

, t ≥ t3

When the drilling and anchoring robots are traveling in a tunnel environment, with
distances YR and YL representing the distances to the right and left sidewalls, respectively,
the steering angle is θ. During R1 = R2, the steering parameters of the robot can be
determined as follows: 




YR = YL ∈ [2.19, 2.8]
dy = W

2 −YR ∈ [0, 0.56]
R1 = R2 = 180B

πθ

(13)
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5.2. Design of the Robot Kinematic Controller

In the tunnel coordinate system, the formula for calculating the pose error of the
drilling and anchoring robots is as follows:

ζh
e =





xh
e

yh
e

θh
e



 =





xr − x
yr − y
θr − θ



 (14)

The formula for transforming the pose error of the drilling and anchoring robot from
the global coordinate system ζh

e to the local coordinate system ζe is as follows.

ζe = R−1(θ)ζh
e =




cos θ − sin θ 0
sin θ cos θ 0

0 0 1







xr − x
yr − y
θr − θ



 (15)

The differential equation for the pose error of the center of mass of the drilling and
anchoring robot is

.
ζe

.
=





.
xe.
ye.
θe





=




ωye − v + vr cos θe −ωrd sin θe
−ωye −ωd + vr sin θe −ωrd cos θe

ωr −ω


 (16)
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Due to the elongated nature of the coal mine’s tunneling roadway, this paper designs
a PID controller using the difference in the y-direction (ey) between the drilling and bolting
robot and the roadway centerline. The PID controller is as follows:

uy = Kpye + Ki

∫
yedt + Kd

dye

dt
(17)

The control inputs are the linear velocity v and angular velocity ω. To relate uy to
these inputs, we need to find a control law for v and ω that minimizes ye. One approach is
to assume that v is constant and adjust ω to minimize ye.

Choose a Lyapunov function:

V =
1
2

y2
e > 0 (18)

Compute the time derivative of the Lyapunov function:

.
V = ye

.
ye (19)

Substitute
.
ye into the equation:

.
ye = −ωye −ωd + vr sin θe −ωrd cos θe (20)

Considering the PID controller input,

ω = Kpωye + Kiω

∫
yedt + Kdω

dye

dt
(21)

Assuming the linear velocity v is constant and equal to vr, the error dynamics simplifies to

.
ye = −ωye −ωd + v sin θe −ωrd cos θe (22)

Approximate for small errors:

.
ye ≈ −(Kpωye + Kiω

∫
yedt + Kdω

dye

dt
)ye (23)

Calculate the time derivative of the Lyapunov function:

.
V = −Kpωy2

e + Kiωye

∫
yedt + Kdωye

dye

dt
(24)

Since Kpω, Kiω, and Kdω are positive constants,

.
V ≤ −Kpωy2

e ≤ 0 (25)

Through the analysis of the Lyapunov function V = 1
2 y2

e and its time derivative,
it is proven that when Kpω, Kiω, and Kdω are appropriately chosen, the derivative of

the Lyapunov function
.

V is always negative or zero. This indicates that the system is
stable, meaning that the Y-direction error ye gradually decreases over time and eventually
approaches zero. This proves the stability of the PID controller in controlling the Y-direction
error of the drilling and anchoring robot.

In this study, a control system model of the robot is constructed in MATLAB/Simulink,
and a PID kinematic control model is designed, as shown in Figure 10.
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5.3. Construction of the Robot Path Tracking Control System

Utilizing the kinematic control system of the drilling and anchoring robot, a simulation
model of the robot path-tracking control system was built to validate the feasibility of the
method. Two scenarios were considered in the path-planning dy = {0.1, 0.5} m. The
straight-line distance traveled on the driving curve was 1 m, and the turning radius was
R = {0.57, 6.6}m. In the kinematic model, the maximum driving speed of the robot was
v = 30 m/min, and the rotation speeds of the left and right wheels of the drilling and
anchoring robot were restricted to [−1.64, 1.64] rad/s. The block diagram of the drilling
and anchoring robot is shown in Figure 11 and the simulink model of the robot path
tracking control system is shown in Figure 12.
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Figure 12. Simulink simulation model of the robot path tracking control system.

5.4. Analysis of Path Tracking Control Errors

From the simulation results shown in Figure 13, the condition of the robot being 0.1 m
away from the center line of the roadway was first set. By simulation, the PID parameters
were adjusted and set to {50, 10, 1} and {10, 1, 0.1}, with a simulation time of 60 s. The
simulation results show that under these two PID parameter settings, the drilling and
anchoring robots can accurately track the planned trajectory. It can also be found that when
the PID controller parameters are smaller, such as {10, 1, 0.1}, the tracking accuracy of the
robot is higher.
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To verify the path tracking control performance of the drilling and anchoring robot in
the roadway space, the robot was set at distances of 0.1 m and 0.5 m from the center line
of the roadway. After multiple simulation tests, the PID controller parameters were set to
{0.1, 0.01, 0}. Additionally, since the deviation between the robot and the center line of the
roadway became very small after 30 s of simulation, the simulation time was set to 30 s
in this study. From the simulation results shown in Figure 14, the tracking errors in the
x-direction from the tunnel centerline were less than 0.005 m, and those in the y-direction
were less than 0.001 m, satisfying the precise control requirements of the robot in the tunnel
environment. This indicated that the motion controller design was reasonable.
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At the same time, it can be observed that the drilling and anchoring robot can only
reach the centerline of the tunnel at distances of 1.46 m and 4.57 m, respectively. This
suggests that in a constrained tunnel environment, the robot requires a longer distance to
travel to the centerline when it is closer to the sidewall. Therefore, in tunnel environments,
it is preferable for the robot to be closer to the centerline of the tunnel to ensure a safe and
smooth operation.

6. Testing and Analysis of Lane Deviation Control in Tunnel Environments

An experimental platform was set up to verify the lane deviation performance of
the drilling and anchoring robot, as shown in Figure 15. The left and right sidewalls are
movable components that can be adjusted according to the experimental requirements
to control their distance from the drilling and anchoring robots. In this experiment, the
path shown in Figure 9 was followed. The width of the experimental site was adjusted
to W = 5.8 m, with the robot’s distance from the centerline of the lane set to dy = 0.5 m
and SR = 0.05 m. Lane deviation performance tests were conducted on the drilling and
anchoring robot both with and without considering skidding and slipping.

The performance of the drilling and anchoring robot’s steering control was tested by
considering the skidding and slipping of the robot tracks (i = 0 and i = 0.22). The speed of
the robot’s driving wheel is limited to [−1.64, 1.64] rad/s. The drive curves of the left and
right track motors of the drilling and anchoring robots are shown in Figure 16a. As can
be seen from Figure 16a, when skidding and slipping are not considered (i = 0), it takes
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13.9 s for the robot to move to the center position of the roadway, while when skidding
and slipping are considered (i = 0.22), it takes 64.4 s for the robot to move to the center
position of the roadway. The change trend of the result is consistent with the analysis
results of Equation (7) and Figure 5, indicating that the theoretical analysis is correct. The
displacement curves of the drilling and anchoring robots are shown in Figure 16b. When
considering track skidding and slipping, the speed difference between the two sides of
the drilling and anchoring robot tracks was significant. At the same time, the real-time
tracking error in the y direction from the centerline of the tunnel was relatively large, with
a maximum error of 0.13 m. However, the drilling and anchoring robot still successfully
moved from a position 0.5 m away from the centerline of the tunnel to the centerline, with
an error of 0.003 m, achieving steering correction, as shown in Figure 16c. During the
steering correction process, the speed of the drilling and anchoring robot is not the main
target; rather, it determines whether the drilling and anchoring robot can move to the
centerline of the tunnel. Therefore, the drilling and anchoring robot can achieve steering
correction control in a tunnel environment, meeting the requirements for safe and smooth
operation of the drilling and anchoring robot.

To calculate the distances between the four corner points (A, B, C, D) of the drilling
anchor robot and the sidewalls, ultrasonic sensors have been installed on the robot. The
location of the right-side ultrasonic sensor is shown in Figure 17, and the left-side sensor
is installed in a symmetric position on the robot’s body. The conversion relationship
between the distances from the four corner points to the sidewalls, and the ultrasonic
sensor measurement values, are expressed by the following equation.





SA = USR1 cos θ −ULR1 sin θ
SB = USR2 cos θ + ULR2 sin θ
SC = USL1 cos θ + LL1 sin θ
SD = USL2 cos θ −ULL2 sin θ

(26)

where LR1 represents the distance from the right front ultrasonic sensor to the front end, LR2
represents the distance from the right rear ultrasonic sensor to the rear end, LL1 represents
the distance from the left front ultrasonic sensor to the front end, and LL2 represents the
distance from the left rear ultrasonic sensor to the rear end. USR1, USR2, USL1, and USL2
represent the measurement values of the right front, right rear, left front, and left rear
ultrasonic sensors, respectively. SA, SB, SC, and SD represent the distances between points
A, B, C, D and the side skirts, respectively, and θ represents the yaw angle.
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ensuring safe travel and smooth control of the drilling and anchoring robot. 

Figure 17. Schematic diagram of the installation position of the ultrasonic sensors (1 ultrasonic sensor
USR1, 2 ultrasonic sensor USR2).

Based on the displacement monitoring of four corner points A, B, C, and D of the
drilling and anchoring robot, as shown in Figure 8, the displacement curves of these four
points are shown in Figure 18. From the figure, it can be observed that throughout the
entire travel process, the drilling and anchoring robot maintains a minimum distance of
0.05 m from both sides of the roadway, with the nearest point being D1(23.7, 0.05) m. This
distance exactly meets the requirement of the safety warning line, SR = 0.05 m, thereby
ensuring safe travel and smooth control of the drilling and anchoring robot.
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7. Conclusions

In this paper, we investigated the slippage characteristics of a tracked drilling and
anchoring robot during the steering process and proposed a steering control strategy that
accounts for track slippage. A path tracking controller was designed, and its stability was
verified through simulations and experiments. The general conclusions are as follows:
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1. Steering Angle and Distance Relationship: The relationship between the steering angle
of the drilling and anchoring robot and the distance to the sidewall in the roadway
environment was determined. Based on this relationship, a corrective driving control
strategy was formulated to enhance maneuverability and precision.

2. Path Planning and PID Controller: Path planning for the corrective driving of the
drilling and anchoring robot in the roadway environment was completed. A PID kine-
matic controller was built, and path-tracking control simulation experiments demon-
strated that the tracking error was minimal, indicating a well-designed control system.

3. Testing and Verification: A test platform for the corrective driving of the drilling and
anchoring robot was established in a roadway environment. The performance of the
corrective driving control was thoroughly tested, and the reliability of the proposed
method was verified.

The results of this study provide a theoretical basis and technical support for the intel-
ligent control of a tracked drilling and anchoring robot in tunnel environments, showcasing
significant theoretical and engineering implications. Future research can focus on optimiz-
ing the control strategy to enhance performance under varying environmental conditions,
as well as on real-world implementation and testing in diverse tunnel environments to
validate the robustness and scalability of the proposed control strategy.
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Abstract: A new design for humanoid arms is presented based on a tripod mechanism that is actuated
by linear servomotors. A specific prototype is built and tested, with the results of performance
characterization verifying a possible implementation on the LARMbot humanoid. The design solves
the main requirements in terms of a high payload ratio with respect to arm weight by using a tripod
architecture with parallel manipulator behavior. The built prototype is assembled with commercial
components to match the expectations for low-cost user-oriented features. The test results show
satisfactory operation characteristics both in motion and force performance, which will ensure a
future successful implementation in the LARMbot humanoid structure.

Keywords: humanoid robots; design; tripod design; LARMbot humanoid; prototype; performance
analysis

1. Introduction

Humanoid robots, as used in research and applications, including market solutions, are
designed with a mechanical structure that is strongly inspired by human anatomy. Since the
first humanoid robot, WABOT-1, was designed by Ikiro Katao in the early 1970s at Waseda
University in Tokyo, Japan [1], the limbs have been conceived with bulky anthropomorphic-
shaped structures with actuators and sensors. Examples of these humanoid robots include
famous solutions with very successful designs such as ASIMO [2], WABIAN [3], HRP [4],
Johnnie and Lola [5], HUBO [6], ATLAS [7], and BHR [8]. These robots represent different
experiences with similarities in activities worldwide.

Today, challenges for humanoid robots can be still recognized in terms of increasing
humanoid capabilities, such as walking on various unstructured terrains, preventing falls
and/or including suitable protections [9–12], and advanced cognitive-based interaction
with the environment and humans [13–17]. In current humanoids, the arms are designed
with anthropomorphic structures [18–20], which, although replicating the characteristics
and capabilities of the human arm, show limitations, especially in load capacity, due to the
serial kinematic structure with revolute joints [21,22].

Humanoid solutions have been attempted and investigated, spanning from very
sophisticated and complex features to very simple low-cost operation-limited capabilities.
Indeed, there is a growing interest in the community towards practical solutions, mainly
in service fields, focusing on solutions with low-cost user-oriented designs, even if they
have limited capabilities. Among these research interests, the LARMbot humanoid has
been developed with different conceptual designs since the beginning of the 2000s, and a
prototype was developed in 2016 [23–25]. The LARMbot humanoid is characterized by a
low-cost efficient design that is based on parallel mechanism architectures using market
components and 3D-printed parts. The parallel mechanism architectures used in all the
main body parts are aimed at providing good performance in motion and force capacity,
inspired by the muscle–skeleton human anatomy, despite the limited characteristics of
the components and 3D-printed parts [24]. In particular, the limb structure has been
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designed using the simplest parallel tripod architecture by replicating the functioning of the
muscle–skeleton human anatomy with synergistic and antagonistic features [25]. However,
experiences with the built prototypes have highlighted possibilities for improvement by
revising the original designs and attempting to have common structures for the limbs.

In this paper, considering previous designs and experiences reported, for example,
in [23–25], a new tripod-based mechanism is presented for a new humanoid arm based
on a 3-SPR joint mechanism. The tripod structure mechanism is actually well known and
applied in robotics, but mainly in industrial manipulators, such as Tricept made by various
robot manufacturers. However, in the case of humanoid robots, it is a novelty because the
structures of the arms of humanoid robots are designed with an anthropomorphic serial
kinematic chain structure, with parallel kinematic chain structures using the actuating part
as a parallel kinematic chain being rare. A redesigned solution is developed with features
that can be used for both legs and arms by looking at the similarities of human muscle–
skeleton limb structures, with the functioning based on the synergistic and antagonistic
operation of the muscles. A prototype solution for a humanoid arm is built with the
LARMbot characteristics of low-cost user-oriented design and operation by using market
components and 3D-printed parts. The feasibility of the prototype is tested successfully,
including a characterization of the operation performance of the tripod-based arm, whose
features are well suited for an improvement of the humanoid LARMbot.

2. Materials and Methods

The conceptual design of a tripod mechanism for a humanoid arm is developed based
on the requirements and motivations, which also helps in defining a practical solution
that is well-suited for future improvements of the LARMbot humanoid. The materials
considered for this development include market components and 3D-printed parts, which
are fundamental aspects to achieve the expected low-cost user-oriented solution. The
methods for design definition are based on the kinematic design of a tripod parallel
mechanism and its CAD modeling, leading to a prototype construction that can be useful
for implementation in a new LARMbot humanoid. These methods are also useful for the
validation and characterization of the obtained new humanoid arm design.

2.1. Design and Operation Requirements

The requirements for the design and construction of a prototype for a new humanoid
arm were defined considering the functionality of the previous humanoid prototype, as
shown in Figure 1a, with particular reference to the leg and arm structures subsequently
tested, as shown in Figure 1b,c. Furthermore, the requirements and peculiarities of the
structures and operations for humanoid robots, shown in Figure 2, were considered for the
implementation of the tripod structure and also for the humanoid arm, as per improvements
in functional performance as well as structural compactness.

In particular, in Figure 1a [23,24], we want to emphasize how the humanoid robot
LARMbot is characterized by mechanisms with a parallel structure in the torso, based
on a parallel cable actuation mechanism. This determines a wide range of movement
for the torso, approximately 20 deg in all directions, as well as a high load capacity of
approximately 10 kg along with its own weight of 800 g. At the time LARMbot was con-
ceived, this torso solution suggested the implementation of a parallel manipulator for the
legs, which was designed as shown in Figure 1a, with a mechanism using three actuators
non-converging at the ankle point with operating complexity that was overcome with the
solution shown in Figure 1b [25] by adopting the tripod architecture. The positive experi-
ence with the structure shown in Figure 1b for the legs, which ensured an improvement in
the range of movement of approximately 30 degrees in all directions with a load capacity
similar to that of the torso, suggested adopting the tripod architecture also for the arm
structure, but with a hybrid solution represented in Figure 1c [23,24]. The first experience of
this new humanoid arm with the hybrid parallel–serial kinematic structure is based on the
tripod part of the arm that creates the shoulder joint, resulting in a larger load capacity and
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robustness of the full arm. The serial part of the forearm with the elbow joint still showed
limited functionality both in the range of movement and in the load capacity, affecting the
entire structure of the humanoid arm so much as to suggest the implementation of a tripod
mechanism for the entire arm when adequately sized, with dimensions well-proportioned
to the humanoid’s torso.
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A revised consideration of the entire humanoid structure with its fundamental func-
tional capabilities was necessary in order to define characteristic requirements for a new
humanoid arm that will be integrated into the humanoid structure to ensure synergy and
coordination typical for humanoid functioning. In Figure 2, the structural and functional
characteristics are summarized by considering a modular structure of a humanoid with
the subsystems of legs, torso, and arms that ensure the typical humanoid coordinated
characteristics of manipulation and locomotion with adequate load capacity. In particular,
it is indicated that the requirements and mobility characteristics of a humanoid can depend
on the movement coordination of all three modules, requiring adequate proportionate
design. Furthermore, it is emphasized that the load capacity of a humanoid depends on
the three modules in a sequential manner; i.e., the load capacity of the arm system for
manipulation depends on the support capacity of the torso and finally on the capability
of the legs to support the entire structure loaded by the load. Therefore, the structure and
functionality of a humanoid arm must be thought of and conditioned by the structural and
functional characteristics according to the characteristics of the torso and the legs, as well
as the function of the purposes designed for the entire structure.

In consideration of the summary presented in Figures 1 and 2, the requirements for
designing a new humanoid arm with a tripod structure for the LARMbot humanoid can be
summarized as follows: a length of approximately 50 cm, proportionate to the structure of
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the torso, with a mobility of approximately 30 degrees and a load capacity of approximately
5 kg, consistent with that ensured by the torso and legs.

2.2. Design Solution with Tripod Mechanism

The tripod structure of the new humanoid arm for LARMbot is presented in Figure 3.
In particular, Figure 3a shows the conceptual design of the arm, including the wrist joint on
which a two-fingered hand is installed. The scheme also shows the respective actuators m1
and m2, which are part of the load for the tripod mechanism that is operated by the three
links with linear actuators L1, L2, and L3. The fixed platform creates an attachment plate
on the torso structure as the shoulder frame, while the mobile platform is created with the
plate on the convergence mechanism of the three links where the m1 wrist motor is installed.
The shoulder frame is designed as the base frame of the tripod architecture with a specific
symmetric configuration of an equilateral triangle to facilitate the assembly configuration
as a function of the main expected performance direction. The functional kinematic design
is represented by the model in Figure 3, which indicates the universal-type joints for the
connections of the linear actuators to the plate of the shoulder platform, the linear joints
for the actuated tripod links, and finally, the convergence joint of the three links with the
original three-body mechanism connected by a system of five revolute pairs, as presented
in [25].
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Figure 3. New design of humanoid arm based on tripod mechanism: (a) conceptual scheme; (b) kine-
matic design.

Figure 4 shows the CAD design developed for the realization of the kinematic design
shown in Figure 3b, modeling commercial components for the universal joints and the
linear actuators that create the tripod architecture, while the structural and support parts
were modeled for manufacturing using lab 3D printing technology. These commercial
components and 3D-printed parts have been selected and developed with the characteristics
of low cost and easy use in both the assembly and operational functioning of the prototype.
In particular, the geometries of the parts have been designed as a function of the dimensions
that can ensure rigidity and solidity, as well as dimensional compactness, considering
solutions that are easy to produce via 3D printer using commercial PLA.

2.3. Prototype Assembly

The CAD model shown in Figure 4 was also used to verify the structural and functional
feasibility of the arm structure proposed in Figure 3 in order to produce the prototype
shown in Figure 5a. Figure 4 shows the components used to build the prototype in Figure 5a
using commercial products, and the parts were adequately produced using a 3D printer.
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The prototype is characterized by a light structure with parts that are easily replaceable,
and the assembly is based on simple connections fixed with small screws, facilitating both
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proper fixing and easy disassembly if necessary. The characteristic elements are the three
linear actuators which create the tripod structure that is secured by the 3-axis converging
mechanism. The mobile platform of the 3-axis converging houses the wrist actuator whose
mobile frame is equipped with a two-finger gripper operated by a small servomotor.

The prototype thus constructed meets the requirements and expectations for a compact
and efficient humanoid arm for LARMbot measuring approximately 40 cm in length,
including the two-finger hand, with a shoulder attachment plate of 10 × 10 × 10 cm3, for a
total weight of approximately 300 g. The overall cost of the prototype can be estimated at
less than EUR 400.

2.4. Modeling

The prototype can be moved by using a model-based algorithm that determines the
position of the wrist joint from lengths L1, L2, and L3 of each linear actuator. To solve
the forward kinematic problem with reference to the frame in Figure 3b, the position of
the center of the tripod joint can be computed as the intersection of three spheres, each
centered on one of the base universal joints (located at a distance of length a from the
reference frame and equally spaced around the z-axis), with a radius equal to the length of
the respective actuator:
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These closed-form Equations (1)–(3) represent the kinematic problem of the system
that has been solved to obtain the open-loop controlled motion in the desired paths for
testing the prototypes’ performance.

3. Results

Several laboratory tests were conducted to validate and characterize the structure and
function of the arm prototype for the LARMbot humanoid. Tests were carried out to verify
the ability to move and manipulate the hand and a load using the two-finger hand. The
reported results refer to tests for the validation of the proposed design, including initial
performance characterization. The tests were conducted to assess the maximum motion
range with an open-loop controlled operation.

Figure 6 shows snapshots of the two experiments that highlight the satisfactory per-
formance of the prototype in these modes. Figure 6a shows a manipulation test with no
load on the hand, while Figure 6b shows a test with a load made of a piece of metal of
about 200 g. The test results are shown in Figures 7–9, using the data acquired from the
sensors appropriately installed to monitor the functionality of the prototype in terms of
movement and power consumption. They are installed with a design that does not limit
the arm motion and can also be used for future motion control.

An IMU sensor is installed on the wrist platform to monitor the motion in terms of
angles and linear acceleration with respect to an internal reference system with the XY
plane lying on the platform in the wrist. The angles are measured around the X- and Y-axes,
while the linear accelerations are evaluated with respect to the reference axes. The IMU
acquisitions are referred to as an XYZ reference system on the fixed platform, as shown in
Figure 3b, with the home configuration labeled as XoYoZo.

A current acquisition sensor is used to evaluate power consumption to ensure the
efficiency of future implementation on the LARMbot humanoid, considering the need to limit
power usage according to the capacity of the humanoid’s batteries to ensure its autonomy.
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Figure 7 shows the movement results of the two tests in terms of the bending angles
around the X- and Y-directions, which show a sufficiently gradual and regular movement
with a maximum range of just over 60 deg. It should be noted that, in the case of manip-
ulation with a load, as shown in Figure 7b, the characteristics of the angular motion are
preserved even if a vibration is noted between 6.0 and 8.0 s, probably due to the movement
of the load inside the hand. The range of motion of the built prototype reaches more than
60 deg, as indicated in the results shown in Figure 7, and is quite close to the theoretical
possible motion range of the kinematic design.

The acceleration of the plots shown in Figure 8 refers to the acceleration sensed by the
IMU that is installed on the wrist. Figure 8 shows the plots of the acceleration components
acquired in the two tests, which confirm the fact that the load does not seem to significantly
influence the characteristics of the motion since the time evolution and the numerical values
are preserved, despite encountering a certain variation in the interval between 6.0 and 8.0 s.
Considering the lack of excessive speed in the movement tested in cycles of approximately
5 s, the accelerations are modest in numerical value, showing an efficient smoothness of
movement of the arm in both modes.

Finally, as shown in Figure 9, the acquisition of the actuation current for all the
actuators of the tripod, including the wrist to keep it in a stationary position, shows
a cyclical trend corresponding well to the tested movement of alternating inclination,
especially along the Y direction as indicated in Figure 7, with a current variation limited
to approximately a maximum of 350 mA. This trend of the power supply current, and
therefore of power consumption, is not only acceptable for the actuators used but it is
well-suited to the expected limited power consumption. The characteristics of the energy
consumed by the prototype are investigated with the reported test results in Figure 9, in
terms of servomotor feeding current at 12 V during open-loop controlled motion at the
maximum range, swinging in all directions with and without a heavy payload. The good
results can be represented by a maximum of 350 mA during motion with no payload
against a maximum of 420 mA during motion with a payload.
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Figure 7. Acquired results during the test shown in Figure 6 in terms of angles: (a) without load;
(b) with load.
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Figure 8. Acquired results during the test shown in Figure 6 in terms of acceleration of wrist point:
(a) without load; (b) with load.
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Figure 9. Acquired results during the test in Figure 6 in terms of current consumption: (a) without
load; (b) with load.

In summary, the tested prototype, although not exhibiting high performance, works
satisfactorily with the expected motion capability and load capacity (200 g against a full
arm weight of about 300 g) that can be properly used when implementing the arm in the
torso of the LARMbot humanoid. Future work can be planned to improve the motion range
and payload capacity of the arm design with better linear actuators, both with increased
stroke and force capacity.
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4. Conclusions

The need to review the design of the arm for the LARMbot humanoid in order to
have similar characteristics as other humanoid modules was addressed by revising the
design requirements, aiming at a solution that satisfies the peculiar characteristics of the
LARMbot in terms of compactness, motion capabilities, and payload by using mechanism
structures with parallel architecture. The arm is designed with a tripod structure similar
to the one already implemented for the legs of the LARMbot humanoid, with a design
that is aimed at using low-cost components and non-commercial parts produced via 3D
printing. The built prototype shows satisfactory characteristics, as reported by the results
of the experimental tests conducted to validate and characterize the prototype in terms of
performance in motion and load capacity. The motion range is detected with a range of
more than 60 deg and the payload capacity is validated, with a ratio nearly equal to one
with respect to the arm’s own weight while using 420 mA for servomotor feeding.
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Abstract: Aiming at the disadvantages of traditional manual docking, such as low assembly efficiency
and large positioning error, a six-DOF dual-arm robot system for module docking is designed. Firstly,
according to the operation tasks of the cabin docking robot, its functional requirements and key
indicators are determined, the overall scheme of the robot is designed, and the composition and
working principle of the robot joints are introduced in detail. Secondly, a strength analysis of the core
components of the docking robot is carried out by finite element analysis software to ensure its load
capacity. Based on the kinematics model of the robot, the working space of the robot mechanism is
simulated and analyzed. Finally, the experimental platform of the docking robot is built, and the
working space, repeated positioning accuracy, and motion control accuracy of the docking robot
mechanism are verified through experiments, which meet the design requirements.

Keywords: cabin docking; robot design; strength analysis; work space

1. Introduction

Most aerospace products such as aircraft and rockets are composed of compartments
with different structural characteristics. The assembly, testing, and testing process of
aerospace products involve complex operations of module docking. At present, in the field
of cabin assembly in China, manufacturers generally adopt the traditional assembly mode
of “manual as the main, mechanical as the auxiliary”. In this mode, the cabin components
to be docked are manually hoisted to auxiliary tools, and the operator estimates the cabin
attitude through eye observation. There are some problems such as low docking efficiency,
poor docking quality, and unquantifiable docking accuracy. At the same time, when the
diameter of the cabin increases to a certain level, the labor intensity increases sharply and
the production efficiency decreases sharply. The traditional assembly mode can no longer
meet the actual needs of manufacturing enterprises, so it is imperative to improve the
automation level of cabin docking.

Regarding the cabin docking robot system, its level of development in foreign countries
is relatively mature. Cabin docking mainly includes Three-coordinate POGO column
assembly, Stewart platform assembly, Vertical assembly, Horizontal docking assembly, and
other forms as follows:

(1) Three-coordinate POGO column assembly: The three-coordinate POGO column
structure is used to adjust the position and pose of the workpiece [1–3]. The POGO
column is an adjustable support system with three orthogonal translation degrees
of freedom, which is composed of three mutually orthogonal translation units, and
can adjust the supported parts in space with high precision. Aiming at the aircraft
wing assembly problem, a six-DOF attitude docking system based on a three-DOF
POGO column was proposed [4]. Each positioner is connected to the wing by a
hemispherical end effector. The positioner and the wing mechanism form a three-
PPPS (P is a moving joint, S is a spherical joint) redundant drive variable mechanism.

Actuators 2024, 13, 206. https://doi.org/10.3390/act13060206 https://www.mdpi.com/journal/actuators156
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Assembly by the three-coordinate POGO column makes the production line have
high flexibility. However, this assembly method has certain limitations; for example,
the distributed POGO column is redundant in motion control, which will bring high
difficulty and economic cost to the control.

(2) Stewart platform assembly: The Stewart platform is used to adjust the position and
pose of the workpiece. A Stewart platform refers to a symmetrical parallel mechanism
with six degrees of freedom [5,6]. Based on the six-SPS parallel mechanism, which is
used to adjust the attitude of the module [7], a force sensor is integrated in each sliver
chain of the parallel mechanism to achieve flexible docking control of the module
through force feedback, so as to reduce the risk of damaged parts. Compared with
distributed POGO columns, the Stewart platform is more compact and easier to
control. However, this assembly method has certain limitations for the assembly of
cabin parts with different diameters and lengths, and it is not suitable for continuous
production in the engineering environment.

(3) Vertical assembly method: The components of the cabin are assembled vertically by
means of lifting assembly. In the automatic docking of a satellite, a six-SPS parallel
mechanism is used as the docking equipment to support the mobile module, and
the mechanism can dock the mobile module with the suspended fixed module by
adjusting its posture in the vertical direction [8]. However, the vertical assembly
method requires enough space to be utilized in the vertical direction of the workshop,
allowing multiple compartments to be placed vertically, which is not conducive to
popularization and application in the general assembly workshop. At the same time,
with an increase in the weight and size of the cabin, the vertical assembly method will
become difficult to implement because of the difficulty of operation, high-risk factor,
and increase in vertical assembly control.

(4) Horizontal docking method: By lifting or AGV transfer, the cabin components are
transferred to the attitude adjustment mechanism of the assembly workstation. The
attitude adjustment mechanism can move horizontally along the guide rail to complete
the assembly and docking of the multi-stage cabins. Aiming at the docking problem of
a certain type of rocket module, the automatic docking platform of the rocket module
was built by the Shenyang Institute of Automation [9]. The six-DOF pose adjustment
mechanism loaded with ring tooling is used as the pose adjustment platform of the
docking module, and the transfer drive and the docking drive of the module are
designed in an integrated way. Aiming to address the high precision and automation
requirements of spacecraft module docking assembly, the Beijing Institute of Satellite
Environmental Engineering proposed large module horizontal docking assembly
technology based on automation means [10] and designed the module horizontal
docking system structure.

Considering the advantages and disadvantages of the three-dimensional POGO col-
umn assembly method, Stewart platform assembly method, lifting vertical assembly
method, and horizontal docking assembly method, a six-degree-of-freedom (DOF) cabin
docking dual-arm robot system is designed, which has the characteristics of a large load,
high flexibility, high precision, quick replacement, and so on. Based on the analysis of
the functional requirements and key indexes of the robot system, the technical indexes of
the development of the docking dual-arm robot system in the cabin are determined. The
system composition and working principle of each joint in the module docking robot are
studied in detail, and the strength of each joint core component is analyzed by software.
Based on the kinematics model of the robot mechanism, the working space of the robot
mechanism is simulated and analyzed. The working space, repeated positioning accuracy,
and motion accuracy of the docking robot mechanism are verified by prototype testing.

This paper is organized as follows: Section 2 analyzes the functional requirements and
key indicators of the module docking robot. Section 3 introduces the overall scheme of the
docking robot system, the composition of each joint mechanism, and the strength analysis
results. In Section 4, the kinematic model of the docking robot is established, and the
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kinematic simulation is carried out. Section 5 verifies the technical indicators of the docking
robot in the module through the prototype. The results are summarized in Section 6.

2. Functional Requirements and Key Indicators of the Module Docking Robot
2.1. Functional Requirements of the Cabin Docking Robot

The main task of the module docking robot system is to realize the automatic attitude
adjustment function of a large heavy-duty cabin by designing a six-degree-of-freedom robot
mechanism and to complete the automatic docking function of multiple cabin workpieces
with the aid of the visual measurement system. The specific functions include the following:

(1) Carrying a large load and large sized workpieces, and carrying weight not less than
500 kg;

(2) High precision, reliable and stable motion function;
(3) A certain product compatibility function that adapt to the compatibility function of

different loads within a certain specification range.

2.2. Technical Indicators

In order to accomplish the above tasks, the docking robot has specific requirements
for load capacity, working space, moving speed, and so on, as follows:

(1) Load capacity: including the motion accuracy of the robot platform, the degree of
freedom of the robot, the load capacity of the robot, etc. These indicators determine
the ability of the robot to perform the final task;

(2) Working space: the robot must have the working range required for the assembly of
cabin workpieces;

(3) Motion speed: when the docking robot performs the assembly task, the docking robot
is required to operate quickly and work efficiently.

The technical indicators of the designed cabin docking robot are shown in Table 1.

Table 1. Main technical indicators of the docking robot system.

Item Specific Item Value

Load capacity

DOF 6
Rated load 500 kg

Repeated positioning accuracy ±0.05 mm
Maximum load 1000 kg

Work space

Circumference roll range
Axial travel range

±15◦

±600 mm
Vertical lift travel range

Radial travel range
±50 mm
±50 mm

Speed

Circular rolling speed range 0~6.8◦/s
Axial movement speed range 0~400 mm/s

Vertical lifting speed range 0~4.5 mm/s
Radial movement speed range 0~25 mm/s

Acceleration

Acceleration range of circular roll 0~240◦/s2

Acceleration range of axial movement
Acceleration range of vertical lift

Acceleration range of radial motion

0~100 mm/s2

0~100 mm/s2

0~100 mm/s2

3. Mechanical Design and Strength Analysis of the Cabin Docking Robot System
3.1. Overall Scheme of the Cabin Docking Robot System

In order to meet the technical indicators in Table 1, a cylindrical cabin workpiece is
taken as an example to design a cabin docking robot. The cabin docking robot is mainly
composed of a left robotic arm, a right robotic arm, a base, and a control system. The
three-dimensional model of the docking robot designed by NX2023 software is shown in
Figure 1.
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rolling joint. The composition of a single robotic arm is shown in Figure 2. 
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Figure 2. Diagram of a single robotic arm. 

As shown in Figure 2, the width of a single mechanical arm is 820 mm, the length is 
1200 mm, and the center of the circular rolling joint is 1100 mm above the ground. The 
docking robot can complete the adjustment of six degrees of freedom (pitch, yaw, roll, 
radial, lifting, and axial) of the workpiece in the whole cabin. The axial moving joint is 

Figure 1. Composition and working diagram of the robot system for cabin docking.

In Figure 1, the docking robot is composed of a left robotic arm, a right robotic arm,
and a base. The left robot arm and the right robot arm are connected to the base rail through
a slider and move axially through a rack and pinion drive. The left robotic arm and the
right robotic arm have the same structure, and each robotic arm includes four joints as
follows: axial moving joint, vertical lifting joint, radial moving joint, and circular rolling
joint. The composition of a single robotic arm is shown in Figure 2.
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Figure 2. Diagram of a single robotic arm. 

As shown in Figure 2, the width of a single mechanical arm is 820 mm, the length is 
1200 mm, and the center of the circular rolling joint is 1100 mm above the ground. The 
docking robot can complete the adjustment of six degrees of freedom (pitch, yaw, roll, 
radial, lifting, and axial) of the workpiece in the whole cabin. The axial moving joint is 

Figure 2. Diagram of a single robotic arm.

As shown in Figure 2, the width of a single mechanical arm is 820 mm, the length is
1200 mm, and the center of the circular rolling joint is 1100 mm above the ground. The
docking robot can complete the adjustment of six degrees of freedom (pitch, yaw, roll,
radial, lifting, and axial) of the workpiece in the whole cabin. The axial moving joint is
driven by the servo motor to achieve axial horizontal action, the radial moving joint is
driven by the servo motor to achieve horizontal action in the diameter direction of the
screw structure, the vertical lifting joint is driven by the servo motor to achieve the height
lifting as the spiral lift, and the circular rolling joint is driven by the servo motor to achieve
the circular rotation action.
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3.2. Joint Design of the Docking Robot
3.2.1. Axial Movement Joint

The axial movement joint mainly consists of a structural frame, drive gear, servo motor
and reducer, slide block, bottom structural frame, and other parts. The servo motor and
reducer drive the gear to rotate and then drive the mechanical arm to move the axis on the
guide rail of the base, as shown in Figure 3.
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Figure 3. Structure diagram of the axial movement joint.

In Figure 3, the bottom of the axial movement joint is connected to the guide rail on
the base by means of a slider. The bottom frame of the axial movement joint adopts a
frame structure and Q345 steel plate welding molding. Four cushion pads are installed
on the two ends of the structural frame to slow the impact of the collision between the
mechanical arms. The structural mounting surface is used to directly mount the vertical
lifting joint module. It is driven by an AC servo motor and equipped with a multi-turn
absolute encoder and electromagnetic brake. The precision planetary reducer is selected as
the reducer, and hard face gear can effectively improve the wear resistance and reliability
of the reducer.

3.2.2. Vertical Lifting Joint

The vertical lifting joint drives two sets of spiral lifts through the servo motor and the
reducer to realize the lifting action of the robot, including the servo motor, the reducer, the
T-bevel gear steering box, the coupling, the spiral lift, the guiding mechanism, and other
parts, as shown in Figure 4.

In Figure 4, the vertical lifting joint is driven by the structural form of a servo motor
and a reducer driving two spiral elevators. The two ends of the spiral elevator are vertically
installed on the top of the base structure module. The middle is connected through a
T-shaped bevel gear steering box. The bottom of the vertical lifting joint is directly installed
on the axial moving joint module through bolts. The spiral elevator achieve lifting through
the servo motor drive reducer and coupling. The guide mechanism adopts the shaft sleeve
structure, which is mainly composed of the guide seat, the guide shaft, the end cover, etc.,
which is used to provide reliable guidance for the screw lift in the lifting action and ensure
the linearity and stability of the lifting action. The flange mounting surface and the end
cover of the guide mechanism are directly connected with the vertical moving joint, which
drives the radial moving joint and the circular rolling joint to lift simultaneously when the
lift is lifted.
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Figure 4. Structure diagram of the vertical lifting joint.

3.2.3. Radial Movement Joint

The radial movement joint drives the ball screw through the servo motor and the
reducer to realize the radial movement function of the robot, including the servo motor, the
reducer, the coupling, the ball screw, the connecting base, the top guide rail, the housing
bracket, and other parts of the top view, as shown in Figure 5.
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Figure 5. Top view of the radial prismatic joint structure.

In Figure 5, a lead screw is installed inside the shell bracket and a guide rail is installed
on both sides of the top. The radial movement joint is connected to the bottom slider of
the circular rolling joint through the top guide rail, and the middle is directly mechanically
connected to the circular rolling joint through the nut holder. The servo motor drives the
reducer to rotate, and the ball screw is driven by coupling. When the servo motor drives
the ball screw to rotate, the circular rolling joint moves radially with the ball screw.

3.2.4. Circular Rolling Joint

The circular rolling joint realizes the circular rotation of the curved rolling body by
driving the turbo worm mechanism and rack and pinion mechanism through the servo
motor and the reducer, which mainly includes the servo motor and the reducer, turbo
worm mechanism, curved rack, rolling bearing, curved rolling body, anti-static rubber, and
rotation bracket, etc. The three-dimensional model of the circular rolling joint is shown in
Figure 6.
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Figure 6. Frontal view of circular rolling joint.

In Figure 6, the arc roller is arranged on the top of the roll bracket as an arc structure
matching the shape of the cabin workpiece, and the arc rack is arranged on the bottom side
of the arc roller. The top circle diameter of the rack is larger than the top circle diameter of
the turbine, and the rack engages with the turbine. When the servo motor and the reducer
drive the worm gear to rotate, the rack action of the arc roller is driven by the gear of
the turbine, and the circular rotation of the arc roller is realized. The rolling bearing is
distributed in the inner cavity of the rolling bracket in an arc shape and rolls in contact with
both sides of the bottom of the curved rolling body. The top of the arc roller is installed
with curved anti-static material, which is in direct contact with the cabin workpiece.

3.3. Strength Analysis of Key Components

Strength analysis and strength checks of key components are indispensable links
in the design of mechanical systems, aiming to theoretically ensure the stiffness and
mechanical reliability of the overall mechanism. Strength analysis is required in the process
of robot research and development and design [11–13]. Since the robot is self-heavy and
the workpiece size and weight of the robot are large, it is necessary to analyze the strength
of the main load-bearing components of the robot. The main load-bearing parts of the
cabin docking robot include the base of the axial moving joint, the spiral elevator of the
vertical lifting joint, the external shell of the radial moving joint, and the rolling bearing of
the circular rolling joint.

The Simcenter Nastran 8031 software module of NX 2023 software is used to analyze
the static stress of the main load-bearing components, assuming that the weight of the
cabin workpiece is set to 1000 kg, and the weight of the actual key components is added as
the working load. At the same time, the material of each key component is Q345 steel or
45 steel.

3.3.1. Strength Analysis of the Bottom Frame

The bottom frame of the axial moving joint is the load-bearing part of the whole robot,
which is used to support the vertical lifting joint, the radial moving joint, the circular rolling
joint, and the load workpiece. In order to simulate the stress of the axial moving joint frame,
the force grid and nodes are divided, and the two mounting seats are set as the stress points,
which is consistent with the actual situation. Six slider mounting positions are added at
the bottom as fixed constraints, as shown in Figure 7. The bottom frame is 1200 mm long,
150 mm high, and 820 mm wide.

Taking the total gravity of 13 kN as the working load, the static stress analysis is
carried out. The equivalent stress, elastic deformation, and total strain results of the bottom
frame are shown in Figure 8.

As can be seen in Figure 8, the maximum equivalent stress on the bottom frame is
31.81 MPa, and the maximum total deformation is 0.125 mm. Because the bottom frame is
made of Q345 steel, the yield limit is 345 MPa, and the safety factor of anti-instability is 5.
The allowable stress of the bottom frame is much greater than its maximum equivalent
stress, and the design is reasonable.
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3.3.2. Strength Analysis of the Spiral Elevator

The spiral elevator of the vertical lifting joint supports the radial movement joint, the
circular rolling joint, and the load weight through the mounting surface at the top, which is
the main bearing part of the vertical lifting joint. In order to simulate the stress situation
of the spiral elevator, the stress grid and nodes are divided, and the installation surface of
the end flange of the trapezoid lead screw inside the elevator is taken as the stress point,
which is consistent with the actual situation. Add the bottom of the lead screw as a fixed
constraint, as shown in Figure 9. The stroke of the trapezoidal lead screw is 150 mm, and
the diameter of the lead screw is 30 mm.

Taking the total gravity of 11 kN as the working load, the static stress analysis is carried
out. The results of the effect force, elastic deformation, and total strain of the trapezoid lead
screw inside the spiral elevator are shown in Figure 10.

As can be seen in Figure 10, the maximum equivalent stress of the trapezoidal screw
inside the spiral lift is 28.86 MPa, and the maximum total deformation is 0.0177 mm. The
trapezoidal screw is made of 45 steel, the yield limit is 355 MPa, and the safety factor of
anti-instability is selected to be 5. The allowable stress of the spiral lift is much greater than
its maximum equivalent stress, and the design is reasonable.
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As can be seen in Figure 10, the maximum equivalent stress of the trapezoidal screw 
inside the spiral lift is 28.86 MPa, and the maximum total deformation is 0.0177 mm. The 
trapezoidal screw is made of 45 steel, the yield limit is 355 MPa, and the safety factor of 
anti-instability is selected to be 5. The allowable stress of the spiral lift is much greater 
than its maximum equivalent stress, and the design is reasonable. 

3.3.3. Strength Analysis of the Shell Bracket 
The upper part of the shell bracket of the radial mobile joint is installed with a top 

guide rail, which is used to support the upper mounting mechanism and load, and is an 
important load-bearing part of the whole robot. In order to simulate the stress of the radial 
moving joint, the force grid and nodes are divided, and the installation positions of the 
four top guide rails are taken as the stress points, which are consistent with the actual 
situation. The top mounting position of the bottom two spiral lifts are added as a fixed 
constraint, as shown in Figure 11. The length of the shell bracket is 820 mm, the width is 
240 mm, and the height is 115 mm. 
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3.3.3. Strength Analysis of the Shell Bracket

The upper part of the shell bracket of the radial mobile joint is installed with a top
guide rail, which is used to support the upper mounting mechanism and load, and is an
important load-bearing part of the whole robot. In order to simulate the stress of the radial
moving joint, the force grid and nodes are divided, and the installation positions of the four
top guide rails are taken as the stress points, which are consistent with the actual situation.
The top mounting position of the bottom two spiral lifts are added as a fixed constraint, as
shown in Figure 11. The length of the shell bracket is 820 mm, the width is 240 mm, and
the height is 115 mm.

Taking the total gravity of 10.2 kN as the working load, the static stress analysis is
carried out. The equivalent stress, elastic deformation, and total strain results of the radial
movement joint shell bracket are shown in Figure 12.

As can be seen in Figure 12, the maximum equivalent stress on the shell bracket is
23.13 MPa, and the maximum total deformation is 0.0182 mm. Because the shell bracket is
made of Q345 steel, the yield limit is 345 MPa, and the safety factor of anti-instability is
5. The allowable stress of the shell bracket is much greater than its maximum equivalent
stress, and the design is reasonable.

3.3.4. Strength Analysis of the Rolling Bearing

The rolling bearing of the circular rolling joint is connected to the curved rolling body
to support the load and is an important bearing part of the robot. In order to simulate the
stress situation of the rolling bearing with circular rolling joints, the stress grid and nodes
are divided, and the contact position between the middle of the rolling bearing and the
curved rolling body is taken as the stress point, which is consistent with the actual situation.
The limit positions at both ends are added as fixed constraints, as shown in Figure 13. The
diameter of the rolling bearing is 25 mm, and the length is 165 mm.

Taking the total gravity of 10 kN as the working load, the static stress analysis is
carried out. The equivalent stress, elastic deformation, and total strain results of the circular
rolling joint rolling bearing are shown in Figure 14.

As can be seen in Figure 14, the maximum equivalent stress on the rolling bearing
is 9.153 MPa, and the maximum total deformation is 0.001195 mm. Because the rolling
bearing is made of 45 steel, the yield limit is 355 MPa, and the anti-instability safety factor is
5. The allowable stress of the rolling bearing is much greater than its maximum equivalent
stress, and the design is reasonable.
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4. Kinematics Modeling and Simulation Verification
4.1. Kinematics Modeling
4.1.1. Kinematics Modeling of the Cabin Docking Robot System

Kinematics analysis is the basis of robot design. In order to facilitate the kinematics
analysis of the robot, a schematic diagram of the docking robot mechanism in the cabin is
shown in Figure 15.
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Figure 15. Schematic diagram of the docking robot mechanism in the cabin segment.

In Figure 15, the robot system is composed of left and right robotic arms, each of which
is composed of four degrees of freedom, and from bottom to top are axial moving joints,
vertical lifting joints, radial moving joints, and circular rolling joints. Two robotic arms are
composed to coordinate the space attitude adjustment of the cabin workpiece.

The D-H (Denavit–Hartenberg) model [14,15] uses four parameters (rod length, zero
position, bias, and torsion angle) to characterize the spatial coordinate positioning of
a single joint, which is widely used in robot calibration, robot control, and trajectory
planning [16–20]. According to the D-H modeling method, the joint coordinate system of
the module docking robot is established, as shown in Figure 16.

Actuators 2024, 13, x FOR PEER REVIEW 16 of 39 
 

 

The D-H (Denavit–Hartenberg) model [14,15] uses four parameters (rod length, zero 
position, bias, and torsion angle) to characterize the spatial coordinate positioning of a 
single joint, which is widely used in robot calibration, robot control, and trajectory plan-
ning [16–20]. According to the D-H modeling method, the joint coordinate system of the 
module docking robot is established, as shown in Figure 16.  

The base coordinate system is represented by 𝑂𝑂𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑥𝑥𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ,𝑦𝑦𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑧𝑧𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏), and the coor-
dinate system of the left robot arm 𝑂𝑂𝐿𝐿0(𝑥𝑥𝐿𝐿0,𝑦𝑦𝐿𝐿0, 𝑧𝑧𝐿𝐿0)   and the coordinate system of the 
right robot arm 𝑂𝑂𝑅𝑅0(𝑥𝑥𝑅𝑅0,𝑦𝑦𝑅𝑅0, 𝑧𝑧𝑅𝑅0)  are established in the middle position of the two robot 
arms on the base guide rail. Coordinate system 𝑂𝑂𝐿𝐿1(𝑥𝑥𝐿𝐿1,𝑦𝑦𝐿𝐿1, 𝑧𝑧𝐿𝐿1) , coordinate system 
𝑂𝑂𝐿𝐿2(𝑥𝑥𝐿𝐿2,𝑦𝑦𝐿𝐿2, 𝑧𝑧𝐿𝐿2) , coordinate system 𝑂𝑂𝐿𝐿3(𝑥𝑥𝐿𝐿3,𝑦𝑦𝐿𝐿3, 𝑧𝑧𝐿𝐿3),  and coordinate system 
𝑂𝑂𝐿𝐿4(𝑥𝑥𝐿𝐿4,𝑦𝑦𝐿𝐿4, 𝑧𝑧𝐿𝐿4)  are respectively established for the axial moving joint, vertical lifting 
joint, left and right moving joint, and circular rolling joint of the left mechanical arm.  

Coordinate system 𝑂𝑂𝑅𝑅1(𝑥𝑥𝑅𝑅1,𝑦𝑦𝑅𝑅1, 𝑧𝑧𝑅𝑅1) , coordinate system 𝑂𝑂𝑅𝑅2(𝑥𝑥𝑅𝑅2,𝑦𝑦𝑅𝑅2, 𝑧𝑧𝑅𝑅2) , coordi-
nate system 𝑂𝑂𝑅𝑅3(𝑥𝑥𝑅𝑅3,𝑦𝑦𝑅𝑅3, 𝑧𝑧𝑅𝑅3)  and coordinate system 𝑂𝑂𝑅𝑅4(𝑥𝑥𝑅𝑅4,𝑦𝑦𝑅𝑅4, 𝑧𝑧𝑅𝑅4)  are respectively 
established for the axial moving joint, vertical lifting joint, left and right moving joint and 
circular rolling joint of the left mechanical arm. 

oR0

xR0

zR0

yR0

oR2

zR2

xR2

yR2

oR3

yR3

zR3

xR3

L1

L2

L3

L4

R1

R2

R3

R4

dL1 dR1

dL3

dL4

dR2

dR3

dR4

dL2

oR1
yR1

zR1

xR1

oR4

yR4zR4

xR4

oL1
yL1

zL1

xL1

obaseybase xbase
zbase

oL0

yL0
zL0

xL0

oL2

zL2

xL2yL2

oL3
yL3

zL3
xL3

oL4
yL4

zL4
xL4

 
Figure 16. Schematic diagram of connecting rod coordinate system of the docking robot. 

In Figure 16, each joint is described by the joint angle, connecting rod offset, connect-
ing rod length, and connecting rod angle. The D-H parameters of the cabin docking robot 
are obtained, as shown in Table 2. 
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Figure 16. Schematic diagram of connecting rod coordinate system of the docking robot.

The base coordinate system is represented by Obase(xbase, ybase, zbase), and the co-
ordinate system of the left robot arm OL0(xL0, yL0, zL0) and the coordinate system of
the right robot arm OR0(xR0, yR0, zR0) are established in the middle position of the two
robot arms on the base guide rail. Coordinate system OL1(xL1, yL1, zL1), coordinate sys-
tem OL2(xL2, yL2, zL2), coordinate system OL3(xL3, yL3, zL3), and coordinate system
OL4(xL4, yL4, zL4) are respectively established for the axial moving joint, vertical lifting
joint, left and right moving joint, and circular rolling joint of the left mechanical arm.

170



Actuators 2024, 13, 206

Coordinate system OR1(xR1, yR1, zR1), coordinate system OR2(xR2, yR2, zR2), coordi-
nate system OR3(xR3, yR3, zR3) and coordinate system OR4(xR4, yR4, zR4) are respectively
established for the axial moving joint, vertical lifting joint, left and right moving joint and
circular rolling joint of the left mechanical arm.

In Figure 16, each joint is described by the joint angle, connecting rod offset, connecting
rod length, and connecting rod angle. The D-H parameters of the cabin docking robot are
obtained, as shown in Table 2.

Table 2. D-H parameters of the docking robot.

Link Joint Angle θi Link Offset di Link Length ai Link Angle αi

Base-L0 π/2 0 0 −π/2
L1 0 dL1 + 625 0 π/2
L2 −π/2 dL2 + 140 0 π/2
L3 π/2 dL3 600 π/2
L4 θL −470 0 0

Base-R0 π/2 0 0 π/2
R1 0 dR1 + 625 0 −π/2
R2 π/2 dR2 + 140 0 −π/2
R3 −π/2 dR3 600 −π/2
R4 θR −470 0 0

The forward kinematics equations of the right robotic arm of the cabin docking robot
are obtained according to the spatial pose matrix calculation, as shown in Equation (1). The
forward kinematics equations of the left robotic arm of the cabin docking are shown in
Equation (2).

pRx = dR1 + 1095

pRy = −dR3

pRz = dR2 + 740

yR = −θR

(1)

where pRx, pRy, pRz, and yR represent the coordinate variables of the X-axis direction,
Y-axis direction, Z-axis direction, and circumferential direction of the operating space of
the right robotic arm, respectively.

pLx = −dL1 − 1095
pLy = −dL3
pLz = dL2 + 740
yL = 180 + θL

(2)

where pLx, pLy, pLz, and yL represent the coordinate variables of the X-axis direction, Y-axis
direction, Z-axis direction, and circumferential direction of the operating space of the left
robotic arm, respectively.

According to the mapping relationship of Equations (1) and (2), the inverse kinematics
transformation equations of the right robotic arm and the left robotic arm of the cabin
docking can be established, respectively, as shown in Equations (3) and (4).

dR1 = pRx − 1095
dR3 = −pRy
dR2 = pRz − 740
θR = −yR

(3)

dL1 = −pLx − 1095
dL3 = −pLy
dL2 = pLz − 740
θL = yL − 180

(4)
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4.1.2. Joint Kinematics Modeling of the Cabin Docking Robot and Cabin Workpiece

In order to analyze the attitude adjustment process of the cabin workpiece carried
out by the cabin docking robot, the end coordinate system OL(xL, yL, zL) of the left robotic
arm for cabin docking, the end coordinate system OR(xR, yR, zR) of the right robotic arm
for cabin docking, the base coordinate system Obase(xbase, ybase, zbase), the center coordinate
system O1(x1, y1, z1) of the left end face of the cabin workpiece, and the center coordinate
system O2(x2, y2, z2) of the right end face of the cabin workpiece are established.

Suppose that the distance between coordinate system O1(x1, y1, z1) and the origin of co-
ordinate system OL(xL, yL, zL) is D1, the distance between coordinate system OL(xL, yL, zL)
and the origin of coordinate system OR(xR, yR, zR) is D2, and the distance between coor-
dinate system OR(xR, yR, zR) and the origin of coordinate system O2(x2, y2, z2) is D3, as
shown in Figure 17.
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Figure 17. Distribution of each coordinate system of the docking two-arm robot in the cabin segment.

In Figure 17, the movement direction of the axial moving joints of the cabin docking
robot is defined as the X-axis direction of the coordinate system, the movement direction of
the left and right moving joints of the cabin docking robot is defined as the Y-axis direction
of the coordinate system, and the movement direction of the vertical lifting joints of the
cabin docking robot is defined as the Z-axis direction of the coordinate system. According
to the coordinate system established in Figure 17, the definition of pitch angle, yaw angle,
and rolling angle of the cabin workpiece is shown in Figure 18.
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The relationship between the pose of the cabin workpiece and the coordinate system of
the cabin docking robot can be analyzed in four situations as follows: the initial equilibrium
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position, the pitch angle is not at 0◦, the yaw angle is not at 0◦, and the roll angle is not at
0◦. The detailed description is as follows:

(1) Initial equilibrium position

In the actual production process, it is generally required that the cabin docking robot
is in a balanced spatial posture. The end coordinate system OL(xL, yL, zL) of the left robotic
arm for cabin docking, the end coordinate system OR(xR, yR, zR) of the right robotic arm
for cabin docking, the base coordinate system Obase(xbase, ybase, zbase), the center coordinate
system O1(x1, y1, z1) of the left end face of the cabin workpiece, and the center coordinate
system O2(x2, y2, z2) of the right end face of the cabin workpiece are established.

Their origin is in a straight line, and the pitch angle, yaw angle, and rolling ngle of the
cabin workpiece are 0◦, as shown in Figure 19.
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Figure 19. Coordinate system of the docking robot during the initial equilibrium position. 
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Figure 20. Case of the coordinate system when the pitch angle is not 0°. 

In Figure 20, when the pitch angle α  is not 0, the values of coordinate systems 
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Figure 19. Coordinate system of the docking robot during the initial equilibrium position.

In Figure 19, when the cabin docking two-arm robot is in the initial equilibrium
position, the values of coordinate systems O1(x1, y1, z1), OL(xL, yL, zL), OR(xR, yR, zR), and
O2(x2, y2, z2) are equal in the X-direction and Y-direction. The position relationship of the
coordinate system in the Z-direction is shown in Equation (5).
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2
(5)

(2) The pitch angle of the cabin workpiece is not 0◦

Because of the influence of friction between the docking robot and the cabin workpiece,
and the limited stroke of the vertical lifting joint of the docking robot (±50 mm), when
the pitch angle α changes, the docking robot still makes contact with the cabin workpiece.
Therefore, the origin of the coordinate system OL at the end of the left robotic arm of the
cabin docking, the coordinate system OR at the end of the right robotic arm of the cabin
docking, the center coordinate system O1 at the left end face of the cabin workpiece, and the
center coordinate system O2 at the right end face of the cabin workpiece are approximately
in a straight line, as shown in Figure 20.

In Figure 20, when the pitch angle α is not 0, the values of coordinate systems
O1(x1, y1, z1), OL(xL, yL, zL), OR(xR, yR, zR) and O2(x2, y2, z2) in the Y-direction are equal,
and the position relationship of each coordinate system is shown in Equation (6).





(x1 − xL)
2 + (z1 − zL)

2 = D1
2

(x1 − xR)
2 + (zL − zR)

2 = D2
2

(xR − x2)
2 + (zR − z2)

2 = D3
2

(6)
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The relationship between the pitch angle α and the coordinate system parameters is
shown in Equation (7).

sin (α) =
zR − zL

D2
(7)
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Figure 20. Case of the coordinate system when the pitch angle is not 0°. 

In Figure 20, when the pitch angle α  is not 0, the values of coordinate systems 
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Figure 20. Case of the coordinate system when the pitch angle is not 0◦.

(3) The yaw angle of the cabin workpiece is not 0◦

Because of the influence of friction between the docking robot and the cabin workpiece,
and the limited stroke of the radial movement joint of the docking robot (±50 mm), when
the pitch angle α changes, the docking robot still makes contact with the cabin workpiece.
Therefore, the origin of the coordinate system OL at the end of the left robotic arm of the
cabin docking, the coordinate system OR at the end of the right robotic arm of the cabin
docking, the center coordinate system O1 at the left end face of the cabin workpiece, and the
center coordinate system O2 at the right end face of the cabin workpiece are approximately
in a straight line, as shown in Figure 21.
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Figure 21. Case of the coordinate system when the yaw angle is not 0◦.

In Figure 21, when the yaw angle β is not 0, the values of coordinate systems
O1(x1, y1, z1), OL(xL, yL, zL), OR(xR, yR, zR), and O2(x2, y2, z2) in the Z-direction are equal,
and the position relationship of each coordinate system is shown in Equation (8).





(x1 − xL)
2 + (y1 − yL)

2 = D1
2

(x1 − xR)
2 + (yL − yR)

2 = D2
2

(xR − x2)
2 + (yR − y2)

2 = D3
2

(8)

The relationship between the yaw angle and the coordinate system parameters is
shown in Equation (9).

sin (β) =
yR − yL

D2
(9)
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(4) The rolling angle of the cabin workpiece γ is not 0◦

Because the workpiece of the cabin belongs to rigid body, the position relation of each
coordinate system is not affected when the rolling angle changes. Therefore, the origin
of the coordinate system OL at the end of the left robotic arm of the cabin docking, the
coordinate system OR at the end of the right robotic arm of the cabin docking, the center
coordinate system O1 at the left end face of the cabin workpiece, and the center coordinate
system O2 at the right end face of the cabin workpiece are approximately in a straight line,
as shown in Figure 22.

Actuators 2024, 13, x FOR PEER REVIEW 21 of 39 
 

 

y1O1

Z1

O1

 
Figure 22. Case of the coordinate system when the rolling angle is not 0°. 

In Figure 22, when the rolling angle γ of the cabin workpiece is not 0, the position 
relationship of each coordinate system is the same as the initial equilibrium position. 

Therefore, according to the above analysis results, the following conclusions can be 
drawn: 
(1) When the attitude of the module changes, the relative distance between the origin of 

the coordinate system at the end of the left robotic arm of the module docking and 
the origin of the coordinate system at the end of the right robotic arm of the module 
docking remains unchanged. 

(2) When the cabin roll angle changes, the position adjustment of the cabin docking robot 
is not affected, but the attitude of the cabin itself is affected. 
Assuming that the motion trajectory of the end of the left robotic arm is represented 

by 𝐾𝐾𝐿𝐿�𝑥𝑥𝐿𝐿(𝑡𝑡),𝑦𝑦𝐿𝐿(𝑡𝑡), 𝑧𝑧𝐿𝐿(𝑡𝑡)�, and the motion trajectory of the end of the right robotic arm is 
represented by 𝐾𝐾𝑅𝑅�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)�, the first equation of the joint kinematics model is 
obtained: 

�𝑥𝑥𝐿𝐿(𝑡𝑡) − 𝑥𝑥𝑅𝑅(𝑡𝑡)�2 + �𝑦𝑦𝐿𝐿(𝑡𝑡) − 𝑦𝑦𝑅𝑅(𝑡𝑡)�2 + �𝑧𝑧𝐿𝐿(𝑡𝑡) − 𝑧𝑧𝑅𝑅(𝑡𝑡)�2 = 𝐷𝐷22 (10) 

In Equation (10), the adjustment of the space position of the cabin is based on the 
movement trajectory 𝐾𝐾𝐿𝐿�𝑥𝑥𝐿𝐿(𝑡𝑡),𝑦𝑦𝐿𝐿(𝑡𝑡), 𝑧𝑧𝐿𝐿(𝑡𝑡)� of the end of the left robotic arm of the cabin 
docking. The movement trajectory 𝐾𝐾𝑅𝑅�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)� of the end of the right robotic 
arm of the cabin docking follows the movement of the left robotic arm, and the relative 
distance from the movement trajectory of the end of the left robotic arm is guaranteed to 
remain unchanged. 

In addition to participating in the adjustment of the space position, the right robotic 
arm of cabin docking is also adjusted for the attitude of the cabin. In this way, the move-
ment trajectory 𝐾𝐾𝑅𝑅�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)� of the end of the right robotic arm of cabin docking 
can be divided into two parts, respectively assumed to be 𝐾𝐾𝑅𝑅1�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)�  and 
𝐾𝐾𝑅𝑅2�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)�. The relationship is as follows: 

𝐾𝐾𝑅𝑅�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)� = 𝐾𝐾𝑅𝑅1(𝑥𝑥𝑅𝑅(𝑡𝑡)1,𝑦𝑦𝑅𝑅(𝑡𝑡)1, 𝑧𝑧𝑅𝑅(𝑡𝑡)1) + 𝐾𝐾𝑅𝑅2(𝑥𝑥𝑅𝑅(𝑡𝑡)2,𝑦𝑦𝑅𝑅(𝑡𝑡)2, 𝑧𝑧𝑅𝑅(𝑡𝑡)2) (11) 

In Equation (11), A is used to follow the action of the left robotic arm, and B reflects 
the attitude change in the cabin segment. The following equation exists: 

�
𝑥𝑥𝑅𝑅(𝑡𝑡)2 = 𝑥𝑥𝐿𝐿(𝑡𝑡) + 𝐷𝐷2𝑐𝑐𝑐𝑐𝑐𝑐�𝛼𝛼(𝑡𝑡)�𝑐𝑐𝑐𝑐𝑐𝑐�𝛽𝛽(𝑡𝑡)�
𝑦𝑦𝑅𝑅(𝑡𝑡)2 = 𝑦𝑦𝐿𝐿(𝑡𝑡) + 𝐷𝐷2𝑐𝑐𝑐𝑐𝑐𝑐�𝛼𝛼(𝑡𝑡)�𝑠𝑠𝑠𝑠𝑠𝑠�𝛽𝛽(𝑡𝑡)�

𝑧𝑧𝑅𝑅(𝑡𝑡)2 = 𝑧𝑧𝐿𝐿(𝑡𝑡) + 𝐷𝐷2𝑐𝑐𝑐𝑐𝑐𝑐�𝛼𝛼(𝑡𝑡)�
 (12) 

where α(𝑡𝑡) and β(𝑡𝑡) represent the yaw angle trajectory and the pitch angle trajectory of 
the cabin workpiece, respectively, and the motion trajectory of the yaw angle and pitch 
angle is reflected in the motion trajectory 𝐾𝐾𝑅𝑅2�𝑥𝑥𝑅𝑅(𝑡𝑡),𝑦𝑦𝑅𝑅(𝑡𝑡), 𝑧𝑧𝑅𝑅(𝑡𝑡)�. 

Figure 22. Case of the coordinate system when the rolling angle is not 0◦.

In Figure 22, when the rolling angle γ of the cabin workpiece is not 0, the position
relationship of each coordinate system is the same as the initial equilibrium position.

Therefore, according to the above analysis results, the following conclusions can
be drawn:

(1) When the attitude of the module changes, the relative distance between the origin of
the coordinate system at the end of the left robotic arm of the module docking and
the origin of the coordinate system at the end of the right robotic arm of the module
docking remains unchanged.

(2) When the cabin roll angle changes, the position adjustment of the cabin docking robot
is not affected, but the attitude of the cabin itself is affected.

Assuming that the motion trajectory of the end of the left robotic arm is represented
by KL(xL(t), yL(t), zL(t)), and the motion trajectory of the end of the right robotic arm
is represented by KR(xR(t), yR(t), zR(t)), the first equation of the joint kinematics model
is obtained:

(xL(t)− xR(t))
2 + (yL(t)− yR(t))

2 + (zL(t)− zR(t))
2 = D2

2 (10)

In Equation (10), the adjustment of the space position of the cabin is based on the
movement trajectory KL(xL(t), yL(t), zL(t)) of the end of the left robotic arm of the cabin
docking. The movement trajectory KR(xR(t), yR(t), zR(t)) of the end of the right robotic
arm of the cabin docking follows the movement of the left robotic arm, and the relative
distance from the movement trajectory of the end of the left robotic arm is guaranteed to
remain unchanged.

In addition to participating in the adjustment of the space position, the right robotic
arm of cabin docking is also adjusted for the attitude of the cabin. In this way, the movement
trajectory KR(xR(t), yR(t), zR(t)) of the end of the right robotic arm of cabin docking
can be divided into two parts, respectively assumed to be KR

1(xR(t), yR(t), zR(t)) and
KR

2(xR(t), yR(t), zR(t)). The relationship is as follows:

KR(xR(t), yR(t), zR(t)) = KR
1
(

xR(t)
1, yR(t)

1, zR(t)
1
)
+ KR

2
(

xR(t)
2, yR(t)

2, zR(t)
2
)

(11)
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In Equation (11), A is used to follow the action of the left robotic arm, and B reflects
the attitude change in the cabin segment. The following equation exists:





xR(t)
2 = xL(t) + D2cos(α(t))cos(β(t))

yR(t)
2 = yL(t) + D2cos(α(t))sin(β(t))

zR(t)
2 = zL(t) + D2cos(α(t))

(12)

where α(t) and β(t) represent the yaw angle trajectory and the pitch angle trajectory of the
cabin workpiece, respectively, and the motion trajectory of the yaw angle and pitch angle is
reflected in the motion trajectory KR

2(xR(t), yR(t), zR(t)).
The coordinates of the end coordinate system OL(xL, yL, zL) of the left robot arm are

related to the coordinates O1(x1, y1, z1) of the center of the end circle of the cabin workpiece.
The second equation of the joint kinematics can be obtained as follows:





xL(t) = x1 + D1cos(α(t))cos(β(t))
yL(t) = y1 + D1cos(α(t))sin(β(t))

zL(t) = z1 + D1sin(α(t))
(13)

where α(t) and β(t) are the pitch angle and yaw angle trajectories of the moving mod-
ule, respectively.

4.2. Workspace Analysis

During the movement of the robotic arm, its travel is limited. The working space
represents the reachable position of the reference point in the end mechanism of the
robotic arm, and its size represents the spatial field of the movement of the robotic arm,
which is one of the important indicators of the robotic arm [21]. According to the design
parameters of the module docking robot in Table 1, and through the forward kinematics
Equations (1) and (2) of the left and right robotic arms, the feasible domain in the working
space is obtained, as shown in Table 3.

Table 3. Workspace analysis of the docking robot.

Serial Number Item Value

1 Left arm X-axis stroke −1695~−495 mm
2 Left arm Y-axis stroke −50~50 mm
3 Left arm Z-axis stroke 690~790 mm
4 Left arm rolling angle range 170~190◦

5 Right arm X-axis stroke 495~1695 mm
6 Right arm Y-axis stroke −50~50 mm
7 Right arm Z-axis stroke 690~790 mm
8 Right arm rolling angle stroke −10~10◦

The Monte Carlo method, also known as statistical simulation test method, estimates
and describes the unknown characteristic quantity by sampling random variables and
then determines its distribution [22]. This method is widely used to solve robot work-
spaces [23–25].

After the strain sample data are obtained through calculation, the sample data distri-
bution is processed, and then the sample data are randomly simulated by the Monte Carlo
method. The Monte Carlo method consists of the following steps:

(1) Construct a probability model. In this paper, the probability distribution of the
equivalent strain of the independent variable follows the normal distribution model.

(2) Obtain sub-samples by simulation. Random numbers are generated within the con-
straints of each joint in the workspace according to the normal distribution, and
the position in the operation space is obtained through the coordinate transforma-
tion relationship.
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In this paper, the Monte Carlo method is used to carry out relevant operations through
MATLAB 2021 software, and the working space of the designed robot arm is obtained. The
cloud image of the working space of the robot arm obtained by this method is shown in
Figures 23 and 24.
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4.3. Kinematics Simulation
4.3.1. Kinematics Simulation of Cabin Docking Robot System

Forward kinematics and inverse kinematics were verified by using Robotics Toolbox
in MATLAB 2021 software.

(1) Establishment of simulation model

The Robotics Toolbox in MATLAB 2021 software was used to model the robot. The
modeling process of the toolbox requires the D-H parameters of the robot as the basis, the
LINK function and SerialLink function are used to realize the robot modeling, and the
teach function is used to simulate and drive the robot to realize the visualization of the
robot movement. The robot control panel is shown in Figure 25.

In Figure 25, the pose parameters (x, y, z, R, P, Y) of the corresponding end operating
space of the robot arm can be changed by adjusting the joint space variables of the left robot
arm or the joint space variables of the right robot arm. Meanwhile, the joint space variables
of the robot arm are displayed graphically, as shown in Figure 26. The joint space variables
q2, q3, q4, and q5 of the left robotic arm correspond to dL1, dL2, dL3, and θL, respectively, in
Equation (6). The joint space variables q2, q3, q4, and q5 of the right robotic arm correspond
to dR1, dR2, dR3, and θR and, respectively, in Equation (4).
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Figure 26. Three-dimensional space model of the docking robot.

(2) Kinematics simulation

Kinematics simulation process: First, the joint variables of the manipulator are given
specific values, and the space pose parameters of the end of the manipulator are calcu-
lated by the forward kinematics Equations (4) and (6). Then, the spatial pose and pose
parameters of the end of the robot arm are calculated through the inverse kinematics
Equations (7) and (8) to obtain a new joint variable of the robot arm. The new joint variable
is compared to the original joint variable to determine if they are equal. If the new joint
variable is equal to the original, the forward and inverse kinematics modeling is proved
correct; otherwise, it is proved incorrect, as shown in Figure 27.

According to the simulation ideas in Figure 27, the simulation process is as follows:

(1) The joint variable (dL1, dL2, dL3, θL) of the left robotic arm is (40, 60, 30,−130), and the
joint variable (dR1, dR2, dR3, θR) of the right robotic arm is (80, 20, 10, 30);

(2) Through forward kinematics calculation, the end space pose (xL, yL, zL, R, P, Y) of the
left robotic arm is (−1135,−30, 800, 0, 90, 50), and the end space pose (xR, yR, zR, R, P, Y)
of the right robotic arm is (1175,−10, 760, 0,−90,−30);

178



Actuators 2024, 13, 206

(3) The space pose of the end of the robot arm is brought into the inverse kinematics
equation, and the calculated joint space variable (dL1, dL2, dL3, θL) of the left robot arm
is (40, 60, 30,−130), and the joint variable (dR1, dR2, dR3, θR) of the right robot arm is
(80, 20, 10, 30);

(4) The inverse kinematics solution results in the joint variable being equal to the initial
assignment, which proves that the kinematics model is correct.
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4.3.2. Joint Kinematics Simulation of the Cabin Docking Robot and Cabin Workpiece

(1) Simulation parameter setting

The pose starting and ending points of the simulation process are
{

po = [−1315,−35, 775, 0.2,−0.2, 190]
pe = [−1515,−5, 745, 0, 0, 180]

(14)

The elements in the vector represent, from left to right, the X-axis position, Y-axis
position, Z-axis position, pitch angle, yaw angle, and rolling angle of the cabin workpiece.

(2) Results of joint kinematics simulation

In order to verify the effectiveness of the joint kinematics modeling of the module
docking robot and the module workpiece, the B-spline curve is used to plan the motion
trajectory of the robot arm. The simulation results are shown in Figure 28.
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It is assumed that the right robotic arm trajectory consists of the following two parts:
the following trajectory of the right robotic arm and the attitude adjustment trajectory of
the right robotic arm. As can be seen in Figure 28, when the left robotic arm runs from the
starting position po to the stopping position pe, the planned displacement and planned
speed of the left robotic arm are stable in the X-, Y-, and Z-axis directions. At the same
time, the following trajectory of the right robotic arm and the trajectory of the left robotic
arm coincide, and the running trajectory of the right robotic arm is equal to the synthesis of
the following trajectory of the right robotic arm and the attitude adjustment trajectory of
the right robotic arm. This verifies the effectiveness of the joint kinematic modeling of the
docking arms in the cabin.

5. Experimental Verification
5.1. Development of a Prototype Robot System for Cabin Docking

The experimental platform of the cabin docking robot system is composed of a fixed
cabin, a moving cabin, a fixed bracket, and the docking robot. The fixed cabin is placed on
the fixed bracket, and the relative posture remains unchanged. The space pose adjustment
of the moving cabin is realized by the docking robot. Finally, the docking between the
mobile module and the fixed module is completed. The experimental platform of the cabin
docking robot system is shown in Figure 29.
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Figure 29. Experimental platform of the cabin docking robot system.

In Figure 29, the main specifications of the motor, encoder, driver and motion control
system of the experimental platform are shown in Table 4.

Table 4. Main selection parameters of servo motor and reducer.

Name Specification Parameter Brand

Motor EX310ESPB1511 Parker
Driver C3S015V4F10I31T11M00 Parker

X-axis reducer ABR060 L2-40-P2-S2 Newstart
Y-axis reducer ABR060 L2-20-P1-S2 Newstart
Z-axis reducer ABR060 L1-10-P2-S2 Newstart

Controller CX5140-0135 Beckhoff
Digital output module EL2809 Beckhoff
Digital input module EL1808 Beckhoff
Analog input module EXL3152 Beckhoff

Power module EXL9560 Beckhoff
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5.2. Workspace Test Experiment
5.2.1. Experimental Methods

The work space test experiments were carried out for the axial moving joint, radial
moving joint, vertical lifting moving joint, and circular rotating joint of the cabin docking
robot, and the experimental results were recorded for analysis.

The test method of working space of moving joint is as follows: set the starting
position of the moving joint as D0 (mm), move forward to the limit position, and record
the value as Di+ (mm). Move to the limit position in the reverse direction, record the value
as Di− (mm), calculate the range of motion Di = (Di+ − Di−), and determine whether the
range of movement covers the design index.

The test method of repeated positioning accuracy of rotational joint is as follows: set
the starting position of the rotational joint as A0 (◦), move forward to the limit position,
and record the value as Ai+ (◦). Move to the limit position in the reverse direction, record
the value as Ai− (◦), calculate the angle range Ai = (Ai+ − Ai−), and determine whether the
motion range of the rotational joint covers the design index.

5.2.2. Experimental Results

The working space test results of the axial movement joint, the vertical lifting joint,
and the radial movement joint are shown in Table 5. The working space test result of the
circular rolling joint is shown in Table 6.

Table 5. Range of motion of the moving joint.

Joint Name D1+ (mm) D1− (mm) Displacement (mm)

Axial movement joint 3150 −13 3163
Vertical lifting joint 55 −46 101

Radial movement joint −1 −102 101

Table 6. Range of motion of the rotational joint.

Joint Name A1+ (◦) A1− (◦) Angle (◦)

Circular rotating joint 10.1 −10.2 20.3

As can be seen in Tables 5 and 6, the motion displacement of the axial moving joint
is 3163 mm, the motion displacement of the vertical lifting joint is 101 mm, the motion
displacement of the radial moving joint is 101 mm, and that of the circular rolling joint is
20.3◦. All of these values meet the design index requirements in Table 1.

5.3. Repeated Joint Positioning Accuracy Test
5.3.1. Experimental Methods

Repeated positioning accuracy tests were carried out for the axial moving joint, the
radial moving joint, the vertical lifting joint, and the circular rotating joint, and the experi-
mental results were recorded for analysis.

The test method of repeated positioning accuracy of moving joint is as follows: select
an initial position on a movable joint and fix the dial indicator. Offset a distance L0 (mm)
and then return to the initial position and read the dial indicator value. The repeated
positioning accuracy of each joint was obtained by statistical standard deviation of dial
indicator values.

The test method of repeated positioning accuracy of rotational joint is as follows:
install and fix the dial indicator at 400 mm of the center of circular rotating joint arc rolling
body. Rotate a fixed angle A0 (◦) and then return to the initial position and read the dial
indicator value. The repeated positioning accuracy of each joint was obtained by the
statistical standard deviation of dial indicator values.
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5.3.2. Experimental Results

The repeated positioning accuracy test results of the axial moving joint, the radial
moving joint, the vertical lifting joint, and the circular rotating joint are shown in Table 7,
Table 8, Table 9, and Table 10, respectively.

Table 7. Experimental results of repeated positioning accuracy of the axial movement joint.

Number 10 mm 30 mm 50 mm 70 mm 90 mm

1 2.879 2.85 2.81 2.82 2.83
2 2.86 2.83 2.81 2.83 2.83
3 2.87 2.85 2.83 2.82 2.84

Standard deviation 0.009504 0.011547 0.011547 0.005774 0.005774

Table 8. Experimental results of repeated positioning accuracy of the radial movement joint.

Number 5 mm 10 mm 15 mm 20 mm 25 mm

1 2.75 2.74 2.73 2.73 2.73
2 2.74 2.73 2.73 2.73 2.73
3 2.74 2.73 2.73 2.73 2.73

Standard deviation 0.005774 0.005774 0 0 0

Table 9. Experimental results of repeated positioning accuracy of the vertical lifting joint.

Number 5 mm 10 mm 15 mm 20 mm 25 mm

1 2.73 2.75 2.76 2.75 2.76
2 2.74 2.75 2.75 2.75 2.76
3 2.74 2.75 2.76 2.75 2.76

Standard deviation 0.005774 0 0.005774 0 0

Table 10. Experimental results of repeated positioning accuracy of the circular rotary joint.

Number 0.5◦ 1◦ 1.5◦ 2◦ 2.5◦

1 2.46 2.54 2.61 2.63 2.63
2 2.46 2.54 2.62 2.63 2.63
3 2.46 2.54 2.62 2.63 2.62

Standard deviation 0 0 0.005773503 0 0.005773503

As listed in Tables 7–10, the maximum and minimum standard deviation of the
measurement values of the axial mobile joint repeated positioning are 0.011547 mm and
0.005774 mm, respectively. The maximum and minimum standard deviations of the
repeated positioning measurements of the radial shifting joint and the vertical lifting joint
are 0.005774 and 0 mm, respectively. The maximum and minimum standard deviation of
the repeated positioning measurement values are 0.005774 mm and 0 mm, respectively.

According to the above test results, the maximum standard deviation of the re-
peated positioning accuracy measurement value of each joint of the cabin docking robot is
0.011547 mm, which meets the design requirements.

5.4. Precision Experiment of Joint Motion Control

In order to test the precision of joint motion control and set the target moving displace-
ment value of the joint, the actual moving displacement value of the joint was obtained with
the joint positioning control experiment through the MC_MoveAbsolute function block of
the controller. The displacement error of the joint motion was obtained through calculation,
and whether the displacement error of the joint motion was within the allowable range
was determined.
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5.4.1. Control Accuracy of the Axial Movement Joint

The axial movement joint is controlled to move the fixed displacement of 40 mm. The
displacement change curve in the moving process is collected, and the displacement control
accuracy is calculated. The collected displacement curve is shown in Figure 30.
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Figure 30. Displacement curve of 40 mm axial movement.

It can be seen in Figure 30 that when the axial moving joint moves 40 mm, the
displacement motion is stable. The starting position of the joint movement is −711.027 mm,
the target value of the stopping position of the joint movement is −671.027 mm, and the
actual value of the stopping position of the joint movement is −671.085 mm. The motion
error of the stopping position of the axial moving joint is 0.058 mm.

5.4.2. Control Accuracy of Vertical Lifting Joint

The vertical lifting joint was controlled to drop 5 mm. The displacement curve in the
moving process was collected, and the displacement control accuracy was calculated. The
collected displacement curve is shown in Figure 31.
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It can be seen in Figure 31 that when the vertical lifting joint moves 5 mm, the
displacement movement process is stable. The starting position of joint motion is 2.914 mm,
the target value of joint motion stop position is −2.086 mm, and the actual value of joint
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motion stop position is −2.085 mm. The motion error of vertical lifting joint stop position
is 0.001 mm.

5.4.3. Control Accuracy of the Radial Movement Joint

The radial mobile joint was controlled to move the fixed displacement 10 mm. The
displacement change curve in the moving process was collected, and the displacement
control accuracy was calculated. The collected displacement curve is shown in Figure 32.
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Figure 32. Displacement curve of radial movement of 10 mm.

It can be seen in Figure 32 that when the radial mobile joint moves 10 mm, the motion
of displacement and velocity is stable. The initial position of the joint motion is 3.966 mm,
the target value of the joint motion stop position is 13.966 mm, and the actual value of the
joint motion stop position is 14.031 mm. The motion error of the radial moving joint stop
position is 0.0065 mm.

5.4.4. Control Accuracy of the Circular Rolling Joint

The circular rolling joint was controlled to fix the angle of circular rolling 2◦. The
change curve of the angle in the moving process was collected, and the angle control
accuracy was calculated. The collected angle curve is shown in Figure 33.
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As can be seen in Figure 33, when the circular rolling joint is rotated by 2◦, the angular
motion process is stable. The initial angle of joint motion is 2.774◦, the target value of joint
motion stopping angle is 0.774◦, and the actual value of joint motion stopping position is
0.778◦. The motion error of radial moving joint stopping position is 0.004◦.

5.5. Cabin Docking Experiment

According to the working principle of the cabin docking robot system, the control
system block diagram of the cabin docking robot is designed, as shown in Figure 34.
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Figure 34. Block diagram of the docking control system of the docking robot.

In Figure 34, an external laser tracker is used to measure the six characteristic quantities
of the workpiece end face center coordinate O1(x1, y1, z1), pitch angle α, yaw angle β, and
rolling angle γ and convert them into the end coordinate OL(xL, yL, zL) of the docking robot
arm by Equation (13). Then, the target displacement of each joint is calculated through
trajectory planning and inverse kinematics. Finally, the MC_MoveAbsolute function block
of the servo drive is invoked to control the position of the joint.

In the process of cabin docking, the starting position of the module docking robot in
the Z-axis direction is 100 mm, and the stopping position is set to −1.99 mm. The planned
target trajectory is compared with the actual trajectory collected, as shown in Figure 35.
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In Figure 35, the maximum displacement error between the target trajectory and the
actual trajectory is 0.377 mm and the minimum error is 0 mm.
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In the process of cabin docking, the start position of the cabin docking robot in the
Y-axis direction is 30 mm, and the stop position is set to 0.63 mm. The planned target
trajectory is compared with the actual trajectory collected, as shown in Figure 36.
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In Figure 36, the maximum displacement error between the target trajectory and the
actual trajectory is 0.4655 mm and the minimum error is 3.333 × 10−5 mm.

5.6. Comparison of Robot Performance Indicators

In order to evaluate the performance advancement of the cabin docking robot system,
the performance indicators of the module docking robot are compared with those of the
standard heavy-load industrial robot (KR 1000 L950 TITAN PA). The comparison results
are shown in Table 11.

Table 11. Comparison table of robot specification parameters.

Name Cabin Docking Robot Standard Industrial Robot Comparison Result

Load Max. 1000 kg 1000 kg Same level
Degree of freedom 6 6 Same level

Repeated positioning accuracy ±0.05 mm ±0.2 mm Higher level
Installation position Ground Ground Same level

Work space

Circumference: ±15◦;
Axis: ±600 mm;

Vertical: ±50 mm;
Radial: ±50 mm;

Max. 3601 mm Lower level

It can be seen from Table 11 that compared with standard industrial robots, the cabin
docking robot is at the same level in terms of load, freedom, and installation position
indicators. In terms of repeated positioning accuracy, the cabin docking robot is superior
to the standard industrial robot. But in terms of scope of work, the cabin docking robot is
lower than standard industrial robots.
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6. Conclusions

In this paper, a cabin docking robot system is designed, the strength and kinematics of
the key mechanical components of the robot are analyzed, and the key indexes of the robot
system are verified by a prototype.

(1) The cabin docking robot is designed by the horizontal docking mode, and the compo-
sition and working principle of each joint of the robot are analyzed. The degree of
freedom of the cabin docking robot is six, and the maximum load capacity can reach
1000 kg.

(2) The static stress analysis of the key components of the robot joints is carried out
by finite element software. The maximum equivalent stress of the bottom frame is
31.81 Mpa and the maximum total deformation is 0.125 mm. The maximum equiva-
lent stress of the trapezoidal lead screw is 28.86 Mpa, and the maximum total deforma-
tion is 0.0177 mm. The maximum equivalent stress of the shell bracket is 23.13 Mpa,
and the maximum total deformation is 0.0182 mm. The maximum equivalent stress of
the rolling bearing is 9.153 Mpa, and the maximum total deformation is 0.001195 mm.
The simulation results are all within the reasonable range.

(3) The kinematics model of the robot is established based on the D-H modeling method,
the forward and inverse kinematics relationship of the robot are analyzed, and the
correctness of the kinematics model of the robot is verified by simulation.

(4) The cabin docking robot and the joint kinematics model of the module are established
and the correctness of the joint kinematics model is verified through simulation.

(5) The working space, repeated positioning accuracy, and motion control accuracy of
each joint of the robot are verified through experiments, which proved the effective-
ness of the robot design.

Based on the above analysis, the cabin docking robot system designed in this paper
can meet the automatic attitude adjustment function of medium and large module work-
pieces. It has the advantages of a strong bearing capacity, a simple control algorithm, high
stiffness, decoupling of degrees of freedom, and so on. However, the total structure of the
module docking robot is large, and the area is also large, which brings certain restrictions
to the field application.

In addition, it is necessary to strengthen the speed control algorithm in subse-
quent research.
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Abstract: In response to the challenges posed by the difficult cleaning of tunnel retro-reflective rings
and the unsuitability of existing climbing robots for ascending tunnel retro-reflective rings, a tunnel
retro-reflective ring cleaning robot is proposed. Firstly, based on the analysis of the operational and
environmental characteristics and functional requirements inside the tunnel, the design and planning
of the robot’s main framework, motion system, cleaning mechanism, and intelligent detection system
are conducted to evaluate its walking ability under various working conditions, such as aluminum
plate overlaps and rivet protrusions. Subsequently, stability analysis is performed on the robot. The
static analysis explored conditions that can make the climbing robot stable, the dynamic analysis
obtained the minimum driving torque and finally, verified the stability of the robot through experi-
ments. After that, by changing the material and thickness of the main framework for deformation
simulation analysis, the optimal parameters to optimize the design of the main framework are found.
Finally, the three factors affecting the cleaning effect of the robot are discussed by the response
surface method, and single factor analysis and response surface regression analysis are carried out,
respectively. The mathematical regression model of the three factors is established and the best
combination of the three factors is found. The cleaning effect is best when the cleaning disc pressure
is 5.101 N, the walking wheel motor speed is 36.93 rad/min, and the cleaning disc motor speed is
38.252 rad/min. The development of this machine can provide equipment support for the cleaning of
tunnel retro-reflective rings, reducing the requirement of manpower and material resources.

Keywords: tunnel retro-reflective ring; climbing and cleaning robot; stability condition; optimized
design; response surface regression analysis

1. Introduction

In recent years, tunnel retro-reflective rings [1], an effective measure to reduce the
electricity consumption for tunnel lighting and induce optimal driving effects for motorists,
have been widely employed in long and extra-long tunnels. Installed along the contours
inside the tunnel, these retro-reflective rings utilize their reflective strips to reflect light
received from vehicle headlights, creating a luminous arch-shaped halo within the tunnel,
to guide the driver. However, prolonged usage leads to a decrease in the effectiveness of
the reflective surface, or even complete loss of reflection, due to the accumulation of dust
and fine particles on the retro-reflective ring, necessitating periodic cleaning. Currently, the
cleaning process involves lane closures and manual cleaning using lift vehicles, resulting in
poor cleaning effectiveness, low efficiency, high costs, and increased safety hazards within
the tunnel.

The challenging issue of tunnel retro-reflective rings cleaning has received limited
in-depth research and lacks effective solutions. Several methods have been disclosed in
Chinese patents, such as the use of a small mobile vehicle equipped with an arc-shaped track
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matching the outer profile of the tunnel retro-reflective ring. This track features motors and
cleaning devices, but requires manual pushing of the vehicle for cleaning, which is highly
inconvenient [2]. Additionally, another patent has been disclosed which proposes that
climbing and cleaning on the retro-reflective ring can be achieved through an adsorption-
based approach [3]; however, the tunnel interior is often wet and slippery, and the intricate
walking surface of the retro-reflective ring makes adhesion-based movement difficult.

Therefore, to address the challenge of cleaning the tunnel retro-reflective rings, it
is imperative to design a robot capable of climbing on it and performing cleaning tasks.
Currently, climbing robots are specifically designed to ascend and move on vertical or nearly
vertical surfaces, enabling them to perform specialized tasks. Such robots are commonly
employed in various fields, including wind turbine maintenance [4], inspection and repair
of steel structures and towers [5], high-altitude operations, inspection [6], and cleaning.
Climbing robots necessitate robust adhesion and stability to maintain steadiness during
ascension. To fulfill this requirement, they are equipped with appropriate locomotion
and adhesion mechanisms tailored to specific working environments [7]. Some climbing
robots utilize the principles of foot adhesion, such as Waalbot II, which improves climbing
performance by employing natural fiber adhesives [8]. Others mimic lizards, designing
claws for adhesion [9,10], while some use suction cup structures for adhesion [11,12].
Some climbing robots employ multiple soft body and foot modules [13] to achieve the
function of crossing large gaps, smooth surfaces, and rough terrain. Additional technologies
include the use of electromagnetic units [14,15], grippers [16], micro-spines [17], tracks [18],
assistance from external devices to aid climbing [19], and so forth. However, these climbing
robots seem unsuitable for the cleaning of tunnel retro-reflective rings, as the methods
they employ, such as suction cups, micro-spines, adhesives, and electromagnetic units,
are not applicable for climbing on tunnel retro-reflective rings. Furthermore, the surface
of the retro-reflective ring is relatively smooth, with protrusions or rivets on the back
creating obstacles.

This study proposes an innovative solution to achieve efficient cleaning of tunnel
retro-reflective rings, reducing the risks associated with manual cleaning and improving
cleaning efficiency. As shown in Figure 1, firstly, by leveraging the retro-reflective rings
and tunnel environment, a clamping-type wheeled motion mechanism is designed. This
mechanism, combined with miniature photoelectric sensors, differential steering principles,
and a PID controller, enables the robot to climb steadily. Secondly, a stability analysis of
the robot’s movement is conducted to establish stability conditions, facilitating the subse-
quent construction of a prototype for verification. Subsequently, structural optimization is
performed using simulation analysis. Finally, response surface methodology is employed
to analyze and determine the optimal combination of three parameters that affect clean-
ing performance. This robot helps reduce the burden on workers, while promoting the
application of robotic control in tunnel retro-reflective ring cleaning.
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Figure 1. Physical prototype: 1—shell; 2—walking wheel; 3—cleaning device; 4—compression
spring; 5—main framework; 6—tunnel retro-reflective ring; 7—miniature photoelectric sensor;
8—remote control.
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2. Problem Description and System Design
2.1. The Tunnel Retro-Reflective Ring Exhibits Inherent Issues That Merit Attention

The reflective effect of the tunnel retro-reflective ring during normal operation is
shown in Figure 2a. Figure 2b illustrates the retro-reflective panel after cleaning. After
conducting on-site surveys in the tunnel, it was observed that the tunnel’s arch apex is
outfitted with cable trays, leading to a minimal clearance of approximately 5 cm between
the side of the tunnel retro-reflective ring and the wire duct, as depicted in Figure 2c. This
imposes heightened demands on the design of the climbing robot. To facilitate the climbing
robot in traversing this specific location seamlessly, while undertaking the cleaning task for
the tunnel retro-reflective ring, it is imperative to ensure the lateral dimensions of the main
frame are suitably narrow.
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Furthermore, the tunnel retro-reflective ring, assembled from multiple retro-reflective
panels, encounters overlap during installation, due to construction nuances, thereby intro-
ducing variations in the overall thickness of the retro-reflective ring. To complicate matters,
the retro-reflective panels are affixed to the tunnel wall using right-angled aluminum plates,
and the juncture between the right-angled aluminum plates and the retro-reflective panels
is secured through a multitude of rivets, as illustrated in Figure 2d. Consequently, the thick-
ness of the right-angled aluminum plates and the protrusions from the rivets contribute
to an augmented thickness of approximately 2.5–3.5 mm. Thus, it becomes imperative
to devise a walking mechanism endowed with shock absorption and obstacle-crossing
functionalities to accommodate fluctuations in the thickness of the retro-reflective ring.

2.2. Mechanical Structure Design

To address the aforementioned issues, a climbing robot was designed for cleaning
tunnel retro-reflective rings. The robot integrates mechanical, electronic, and control
components into a unified system, as depicted in Figure 3, which shows its internal render-
ing schematic.

The main body framework of the robot employs a Π-shaped structure, as illustrated in
Figure 3, No. 8. The Π-shaped structure consists of two main boards, one sideboard, main
board reinforcement ribs, and sideboard reinforcement ribs, all welded with 7075 aluminum
alloy. This structure features compactness and high stiffness. The side profile of the Π-
shaped frame occupies minimal space, and is narrow and high in strength, thereby smoothly
passing through the position between the wire duct and the side of the retro-reflective
ring. The 7075 aluminum alloy material has a lower density and higher strength, which
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is beneficial for making the entire machine lightweight. Additionally, as an aerospace
aluminum alloy, it has a certain corrosion resistance, allowing it to be used for extended
periods of time in relatively humid tunnel environments.
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Due to the retro-reflective ring being securely fixed inside the tunnel by right-angled
aluminum plates, and the retro-reflective ring itself being assembled from aluminum plates,
it possesses a certain mechanical strength. To ensure stability during operation and prevent
damage to the retro-reflective ring during climbing, the robot adopts a clamping-type
wheeled movement mechanism. As shown in Figure 3, one main shaft is fixed at one end
of the Π-shaped bracket, with a walking wheel installed. At the other end of the Π-shaped
bracket, there is an adjustable pressure suspension mechanism, composed of an active main
shaft, walking wheel, compression spring, a bolt, and nut, allowing the clamping pressure
between the walking wheels to be adjusted by turning the nut. Block-patterned rubber
wheels can increase friction with the tunnel retro-reflective ring and ensure smooth passage
over the rivets embedded into the grooves on the rubber wheel’s surface while rolling
over the retro-reflective ring. This clamping-type wheeled movement structure ensures the
stability of the robot’s operation within the tunnel, enabling it to be unaffected by wind
speed, and the use of rubber wheels prevents damage to the retro-reflective ring.

Similarly, during the installation process or prolonged use of the tunnel retro-reflective
ring, there might be instances where one end of the connection between two retro-reflective
panels becomes warped, or the panels do not completely adhere to each other, as shown in
Figure 4. In such cases, the bell-mouth-shaped shell can be maneuvered to this location
before the walking wheels, allowing the retro-reflective panels to fit together as closely
as possible. This helps the transition over the warped sections of the retro-reflective ring,
addressing this condition and enhancing the stability of the robot’s climbing. Additionally,
the shell is made of 1 mm stainless steel, with the steel plates welded together. This not
only contributes to lightweight design, but also protects the internal structure of the robot
from external factors within the tunnel.

The cleaning device consists of two brackets, a driving motor, a cleaning disk, com-
pression springs, bolts, and nuts, each set up at both the front and rear. The cleaning disk of
the cleaning device is made of soft material, and since the pressure exerted by the cleaning
device on the tunnel retro-reflective ring is not particularly high, this ensures that it will
not be damaged throughout the entire process.

As shown in Figure 5a, Bracket No. 8 remains consistently connected to the main
framework in No. 7, while a portion of Bracket No. 4 is affixed to the motor, with its other
end featuring a straight slot. Initially, the compression distance of the springs is adjusted
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by twisting the nuts, thereby regulating the pressure exerted by the cleaning disc on the
tunnel retro-reflective ring. When the pressure is confirmed, the motor is firmly fixed on
the main frame using the straight slot at the other side of the No. 4 bracket. This way, while
ensuring that the pressure of the cleaning disc on the retro-reflective ring is unchanged,
the motor will not be shaken. This approach facilitates subsequent adjustment of pressure
parameters, enabling optimization to identify the most suitable pressure.
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Figure 5. Cleaning institutions. (a) Clean model: 1—nut; 2—bolt; 3—compression spring; 4—support
plate; 5—cleaning disc; 6—electrical machinery; 7—side panels of the main frame; 8—external
extension plate; (b) Spring compression principle; (c) The relationship between spring elasticity and
compression.

This type of cleaning mechanism can enhance cleaning effectiveness by setting ap-
propriate pressure and speed, while also improving the stability of the equipment dur-
ing climbing.

According to Figure 5b, under the action of axial load, the spring produces a deforma-
tion amount represented by “λ”. There is a certain relationship between the deformation of
the spring and the pressure generated [20].

λ =
8FD3n

Gd4 (1)

F represents the axial pressure, λ denotes the compression amount, D stands for the
mean diameter of the spring, n is the effective number of turns of the spring (here it is
16), d represents the wire diameter of the spring, and G represents the shear modulus of
the spring material. The model of the compression spring is 6 mm × 8 mm × 50 mm
(inner diameter × outer diameter × length), and it is made of carbon steel, with a G of
8 × 104 MPa. For further analysis, without affecting the results, a slight approximation
is made to the second decimal place of the pressure value calculated from the original
Hooke coefficient of the spring. The relationship between spring pressure and compression
distance is shown in Figure 5c.
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2.3. Hardware Design

The robot uses an STM32F103C8T6 microcontroller as its core controller, forming the
microcontroller control circuit. The control system consists of the TB6612 driver module,
HC-06 Bluetooth module, and a HM-GM37-3429 encoder reduction motor. Both the robot
and the remote control are equipped with HC-06 Bluetooth modules, allowing the robot’s
movements to be controlled remotely. The TB6612 driver module drives the motor, while
the Hall encoder on the motor provides feedback on the motor speed, which is then
stabilized through a PID controller. The hardware control scheme, shown in Figure 6, is
stable, operates well, and effectively controls the target.
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2.4. Microcontroller Programming

The program logic of the microcontroller includes the following processes. Firstly, the
microcontroller performs system initialization, which includes clock initialization, GPIO pin
definition initialization, serial port initialization, and timer initialization. After initialization,
the system waits to receive control commands from the host computer. The Bluetooth
module receives the remote control’s commands and forwards them to the microcontroller.
The microcontroller then determines the type of control command. If the control command
is for movement, the initial desired speed of the movement is set, and the initial PWM
value is output to drive the motor.

During timed intervals, the pulses output by the Hall encoder are recorded to calculate
the robot’s movement speed. The difference between this movement speed and the desired
speed is then calculated, and the PWM output is updated via the PID controller. This
process is repeated until the difference between the robot’s movement speed and the
desired speed approaches zero. While adjusting the speed using the PID controller, the
microcontroller also receives measurement signals from the photoelectric sensor. Based
on these signals, it determines whether the robot’s movement has caused the body to
deviate from the retro-reflective panel. If the body deviates from the retro-reflective panel,
differential control of the robot’s left and right walking wheels is used to correct the body.

The PID control algorithm is based on the error between the robot’s current speed and
the desired speed. It adjusts the controller’s output through a combination of proportional,
integral, and derivative terms, enabling the error to quickly and stably converge to zero,
thereby achieving precise control. Proportional control adjusts the control amount based on
the current error; integral control addresses the accumulated effect of the error, helping to
eliminate steady-state error; derivative control focuses on the dynamic changes of the error,
predicting future error magnitude by identifying the rate of error change, thus allowing for
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anticipatory adjustments of the control amount. The PID controller ensures the safety and
speed of the climbing process. The principle of PID speed control is shown in Figure 7.
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2.5. Control of Miniature Photoelectric Sensor

As the tunnel retro-reflective ring is installed in an arc shape, to prevent the robot
from falling off during operation, it must follow the arc of the retro-reflective ring. On the
main framework of the robot, pairs of edge detection sensors are installed at the front and
rear. Miniature through-beam NPN-type photoelectric switches are chosen for the edge
detection sensors. When the infrared beam from one end is received by the other end, the
sensor returns a high level; when the infrared beam is blocked by the retro-reflective ring,
the sensor returns a low level. Sensors set up at the front and rear can detect whether the
robot deviates. Upon deviation, the speed difference between the outer and inner wheels
(I and II) is automatically adjusted to correct the wheel alignment, allowing the robot to
move along the arc path of the entire retro-reflective ring. The principle of operation of the
miniature through-beam NPN-type photoelectric switches is illustrated in Figure 8.
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3. Stability Analysis

A crucial metric for evaluating climbing robots is their stability, indicating their ability
to climb or operate steadily on a wall. Specifically, the stability of climbing robots is
influenced by contact forms and variations in the center of mass, leading to potential
slipping due to gravity or adhesive forces [21]. Therefore, the following section will
conduct static and dynamic analysis of the robot.

3.1. Static Force Analysis

The tunnel retro-reflective ring is assembled from retro-reflective panels, with a reflec-
tive film adhered to the front side, which is smooth. The back side is relatively rough, with
aluminum plates overlay and rivet protrusions. Assuming the dynamic friction coefficient
on the side with the reflective film is µ1 and the backside is µ2, with µ1 < µ2, a static force
analysis of the entire system can be performed, as illustrated in Figure 9.
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The sliding friction force is used for analysis instead of the maximum static friction 
force. For this robot to securely grip the tunnel retro-reflective ring, the overall maximum 
static friction force should be greater than the gravitational force. 
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When Equation (4) is satisfied, the robot will not slide downward. 
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As shown in Figure 9, Fni (i = 1~4) represents the support force of the retro-reflective
panel on each walking wheel, while Fn5 and Fn6 represent the support forces of the retro-
reflective panel on the cleaning disks. Fai (i = 1~4) indicates the static frictional force acting
on each walking wheel, while Fa5 and Fa6 represent the static frictional forces acting on
the cleaning disks. Since the support force on the cleaning disks is negligible, it can be
disregarded. Therefore, the simplified mechanical equilibrium equation is as follows:

{
∑ Fx = Fn1 + Fn2 − Fn3 − Fn4 = 0
∑ Fy = Fa1 + Fa2 + Fa3 + Fa4 −mg = 0

(2)

The sliding friction force is used for analysis instead of the maximum static friction
force. For this robot to securely grip the tunnel retro-reflective ring, the overall maximum
static friction force should be greater than the gravitational force.

4

∑
i=1

Fai = µ1Fn1 + µ1Fn2 + µ2Fn3 + µ2Fn4 > mg (3)

4

∑
i=1

Fni >
2mg

µ1 + µ2
(4)

When Equation (4) is satisfied, the robot will not slide downward.

3.2. Static Moment Analysis

Below is a static moment analysis of the entire machine. As the robot is front-to-back
symmetric, but left-to-right asymmetric, and the side responsible for cleaning the tunnel
retro-reflective ring is heavier, when it clamps onto the tunnel retro-reflective ring, its center
of mass C will shift towards the working surface, a certain distance away from the center of
the tunnel retro-reflective ring, as shown in Figure 10.

Where h1 is the vertical distance from the center of mass C to the front of the retro-
reflective ring and h2 is the vertical distance from the center of mass C to the back of the
retro-reflective ring, l1 is the distance from the center of mass to the gravitational force on
the working surface side and l2 is the distance from the center of mass to the gravitational
force on the opposite side, and 2b is the distance between wheels on the same side.
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The moment caused by the pressure on the retro-reflective ring of the four sets of
walking wheels will be offset, so the static moment equation for the center of mass C can be
simplified as:

∑ MC = migl1 −mogl2 + (Fa1 + Fa2)h1 + (Fa3 + Fa4)h2 = 0 (5)

In Equation (5), the first two terms represent the moment caused by the gravity on
both sides separated by the retro-reflective plate, and the last two terms represent the
moment caused by the static friction force of the four walking wheels. In fact, the gravity
on the working side of the robot is greater than the gravity on the opposite side, and if the
robot wants to maintain balance, it will cause the center of mass to shift.

Consequently, the pressure on the two walking wheels on the back side will be greater
than on the working surface, introducing adverse effects due to the asymmetry of the robot.
However, this will not affect the robot because it has a double-sided clamping mechanism
that prevents tilting due to insufficient pressure. The front and rear configuration of
the cleaning mechanism also provides auxiliary support and assistance for the robot’s
movement, eliminating the impact of the center of gravity deviation and ensuring the
stability of the entire machine.

3.3. Dynamics Analysis

To investigate the robot’s ability to move stably during its motion, without being
immobilized due to insufficient driving torque, a simplified model is adopted. For dynamic
analysis, it is assumed that the climbing robot travels straight along an inclined angle for a
certain distance on the retro-reflective ring.

The climbing robot features four active wheels, each driven by an independent motor.
The tunnel retro-reflective ring is vertically mounted within the tunnel. Here, v represents
the robot’s velocity and θ denotes the heading angle.

The following is an analysis of a single walking wheel, assuming Fdi (i = 1~4) is the
driving force, Fci (i = 1~4) is the rolling friction force, Fei (i = 1~4) is the sliding friction force
due to the gravitational component, and Fni (i = 1~4) is the pressure on the retro-reflective
plate on each walking wheel, or the support force of the retro-reflective plate on the wheel.
Based on the working condition of the robot on the reflector, the following assumptions are
made [22]:

(1) The external forces on the robot are evenly distributed;

199



Actuators 2024, 13, 197

(2) The robot does not exhibit wheel slippage, overturning, or lateral sliding;
(3) When the robot moves on the retro-reflective ring, its acceleration and rotational

acceleration about the center of mass are zero, that is,
.
v = 0,

.
w = 0.

Figure 11 establishes the dynamic analysis equation for the robot:





4
∑

i=1
Fdi −

4
∑

i=1
Fci −mg sin θ = m

.
v + J

.
w

(Fd2 + Fd4)2b− (Fc2 + Fc4)2b−mg sin θb = 0
4
∑

i=1
Fei −mg cos θ = 0

(6)
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To solve the above equation, the driving torque of the robot drive wheel obtained is:




T1 =
[
µ f

(
Fn1 − mg cos θh1

4b

)
+ mg sin θ

4

]
r

T2 =
[
µ f

(
Fn2 +

mg cos θh1
4b

)
+ mg sin θ

4

]
r

T3 =
[
µ f

(
Fn3 +

mg cos θh2
4b

)
+ mg sin θ

4

]
r

T4 =
[
µ f

(
Fn4 − mg cos θh2

4b

)
+ mg sin θ

4

]
r

(7)

µf is the rolling friction coefficient, r is the radius of the walking wheel, b is the center
distance between walking wheels on the same side, h1 is the vertical distance from the
center of mass C to the front of the retro-reflective ring, and h2 is the vertical distance
from the center of mass C to the back of the retro-reflective ring. In theory, due to the
lateral sliding friction caused by the component of gravity perpendicular to the direction of
movement, as well as the special setting of the four sets of walking wheels clamping the
retro-reflective ring, the pressure on the No. 2 and No. 3 walking wheels will increase to
some extent, and the pressure on the No. 1 and No. 4 walking wheels will decrease to some
extent, as shown in Equation (7).

In practice, although the gravity of the working face is slightly higher, the displace-

ment of the center of mass is not large, and the ratio
µ f hi

b (i = 1, 2) is very small, so that

the pressure effect caused by the gravity component on the term mg cos θhi
4b (i = 1, 2) in
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Equation (7) can be ignored. Therefore, when θ takes −90◦ and 90◦, the driving torque has
a minimum or maximum value:

rµ f

4

∑
i=1

Fni −mgr <
4

∑
i=1

Ti < rµ f

4

∑
i=1

Fni + mgr (8)

The maximum torque demand on the motors is required when the robot is climbing
upwards. When selecting motors and reducers, it is only necessary to refer to the required
driving torque for climbing upwards, that is:

4

∑
i=1

Ti > rµ f

4

∑
i=1

Fni + mgr (9)

When the total driving torque of the motor meets Equation (9), the entire machine can
be cleaned back and forth on the retro-reflective ring of the tunnel, and there will be no
situation where the driving torque is insufficient and cannot work during operation.

Given the mass of 4.7 kg, r = 0.047 m, µf is 0.1 and g is 9.8 m/s2, and estimating the
total pressure to be four times the weight to roughly find the minimum driving torque, we
can use Equation (9) to calculate that the total minimum driving torque required for the
machine is 3.03 N.m. Therefore, the HM-GM37-3429 encoder reduction motor is chosen,
which has a rated torque of 2.4 N.m. Since the machine is equipped with four motors, the
torque is sufficient.

4. Optimization Design

Section 2.1 analyzed the issues present in the tunnel retro-reflective ring. This climbing
robot’s ability to move stably on the tunnel retro-reflective ring depends on the strength
and stiffness of the designed Π-shaped framework. Below, Solidworks Simulation 2022 is
used to perform deformation simulation analysis on the Π-shaped bracket, to confirm the
appropriate material and thickness.

Due to the structure being welded between the bottom plates, fixed constraints are
set at the bottom. Compression spring constraints are applied at the ends of the shaft.
Additionally, forces ranging from 0 N to 100 N, increasing in 10 N increments, are applied
outward from the center of every wheel axle to simulate the increase in thickness of the
clamped tunnel retro-reflective ring. The stress, strain, and displacement cloud map of
7075 aluminum alloy with a thickness of 2 mm is shown in Figure 12.
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After confirming the shape of the main framework, the analysis of the main framework
is as follows:

(1) The influence of different materials on the deformation of the frame.

The thickness is uniformly set to 2 mm, and the materials selected are 201 stainless
steel, QT600 cast iron, and 7075 aluminum alloy, with their respective parameters shown in
Table 1.

Table 1. Material parameters.

201 Stainless Steel QT600 Cast Iron 7075 Aluminum Alloy

Density 7859 kg/m3 7200 kg/m3 2830 kg/m3

Elastic modulus 2.07 × 1011 Pa 6.62 × 1010 Pa 7.20 × 1010 Pa

Figure 13a–c depict the relationship between stress, strain, and displacement with
increasing loads, after simulation analysis for each material. It can be observed that the
deformation degree follows the order: 201 stainless steel < 7075 aluminum alloy < QT600
cast iron. Although 201 stainless steel exhibits the least deformation, its density is too
high, leading to an increase in the overall weight of the robot. This necessitates greater
pressure from the compression springs to ensure stability, and the increased weight also
requires more energy, significantly reducing the robot’s operational duration. The density
and degree of deformation of QT600 are relatively high. Therefore, considering both the
density and deformation degree, 7075 aluminum alloy is chosen as the material for the
Π-shaped bracket.
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Figure 13. Changes in stress, strain, and displacement of different materials and thicknesses with
loading load. (a) The relationship between stress, strain, and displacement of 2 mm 7075 aluminum
alloy with increasing load; (b) the relationship between stress, strain, and displacement of 2 mm
QT600 cast iron with increasing load; (c) the relationship between stress, strain, and displacement
of 2 mm 201 stainless steel with increasing load; (d) the relationship between stress, strain, and
displacement of 3 mm 7075 aluminum alloy with increasing load; (e) the relationship between stress,
strain, and displacement of 1.5 mm 7075 aluminum alloy with increasing load.

(2) The influence of sheet thickness on the deformation of the frame.

The material is uniformly set to 7075 aluminum alloy, with thicknesses of 2 mm,
3 mm, and 1.5 mm considered. The simulation results are depicted in Figure 13a,d,e. As the
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thickness increases, the total deformation displacement of the frame continuously decreases.
However, with increasing thickness, the mass inevitably increases as well. A thickness of
3 mm does indeed provide high stability, but the mass is too large, and deformation at
1.5 mm is too large, making it unsuitable for use. Within an acceptable range of deformation,
a thickness of 2 mm is chosen for the main framework.

Ultimately, 7075 aluminum alloy with a thickness of 2 mm is selected as the material
for the Π-shaped bracket. From Figure 13a, it can be observed that at 100 N, the maximum
displacement is only 469 µm, with a mass of only 0.9 kg.

5. Experiments and Analysis
5.1. Analysis of Stable Climbing Experiments

Inside the laboratory, the real reflective panels purchased are assembled and fixed
using the same method as inside the tunnel. They are secured with right-angled aluminum
plates, to simulate the real installation environment of the retro-reflective ring inside the
tunnel. The climbing performance is illustrated in Figure 14. Figure 14a–c illustrate the
stable working state and cleaning effect of the climbing robot on the tunnel retro-reflective
ring, while Figure 14d provides an enlarged view of the cleaning effect. Figure 14e,f
depict the clamping effect of the climbing robot on horizontal and vertical retro-reflective
rings, respectively.
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From Figure 15, on the 2.5 mm thick retro-reflective ring, the pressure borne by the 
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Figure 14. Climbing, cleaning, and hovering conditions. (a) Climbing starting position, (b) climbing
the middle position, (c) climbing finishing position. (d) Effect after cleaning. (e) Verification of
horizontal climbing stability, (f) verification of vertical climbing stability.

During the climbing process, four sets of thin film pressure sensors are placed at the
locations where the four sets of walking wheels pass, to test the pressure. These tests can
be conducted on different thicknesses, with a 5 mm thickness used to simulate a stepped
retro-reflective ring and a 6 mm thickness used to simulate the stacking of aluminum plates.
The pressure of each walking wheel is tested multiple times and the average value is taken,
with the results shown in Figure 15.
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From Figure 15, on the 2.5 mm thick retro-reflective ring, the pressure borne by the
two wheels on the working side is relatively small. The pressure exerted by Wheel 1 and
Wheel 2 on the reflective plate is 27.96 N and 37.91 N, respectively. The pressure borne
by the rear wheels is higher, with Wheel 3 and Wheel 4 exerting pressures of 44.75 N and
56.45 N on the reflective plate, respectively. The reason for this is analyzed in the static
moment analysis above; the lack of complete symmetry causes a shift in the center of mass,
resulting in higher pressure on one side.

However, the spring-loaded structure allows the robot to grip retro-reflective rings
of different thicknesses, whether it is a stepped retro-reflective ring or an aluminum plate
overlay. Additionally, it has a double-sided clamping mechanism that prevents tilting due
to insufficient pressure and the cleaning device also provides auxiliary support to keep the
robot stable.

Next, the parameters will be plugged into the calculation. The known parameters are
m = 4.7 kg, assuming µ1 is 0.3, µ2 is 0.4, µf is 0.1, and g is 9.8 m/s2. Static analysis on a
2.5 mm reflective plate yields:

4

∑
i=1

Fni = 167.07 N >
2·4.7 kg·9.8 m/s2

0.3 + 0.4
= 131.6 N (10)

The reduction ratio of the reducer is 1.6 and the rated torque with the motor is 2.4 N·m.
The minimum required driving torque and the driving torque that four motors can bring is:





4
∑

i=1
Ti > 0.047 m·

(
0.1·167.07 N + 4.7 kg·9.8 m/s2) = 2.95 N·m

4
∑

i=1
T′i = 4·1.6·2.4 N·m = 15.36 N·m

4
∑

i=1
T′i >

4
∑

i=1
Ti

(11)

Equations (10) and (11) indicate that the experimental test results meet the static and
dynamic analysis results mentioned above, confirming that the sum of pressure and static
friction is greater than gravity and that the selected motor model and reduction ratio
provide sufficient driving torque. The results in Figure 14 also prove that it can grip, climb,
and clean with stability.

5.2. Response Surface Methodology (RSM) Optimization Experiment

On the premise of the preliminary design of the robot and to ensure stability, the clean-
ing disc pressure, the walking wheel motor speed, and the cleaning disc motor speed are
selected as experimental factors to analyze their effects on the cleaning performance. Firstly,
single-factor experiments are conducted separately to explore the individual influences on
the cleaning effect. Then, based on the principles of Box–Behnken [23] central composite
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design, with the number of cleaning times in a fixed area as the response variable, the
optimization of cleaning is conducted through response surface analysis. The aim is to find
the optimal combination of the three factors, to achieve the best cleaning performance.

5.2.1. Single-Factor Test

Fixing the other two factors simultaneously, only one factor is altered at a time. Espe-
cially since the walking wheel speed affects the driving torque, the selected speed of the
walking wheel must be within a range that ensures the robot’s stable driving capability. The
experimental environment is created by using a roller brush covered with slightly wetted
soil, to brush back and forth on the retro-reflective plate for a fixed number of times. Then,
after waiting for it to air dry before experimenting, simulation of the actual situation of
the tunnel retro-reflective ring, to the maximum extent possible, is performed. A section
of the tunnel retro-reflective ring is selected as the testing area and the number of times
the machine needs to clean this area is measured as the response. Figure 16 illustrates an
example of cleaning three times. The results of the single-factor experiments are shown in
Figure 17.
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From Figure 17a, it can be observed that, with the walking wheel motor speed and the
cleaning disc motor speed set at certain values, the number of cleanings initially decreases
and then increases with increasing pressure. This indicates that when the pressure is too
low, there is insufficient pressure between the cleaning disc and the retro-reflective ring,
requiring multiple cleanings. On the other hand, when the pressure is too high, it may
cause difficulty in the rotation of the cleaning disc and even damage the motor. Figure 17b
reveals that a slower walking wheel motor speed results in better cleaning performance,
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without affecting climbing. However, excessively slow speed can prolong the working
duration excessively, thereby affecting work efficiency. From Figure 17c, it is evident that
a higher cleaning disc motor speed leads to better cleaning performance. Nevertheless,
excessively high speeds can lead to increased energy consumption and thus may not be
suitable for practical applications.

Moreover, both speed indicators show that once the speed rises or falls to a certain
value, the number of cleaning times does not change significantly. This suggests that the
optimal speed indicators are likely to occur at points where the slope of the curve changes.

Based on these factors, to achieve optimal cleaning performance with minimized
cleaning times and energy consumption, while maintaining moderate machine speed, it is
essential to identify the optimal combination of the three factors.

5.2.2. Response Surface Experimental Design

Based on the principle of Box–Behnken’s central composite experimental design and
the above single-factor experimental results, the experimental factors for the three-factor,
three-level orthogonal experiment are shown in Table 2 as follows:

Table 2. Factors and factor levels of the experiment.

Factors
Level

−1 0 1

Cleaning disc
pressure (A/N) 2.54 5.08 7.62

Walking wheel motor
speed(B/(rad/min)) 25 35 45

Cleaning disc motor
speed(C/(rad/min)) 20 40 60

The quadratic response surface regression analysis is performed on the experimental
results using Design Expert 13 software, and the equation for the degree S is obtained
as follows:

S = 1.2 + 0.875A + 0.625B− 0.25C
+0.25AC− 0.25BC
+1.9A2 + 0.4B2 + 0.15C2

(12)

The experimental design and results are shown in Table 3:

Table 3. The experimental design and results.

NO. A B C S

1 5.08 25 60 1
2 5.08 35 40 1
3 5.08 35 40 1
4 2.54 35 20 3
5 5.08 35 40 2
6 7.62 45 40 5
7 5.08 45 60 2
8 5.08 35 40 1
9 2.54 45 40 3
10 7.62 35 20 4
11 5.08 35 40 1
12 5.08 25 20 1
13 7.62 35 60 4
14 7.62 25 40 4
15 2.54 25 40 2
16 5.08 45 20 3
17 2.54 35 60 2
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5.2.3. Response Surface Experimental Analysis

The regression equation analysis [24] results are shown in Table 4. It is evident that
the model has a significant effect on the number of cleaning times S, while the mismatch
term is extremely insignificant. The coefficient of determination R2 of the model is 0.9623,
indicating that 96.23% of the change in S comes from the testing factor. The predicted R2

of 0.8117 is in reasonable agreement with the adjusted R2 of 0.9139; i.e., the difference is
less than 0.2. The Adeq precision measurement signal-to-noise ratio is 13.0452, which is
greater than 4, indicating that the model is good. Among them, A, B, and A2 are extremely
significant, and the order of influence of the experimental factors is A > B > C.

Table 4. Regression equation analysis of variance.

Sum of
Squares

Freedom of
Degree

Mean
Square F-Value p-Value Significance

Model 26.83 9 2.98 19.88 0.0003 significant
A 6.13 1 6.13 40.83 0.0004 **
B 3.13 1 3.13 20.83 0.0026 **
C 0.5 1 0.5 3.33 0.1106

AB 3.55 × 10–15 1 3.55 × 10–15 2.37 × 10–14 1
AC 0.25 1 0.25 1.67 0.2377
BC 0.25 1 0.25 1.67 0.2377
A2 15.2 1 15.2 101.33 <0.0001 **
B2 0.6737 1 0.6737 4.49 0.0718
C2 0.0947 1 0.0947 0.6316 0.4529

Residual 1.05 7 0.15
Lack of Fit 0.25 3 0.0833 0.4167 0.751 not significant
Pure Error 0.8 4 0.2
Cor Total 27.88 16

Notes: ** means the influence is highly significant, p < 0.01.

Figure 18 shows the impact of a single factor on the number of cleanings, while
Figure 19 shows the impact of a combination of two factors on the number of cleanings.
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Specifically, as shown in Figures18b,c and 19c, the increase in the speed of the cleaning
disc motor has a smaller impact than the decrease in the speed of the walking wheel motor.

Finally, through the analysis using Design Expert 13 software, the optimal cleaning
conditions are found to be a cleaning disc pressure of 5.101 N, a walking wheel motor
speed of 36.93 rad/min, and a cleaning disc motor speed of 38.252 rad/min. In fact, to
ensure that the tunnel retro-reflective ring is not damaged, the cleaning disc should not
apply too much pressure. Additionally, considering that each cleaning cycle should not
be too long, the speed of the walking wheels should not be too slow. The overall energy
loss of the machine should not be too substantial; therefore, the speed of the cleaning disc
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motor should not be excessively high. By optimizing these factors, the best combination
will meet the above requirements. Finally, physical validation experiments are conducted
based on the optimal combination, with most cleaning cycles being performed only once,
achieving satisfactory results.
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5.3. Discussion

Existing climbing robots are primarily designed to replace humans in completing
tasks in complex environments [4–6]. They employ various climbing methods, such as
magnetic adhesion [14,15], suction cups [11,12], adhesives [8], and so on. Previously, there
has been no research on the application of climbing robots to tunnel retro-reflective rings.
The main contribution of this paper is the proposal of a robot designed for climbing on
tunnel retro-reflective rings, capable of overcoming challenging conditions such as stepped
retro-reflective rings, stacked aluminum plates, and rivets. Additionally, using a response
surface experiment, with three factors affecting the overall cleaning performance, the
optimal parameter combination is found to achieve efficient cleaning of the tunnel retro-
reflective rings. Furthermore, the robot is designed according to the most widely used
size standards of retro-reflective panels inside Chinese tunnels, making it applicable for
most tunnels.

However, the double-sided clamping and climbing method of this robot determines
that it cannot climb arbitrarily, as with magnetic adhesion or suction cups. This robot is only
suitable for clamping and climbing on thin and small surfaces, like tunnel retro-reflective
rings, to accomplish cleaning tasks, indicating its incapability for cleaning other objects
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that require cleaning at heights. Moreover, it also fails to clean the blind spots of tunnel
retro-reflective rings. These are the limitations of this robot, so the next step is to solve them.

6. Conclusions

This article proposes a climbing robot that can clean tunnel retro-reflective rings.
Through the combination of mechanical and electronic systems, it can achieve automatic
cleaning on tunnel retro-reflective rings, as well as manual remote controlled cleaning at
designated points. It is especially capable of handling complex working conditions, such
as stepped retro-reflective panels, aluminum plate overlays, and rivet protrusions.

Firstly, the mechanical structure, the hardware design, the microcontroller program-
ming, and the principle of miniature photoelectric sensors are introduced, and its walking
ability under different working conditions is analyzed. Then, the conditions that make
the climbing robot stable are explored through static analysis, and the minimum driving
torque is obtained through dynamic analysis. The stability of the robot is verified in the
subsequent experimental section. After that, deformation simulation analysis is conducted
on the Π-shaped main frame, using Solidworks Simulation 2022, to optimize the material
and thickness of the frame. Finally, a mathematical regression model for cleaning disc
pressure, walking wheel motor speed, and cleaning disc motor speed is established using
response surface methodology. The optimal combination of the three factors is found. The
cleaning disc pressure is 5.101 N, the walking wheel motor speed is 36.93 rad/min, and the
cleaning disc motor speed is 38.252 rad/min, resulting in the best cleaning effect.

In the end, the robot can work stably on the retro-reflective rings of the tunnel and
have good cleaning effects, without affecting the use of the tunnel.
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Abstract: Singularities are configurations where the number of degrees of freedom of a robot changes
instantaneously. In parallel manipulators, a singularity could reduce the mobility of the end-effector
or produce uncontrolled motions of the mobile platform. Thus, a singularity is a critical problem for
mechanical design and model-based control. This paper presents a general sensor-based method
to identify singularities in the workspace of parallel manipulators with low computational cost.
The proposed experimental method identifies a singularity by measuring sudden changes in the
end-effector movements and huge increments in the forces applied by the actuators. This paper uses
an inertial measurement unit and a 3D tracking system for measuring the end-effector movements,
and current sensors for the forces exerted by the actuators. The proposed sensor-based identification
of singularities is adjusted and implemented in three different robots to validate its effectiveness
and feasibility for identifying singularities. The case studies are two prototypes for educational
purposes—a five-bar mechanism and an L-CaPaMan parallel robot—and a four-degree-of-freedom
robot for rehabilitation purposes. The tests showcase its potential as a practical solution for singularity
identification in educational and industrial robots.

Keywords: robotics; parallel manipulators; kinematics; singularities; experimental analysis

1. Introduction

In robotics, a singularity is a configuration where the number of degrees of freedom
(DOF) of the robot changes instantaneously [1,2]. In serial manipulators, a singularity
constrains the mobility of the end-effector in at least one direction and generally appears at
the boundary of the workspace [3]. However, parallel manipulators, or Parallel Kinematic
Mechanisms (PKMs), have various types of singularities due to their closed kinematic chain
architecture [4–6].

Gosselin and Angeles [7] classified the singularities of PKMs into three types by
analysing the input-output kinematic velocity relationship. Type I singularities are analo-
gous to the singular configurations in serial manipulators, i.e., the PKMs lose at least one
DOF of the end-effector or mobile platform. In Type II singularities, despite the actuator of
the PKM being locked, the mobile platform gains at least one uncontrollable motion [1].
Type III singularities combine the two previous types simultaneously and only appear un-
der certain geometrical parameters of the links [7,8]. The singularities of a PKM have been
classified in different manners [9–13], always stressing the loss of mobility or uncontrolled
movements in the end-effector.

The consequences of singularities pose significant challenges to PKM design and
control. Type I singularities amplify the forces required by the actuators to move the mobile
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platform, increasing electric current demands [2]. Conversely, Type II singularities generate
uncontrolled motion that risks the integrity of the user and the PKM itself [14,15], and they
degrade the model-based control laws, resulting in infinite control actions [16,17].

In non-redundant PKMs, singularities are identified using graphical procedures, ana-
lytical methods, or a combination of both. Graphical methods are usually based on PKM
geometry [18,19]. Analytical methods can use Jacobian matrices from the input-output
kinematic velocity relationship [20–22], Screw theory [23–25], or motion/force transmis-
sibility [26]. These theoretical methods primarily rely on precise kinematic modelling of
the PKM under study with offline implementations because of their substantial mathe-
matical calculations. In [27], experimental measurements of the position and orientation
(pose) reached by the end-effector and the force applied by the actuators were used to
improve singularity identification based on kinematic models. In real PKMs, the kinematic
model-based singularity identification described above faces the following challenges:

• Real-time implementation in resource-limited control units is hindered by the sub-
stantial mathematical calculations required. Combining singularity identification with
control laws, such as computed torque control [17] or model predictive control [28],
requires considerable computational resources.

• Modelling complexity varies across mechanical architectures, complicating the es-
tablishment of a general approach applicable to different PKMs. A comprehensive
examination of PKM modelling and its associated challenges is provided [29].

• Non-model effects, such as joint clearances, add complexity to determining the appro-
priate singularity proximity thresholds. Some approaches for measuring the closeness
to a singularity are provided in [30,31].

In order to address the challenges faced by existing methods, this paper proposes a
novel approach to identifying Type I and Type II singularities in non-redundant PKMs
using only sensor measurements. The sensor-based singularity identification method is
designed to detect unexpected movements of the end-effector and sharp oscillations in
the forces applied by the actuators. By utilising inertial or vision sensors to measure the
motion of the end-effector and current sensors to measure the actuator forces, the proposed
method bypasses the need for accurate kinematic modelling. The avoidance of kinematic
modelling allows for real-time implementation across resource-limited control units. The
singularity identification threshold is set by the average pose error and actuator current
during normal operations of the real PKM, making the proposed method robust to non-
model effects. Thus, the proposed singularity identification provides high adaptability to
different PKMs with low complexity in implementation. The effectiveness of this method is
validated through experiments conducted on two educational PKMs and a PKM designed
for knee rehabilitation.

The remainder of this manuscript is organised as follows. Section 2 presents the
singularities in a PKM and the problems for users and robots. Section 3 describes the
proposed sensor-based procedure for identifying Type I and Type II singularities. Section 4
uses the proposed sensor-based procedure to identify Type I singularities in a 3-DOF
PKM known as L-CaPaMan. Section 5 describes the sensor-based identification of Type II
singularities in a five-bar planar mechanism. In both cases, the motion of the end-effector is
detected by an inertial measurement unit, and current sensors measure the force applied by
the actuators. Section 6 describes the identification of Type II singularities using a 4-DOF
PKM for knee rehabilitation as a case study. In this case, the motion of the end-effector is
measured by a 3D tracking system. Finally, the main conclusions are presented in Section 7.

2. Singularities in Parallel Manipulators

A parallel robot, or Parallel Kinematic Mechanism (PKM), is a mechanism that controls
the location and orientation of the end-effector or mobile platform using at least two open
kinematics chains [1]. The position and orientation of the mobile platform, often referred
to as the pose of the end-effector, are represented by a vector x =

[
xp yp zp ϕ θ ψ

]
.

The translational DOFs of the PKM are represented by xp, yp, and zp, and the rotational
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DOFs are represented by ϕ, θ, and ψ. The pose x is constrained by the kinematic arrange-
ment of the open kinematic chains, which dictate the permissible motions of the mobile
platform [2].

Each open kinematic chain, also known as a limb, consists of interconnected links
joined by joints. The relative motion between the links within a limb is described using
generalised coordinates, denoted as qij, which may represent translational or rotational
motion at any given instance [2]. The pose x is controlled by a subset of active or actuated
joints qind.

The kinematic structure of a PKM typically includes key elements such as the mo-
bile reference frame

{
P− XpYpZp

}
attached to the end-effector and the fixed reference

frame {O− X0Y0Z0} affixed to the base or fixed platform. Figure 1 illustrates a schematic
representation of a PKM, highlighting these main kinematic elements.

Figure 1. A general scheme of a PKM and its main kinematic elements. The pose of the end-effector
and the active joints are shown in red.

The inverse and forward kinematics problems of the PKM are defined by the input-
output constraint equations Φ

Φ(x, qind) = 0 (1)

where x and qind are vectors that represent the input and output variables of the
PKM, respectively.

Taking the time derivatives of Equation (1), the relationship between the output and
input velocities is

JI q̇ind + JD ẋ = 0 (2)

where q̇ind stands for the velocities in the actuators, ẋ represents the velocities of the end-
effector, and JI and JD represent the inverse and forward Jacobian matrices, respectively.
For non-redundant PKMs, JI and JD are square F× F matrices, with F as the DOFs of the
mobile platform.

Based on the rank deficiency of the Jacobian matrices, Gosselin and Angeles [7] defined
three types of singularities:

Type I: The JI matrix becomes rank-deficient, i.e., the determinant of the JI matrix is zero
(|JI | = 0). The mobile platform of the PKM loses mobility in at least one direction despite
having a set of non-zero velocities in the actuators, q̇ind 6= 0. Figure 2a shows a five-bar
planar mechanism, or 5R PKM (where R stands for revolute joint), in this singular configura-
tion.

Type II: Here, the Jacobian matrix JD becomes rank-deficient (|JD| = 0). In this case,
despite all actuators being locked (q̇ind = 0), the mobile platform of the PKM experiences
at least one uncontrollable motion. Figure 2b depicts a Type II singularity configuration.
Under this condition, if an external action is applied to the mobile platform, the PKM
moves despite the actuators being locked.
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Type III: Both JI and JD become rank-deficient simultaneously. This configuration
occurs only for specific geometric parameters of the links. Figure 2c shows an example
using a four-bar mechanism, or 4R PKM.

Figure 2. Examples of singularities in a 5R PKM: (a) Type I; (b) Type II; (c) Type III in a 4R PKM.

3. Sensor-Based Identification of Singularities

Type I and Type II singularities cause instantaneous changes in the end-effector
motion [1,2]. Hence, a motion sensor can identify singularities by identifying disruptions
in the end-effector motion. Such disruptions necessitate an increase in the force applied to
the actuators. Since force correlates with the electric current consumed by the actuators,
incorporating current sensors could measure this increment in force. Therefore, this work
proposes an experimental identification of the singularities of a PKM based on sudden
changes in the end-effector motion and the corresponding electric current consumed by
the actuators.

Figure 3 shows a block diagram of the proposed sensor-based procedure. The proce-
dure requires the reference pose of the mobile platform xr , the measured pose xm, and the
current consumed by the actuators im. Singularities are identified by calculating the pose
error ex and the time derivative of the electric current consumption i̇m.

−

Figure 3. Scheme of the proposed sensor-based procedure for identifying PKM singularities.

The closeness to a singularity is identified when ex exceeds the threshold of the permit-
ted motion disturbance eth. If the end-effector exceeds the permitted motion disturbance
|ex| > eth, the PKM reaches a Type II singularity. This singularity is considered potentially
dangerous because the end-effector presents uncontrolled motions. If ex is within the range
of motion (|ex| < eth), and im increases suddenly over a certain limit, |i̇m| > i̇th, it is a
singularity Type I. This paper considers a Type I singularity non-dangerous because a PKM
maintains its stiffness despite the reduction in the mobility of the end-effector. In contrast,
Type II singularities are potentially dangerous because the end-effector becomes unstable,
reducing its controllability.

The thresholds eth and i̇m are defined based on the operating specifications of the PKM.
The threshold eth is defined as the average pose error admissible in the F DOFs for the
fundamental movements of the PKM. In contrast, i̇th is defined as the instantaneous change
in the average current consumed by the actuators ia during the fundamental movements of
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the PKM. Considering that the control unit is discrete, i̇th could be calculated for a constant
sample time as

i̇th =
ia

ts
(3)

where ts is the sample time from the control unit.
The proposed identification method is based on the following assumptions:

• The working conditions of the PKM remain constant during its principal or funda-
mental movements. The fundamental movements represent the most commonly
performed actions by the PKM within a given task. Variations in payload and wear
and tear over the PKM’s lifetime are not taken into account.

• The sensor signals are assumed to be minimally affected by noise, either through
hardware or software filtering mechanisms.

• The control unit works at a constant sample time.

The proposed procedure identifies singularities based solely on motion and electric
current measurements. Therefore, this work introduces a rapid sensor-based method to
identify singularities of PKMs, which is suitable for offline and online applications.

If the thresholds eth and i̇th are defined for the principal movements of the PKM, the
proposed method provides robust detection of singularities that involve sudden movement
changes or drastic current increments. Moreover, the proposed method can detect constraint
singularities, which occur when the constraint wrenches from the limbs disappear, resulting
in effects similar to Type II singularities [11].

The exclusive reliance on sensor measurements ensures that the proposed identifi-
cation procedure is computationally efficient, rendering it suitable for control units with
limited resources, such as robotics prototypes in engineering education. Moreover, by cir-
cumventing the need for kinematic models, the proposed method offers broad applicability,
reducing the time investment required for implementation. In cases with enough computa-
tion resources, the proposed sensor-based identification procedure could be used for fast
initial identification of singularities prior to verifying them using an analytical method.

The current research focuses on analysing the features of the proposed method under
constant working conditions across different PKMs. The robustness of the proposed
technique under varying working conditions, payload changes, and noise sensor signals is
not analysed.

The following sections describe the setup and implementation of the proposed sensor-
based identification of singularities in two PKMs developed for educational purposes and
a prototype of a PKM for knee rehabilitation.

4. Case Study: L-CaPaMan

L-CaPaMan is a prototype of a PKM designed for earthquake simulation, featuring
three DOFs [32]. This PKM operates by controlling translation along the Zp axis and
rotations ϕ and ψ using three angular actuators, denoted as α1, α2, and α3, as illustrated in
Figure 4a.

The positioning of the end-effector along Xp and Yp, along with the lengths of the three
strokes si, is intricately tied to the three DOFs Zp, ϕ, and ψ, rendering them passive variables.
Geometric lengths represented by ai, bi, di, and hi determine the specific connection points
between the end-effector and the fixed platform. The coordinates frame {Oi − XiZi} stands
for the local system at each limb i = 1 . . . 3.

For experimental validation, a cost-effective prototype of L-CaPaMan, featuring a 3D-
printed structure [32], was employed, as depicted in Figure 4b. This figure illustrates the
physical realisation of the prototype, providing insights into its practical implementation.
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Figure 4. L-CaPaMan PKM [32]: (a) kinematic design; (b) current prototype.

The proposed sensor-based identification shown in Figure 3 was applied to detect
Type I singularities in the current L-CaPaMan prototype shown in Figure 4b. The sensor-
based identification of singularities was carried out online using Matlab code during the
execution of two singular trajectories, which are defined as follows:

• TM1: Crossing two Type I singularities in the middle of two desired configurations.
• TM2: Starting from a Type I singularity to reach a non-singular pose.

The reference trajectories (TM1 or TM2) are sent from Matlab R2023a code to the
control unit of the L-CaPaMan PKM via serial communications at a baud rate of 115,200.
The control unit is an Arduino Mega, manufactured in Italy by Arduino.cc, that modifies the
pose of the end-effector using three servomotors in the PKM. All the measurements are sent
from the Arduino Mega to Matlab for numerical identification of the singularities. Figure 5
shows a schematic diagram of the sensor-based identification of Type I singularities for the
L-CaPaMan PKM, and Algorithm 1 details the code executed in Matlab.

Figure 5. Scheme for sensor-based identification of singularities in the L-CaPaMan PKM.

The current consumed by the servomotors is measured by three current sensors
(ASC712T), which provide an analogue voltage proportional to the current at 120 kHz.
These sensors have a range of ±5 A, an output sensitivity of 185 mV/A, and a supply
voltage of 4.5 V to 5.5 V. The linear acceleration and the angular velocity of the mobile
platform are measured by an inertial measurement unit (IMU) attached to point H. The
IMU sensor is an MPU6050 powered at 5 V 800 Hz, with an acceleration range of ±2 g and
a gyroscope range of ±125 degrees/s.

The fundamental motion for the L-CaPaMan PKM consists of sinusoidal translations
in Zp with simultaneous sinusoidal rotations in ϕ and ψ. This fundamental motion is
executed ten times in the L-CaPaMan PKM to set the thresholds eth and i̇th. The current
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prototype of the L-CaPaMan PKM has an average pose error of 2 degrees for ϕ and ψ,
and 3 mm along Zp. The actuators require an average current of 150 mA, and the control
unit runs at 50 Hz (20 ms). Thus, for the L-CaPaMan PKM, the parameters for identifying
singularities are set as eth =

[
3 mm 2 deg. 2 deg.

]
and i̇th =

[
7.5 7.5 7.5

]
A/s.

Algorithm 1: Matlab pseudo-code for sensor-based identification of
singularities in the L-CaPaMan PKM

Data: Reference Trajectories from TM1 or TM2
Result: Numerical Identification of Singularities
initialise threshold eth and i̇th
initialise serial communication with Arduino Mega
i = 0
while running do

send xr at instant i from TM1 or TM2 to Arduino Mega
if i > trajectory end then

break
end
while i ≤ trajectory end do

receive current measurement im and pose xm from Arduino
calculate pose error ex = xr − xm
if |ex| > eth then

Identify Type II singularity
end
else if |ex| < eth and |i̇m| > i̇th then

Identify Type I singularity
end
else

No singularity detected
end
i++

end
end

Results

The initial pose, expected singularity, and final pose of the L-CaPaMan PKM for testing
trajectories TM1 and TM2 are listed in Table 1.

Table 1. Data of the trajectories executed with L-CaPaMan.

TM1 TM2

Location Zp ϕ ψ Time Zp ϕ ψ Time
(m) (deg.) (deg.) (s) (m) (deg.) (deg.) (s)

Start 0.13 0 −22 0 0.13 −6 −7 0
Singularity 0.14 0 22 0.18 1.22 0.13 −6 −7 0
End 0.13 0 −22 3.1 1.8 0 0 2

Since TM1 mainly executes a vertical movement along Zp, the motion error is shown
only for this DOF. Figure 6a shows that the absolute position error in Zp (ex[1]) remained
under the corresponding threshold (eth[1]) for detecting Type I singularities during TM1.
This means that the mobile platform experienced no sudden movement changes.

Although the mobile platform executed a controlled motion during TM1, the current
consumed by the actuators presented two sudden changes. Figure 6b shows the rate of
change of the current consumed by actuator 1. It verifies that |i̇m|[1] detected the two peaks
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of the current corresponding to a Type I singularity. Figure 7 shows that the two peaks of
the current detected by |i̇m|[1] occurred when |JI | crossed zero.

Figure 6. Results of testing TM1 with the L-CaPaMan PKM: (a) absolute position error along Zp;
(b) time derivative of the current consumed by actuator 1. The detected Type I singularities are
enclosed in two black circles.

Figure 7. Computed |JI | during TM1 with the L-CaPaMan PKM. The detected Type I singularities
are enclosed in two black circles.

The testing of TM2 demonstrated a controlled motion (|ex| < eth) with a current peak
at the beginning (|i̇m| > i̇th). Figure 8 shows the absolute error in Zp and the current
consumed by actuator 1 during TM2. These results verify that the proposed experimental
procedure is suitable for detecting Type I singularities.

Figure 8. Results of testing TM2 with the L-CaPaMan PKM: (a) absolute position error along Zp;
(b) time derivative of the current consumed by actuator 1.
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5. Case Study: Five-Bar Mechanism

The five-bar mechanism, also known as the 5R mechanism, is a planar PKM featuring
two DOFs designed to position a point P within a defined plane O− XpYpZp. The name 5R
originates from the five revolute joints denoted by the letter “R” that connect the links. Of
these joints, two are actuated, typically connected to the fixed platform. The positions xp
and yp of the point P are driven by two angular actuators represented by the generalised
coordinates q11 and q21 (Figure 9a). The locations of the passive revolute joints, represented
by q12 and q22, are calculated based on the end-effector pose.

Figure 9. 5R mechanism: (a) kinematic design; (b) current prototype.

The kinematic analysis of the 5R mechanism requires defining a working mode. In
this work, the 5R mechanism has a symmetrical architecture with the working mode −+.
This working mode specifies that the actuator at A1 corresponds to the negative solution
for inverse kinematics, while the actuator at A2 corresponds to the positive solution. For
a detailed kinematic model of the 5R PKM, readers are referred to [33]. Figure 9b depicts
the 5R PKM utilised in our research, developed specifically to demonstrate the impact of
singularities in pick-and-place tasks to engineering students. Table 2 provides a list of the
geometrical parameters for the current 5R PKM prototype.

Table 2. Geometrical parameters for the 5R PKM prototype.

OA1, OA2 (m) A1B1, A2B2 (m) B1P, B2P (m)

0.04 0.06 0.05

In this case, the experimental identification of singularities was carried out online
in Matlab during the execution of two singular trajectories. Trajectory TM3 crosses a
Type II singularity, and trajectory TM4 starts from a non-singular position and stops in a
Type II singularity.

Analogous to Section 4, reference trajectories TM3 or TM4 are sent from Matlab code
to the Arduino Mega for controlling the location of the 5R PKM via serial communications
with a baud rate of 115,200. The linear acceleration and angular velocity of the B1P link
are measured by an IMU MPU6050 in point P, and two ASC712T sensors measure the
current consumed by the actuators. The ASC712T sensors provide a voltage proportional
to the current at 120 kHz, with a range of ±5 A and a sensitivity at 185 mV/A. The
MPU6050 measures linear acceleration at ±2 g and angular velocity at ±125 degrees/s
with a frequency of 800 Hz.

A schematic diagram of the sensor-based identification of Type II singularities for the
5R PKM is shown in Figure 10, and its code executed in Matlab is depicted in Algorithm 2.
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Figure 10. Scheme for sensor-based identification of singularities in the 5R PKM prototype.

Algorithm 2: MATLAB pseudo-code for sensor-based identification of
singularities in the 5R PKM

Data: Reference Trajectories from TM3 or TM4
Result: Numerical Identification of Singularities
initialise threshold eth and i̇th
initialise serial communication with Arduino Mega
i = 0
while running do

send xr at instant i from TM3 or TM4 to Arduino Mega
if i > trajectory end then

break
end
while i ≤ trajectory end do

receive current measurement im and pose xm from Arduino
calculate pose error ex = xr − xm
if |ex| > eth then

Identify Type II singularity
end
else if |ex| < eth and |i̇m| > i̇th then

Identify Type I singularity
end
else

No singularity detected
end
i++

end
end

The 5R PKM under study develops a translation from (−0.02, 0.06) to (0.02, 0.06) on
the XpYp plane as its fundamental movement. After executing the fundamental movement
ten times, the 5R PKM exhibits an average position error of 1.5 mm for xp and yp, and
the actuators require an average current of 150 mA. Considering that the control unit runs
at 20 ms, the parameters for identifying singularities are set as eth =

[
1.5 1.5

]
mm and

i̇th =
[
7.5 7.5

]
A/s.

Results

The initial pose, expected singularity, and final pose for testing trajectories TM3 and
TM4 are listed in Table 3.
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Table 3. Data of the trajectory executed with the 5R PKM prototype.

TM3 TM4

Location xp (m) yp (m) Time (s) xp (m) yp (m) Time (s)

Start 0 0.09 0 0 0.09 0
Singularity −0.03 0.05 2.8 −0.03 0.05 3
End −0.04 0.03 3.1 −0.03 0.05 3

During the execution of TM3, the 5R mechanism lost control of the position of point
P in the closeness to the expected Type II singularity. Figure 11a shows that the absolute
position error for the vertical DOF yp (ex[2]) exceeded the corresponding threshold (eth[2])
starting from the time instant 2.4 s. This figure verifies that the PKM was unable to track
the reference frame after 2.4 s, i.e., a Type II singularity occurred. During the execution of
TM3, there were no sudden changes in the current consumed by the actuators. Figure 11b
shows the absolute derivative of the current consumed by actuator 1 (|i̇m|[1]).

Figure 11. Results of testing TM3 with 5R PKM: (a) absolute position error for yp; (b) time derivative
of consumed current by actuator 1. The detected Type II singularity is enclosed in a black circle.

According to Table 3, the Type II singularity was expected to appear at 2.8 s. However,
the proposed sensor-based procedure identified the Type II singularity at 2.4 s. |JD| verified
that the proposed sensor-based procedure anticipated the Type II singularity (see Figure 12).
This is because non-modelled effects, such as clearances in joints, generate regions with
singularities in actual PKMs [34].

Figure 12. Computed |JD| during TM3 with the 5R PKM. The detected Type II singularity is enclosed
in a black circle.

The degeneracy of the end-effector motion with non-sudden changes in actuator
currents was observed again towards the end of TM4 (Figure 13). Thus, the proposed
procedure was able to identify Type II singularities in the 5R mechanism.
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Figure 13. Results of testing TM4 with the 5R PKM: (a) absolute position error for yp; (b) time
derivative of the current consumed by actuator 1.

6. Case Study: 4-DOF Parallel Manipulator

The 4-DOF parallel manipulator under analysis is a PKM built for knee rehabilitation
and diagnosis purposes at Universitat Politècnica de València [35]. This PKM is named
3UPS+RPU due to the three external limbs having a UPS configuration and the central one
having an RPU configuration. Figure 14 shows a kinematic representation of the 4-DOF
PKM and its current prototype. The letters R, U, S, and P stand for revolute, universal,
spherical, and prismatic joints, respectively, and “ ” identifies the actuated joint.

The four DOFs of the PKM consist of two translational movements (xm, zm) in the
tibiofemoral plane, along with rotations (ψ, θ) around the coronal and tibiofemoral planes,
respectively [35]. These four DOFs are controlled by four linear actuators, denoted as q13,
q23, q33 and q42, as shown in Figure 14a.

Figure 14. 3UPS+RPU PKM: (a) kinematic design; (b) current prototype. The geometrical parameters
of the fixed and mobile platform are shown in Table 1 and Table 2, respectively.

The connections between the limbs and the fixed platform (A0, . . . , D0) are defined
by geometrical variables such as R1, R2, R3, βFD, βFI , and ds. Conversely, the connections
between the limbs and the mobile platform (A1, B1, C1, Om) are determined by variables
like Rm1, Rm2, Rm3, βMD, and βMI . These geometrical parameters are referenced to the
fixed frame

{
O f − X f Yf Z f

}
for the fixed platform and the moving frame {Om − XmYmZm}
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for the mobile platform. Detailed geometrical parameters for the 3UPS+RPU PKM are
provided in Table 4.

Table 4. Geometrical parameters for the 3UPS+RPU PKM.

R1, R2, R3 βFD βFI ds Rm1, Rm2, Rm3 βMD βMI
(m) (deg.) (deg.) (m) (m) (deg.) (deg.)

0.4 90 45 0.15 0.3 50 90

The experimental identification presented in Section 3 was applied to identify Type
II singularities in the current 3UPS+RPU PKM prototype during the execution of two
trajectories that crossed a Type II singularity, TM5 and TM6.

The sensor-based singularity identification method was developed on an industrial
computer using ROS2, as reported in Figure 15. Reference trajectories TM5 or TM6 are sent
to a PID controller that drives the four prismatic actuators of the PKM (q13, q23, q33, and
q42) using an ESCON 50/5 current amplifier powered at 24 V, manufactured in Sachseln,
Switzerland by Maxon motor ag. The current amplifier provides a nominal power of 250 W
and accurate feedback of the current consumed by the actuators using an analogue output
channel with a 12-bit resolution at 53.6 kHz. The actual pose of the mobile platform of the
3UPS+RPU PKM is measured by a 3D tracking system (3DTS) manufactured by Optitrack,
with an accuracy of 0.1 mm. The 3DTS system consists of 10 infrared Flex 13 cameras with
a resolution of 1.3 Megapixels at 120 Hz.

The code implemented in ROS2 is depicted in Algorithm 3.

Algorithm 3: ROS2 pseudo-code for sensor-based identification of singularities
in the 3UPS+RPU PKM

Data: Reference Trajectories from TM5 or TM6
Result: Numerical Identification of Singularities
initialise threshold eth and i̇th
initialise communication with Optitrack 3DTS
i = 0
while running do

compute control actions from the PID controller for xr at instant i using
actuators’ encoder feedback

send control actions to ESCON 50/5
if i > trajectory end then

break
end
while i ≤ trajectory end do

read current measurement im
receive pose xm from Optitrack 3DTS
calculate pose error ex = xr − xm
if |ex| > eth then

Identify Type II singularity
end
else if |ex| < eth and |i̇m| > i̇th then

Identify Type I singularity
end
else

No singularity detected
end
i++

end
end
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Figure 15. Scheme for sensor-based identification of singularities in the 3UPS+RPU PKM.

The 3UPS+RPU PKM performs three fundamental movements: (i) flexion of the hip,
(ii) flexion-extension of the knee, and (iii) internal-external rotation of the knee [35]. After
executing the fundamental movements ten times, the actual 3UPS+RPU PKM prototype
exhibits an average position error of 9 mm for xm and zm, and 3 degrees for θ and ψ, with
an average of 5A for the current consumed by the actuators. Considering that the control
unit runs at 10 ms, the parameters for the sensor-based identification procedure are set as
eth =

[
9 mm 9 mm 3 deg. 3 deg.

]
and i̇th =

[
50 50 50 50

]
A/s.

Results

The initial pose, expected Type II singularity, and final pose of the 3UPS+RPU PKM
for executing trajectories TM5 and TM6 are listed in Table 5.

Table 5. Data of the trajectory executed with the 3UPS+RPU PKM prototype.

TM5 TM6

Pose xm zm θ ψ t xm zm θ ψ t
(m) (m) (deg.) (deg.) (s) (m) (m) (deg.) (deg.) (s)

Start −0.05 0.63 5 0 0 0 0.62 8 −6 0
Singularity −0.05 0.73 5 34 14 0.08 0.72 −3 15 15
End −0.05 0.73 5 44 17 0.16 0.76 −16 41 24

During the execution of TM5 and TM6, the 3UPS+RPU PKM lost control over the
mobile platform in the closeness to the expected Type II singularities. Figure 16a shows
that the PKM under study increased the error tracking on xm (ex[1]) at time instant 13.9.
When the 3UPS+RPU PKM lost control over the end-effector, the current consumed by the
actuators exhibited no sudden increments. Figure 16a shows the absolute derivative of the
current consumed by actuator 1 (|i̇m|[1]) during the execution of TM5.

Figure 16. Results of testing TM5 with the 3UPS+RPU PKM: (a) absolute position error for xm;
(b) time derivative of the current consumed by actuator 1. The detected Type II singularity is enclosed
in a black circle.
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Figure 17 shows that the instant of uncontrolled motion over the mobile platform
appeared in the closeness to zero crossing of |JD|, i.e., a Type II singularity was detected.

Figure 17. Computed |JD| during TM5 with the 3UPS+RPU PKM. The detected Type II singularity is
enclosed in a black circle.

In TM6, the Type II singularity was detected by an increment in the error tracking at
time instant 13.0 s (Figure 18). Thus, the proposed sensor-based procedure demonstrated
its capability to identify Type II singularities in spatial PKMs. In this work, the interaction
between the 3UPS+RPU PKM and a human was avoided in order to reduce the external
forces that could modify the expected singular configuration.

Figure 18. Results of testing TM6 with the 3UPS+RPU PKM: (a) absolute position error for xm;
(b) time derivative of the current consumed by actuator 1.

7. Conclusions

The proposed sensor-based procedure has been successfully applied to identify Type I
and II singularities in three non-redundant PKMs with different applications. The proposed
sensor-based identification of singularities only requires measuring the actual position and
orientation (pose) of the mobile platform and the current consumed by the actuators. In the
closeness to a Type I singularity, the current consumed by the actuators increases suddenly
with no changes in the pose tracking error. In contrast, a Type II singularity is identified
by a sudden increment in the pose tracking error without abrupt changes in the electric
current consumed by the actuators. The novel sensor-based identification of singularities
could be extended to constraint singularities because the identification depends only on
sensor measurements.

The sensor-based procedure for detecting singularities requires moderate time for ad-
justment. The sensor-based procedure is adjusted through the average pose tracking error
and the average current consumed by the actuators during the fundamental movements of
the PKM under study. Indirectly, the adjustment considers non-modelled effects, such as
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friction and clearances in joints, because all measurements are taken through experimenta-
tion on the actual PKM. Therefore, the proposed sensor-based procedure provides practical
singularity identification for different PKMs.

The effectiveness of singularity identification depends on the accuracy of the sensor
used to measure the motion of the end-effector and the current consumed by the actuators.
An IMU requires numerical integration for measuring the pose of the end-effector. In
contrast, a 3DTS directly measures the pose of the end-effector with high accuracy. Thus, a
vision system is preferred over an IMU sensor for pose tracking.

The simplicity of the proposed sensor-based identification method of singularities
reduces the computational cost. Thus, the proposed sensor-based singularity identifi-
cation method is suitable for low-resource control units commonly used in educational
robots and prototypes, especially in the first stage. Moreover, in industrial PKMs with
high-performance control units, the proposed sensor-based procedure could be used for
preliminary identification of singularities, which could then trigger an analytical method
to verify the singularities. The use of the proposed singularity identification procedure
for preliminary identification could allow the high-performance control units to focus on
other tasks.

In future work, the authors will analyse the robustness of the proposed technique
under varying working conditions, payload changes, and noise sensor signals. Potential
solutions may involve refining the threshold definitions for detecting singularities, imple-
menting advanced filtering techniques to mitigate noise effects, incorporating additional
sensor data for improved reliability, and integrating artificial intelligence (AI) into the
sensor-based singularity identification procedure. Moreover, the proposed sensor-based
identification method will be leveraged to develop a singularity avoidance algorithm tai-
lored for low-computation resource controllers, using the 5R and 3UPS+RPU PKMs as case
studies. Additionally, the sensor-based identification method will be extended to detect
constraint singularities in 3-DOF PKMs.
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Abstract: There is an unbalanced problem in the traditional laneway excavation process for coal
mining because the laneway excavation and support are at the same position in space but they
are separated in time, consequently leading to problems of low efficiency in laneway excavation.
To overcome these problems, an advanced dual-arm tunneling robotic system for a coal mine is
developed that can achieve the synchronous operation of excavation and the permanent support of
laneways to efficiently complete excavation tasks for large-sized cross-section laneways. A dual-arm
cutting robot (DACR) has an important influence on the forming quality and excavation efficiency
of large-sized cross-section laneways. As a result, the relative kinematics, workspace, and control
of dual-arm cutting robots are investigated in this research. First, a relative kinematic model of the
DACR is established, and a closed-loop control strategy for the robot is proposed based on the relative
kinematics. Second, an associated workspace (AW) for the DACR is presented and generated, which
can provide a reference for the cutting trajectory planning of a DACR. Finally, the relative kinematics,
closed-loop kinematic controller, and associated workspace generation algorithm are verified through
simulation results.

Keywords: dual-arm coal cutting robot; kinematics; workspace; feedback control

1. Introduction

Coal is the main form of non-renewable energy in the world, and coal mining and
laneway excavation are the two main aspects of coal production. However, there is a big
gap between the intelligence levels for coal mining and laneway development. Laneway
excavation and support are crucial factors affecting the development efficiency of coal
mine laneways. The present situation of traditional laneway excavation, to the best of the
authors’ knowledge, is that the single-arm tunneling machine is the main equipment [1–3]
for laneway excavation. The consequence of using the machine above is that in space,
laneway excavation and support are in the same position, but they are separated in time,
consequently leading to problems of low efficiency in laneway excavation. It is well known
that coal mining efficiency far exceeds laneway excavation efficiency, further leading to
the unbalanced problem of coal mining and laneway excavation. To overcome these
problems, an advanced dual-arm tunneling robotic system for a coal mine is developed in
this research. This system can achieve the synchronous operation of excavation and support
of laneways to efficiently complete excavation tasks for large-section coal/rock laneways.
The major advantage of the proposed dual-arm tunneling robotic system for coal mines
is that the laneway excavation and support are separated in space but synchronized in
time, consequently shortening laneway excavation time and improving laneway excavation
efficiency. In more detail, the proposed dual-arm tunneling robotic system for a coal mine
is composed of a dual-arm cutting robot (DACR), a temporary support robot, a drilling
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and anchoring robot, an electro-hydraulic control platform, a transportation system, and a
ventilation and dust removal system.

The proposed DACR uses two cutting arms to efficiently complete excavation tasks
for large-section coal/rock laneways. Many challenges arise from advanced dual-arm
tunneling robotic systems for coal mines, among which the accurate motion control of
the DACR is a crucial issue. Some researchers have discussed kinematics models [4–7]
and control strategies [8–12] for dual-arm robots. Lee et al. [13] transformed the inverse
kinematics problem of the robots into a mathematical optimization problem to replace
traditional numerical methods, such as the Jacobian matrix. Yang et al. [14] established a
special optimization objective function based on the Generalized Relative Jacobian Matrix
(GRJM) of dual-arm space robots, which is employed to plan the coordinated motion of
two arms. Lei et al. [15] proposed a control algorithm based on the kinematic model of
dual-arm robots to prevent arm collisions and introduced a sensitivity index to measure the
accuracy of the algorithm. Du and Hu [16] established the kinematic model of a lower limb
exoskeleton robot and calculated the angle relationship between the hip and knee joints in
the dual-arm structure. In the study, an adaptive controller was also designed to control the
motion of the robot, and the effectiveness of the controller was validated through simulation.
Ahmed et al. [17] proposed a new analytical quaternion based on the axis vector with the
tangent of the rotation angle, which was used to establish the kinematic model of the robot
arm. Jiang et al. [18] proposed a combination of geometric and algebraic methods for the
calculation of the inverse kinematics of a mine cart robot arm. Wan et al. [19] used Adams
to generate the kinematic model of a six-degree-of-freedom intelligent collaborative robot,
solved the forward kinematics problem for the robot, and generated the motion trajectory
and the limits of motion space for the end-effector based on the proposed kinematic model.
Wei [20] established the kinematic model of a four-degree-of-freedom industrial robot based
on the Denavit–Hartenberg (D-H) parameter method and solved the pose representation
matrix of the robot using the RPY angles. The aforementioned research on robots was
conducted based on a common premise, which was that the base of the dual-arm robot
was in a fixed state. Compared with the existing literature on dual-arm robots, there is a
co-shared movement for the two cutting arms, which will inevitably have an important
influence on the movement of the two cutting arms. However, due to the complexity of
constraints, the motion of the two cutting arms of a DACR is influenced by the base of
the DACR. Existing research on the kinematics, dynamics, and control of dual-arm robots
has been presented, but the relative kinematics and control of a proposed DACR with a
co-shared movement for the two cutting arms, to the best of the authors’ knowledge, have
not yet been investigated. As a result, the motivation behind this research is to investigate
the relative kinematics, closed-loop kinematic control strategy, and workspace for a DACR.

It is common knowledge that the workspace of a robot is a 2D or 3D space that the
end-effector of the robot can approach with different poses [21–25]. This is an important
parameter for designing, controlling, and applying a robot. Wang and Ding [26] proposed
a surface enveloping overlay (SEO) algorithm for identifying the workspace of multi-joint
serial robots. The algorithm was suitable for analyzing the characteristics of holes in a
robot’s workspace. Zeng et al. [27] employed a multi-island genetic algorithm to optimize
the workspace of a parallel robot, and they analyzed the factors influencing the volume
of the robot’s workspace. Li et al. [28] employed an improved Monte Carlo method to
generate clearer boundaries for the dynamic workspace of a multi-robot collaborative
towing system. Boanta and Bris, an [29] combined robot kinematics with feedforward
neural networks to estimate the workspace volume of a robot and solve for the Cartesian
coordinates of the robot’s end-effector in a Cartesian space. Xu et al. [30] divided the Monte
Carlo algorithm into two stages, namely, subspace generation and subspace expansion,
to generate the workspace of a robot. This algorithm addressed the issue of insufficient
accuracy in the workspace generated by traditional methods. Determining the workspace
of the proposed DACR is more complicated than for traditional single-arm cutting robots
because of the complexity of the constraints as well as the co-shared movement for the

230



Actuators 2024, 13, 157

two cutting arms. The two cutting arms are installed on the same mobile platform, so
they cannot be regarded as two single arms that are controlled separately. This makes
the workspace of the DACR more complex than that of typical single-arm and dual-arm
robots with a fixed base; therefore, a new workspace, the associated workspace (AW) for
the DACR, is presented and generated in this research, and it can provide a reference
for the cutting trajectory planning of the two cutting arms. To summarize, it can be seen
that controlling a DACR has always presented a challenge for dual-arm tunneling robotic
systems. Reviewing various scientific literature references, a DACR, to the best of the
authors’ knowledge, has not been investigated so far. For this reason, the novelty of this
work comes from the following aspects:

1. An advanced dual-arm tunneling robotic system for coal mines is developed in this
research. This system can achieve the synchronous operation of excavation and the
permanent support of laneways to efficiently complete excavation tasks for large-
section coal/rock laneways.

2. The proposed relative kinematic model of the DACR counteracts the influence of
shared motion by integrating the kinematics of both arms into a unified framework. It
can simultaneously describe the motion states of the two cutting arms. Additionally,
a closed-loop kinematic controller for the robot is developed based on this relative
kinematics, enabling control of both cutting arms through a single parameter.

3. The AW for the DACR is presented, and this can provide a reference for cutting
trajectory planning of the two cutting arms.

The paper is organized as follows. Section 2 presents the advanced dual-arm tunneling
robotic system for a coal mine. In Section 3, the relative kinematic model of the DACR
is established, and the AW generation algorithm is presented. In Section 4, a closed-loop
kinematic controller for the DACR is proposed based on the relative kinematics. Section 5
delineates the simulation examples and results. The paper concludes with discussion and
comments in Section 6.

2. Proposed Dual-Arm Tunneling Robotic System

The proposed dual-arm tunneling robotic system for a coal mine (Figure 1a) is com-
posed of a DACR (Figure 1b), a temporary support robot (I and II), a drilling and anchoring
robot, an electro-hydraulic control platform, a transportation system, and a ventilation and
dust removal system. As can be seen in Figure 1a, the DACR is installed on the lower shield
of the temporary support robot, and it can move forward along the direction of laneway
development. When cutting large-sized cross-sections, the movements of the two cutting
arms of the DACR are coordinated, and the mobile platform beneath the DACR provides
them with a co-shared movement, granting the DACR redundant degrees of freedom,
enabling it to move forwards and backwards along the rail direction. The shovel plate
beneath the two cutting arms is used to collect the crushed rock. The DACR is employed to
complete the task of large-sized cross-section laneway development without moving the
body of the robot in the direction perpendicular to the laneway development. This type
of robot has a potentially large reachable workspace relative to a traditional single-arm
cutting robot. A major challenge in DACR study is the intrinsic mutual influence between
the two cutting arms because of the co-shared movement of the robot, which must be
addressed simultaneously. The temporary support robot, which includes two identical
temporary support shields, is used to support the laneway roof and achieve the progress of
the dual-arm tunneling robotic system via the push-and-pull effect between the front and
back temporary support shields. Specifically, the back temporary support shield pushes
the front shield and the front shield pulls the back shield. The drilling and anchoring robot
is used to complete the permanent support of the laneways with a truss bolting technique.
The electro-hydraulic control platform supplies power for the dual-arm tunneling robotic
system. The transportation system is responsible for transporting the raw coal produced
by laneway development to the ground. The ventilation and dust removal system is used
to provide fresh air and eliminate dust for the driving face in the coal tunnel.
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tunneling robotic system; (b) The dual-arm coal cutting robot.

The proposed dual-arm tunneling robotic system for a coal mine can realize the
simultaneous operation of the excavation and permanent support of large-sized cross-
section coal/rock laneways, consequently shortening the laneway excavation time and
improving the laneway excavation efficiency. However, there are two critical disadvantages
in designing and employing the dual-arm tunneling robotic system; one disadvantage is
space and the other is complexity. From the perspective of time, the proposed dual-arm
tunneling robotic system can significantly shorten the laneway excavation time because of
the simultaneous operation of the excavation and permanent support. From the perspective
of space, additional space is needed for this system due to the space separation of the
excavation and permanent support. With regard to the proposed DACR, because of the
co-shared movement for the two cutting arms, the kinematics analysis and control, as has
been mentioned above, are much more complex than those for conventional dual-arm
robots. For this reason, this issue is considered to be one of the most important aspects
in the field of DACRs. An additional challenge for DACRs is the possibility of the two
cutting arms colliding with each other, which leads to a constraint in the optimal design
and motion control of the robot. The relative kinematics, associated workspace, and control
of DACRs are also investigated, as discussed in the next sections.
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3. Relative Kinematics of the DACR

As discussed above, there are two critical disadvantages to the control of dual-arm
cutting robots. One of the main concerns in modeling and controlling a DACR is dealing
with the intrinsic mutual influence between the two cutting arms due to the co-shared
movement of the dual-arm cutting robot’s body, which is pivotal to the operation of the en-
tire DACR. The other issue is that the control of the DACR cannot treat the two cutting arms
as separate entities, and the two cutting arms require a clear relative positional relationship.

The presented DACR consists of two cutting arms connected to the same mobile
platform (Figure 2). Each arm is composed of yaw joint, pitch joint, and prismatic joint.
Additionally, the end-effector of each cutting arm is a rotating mechanism used for coal
cutting. However, the size of this rotational joint does not affect the relative positions of the
end-effectors of the two cutting arms. Therefore, in this research, the rotating mechanism
is treated as a point mass. Consequently, each arm of the DACR can be regarded as an
arm with three degrees of freedom. The D-H method is commonly used to analyze the
kinematic characteristics of the robot and establish the relationship between joint angles and
end-effector positions of the two arms in order to determine the transformation relationship
between the joint link coordinate systems. As a result, the coordinate system OiXiYiZi is
established at the ith joint.

Actuators 2024, 13, x FOR PEER REVIEW 5 of 27 
 

 

arms colliding with each other, which leads to a constraint in the optimal design and mo-
tion control of the robot. The relative kinematics, associated workspace, and control of 
DACRs are also investigated, as discussed in the next sections. 

3. Relative Kinematics of the DACR 
As discussed above, there are two critical disadvantages to the control of dual-arm 

cutting robots. One of the main concerns in modeling and controlling a DACR is dealing 
with the intrinsic mutual influence between the two cutting arms due to the co-shared 
movement of the dual-arm cutting robot’s body, which is pivotal to the operation of the 
entire DACR. The other issue is that the control of the DACR cannot treat the two cutting 
arms as separate entities, and the two cutting arms require a clear relative positional rela-
tionship. 

The presented DACR consists of two cutting arms connected to the same mobile plat-
form (Figure 2). Each arm is composed of yaw joint, pitch joint, and prismatic joint. Addi-
tionally, the end-effector of each cutting arm is a rotating mechanism used for coal cutting. 
However, the size of this rotational joint does not affect the relative positions of the end-
effectors of the two cutting arms. Therefore, in this research, the rotating mechanism is 
treated as a point mass. Consequently, each arm of the DACR can be regarded as an arm 
with three degrees of freedom. The D-H method is commonly used to analyze the kine-
matic characteristics of the robot and establish the relationship between joint angles and 
end-effector positions of the two arms in order to determine the transformation relation-
ship between the joint link coordinate systems. As a result, the coordinate system OiXiYiZi 
is established at the ith joint. 

 
Figure 2. Dual-arm cutting robot structure. 

3.1. Relative Kinematics Model of the DACR 
D-H parameters are used to describe the kinematic chain of a robotic arm. With this 

method, every variable represents a specific geometric or angular relationship within the 
robotic arm. In particular, a denotes the distance from the zi−1 axis to the intersection of the 
xi and zi−1 axes along the xi axis, and α represents the angle from the zi−1 axis to the zi axis 
measured about the xi axis. In addition, d represents the distance from the xi−1 axis to the 

Figure 2. Dual-arm cutting robot structure.

3.1. Relative Kinematics Model of the DACR

D-H parameters are used to describe the kinematic chain of a robotic arm. With this
method, every variable represents a specific geometric or angular relationship within the
robotic arm. In particular, a denotes the distance from the zi−1 axis to the intersection
of the xi and zi−1 axes along the xi axis, and α represents the angle from the zi−1 axis to
the zi axis measured about the xi axis. In addition, d represents the distance from the
xi−1 axis to the intersection of the xi and zi axes along the zi axis, and q denotes the angle
from the xi−1 axis to the xi axis measured about the zi axis. These parameters collectively
define the transformation between consecutive links in a serial robot, thus allowing for the
computation of the end-effector’s position and orientation based on the joint variables. D-H
parameters of the DACR are shown in Table 1. The mobile platform of the DACR provides
additional degrees of freedom to both cutting arms simultaneously, with the platform being

233



Actuators 2024, 13, 157

considered as virtually connected to two yaw joints and the ground coordinate system.
Therefore, in Table 1, the parameters q1 and q4 are of equal magnitude but opposite in sign,
while the parameters a1 and a4 are equal. The distance L1 between the yaw joint and the
axis of the DACR is 1 m, the lengths a5 and a2 between the pitch joint and the yaw joint are
both 1 m, and the length variation range of the prismatic joint is the interval [4.08, 4.88].

Table 1. D-H parameters of the two arms.

Link qi/rads di/m ai/m αi/rads

i = 1 q1 0 a1 0
i = 2 q2 0 a2 π/2
i = 3 q3 0 a3 0
i = 4 q4 0 a4 0
i = 5 q5 0 a5 π/2
i = 6 q6 0 a6 0

D-H, Denavit–Hartenberg.

The homogeneous transformation matrices 0T3 and 0T6 for each arm of the DACR are
expressed as follows:

0T3 = 0T1
1T2

2T3
0T6 = 0T4

4T5
5T6

. (1)

The homogeneous transformation matrix i−1Ti, using the D-H method, can be ex-
pressed as follows:

i−1Ti =




cos qi − sin qi cos αi sin qi sin αi ai cos qi
sin qi cos qi sin αi − cos qi sin αi ai sin qi

0 sin αi cos αi di
0 0 0 1


. (2)

Substituting the D-H parameter into Equation (1), the homogeneous transformation
matrices of two arms are calculated as follows:

0T3 =




nx3 ox3 ax3 px3

ny3 oy3 ay3 py3

nz3 oz3 az3 pz3

0 0 0 1


, 0T6 =




nx6 ox6 ax6 px6

ny6 oy6 ay6 py6

nz6 oz6 az6 pz6

0 0 0 1


, (3)

in which




nx3 = cos(q1 + q2) cosq3
ny3 = sin(q1 + q2) cosq3
nz3 = sin q3




ox3 = −cos(q1 + q2) sinq3
oy3 = −sin(q1 + q2) sinq3
oz3 = cos q3




ax3 = sin(q1 + q2)
ay3 = −cos(q1 + q2

)

az3 = 0



px3 = a2cos(q1 + q2)+L1 cos q1 + a3cos(q1 + q2) cosq3
py3 = a2sin(q1 + q2)+L1 sin q1 + a3sin(q1 + q2) cosq3
pz3 = a3 sin q3

,





nx6 = cos(q4 + q5) cosq6
ny6 = sin(q4 + q5) cosq6
nz6 = sin q6




ox6 = −cos(q4 + q5) sinq6
oy6 = −sin(q4 + q5) sinq6
oz6 = cos q6




ax6 = sin(q4 + q5)
ay6 = −cos(q4 + q5

)

az6 = 0



px6 = a5cos(q4 + q5)+L1 cos q4 + a6cos(q4 + q5) cosq6
py6 = −a5sin(q4 + q5) − L1 sin q4 − a6sin(q4 + q5) cosq6
pz6 = a6 sin q6

.

Further, utilizing matrices 0p3 =
[
px3 py3 pz3

]T and 0p6 =
[
px6 py6 pz6

]T in
Equation (3), the Jacobian matrix for each cutting arm is established as follows:

dp
dt

= J(q)
dq
dt

. (4)

For the DACR, the mobile platform provides a common motion for its dual arms.
When the DACR is in operation, the position of the mobile platform must be able to satisfy

234



Actuators 2024, 13, 157

the positions of both end-effectors simultaneously. This means that the motion of the mobile
platform needs to be coordinated simultaneously with the movement of the dual arms,
and this results in the kinematics of the two cutting arms being interrelated. Therefore, the
dual arms cannot be regarded as two separate robots, but rather require a new kinematic
model to integrate the kinematics of both arms together. The DACR may deviate from
the expected trajectory because of manufacturing errors and rock hardness, and this can
result in collisions between the two cutting arms. It is crucial to have clear and controllable
relative position and velocity relationships between the end-effectors of the two cutting
arms for the DACR in order to prevent accidents. The relative Jacobian matrix of the
DACR is derived to establish the relationship between the relative velocities of the two
end-effectors and their joint velocities.

The relationship between the rotation–translation composite transformation from the
base to the end-effector of the DACR is established with the following equation:

0R3
3R6 = 0R4

4R6
0p3 +

0R3
3p6 = 0p4 +

0R4
4p6

, (5)

in which jRi represents the rotation of coordinate system i with respect to coordinate system
j, and jpi represents the position of coordinate system i relative to coordinate system j.

The relative Jacobian matrix for the DACR is obtained by taking the derivative of
Equation (5), and this can be expressed as:

JR(q) =
[
ΨR

3Ω0JL
3Ω0JR1

]
, (6)

in which ΨR =

[
I −S(pR)
0 I

]
, jΩi =

[jRi 0
0 jRi

]
, I is an identity matrix, JL and JR1 are

the Jacobian matrices of the left arm and right arm of the DACR, respectively. S(pR) is a
skew–symmetric matrix composed of elements from the relative position vectors 3p6, used
to replace the cross-product operation of vectors. S(pR) is expressed in the following form:

S(pR) =




0 −zR yR
zR 0 −xR
−yR xR 0


.

The relative Jacobian matrix integrates the kinematic models of the two arms together,
establishing the mapping relationship between the relative velocities of the two end-
effectors and the joint velocities, which can be expressed as:

.
XR = JR(q)

.
q (7)

in which
.

XR represents the relative velocity of the two end-effectors, and
.
q represents the

joint velocities of the DACR.
Based on Equation (3), the mapping relationship between the position of the single-arm

end-effector of the DACR and the joint angles/lengths can be obtained through forward
kinematics, laying the foundation for generating the workspace of the DACR. The size
and contour of the DACR’s workspace determine the dimensions of the cross-sections it
can cut, ultimately determining the cutting trajectory of the DACR. The relative Jacobian
matrix indicates the mapping relationship between the relative velocities of the two end-
effectors of the DACR and the joint velocities. Based on the relative Jacobian matrix, a
trajectory tracking control algorithm applicable to the cutting trajectories of the DACR can
be designed.

3.2. AW Generation Algorithm

The DACR uses the two cutting arms to complete the task of large-sized cross-section
laneway development without moving the body of the robot in the direction perpendicular
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to laneway development. However, for the DACR, the workspaces of the two cutting arms
partially overlap, leading to uncertainty about the size of cross-sections that the AW can
accommodate. This will affect the motion trajectories of the two cutting arms within the
AW, ultimately impacting the control effectiveness. Therefore, it is necessary to investigate
the projection of the AW in the forward direction of the DACR, as well as the motion of the
two cutting arms in the AW. The Monte Carlo algorithm [31] is a typical method to generate
the workspace of a robot, and it is characterized by using a large number of random points
to plot the possible positions that the robot’s end-effector can reach in Cartesian space,
thereby obtaining the contour of the robot’s workspace. The Monte Carlo algorithm has
high computational efficiency, and the number of the robot’s degrees of freedom does not
affect the computational error of the Monte Carlo algorithm. As a result, the Monte Carlo
algorithm is employed to generate the AW for the DACR. The steps for performing the
computation follow:

1. According to the actual size of the DACR, the variable range of the kth joint of the
DACR is specified as (qmink, qmaxk).

2. N random values in the interval (0, 1) can be generated by using the function
rand(N, 1). The random step size generated by each joint is denoted as qk = qmink +
rand(N, 1)(qmaxk − qmink).

3. The end-effectors of the DACR are plotted in Cartesian space at random positions by
substituting qk into 0p3 and 0p6 in Equation (3). The contour of the AW is generated
when the number of random samples N is sufficiently large. It should be noted that
the larger the value of N is, the more accurate the depiction of the contour of the AW
for the DACR.

The flowchart of the AW generation algorithm for the DACR is shown in Algorithm 1.

Algorithm 1. AW generation algorithm of the DACR.
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4. Proposed Kinematics Controller

The primary objective of controlling most dual-arm robots is to enable them to grasp,
manipulate, or lift objects, forming a kinematic closed chain where the relative positions of
the end-effectors remain constant. However, for the DACR, during the process of cutting
through large-sized cross-sections, the relative positions of the end-effectors change over
time. This implies that the scenario where the dual-arm robot forms a kinematic closed
chain is merely a special case during the motion of the DACR’s arms. Therefore, for cases
where the relative positions of the end-effectors are time-varying, a more general controller
needs to be proposed. A closed-loop relative kinematic controller is proposed to control the
relative position of the end-effectors for the DACR. The expected relative position and the
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actual relative position are assumed to be XRd and XR, respectively. Therefore, the relative
position error of the two end-effectors can be expressed as follows:

e = XRd −XR. (8)

By substituting Equation (7) into the derivative of Equation (8) with respect to time,
the expression of the derivative of error e can be expressed as:

.
e =

.
XRd − JR(q)

.
q. (9)

The DACR exhibits kinematic redundancy due to the co-shared motion provided
by the mobile platform of the DACR to two end-effectors. This implies that the relative
Jacobian matrix of the DACR is not a square matrix, and, therefore, the control laws based
on relative kinematics for the DACR are designed in the following form:

.
q = JR

+(q)
( .

XRd + K1e
)
+
(
I− JR

+JR
) .
qN , (10)

where K1 is a symmetric positive definite matrix that denotes the gain matrix of the relative
position error, and the superscript “+” represents the pseudo-inverse, while

.
qN represents

the kinematic redundancy of the DACR, which means that when the DACR tracks the
trajectory, the controller may generate multiple possible movements of the DACR, all of
which can satisfy the expected relative velocity

.
XRd of the end-effectors at this time.

The position-level motion controller based on the relative kinematics model of the
DACR is shown in Figure 3, where the feedback loop takes the desired relative position
and actual relative position of the two end-effectors as input. By employing Equation (10),
the joint velocity vector of the two cutting arms

.
q can be obtained for any desired relative

position of the two cutting arms and the tracking error along the given trajectory converges
to zero with a suitable gain K1. Due to the fact that the relative Jacobian matrix is not
square, when solving the joint velocity based on Equation (10), multiple sets of solutions
may arise, corresponding to the red dashed lines in Figure 3. While these solutions can
simultaneously satisfy the relative positions of the two end-effectors and the co-shared
motion provided by the mobile platform to the dual arms, they may potentially result in
joint angles/lengths exceeding their limits, ultimately leading to singular arm postures.
Therefore, it is necessary to simulate the proposed relative kinematic controller.
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Substitute the control input
.
q into Equation (9), then:

K1e +
.
e = 0. (11)

The choice of K1 can guarantee that the error uniformly converges to zero since K1 is
a symmetric positive definite matrix. According to the Lyapunov theorem, the proposed
controller, as a result, can stabilize the system, and the relative position error of the two
end-effectors for the DACR is ultimately uniformly limited.

5. Simulation Analysis and Discussion

Two working modes are available for the proposed DACR from the viewpoint of
practical application. In the first working mode, the co-shared movement of the two cutting
arms is usually locked up to reduce the control difficulty and improve the motion accuracy
of the two end-effectors for the DACR, which is defined as mode 1 in this paper. In the
second working mode, the cutting trajectories of the two cutting arms are generated by
the coordinated movement of the body, which is defined as mode 2. With regard to mode
1, the base of the DACR remains stationary, and thus, there is no co-shared movement
that affects the movement of the two cutting arms. To reduce the empty distance from
the front end of the laneway to the temporary support robot, it is necessary to cooperate
with the co-shared movement of the two cutting arms to generate the cutting trajectories
of the two cutting arms. With regard to mode 2, the co-shared movement will have a key
influence on the movement of the two cutting arms for the DACR. Subsequently, for the
above two typical working conditions, the relative kinematic control and AW generation
for the DACR are investigated.

5.1. Motion Continuity of the DACR

The continuity of robot motion is a measure of whether the robot can function properly
and achieve smooth continuous movements [32]. This section describes how a random
rectangle and random circle in Cartesian space are generated to verify whether the two
cutting arms of DACR can achieve continuous motion. The trajectory of the circle is
as follows: 




x = 5.222
y = −2 + cos(t)

z = 1.739 + sin(t)
,

The expressions for the four sides of the rectangle are as follows:




x = 5.222
y = 1 + 2t
z = 2.739

, t ∈ [0, 1],





x = 5.222
y = 3

z = 2.739− 2t
, t ∈ [0, 1],





x = 5.222
y = 3− 2t
z = 0.739

, t ∈ [0, 1],





x = 5.222
y = 1

z = 0.739 + 2t
, t ∈ [0, 1].

To ensure that the co-shared motion of the two cutting arms is unique, the mobile
platform is fixed, and in this case, this implies that the variables a1 and a4 are fixed values.
The expressions for the positions 0p3 and 0p3 of the two end-effectors relative to the base
coordinate system in the single-arm kinematic model are known. Based on the analytical
method, the changes in joint angles/lengths of the single arm can be solved through the
end-effector positions. Therefore, the inverse kinematic model of the single arm can be
used to solve the changes in joint angles/lengths corresponding to the end-effector when
tracking trajectories. The tracking times for the rectangle trajectory and the circle trajectory
are 20 s and 10 s, respectively, with one second divided into 10 steps. The angles/lengths
of the joints of the two cutting arms of the DACR, obtained through inverse kinematics,
are shown in Figure 4. Figure 4a illustrates the tracking process of the left arm of the
DACR for a rectangular-shaped trajectory, while Figure 4b depicts the tracking process of
the right arm for a circular-shaped trajectory. The joint parameters of the DACR change
continuously and smoothly over time when tracking the continuous trajectories, and there
are no sudden changes in the angles or extensions of the DACR’s joints. The results of the
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inverse kinematics solution indicate that the two cutting arms of the DACR exhibit good
motion continuity and do not produce singular poses.
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To demonstrate the correctness of the above conclusion, and also to validate the cor-
rectness of the single-arm kinematic model, it is necessary to verify the forward kinematic
model of the single arm. The model of the DACR is generated in the MATLAB Robotic
Toolbox. The two cutting arms of the DACR are considered to be connected at the same
rotary joint in the MATLAB Robotic Toolbox due to the base of the DACR being locked.
The joint angles/lengths corresponding to each step in Figure 4 are input into the MATLAB
Robotic Toolbox for forward kinematic calculation, obtaining the motion animations of the
end-effectors of the two cutting arms in Cartesian space, as shown in Figure 5a–d. For the
rectangular-shaped trajectory, when the cutting arm is in the states shown in Figure 5a,c,
the motion of the end-effector is primarily determined by the yaw joint of the left arm.
Therefore, the motion states shown in Figure 5a,c correspond to the angular changes that
occur in the yaw joint in Figure 4a. The motion states shown in Figure 5b,d are primarily
determined by the pitch joint of the left arm, corresponding to the angular changes of the
pitch joint in Figure 4a. For the circular-shaped trajectory, the joint angles/lengths of the
cutting arm change uniformly. The simulation shows that the two cutting arms of the
DACR do not generate singular postures when tracking the trajectories. This indicates that
the DACR has good motion continuity.
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5.2. AW of the DACR

For the DACR, there is an overlapping portion in the workspace of the two cutting
arms. Therefore, calculating the projection of the AW in the robot’s forward direction
can determine whether the DACR’s working range can accommodate large-sized cross-
sections, upon which the cutting trajectories of the two cutting arms can be planned.
This is a prerequisite for the DACR to simultaneously complete the cutting of large-sized
cross-sections and forms the foundation for controlling the DACR. The DACR has two
working modes that provide the DACR with two different AWs. With respect to mode 1,
the position of the DACR’s base is locked, and the two cutting arms perform the cutting.
After completing the cutting work inside the AW, the base moves forward, and the double
cutting arms start a new round of cutting. With respect to mode 2, the base maintains a
uniform forward progression while the two cutting arms cyclically cut along the trajectory.

In this simulation, the dimensions and operating conditions of the DACR are as
follows. The distance from joint 1 to the centerline of the DACR, L1, is one meter. The link
lengths a2 and a5 are both one meter. For the DACRs in modes 1 and 2, the yaw angles q2
and q5 are in the intervals [−π/2, 0] and [0, π/2], respectively, while the pitch angles q3 and
q6 are both in the interval [0, π/3]. The lengths of prismatic joints 3 and 6, denoted as a3 and
a6, are both in the interval [4.08, 4.88], and the random number N is set to 10,000. Further,
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for working mode 2, the base maintains a uniform forward velocity V set to 0.02 m/s. This
results in a1 and a4 being represented as follows:

a1(t) = a4(t) =
√
(Vt)2 + L1

2 ≈ 0.0001411t2 + 0.001482t + 0.993

As shown in Figure 6a,b, the workspace of a single cutting arm of the DACR is
generated for working modes 1 and 2, with the workspace in both modes appearing as a
spherical shell. It should be noted that the volume of the workspace of the single arm of
the DACR in mode 2 is 174.2% larger than in mode 1. The comparison of the workspaces
corresponding to the two working modes is shown in Figure 6c. The simulation indicates
that the workspace in mode 2 can accommodate laneways with a larger cross-section.
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the DACR in mode 2 is 174.2% larger than in mode 1. The comparison of the workspaces 
corresponding to the two working modes is shown in Figure 6c. The simulation indicates 
that the workspace in mode 2 can accommodate laneways with a larger cross-section. 
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As shown in Figure 7, when the DACR is in working mode 2, which is the continuous
mode, the volume of the generated AW is significantly larger than the AW corresponding
to working mode 1. This means that in working mode 2, the DACR’s end-effectors are able
to reach farther positions in Cartesian space compared to working mode 1. In addition, this
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implies that in working mode 2, the AW accommodates a larger volume of the rock wall,
which allows the DACR to excavate greater depths compared to mode 1.
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Figure 7. AW of the DACR in working modes 1 and 2. AW, associated workspace (relative to the base
coordinate system).

The projection of the workspaces in the direction perpendicular to the advancement
of the DACR is shown in Figure 8, in which the red dots represent the projection of
the workspace of the DACR’s single arm, while the blue dots and pink dots denote the
projection of the AW formed by the left and right arms. The black contour lines represent
the outline of the sections that the DACR can accommodate. For the single cutting arm of
the DACR, its workspace can only envelop small-sized cross-section laneways (with a net
height not less than 2.5 m and a net width not less than 2.6 m). However, the large-sized
cross-section laneways, generally speaking, have a net height greater than 4 m and a net
width greater than 5.2 m. This means that a single cutting arm cannot complete the cutting
task of large-sized cross-section laneways within one work cycle. However, the DACR
with two cutting arms can resolve this issue, enabling the DACR’s AW to fully cover large-
sized cross-section laneways. When both cutting arms of the DACR work simultaneously,
large-sized cross-section laneways can be cut in one cycle of the DACR. Compared with
other dual-arm robots, the two arms of the DACR are kinematically interrelated, and the
mobile platform provides a common motion for the two cutting arms. Therefore, the mobile
platform simultaneously affects the shape and size of the working space of both cutting
arms, making the DACR’s AW more complex compared to the workspace of dual-arm
robots with a fixed base, ultimately affecting the trajectory planning of the two end-effectors
in the overlapping portion of the AW.

The working procedure of the single cutting arm tunnel boring machine for cutting
large-sized cross-section laneways perpendicular to the direction of advance is shown
in Figure 9. The red trajectory on the left depicts the first cut of the large section by the
single cutting arm tunnel boring machine, and the blue trajectory on the right represents
the second cut. The single cutting arm needs to excavate two tunnels when cutting the
large-sized cross-section laneway. First, the single-arm tunnel boring machine operates
in the left tunnel, cutting along the red trajectory. The space at the rear of the machine
is left vacant for support and anchoring. After completing the cutting in the left tunnel,
the single-arm tunnel boring machine is paused and moved to the right tunnel, and the
second cut begins along the blue trajectory. During the cutting of the large-sized cross-
section laneway, the single cutting arm tunnel boring machine alternates between cutting
and moving. Although this process is continuous in terms of space, due to the limited
workspace of the single cutting arm, it is necessary to alternate work in the two tunnels to
complete the cutting of the large-sized cross-section laneway. Therefore, this procedure is
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discontinuous in terms of time and the workflow is quite cumbersome. Frequent movement
of the tunnel boring machine not only increases the workload but also leads to other issues,
such as the cross-sectional shapes of the tunnel being inconsistent between the front and
rear ends.
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Figure 9. Process of the single arm tunnel boring machine cutting the large-sized cross-
section laneway.

The mechanical limits of the two cutting arms are removed in order to ensure that the
cutting trajectories of the two end-effectors of the DACR can fully cover the cross-section of
the tunnel. The cutting trajectory of the DACR is designed to be a centrally symmetric “S”
shape, as shown in Figure 10.

There is a partial overlap in the trajectories of the left and right arms to cut the
overlapping rock walls in the AW. The two cutting arms are started asynchronously to
ensure that the overlapping portion in the AW is only passed through by one of the two
cutting arms during operation. The large rotating cutting mechanism at the end of the two
cutting arms fills the gap portion of the cutting trajectory. Compared to mode 1, mode 2
provides a larger AW for the DACR. Therefore, mode 2 is adopted as the main motion mode
of the DACR. In mode 2, the trajectories of the two arms of the DACR are divided into
seven segments. The cutting trajectory along the X axis of the inertial coordinate system is
divided into 100 steps, while the cutting trajectory along the Z axis of the inertial coordinate
system is divided into 20 steps, and marks are placed at the starting and ending points
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of each segment. The DACR joint angles/lengths corresponding to the generated eight
endpoints are listed in Table 2. Due to the inflection points of the “S”-shaped trajectory, the
direction of joint acceleration at these points undergoes abrupt changes. For DACRs with
joints of significant mass, these discontinuities in joint acceleration can affect the dynamics
of the joints, causing motor vibrations and impacts, ultimately affecting the operational
stability of the DACR. To constrain the accelerations of the joints of the DACR, fifth-order
polynomial interpolation is used for trajectory planning for each joint of the DACR, with the
constraint that the velocities and accelerations at the inflection points of the joints are zero.
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Table 2. The joint variables of the DACR corresponding to each point on the “S”-shaped trajectory in
mode 2.

Point Base/m q2/rads q3/rads a3/m q5/rads q6/rads a6/m

1 0 0 π/3 4.88 0 π/3 4.88
2 0.2174 −π/2 π/3 4.08 π/2 π/3 4.08
3 0.2609 −π/2 2π/9 4.08 π/2 2π/9 4.08
4 0.4783 0 2π/9 4.88 0 2π/9 4.88
5 0.5217 0 π/9 4.88 0 π/9 4.88
6 0.7391 −π/2 π/9 4.08 π/2 π/9 4.08
7 0.7826 −π/2 0 4.08 π/2 0 4.08
8 1 0 0 4.88 0 0 4.88

Based on Table 2 and the fifth-order polynomial motion planning of the joints, the
trajectories of the two end-effectors of the DACR are shown in Figure 11. The end-effector
moves in the direction indicated by the black arrows during cutting, and numbers 1–8
denote the turning points of the trajectory. By reasonably planning the movements of
the two cutting arms, the DACR is capable of cutting large-sized cross-sections without
collisions, and the DACR does not require moving the mobile platform along a direction
perpendicular to the rail. Further, mode 2 of the DACR maintains the movement of the base,
enabling the DACR to advance while cyclically cutting. A temporary support robot installed
at the rear of the DACR synchronously supports the tunnel during cutting. In comparison
to the single cutting arm tunnel boring machine, the DACR, as a dual-arm tunneling robotic
system, maintains cyclic and continuous cutting at the front while temporary support
robots located at the rear of the DACR immediately support the top of the tunnel after
cutting. Subsequently, the drill–anchor robot drives anchors into the tunnel walls to secure
the tunnel’s shape. The work of each robot in the dual-arm tunneling robotic system is
separated in space but synchronized in time, ultimately expediting the excavation, support,
and shaping of large-sized cross-section laneways. This simplifies the “cut–move–cut”
workflow of the single cutting arm tunnel boring machine. In addition, the single cutting
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arm tunnel boring machine may need to excavate two tunnels to complete the cutting of
large-sized cross-section laneways, potentially causing non-parallel axes between the two
tunnels and leading to dimensional errors in the resulting cross-sections. The base of the
DACR provides co-shared movement for its two cutting arms, ensuring that the orientation
of the DACR’s AW remains constant in any direction. The dimensions of the resulting
cross-sections remain consistent from front to back through reasonable planning of the
movements of the two cutting arms.
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5.3. Trajectory Tracking Control System

To conform to the proposed operational mode 2 of the DACR, the actual motion of the
DACR’s mobile platform is assumed to be consistent with the expected motion, maintaining
a constant forward motion along the rail, therefore the redundant terms in Equation (10)
(i.e., the red dashed line in Figure 3) are removed and only the minimum norm joint
velocity solution to the inverse velocity problem is generated. When the DACR is initiated
in mode 2, the mobile platform of the DACR is uniformly propelled along the rail, and
the two cutting arms of the DACR are both at arbitrary positions in the AW, resulting
in the relative positions of the two end-effectors of the DACR being random. Therefore,
the positions of the two end-effectors of the DACR in Cartesian space are assumed to be
[0.878 −2.0265 4.2225]T and [1.834 4.82 3.66]T, and the two cutting arms of the DACR are
set to start simultaneously. These values are substituted into matrix 3p6 in Equation (5)
to represent the initial relative positions of the two end-effectors of the DACR, yielding
the vector 3p6 as [4 3 −2.9]T, which is used to indicate the initial relative positions of the
DACR’s two end-effectors. At the start of the DACR, the two end-effectors are treated as
two particles with a zero relative rotational angle. Hence, the value of pR0

is as follows:

pR0
=

[3p6
3ϕ6

]
=
[
4 3 −2.9 0 0 0

]T.

The gain matrix K1 is diag [0.08 0.068 0.083 0.07 0.065 0.08], and the tracking time
for XRd is 47 s, with 1 s divided into 10 steps. The relative kinematic controller produces
a unique solution because the movement of the DACR’s mobile platform in mode 2 is
deterministic, and the actual motion of the mobile platform is assumed to be consistent
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with the expected motion, with the movement speed of the DACR’s mobile platform locked
at 0.02 m per second. Due to the mapping relationship between the forward pushing
movement of the mobile platform and q1 in Table 1, the motion of the mobile platform can
be represented by

.
q1, as shown in Figure 12a. It can be determined from Figure 12b–g that

the controlled joint velocities, with the action of the controller based on the relative Jacobian
matrix, eventually exhibited regular changes within 100 steps. Figure 12b–g indicate that
within 100 steps, there were abrupt changes in the pitch and prismatic joint velocities of
the DACR. This is because by this time, both yaw joints have already achieved trajectory
tracking, while there were still errors in the angles and lengths of the pitch and prismatic
joints. At this stage, the controller only acted on the pitch and prismatic joints, resulting in
abrupt changes in their velocities.
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the S-shaped trajectory, the variations in joint angles/lengths are continuous and smooth, 
further demonstrating the continuity of the DACR’s motion. The angle/length variations 
of the joints in the DACR’s two arms are shown in Figure 13b–g, where the blue lines (i.e., 
the expected values) come from the joint angle/length variations of the DACR as shown 
in Table 2. Figure 13b,c represent the yaw joint angles of the DACR’s two arms, Figure 
13d,e show the pitch joint angles, and Figure 13f,g display the length variations of the 

Figure 12. The controlled variable of the DACR. (a) The velocity of the mobile platform; (b) The
velocity of the yaw angle of the DACR’s left arm; (c) The velocity of the yaw angle of the DACR’s
right arm; (d) The velocity of the pitch angle of the DACR’s left arm; (e) The velocity of the pitch
angle of the DACR’s right arm; (f) The velocity of the prismatic joint of the DACR’s left arm; (g) The
velocity of the prismatic joint of the DACR’s right arm.

The two cutting arms of the DACR are required to start from a stationary state and
cut the rock wall along the red and blue trajectories in Figure 11. The actual motion of the
DACR’s mobile platform matches the expected motion, both locked to move uniformly
forward, and the mapping relationship between q1 in Table 1 and the forward motion
of the mobile platform can be represented by q1 as shown in Figure 13a, which causes
the relative kinematic controller to generate only the minimum norm solution for joint
velocities, thus resulting in matrix

(
I− JR

+JR
) .
qN being a zero matrix in Equation (10) at

this time. From Figure 13b–g, it can be seen that when the two cutting arms of the DACR
track the S-shaped trajectory, the variations in joint angles/lengths are continuous and
smooth, further demonstrating the continuity of the DACR’s motion. The angle/length
variations of the joints in the DACR’s two arms are shown in Figure 13b–g, where the blue
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lines (i.e., the expected values) come from the joint angle/length variations of the DACR
as shown in Table 2. Figure 13b,c represent the yaw joint angles of the DACR’s two arms,
Figure 13d,e show the pitch joint angles, and Figure 13f,g display the length variations of
the prismatic joints in the DACR’s two arms. It can be observed from Figure 13b–g that
the angle/length variations of the DACR’s two arms converge to the desired values within
100 steps, thus indicating the effectiveness of the relative kinematic controller. It should be
noted that the desired motions of the DACR’s two arms are asynchronous, which causes
the expected value of the yaw joint angle of the DACR’s right arm to remain constant for
some time after the simulation begins, while the two arms of the DACR in the simulation
are started synchronously. This indicates that the two arms of the DACR are effectively
controlled to approach the motion state when working asynchronously.
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positions) are calculated by substituting the parameters shown in Table 2 into the forward 
relative kinematics model (i.e., 3

6p  in Equation (5)). The positions of the two end-effec-
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Figure 13. The angle/length changes of each joint of the DACR. (a) The movement of the mobile
platform of the DACR in mode 2; (b) The yaw angle of the left arm of the DACR; (c) The yaw angle
of the right arm of the DACR; (d) The pitch angle of the left arm of the DACR; (e) The pitch angle of
the right arm of the DACR; (f) The length of the prismatic joint of the DACR’s left arm; (g) The length
of the prismatic joint of the DACR’s right arm.

With the action of the relative kinematic controller, after the synchronous start of the
two cutting arms, the XR generated by the two end-effectors gradually approaches the
expected values, as shown in Figure 14, where the blue lines (i.e., the expected relative
positions) are calculated by substituting the parameters shown in Table 2 into the forward
relative kinematics model (i.e., 3p6 in Equation (5)). The positions of the two end-effectors
are controlled to the expected values within 100 steps.
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Figure 14. The convergence process of relative position.

As shown in Figure 15, the errors along the X, Y, and Z axes converge to zero within
100 steps. It can be observed from the figure that the relative kinematic controller can
adjust the two cutting arms of the DACR with a synchronous start of the two cutting
arms to follow the motion pattern of asynchronous operation. The controller shows good
performance in reducing errors with a fast feedback velocity.
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The control effect of the relative kinematic controller is shown in Figure 16, where
the blue and red trajectories represent the actual positions and expected positions of the
two end-effectors of the DACR in Cartesian space, respectively. With correction from the
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controller, the end-effectors of the left and right cutting arms gradually approach the desired
red trajectory and eventually remain close to the desired S-shaped trajectory. Because the
dual arms of the DACR work asynchronously, after stably tracking the desired trajectory,
the two end-effectors of the DACR pass through the overlapping section of the AW one
after another.
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nate system).

The absolute error is defined as the two-norm of the difference between the relative
position vectors of the two end-effectors of the DACR after tracking the desired trajectory
stabilizes and the expected relative position vector. The absolute error of the relative
position of the DACR’s end-effectors can be obtained as follows:

e = ‖XRmax −XRd‖ = 0.01837 m.

The root mean square error (RMSE) is a statistical measure of the difference between
observed values and expected values. In this simulation, the RMSE is defined as follows.
After the expected trajectory tracking stabilizes, the angle/length error of each joint at
each step by the DACR is calculated. This results in each joint generating N errors in
angle/length. Compute the sum of squares of errors for each joint, take the average, and,
finally, calculate the square root to obtain the root mean square error for each joint. The
expression for the RMSE is as follows:

RMSE =

√√√√ 1
N

N

∑
i=1

(qd − q)2

The RMSE for each joint of the DACR is shown in Table 3.

Table 3. The RMSE of each joint.

q2/Rads q3/Rads a3/m q5/Rads q6/Rads a6/m

RMSE 0.0032 0.0149 0.0136 0.0053 0.0127 0.0125

The simulation results and error calculations for the controller indicate that tracking
of the expected relative positions is effective, and the tracking performance of the an-
gles/lengths of each joint under control is good. Solely from the perspective of simulation
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results, the controller is capable of effectively controlling the motion of the DACR’s dual
arms using only the relative position as the unique variable. However, this research only
focuses on the kinematic control of the DACR and does not consider other factors that may
affect its control effectiveness, such as vibrations generated during coal cutting, dynamic
characteristics of the system, and the stiffness of each joint. Therefore, establishing a more
precise model and conducting experiments on the DACR are the future research directions
for enhancing its control effectiveness.

6. Conclusions

DACRs are one of the most significant concerns for proposed dual-arm tunneling
robotic systems because DACRs have an important influence on the forming quality and
excavation efficiency of large-sized cross-section laneways. However, the critical issues
related to DACRs have not been reported, so the goal of this work is to address the main
issues related to the presented DACR. The following conclusions can be drawn:

1. An advanced dual-arm tunneling robotic system for a coal mine is developed, and the
main components and characteristics of the robotic system are presented in this paper.
The major benefit of this type of robotic system is the achievement of the synchronous
operation of excavation and permanent support of laneways.

2. The relative kinematic model of the DACR is established. This model integrates
the independent kinematics of both arms into a unified framework, allowing the
simultaneous description of the motion states of both arms using only one variable.
Additionally, a control strategy is proposed based on relative kinematics, enabling
simultaneous control of both cutting arms by using a single variable. Furthermore,
the AW of the DACR is generated and proposed by a Monte Carlo algorithm.

3. The simulation of the motion continuity of the DACR validates the correctness of
its relative kinematics model. The status of the DACR is studied for two typical
working modes, and the simulation of the AW verifies that the DACR has a larger
workspace and reduces the excavation process of large-sized cross-section laneways,
thereby improving mining efficiency. Finally, the simulation of relative kinematic
control selects the more suitable mode 2 and demonstrates the effectiveness of the
proposed control strategy. The DACR converges to the desired trajectory within 50
steps, with an absolute error in the relative positions between the two arms and the
desired relative positions of less than 0.01837 m, and the root mean square error of
the angle/length of each joint is maintained at a small value. This indicates that the
DACR can achieve precise feedback control with good error correction effect and
response speed, with minimal fluctuations after trajectory tracking stabilization. This
provides a theoretical foundation for the design, analysis, and future implementation
of dynamic control for the proposed DACR.

4. Compared to other dual-arm robots, the advantage of the DACR’s control strategy lies
in the proposed relative position controller’s ability to track changes in the relative
positions of the end-effectors. In contrast, conventional dual-arm robots primarily
focus on operations such as transporting, gripping, and lifting objects, where the
relative positions of the two end-effectors remain constant. Therefore, the proposed
controller exhibits greater versatility and can serve as a reference for future dual-arm
robot control systems.

There are some intrinsic limitations of the advanced dual-arm tunneling robotic system
for a coal mine and the DACR in this work. Firstly, the proposed controller can simul-
taneously control the motion of both arms by using a single variable (i.e., the relative
position of the dual-arm end-effectors). However, the controller may yield multiple sets of
feasible solutions. These solutions can satisfy both the expected motion of both arms and
the co-shared motion induced by the mobile platform, but they cannot guarantee that the
angles/lengths of other joints remain within specified ranges, ultimately leading to singular
arm poses. This research only considers solutions under the condition of deterministic
motion of the mobile platform. Therefore, further research is needed to address the issues
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of the controller yielding multiple solutions and avoiding singular arm poses. Secondly, the
effects of the relative dynamics of the DACR on the trajectory tracking accuracy of the two
cutting arms, which are of great importance and challenging, still need to be investigated
in detail. The consideration of the relative dynamics of the DACR is a topic for further
research. Therefore, in the future, an experimental platform will be established to validate
the proposed relative kinematic model and controller of the DACR. Additionally, there will
be an in-depth investigation into the dynamic model of the DACR, particularly focusing
on the relationship between the output force of the DACR and the joint force, which is
crucial for the DACR’s ability to cut rock walls. Finally, other control algorithms based on
the dynamic model of the DACR will be proposed, and the effectiveness of the DACR’s
dynamic controller will be verified through experiments.
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Abstract: Through soft robotics, flexible structures confer an elevated degree of protection and safety
in usage, as well as precision and reliability. Using theoretical models while combining different
types of soft components opens a wide variety of possibilities for the development of new and
better alternatives to rigid robots. Modeling and controlling soft robotic structures is still a challenge
and is presented in different ways by the scientific community. The present scientific work aims
to combine two of the most popular types of soft actuators, specifically shape memory alloy and
pneumatic actuators. The purpose is to observe the interaction between individual entities and
the resulting combined dynamics, highlighting the distinctive effects and influences observed in
the combined system. An evaluation is conducted from a numerical simulation perspective in the
MATLAB environment using representative mathematical models. The tests prove that a structure
combining these particular actuators benefits from the advantages of both components and even
compensates for individual downsides.

Keywords: soft robotics; mathematical modeling; hybrid structures; hybrid actuation; robotics

1. Introduction

In the context of permanently evolving robotics, the area of soft and flexible robots
distinctly appears to be increasingly popular. The fundamental driving reason for every
technological innovation is the necessity to offer people an easier, more comfortable life.
In the current era of engineering, a significant portion of rapidly developing technology is,
naturally, oriented toward people’s interactive needs, as researchers and engineers always
keep in focus the social and economic impact of their developments. The healthcare sector
is one of the few fields that combines technological advances with the diverse range of
needs, from basic to complex, of patients and medical personnel to enable an environment
where impressive medical procedures can be performed. Retrospectively, the medical field
has received important help from the technology field through the adoption of tools and
equipment capable of increasing the efficiency of medical staff, the speed of rehabilitation,
and even professional at-home healthcare.

As described in [1], the integration of robots in medicine practice started with the
neuro-surgical robot in the 1980s, leading to the voice-controlled endoscope in 2007 and the
more recent da Vinci SP incision flexible arm and Monarch robot for bronchoscopy. In this
manner, the development of medical robots uses a different approach, separating different
types of robots and actuation for specific procedures or domains. Rigid robots are mainly
used in heavy-wielding and mobility tasks, whereas medical procedures use flexible robots
and structures. Increasing the safety of the operation of these devices led to the idea of
different types of actuation, such as ones with reduced contact damage risk.

The need for small and powerful devices implies the need for specific types of actua-
tion, including volume-reduced and high-precision robots and actuators. Some categories
of soft actuators are electric and piezoelectric actuators [2], chemically and magnetically
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driven actuators [3], and pneumatic/ fluidic actuators [4], but considering the development
speed of the field, new actuators continue to emerge.

As presented in [5], continuum robots have various medical applications classified by
body area and actuation type. These robotic components (soft actuators) can enhance safety
through their usage, but the control strategies necessitate the development of complex
models and control structures. While mechanical and task-oriented approaches lead to
fast development and implementation, even with many intermediary versions, the mod-
eling area struggles to maintain mathematical representations’ simulation capabilities
and accuracy.

Soft actuators include artificial muscles [6], sensing skin-imitating devices [7], and other
flexible robots. The authors of [8] provided a detailed perspective on using flexible struc-
tures for actuation and sensing. An important subdivision of flexible robots is the soft
robotics area and soft actuation technologies, which have been applied in developing
rehabilitation devices, as presented in [9].

Performing actuations in soft robotics requires movement predictability, precision,
and consistent performance. More precisely, the control structure driving the robotic
soft actuator needs to be specifically designed based on a mathematical model for which
classical and modern control strategies can provide predictable performance.

Most actuators in the literature are specialized, using basic actuation methods and
simplified models (based mainly on physical design) to determine expected displacements.
But while rigid robotics can combine electrical rotational joints, which provide angular
precision, with pneumatic cylinders, which offer power and force stability, soft actuation
can be used similarly, combining the benefits of both components.

Rigid–soft hybrids are one possibility of combining different actuations, using the
rigid component to sustain the soft actuation or, as presented in [10], using a rigid structure
to encapsulate the control of the soft robot. The resulting actuators and methods could
provide more complex dynamics that enhance performance due to the use of both elements.
Combining different types of soft actuation can also provide capabilities applicable in
various domains or yield better outcomes. The components in the soft robotics class are fun-
damentally different from each other but are nevertheless compatible and interconnectable.

When considering the two types of soft actuation, one can define two types of com-
bined soft structures: hybrid and mixed systems. Mixed structures use two or more
different actuation methods and actuators in parallel, and the result is a sum of effects
applied to a theoretical target point. The hybrid structure, on the other hand, represents a
chain of interactions between the soft structures, with the output being the motion of the
last segment.

The reduced number of mixed or hybrid soft actuators in the literature and the physical
implementations or mathematical approaches used leave a widely unexplored research
direction. This is a first step in simulating hybrid soft actuators and can be considered a
starting point for future endeavors.

The idea of hybrid soft structures is a recent research concept, and exploring it could
provide novel insights. The already realized studies regarding this subject are limited
in number and only cover certain aspects. A first example can be found in [11], which
utilizes parallel actuation of shape memory alloy (SMA) wires in a spring form and a
pneumatic bladder. This forms an actuation system aimed at the rehabilitation of upper
limb movements. The actuations are realized separately and are used for specific individual
purposes. It represents a hybrid system but not a hybrid actuation.

In [12], the authors presented an approach similar to a mixed structure. A soft cylinder
with intrinsic passive elastic proprieties is covered with a separately driven SMA short
wires network. When a particular arrangement of wires is driven, the cylinder develops a
specific bending motion. The elastic proprieties are used as a reshaping method, and the
cylinder body also serves as an actuator interaction body. This approach confirms the
current research direction as a potential actuation field with unexplored possibilities.
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Performing actuations in soft robotics requires movement predictability, precision,
and known performances. More precisely, the control structure driving the robotic soft
actuator needs to be specifically designed based on the mathematical model. Most actuators
illustrated in the literature are specialized, using the basic actuation method and the known
model (based on physical design) to determine the outcome displacements. Mixed actuators
and methods could provide more complex dynamics that combine the benefits of the
individual elements.

A first step guiding toward the mentioned area can be a simple but concrete mathe-
matical model compatibility, starting from the already created models and developing a
methodology to combine and test the numerical interaction between the outcomes. In this
manner, one soft actuator model gives the driving input to another soft instance, creating a
deterministic outcome based on both serial actuator models.

To the authors’ knowledge, the ongoing research differs from the state of the art and
does not replicate or test any previous approaches. The limited state of the art argues that
the research direction is yet to be explored with a broad potential spectrum.

The novelty brought to the research field by the present work is an efficient and easy-to-
handle manner of combining different soft actuation models proposed, which can describe
complex soft dynamics, which is essential in designing hybrid actuators. The mentions
regarding compatibility strategies and testing methods are of the same importance. One
necessary and significant contribution resulting from the overall research is the usage of
fundamentally different simulation strategies, proving that the mathematically represented
soft structures are data-compatible, regardless of the testing method.

The chosen design uses SMA wires and a PneuNet structure to underline the po-
tential of hybrid soft robots. A system with an SMA actuator is complicated to control
precisely due to its complex electrical–thermal–mechanical characteristics. Depending on
the temperature and the external load, the behavior varies, and vibrations may occur due
to the wires’ elasticity. Therefore, SMA actuators must be controlled robustly in response
to environmental changes, modeling errors, and vibration suppression. Also, considering
hysteresis as a nonlinear element in the control system, the controllers should be able to
handle both position and force control. The development of a simulation model can start
with approaches based on experimental data [13].

Both SMA and PneuNet analytical models are considered in a hybrid architecture,
which is implemented via simulation in a MATLAB framework. The experimental re-
sults show how the performance of the hybrid architecture surpasses the performance of
individual components.

The following sections of the paper cover all the developments in hybrid architecture.
The second section describes the development and testing strategies and the general
connection of the elements, from physical inspiration to the simulated product. The third
section covers the mathematical principles at the foundations of the separated actuators
along with each integration method and results, covering the development from concept to
data. The following section presents the interconnection of the actuators and the constraints
and limitations of the resulting hybrid structure. The testing results are presented in
Section 5, along with discussions for each case, followed by a final section containing
conclusions and perspectives for the future.

2. Methodology

In the context described above, we propose a solution inspired by two essential
actuation elements, air pressure and electrical power, for soft materials represented by
the SMA wire and the pneumatic network (PneuNet) actuator. The proposed hybrid soft
structure uses the dynamics of the SMA wire to drive a classical pneumatic network,
combining the electro-thermal fast response of the first with the elastic proprieties of
the second.

The PneuNet presents a shape-recovering elasticity propriety that allows the actuator
to move in the initial position once the actuation is stopped. he volume is maintained
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constant by variation of length to diameter ratio from low temperature (blue shape) to
high temperature (red shape). As represented in Figure 1, where ∆x is the SMA actuation
displacement, the SMA liner displacement can be used to pull the extended silicon robot,
a process similar to the string actuation used for the homogeneous silicon actuators.

Figure 1. From SMA displacement to PneuNet bending connection.

The downside of the SMA thermal-driven behavior is its environmental dependency.
Once the actuator is heated to the desired temperature, the cooling process depends
on the environmental temperature, not on a controllable measure. On the other hand,
the PneuNet has an internal shape recovery process due to its elastic properties and the
resistive component included in the actuator body. In this manner, the pneumatic actuator
performs a fast shape-recovery speed when the pressure actuation stops or, in the current
case, when the pulling force starts to decrease.

Combining the fast and stable actuation of the SMA and the recovery proprieties of
the PneuNet can output a fast actuation in both directions, resulting in a reliable actuator
with speed, stability, and force performance.

A numerical simulation of the two separated actuations resulting in a hybrid structure
is realized in the MATLAB environment to prove the hybrid actuator and the mentioned
hypothesis. The resulting interconnection of the expected mathematical outcomes in a
graphical representation can be found in Figure 2. A mathematical model is implemented
for the SMA, and the force-resulting force motion is used as a negative pressure input. P is
noted at different pressure inputs in the figure. The PneuNet is simulated in a soft robotics
specialized toolbox, SoRoSim, using the force mentioned as input.

Figure 2. From SMA numerical model towards the PneuNet simulation.

3. Modeling and Integration

The authors of [14] strongly argue about the complexity of the soft robotics model
and the computational power required to accurately describe a soft behavior numerically,
especially in online control structures. A simple solution is to design the control systems
offline using an approximate representation of the desired actuator, which is also valid for
mixed or hybrid soft structures.

The current section contains a comprehensive description of the physical principles
based on the soft components and the practical integration process of the simulated models.
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The subsections also include the numerical representations of the physical proprieties and
the numerical data used for the experimental simulations. The description provided is
realized according to the mathematical model used in the numerical description.

3.1. SMA Preliminaries

The shape memory alloys are conductive metal composites, mostly found in nickel–
titanium mixtures, which offer a smart-material propriety called the shape memory effect.
This thermo-dynamical characteristic allows the alloy to shift from one molecular crystal
structure to another when the temperature changes, reacting to the influence of the envi-
ronment [15]. The alloy composition determines the range of shifting temperature and
the state shapes resulting from preemptive ‘teaching’. The shape memory alloys are used
in various actuators and can be driven by a wide range of actuation. As shapes, one of the
most popular types of actuators is the linear wire, with the dynamics produced being a
linear longitudinal displacement. For varying the actuating temperature, the conductive
metal can react to chemical components, electromagnetic field changes, or even changes
in the surrounding air temperature [16]. To change the internal temperature directly and
obtain a faster response, an electrical current can power the wire, with the residual thermal
energy activating the shape memory effect.

Considering the state of the art, different data-driven techniques were proposed to
estimate the model parameters. According to the published results, the SMA model is a
relation between the parameters and experimentally obtained stress, strain, and resistance
data at various constant temperatures. For modeling the SMA wire, the shape memory
effect and elastic and conductive properties are also considered. On the other hand,
the temperature-shifting values are to be chosen according to the pre-training process and
alloy composition (interdependent characteristics) [16].

3.2. SMA Model Implementation

Considering the complex behavior described above, it is clear that intertwined internal
characteristics and structure variation as a response to external factors return a complex
model description. For the current case exploration, the modeling considered will be the
one proposed in [17]. The paper describes a coupled model of a generic shape memory
alloy bar close to the SMA wire but with a detailed internal structure and material data.

The authors offer two approaches to determine the SMA internal manners, one having
the stress-induced command returning the internal strain and one opposite, having the
strain determining the stress. For the modeling necessary in the current development,
the strain-driven model, the observable outcome is the stress of the metallic wire and the
force present, both having similar forms.

The data found in the technical documents [18] was insufficient to have a complete
model of the real SMA, so the available data was combined with various results from
research papers, including [16,19,20].

Firstly, the material and environmental data must be specified with the critical con-
sideration that the transitions between austenite and martensite and back determine the
material propriety changes. Another aspect is related to the shape of the SMA and its
size [21]. For the current implementation, Table 1 shows the material data and the phase
separate proprieties.

The model is based on Gibbs energy, clearly representing the thermo-mechanical
process inside the alloy and the material reactions. Computing the model requires the
discretization of the SMA wire. The effect of the input is propagated along the wire,
successively affecting the entire length of time.

The model uses the discretization of the SMA bat that keeps a consecutive step state
change on the length. The surface area to volume ratio represents the physical dimensions
and is included in the algorithm as the thermo-mechanical coupling.
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Table 1. Shape memory alloy numerical data.

Heat capacity Hc 3.2 MPa/K
Transformation strain TrSt 4.7 %
Maximum strain 5.5%
Environmental temperature T0 297 K
Time-scale ratio λ 320
Expansion coefficient α 11× 10−6 K−1

Austenite Martensite

Data measurement Value Data measurement Value

Young modulus YA 80 GPa Young modulus YM 28 GPa
Austenite start temperature As 343 K Martensite start temperature Ms 323 K
Austenite finish temperature A f 363 K Martensite finish temperature M f 338 K

The initial data and command signals need to be specified. Inspired by Equations (17),
(24a,b), and (30) from [17], we can assume the initial values for force, the mean value
of state-shifting temperatures du0, the differential mean temperature for coupled state
temperatures w, and different prescribed strain shapes, used as a starting point for the
current implementation. Also, the initial temperature is the room temperature specified in
Table 1.

Each discreet segment of the wire is transitioning from one state to another depending
on the strain value given as input. By transitioning, the internal variables of the wire are
changing and need to be iteratively actualized, depending on the instantaneous phase.

Consider the following notations: ξ is the state shifting length proportion, St is the
strain input, T0 is the room temperature, YM and YA are the Young modulus at the shifting
states, TrSt is the transfer strain, and ThSt is the thermal stress.

The internal temperature T shifting in time, containing all the material transformations,
is given by (1), where k is the time moment for strain command. The stress Ss is given in (2),
and force F is given in (3).

Tk+1 =

−α
Hc

Tk
ξk+1
YM

1−ξk+1
YA

(Stk+1 − Stk)− λ(Tk − T0)dt

1− α2

Hc

Tk
ξk+1
YM

+
1−ξk+1

YA

+ Tk, (1)

Ssk+1 =
(Stk+1 − ξk+1TSt − α(Tk+1 − T0))

ξk+1
YM

+
1−ξk+1

YA

, (2)

Fk+1 = Ssk+1TrSt − Tk+1ThSt, (3)

Now, the phase shifting is to be analyzed by comparing the updated value of the
force with the previous one. If the segment analyzed is transiting one state, the force is
between the stress–temperature boundaries of the state. At this point, depending on the
state, the stress is computed using (4) for martensite or (5) for austenite:

Ssk+1 =
ξk+1(Ms −M f )ThSs − (Ms − Tk+1)ThSs

TrSt
, (4)

Ssk+1 =
ξk+1(A f − As)ThSs − (A f − Tk+1)ThSs

TrSt
. (5)

In both cases, the temperature is required to be recalculated using (6):

Tk+1 =
−α(Ssk+1 − Ssk)

Hc
Tk +

Ssk+1TrSt + du0− w(2ξi+1 − 1)
Hc

(ξk+1 − ξk)− λ(Tk − T0)dt + Tk. (6)
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Depending on the phase-shifting state of the SMA, the next step is to compute the new
shifting proportion with (7):

ξk+1 =
Stk+1 − Ssk+1

ξk+1
YM

+
1−ξi+1

YA
− α(Tk+1 − T0)

TrSt
. (7)

After the iterative phase-shifting process is realized, the force will be updated using (3).
This process is to be applied for each discrete part of the considered wire, in this manner,
the strain used as input is gradually applied to each one, and the transition is treated
fluently and dynamically.

The modeled process is coupled, indicating that the stress–strain diagram suggests the
type of alloy described, with the thermo-mechanical interaction having a critical impact.
For the current approach, the stress–strain diagram is portrayed in Figure 3, in which
the hysteresis gap describes the characteristic fount on a commercial SMA produced by
DYNALLOY Inc., Irvine, CA, USA.

Figure 3. Shape memory alloy stress–strain diagram.

3.3. PneuNet Functional Principle

The secondary actuator is a fast PneuNet pneumatic actuator, a succession of intercon-
nected elastic silicon chambers. This type of actuator is prevalent in the literature and can
be considered a standard choice for the current application. The proprieties of this actuator
are explored in terms of design and material in [22].

From the actuation point of view, the PneuNet is driven by air pressure inflating the
individual chambers and creating consecutive separating forces between chambers. The
constraining layer at the base of the actuator has the decency to determine the shape of
the motion.

The speed of the actuation and overall displacement are denoted by the shape, the elas-
tic material used in the fabrication, and the wall thickness. Therefore, creating a universal
interpretation in the form of a mathematical model or simulation environment is a chal-
lenge. In the literature, the modeling of the PneuNet is developed overwhelmingly in
mechanical-oriented environments for the study of forces and elastic proprieties.

3.4. PneuNet Implementation

For the current approach, the actuator in the case is an 11-chamber PneuNet, as
displayed in Figure 4. The model of the simulated body accurately represents the physical
dimensions of the actuator, the overall elastic properties, and the motion restrictions on the
base layer.
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Figure 4. Physical PneuNet used for modeling.

For development, the MATLAB R2023b toolbox SoRoSim is used due to its facilities for
interconnecting soft, rigid, and combined structures. The only downside for the problem at
stake is the non-homogeneity of the PneuNet; as the toolbox is designed for homogeneous
robotic structures, the problem proved to be solvable in [23]. The material data presented
and used for the integration are already modified to describe a non-homogeneous actuator,
based on the same principle that the actuators used are similar.

The toolbox uses the interaction pop-up windows to create the composing elements of
the PneuNet and the complete body, interconnections, and actuation. The elements have
individual dimensions and material properties to reproduce the actual segment and, when
connected, accurately reproduce the physical actuator.

Geometric Variable Strain (GVS) formalism is used for mathematical modeling to
create similar support for rigid, soft, and mixed actuators. The modeling procedure is
described in [24] and is resumed in the following paragraphs.

The technique used to map a shape reconfiguration of the robot uses the Cosserat
roads description theory. This is known as micropolar elasticity, which incorporates the
elastic behavior (twisting, bending, etc.) and defines the dynamics of a continuous segment.
From this theory, the authors in [24] propose the interpretation of a continuous soft link
as being from the initial configuration, or the Cosserat road base, (Xi = 0) to the final
configuration at the end of the road (Xi = Li).

Starting from a chain of consecutive segments composing a Cosserat rod, where
gi is an element in the Special Euclidian group (SE(3)) or a curve for flexible structures
and is represented by a homogeneous transformation containing a rotational matrix Ri
and a position vector ri in (8), where the body-frame at Xi also includes joint constraints.
A specific gi can be used to express the relation between a soft or rigid body segment
and the previous chain of segments, as for a particular Xi, from the Cosserat rod [0, Li],
a transformation has the form from (8):

gi(·) : Xi ∈ [0, Li] ∈ SE(3),

gi(Xi) =

(
Ri ri
0 1

)
.

(8)

To construct a chain of bodies describing consecutive spatial transformations, a product
of exponentials (PoE) is used, based on the partial derivatives of space ´(·) and time ˙(·) as
in (9):

gi (́Xi) = gi ξ̂i,

ġi(Xi) = giη̂
r
i .

(9)

The strain twist body-frame can be further described as a component of the Euclidean
space or in a vectorial representation in (10), where k̃i and ki are representations of angular
strains, and pi represents the linear strain, with se(3) being the operations added to the
Euclidean group:
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ξ̂i (Xi) =

(
k̃i pi
0 0

)
∈ se(3) or ξi(Xi) = (kT

i , pT
i )

T ∈ R6. (10)

Similarly, the velocity twist body-frame is described in the Euclidean space and in the
vectorial representation in (11), where w̃r

i and wr
i are representations of angular velocity,

and vi represents the linear velocity:

η̂r
i (Xi) =

(
w̃r

i vr
i

0 0

)
∈ se(3) or ηr

i (Xi) = (wrT
i , vrT

i )T ∈ R6. (11)

Using the equations in (9), the construction of a PoE can be done regardless of the
rigidity of the analyzed segment. For the rigid body, the Xi is similar to the body frame
attached to i. In this manner, the product of exponentials describing the configuration of
link i for the spatial frame can be developed using the Magnus expansion of ξ̂i at Xi = Li:

gi(1) = exp(ξ̂i), (12)

gi(Li) = exp(Ω̂i(Li)). (13)

Therefore, the PoE results in the form of (14)

gsi(Xi) = gs0exp(ξ̂0)g01exp(ξ̂1 or Ω̂1(L1)) . . . exp(Ω̂i(Xi)). (14)

Starting from the product of exponentials, the kinematic chain of rigid, soft, or mixed
links has the development described in [24] from Equation (8) to (19). The dynamic model
covers the classical Lagrangian representation in (15), where q is the vector of coordinates
based on the considered strain. Mrepresents the mass matrix, C is the Coriolis matrix, K
is the stiffness matrix, D is the damping matrix, all of nxn order, B is the actuation matrix
dependent on the number of actuators, and F is the vector of generalized external forces.
All matrices have specific representations as found in [24].

Mq̈ + Cq̇ + Kq + Dq̇ = Bu + F. (15)

Concerning the computational implementation, some restrictions occur regarding the
finite representations of components. Therefore, the product of exponentials implemented
has the form of (16), considering the hth interval of a soft link i for which the value of the
configuration gsi is computed. The Magnus expansion also requires an approximation
in the form detailed in the [24], along with the rest of the computational integration of
the model.

gsi(Xi + hk) = gsi(Xi)exp(Ω̂k
i ) (16)

These mathematically described components describe the kinematic and dynamic
behavior of the complete elastic chain that can be created at the toolbox level. Working with
the SoRoSim required the abstract definition of the individual links and their particular
proprieties to define a complete linkage.

When the link is created, the model defines a chain of interaction between the consecu-
tive geometric variables, describing the possible deformation in the form of linear and twist
motion. As the discretization defines the motion model precision, the created links must
reflect the deformation generated or applied during actuation. In the physical actuation,
as mentioned in the previous subsection, the chambers’ interaction creates the pushing
force, therefore the segments have separate effects.

For the current PneuNet, in the toolbox, three different links representing the principal
types of segments are created:

• Ending link: representing the first and last chamber, with larger chambers and least
powerful deformations;
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• Chamber link: representing the intermediary chambers, which cause the deformation
and the shape restoration;

• Channel link: representing the small segments interconnecting the other links, encap-
sulating the majority of the deformation.

The three link types are combined in a structure of 21 links, each keeping the material
proprieties. The linkage structure also determines the links’ interaction and actuation
possibilities. The toolbox’s default actuation type is string actuation. Although the PneuNet
is generally actuated pneumatically, with pressurized air, a capability of the toolbox already
proven possible in [25], the default string actuation accurately represents the SMA actuation.

The PneuNet propriety on focus is the shape recovery characteristic of elastic material.
For the effect of the propriety to reach maximum potency, the pulling force outputted by
the SMA model must be uniformly distributed along the actuated body. This is achieved
using a distributed actuator (one for each link) with equal pulling force amplitude applied
in the same manner as the air pressure [25].

The physical data used in the SoRoSim toolbox to describe PneuNet can be found in
Table 2. The data describes each segment by the exterior dimensions, and the material data
is already modified to represent the non-homogeneous elastic behavior as described in [25].

Table 2. Soft robot physical dimensions and material characteristics.

Data Measurement Value

PneuNet length 103 mm
Rigid layer length 110 mm
Interior chamber (L|l|h) 3|14|13 mm
Chamber exterior (L|l|h) 8|20|15 mm
Common channel (L|l|h) 65|2|2 mm
Inter-chamber distance 6 mm
Wall thickness (top|lateral) 2|3 mm
Rigid layer thickness 5 mm
Young modulus 106 Pa
Sheer modulus 3.33× 105 Pa
Poison ratio 0.5
Material density 500–1000 kg/(m3)
Material damping 11,200 Pa·s

Another critical aspect of the PneuNet linkage model is the presence of gravitational
force. As the expected dynamic displacement evolves on the XOZ plane, or around the
Y-axis, in the form of a rising on the Z-axis, the gravitational force is oriented in the negative
Y direction. The motion of the PneuNet aims to be antagonistic to the gravitational pull,
amplifying the shape recovery speed. Figure 5 presents the spatial representation of the
PneuNet linkage created. The gravitational force is marked by the black arrow pointing in
the negative Z-axis direction.

The actuation functions used as input are provided to the simulation part of the toolbox
as mathematical time-dependent expressions. The actuator’s initial condition must also be
specified. The default posture is used in all of the following simulations, with no previous
displacement on any robot link. The integration resulting linkage has the dimensional
representation shown in Figure 6, with the physical constraint layers on the upper side.

The validity of the integrated model is given by the existing models found in the
literature in the form of the displacement shown as the final posture and Z and X-axis
time-displacement graphics, as the PneuNet was realized with the data provided in the
research mentioned. The functions used for testing are a constant step function and a
sigmoidal evolution, both with the same maximum value, as proven in [25].

264



Actuators 2024, 13, 127

Figure 5. Schematic PneuNet resulting from modeling.

Figure 6. PneuNet integrated body in default configuration.

4. Models Interconnection and Testing

The mathematical models of both actuators require and return specific data based
on the modeling approach but are not necessarily simulation-compatible. The present
section covers the procedures needed to convert the SMA model output, represented by
force–time variation, into an input compatible with the PnueNet integration, represented
by air pressure, in the toolbox. As mentioned above, the driving data used in the dynamic
simulation of the PneuNet is a pulling force applied equivalently on each segment of
the actuator.

The data obtained from the SMA model are a numerical representation of the force
variation in time, being a deterministic result of a given temperature variation. The resulting
force evolution in time does not respect a simple characteristic; it can be a succession of
complex shapes united by discontinuity points. An example is depicted in Figure 7,
showing a force output used for the first experiment.

On the other hand, the dynamic simulation in the SoRoSim toolbox requires a time-
dependent solvable shape to interpret and drive the PneuNet. Considering this, several
procedures are required to create numerical compatibility. Firstly, the SMA resulting
shape must be separated into continuum intervals using the discontinuity points for
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discrimination. To increase the precision, the discontinuity points are determined using the
second-order gradient for the evolution. In this manner, points are numerically determined
based on the evolution, not approximated.

Figure 7. Example of SMA model output.

Each interval, containing numerically continuous partial evolution from the complete
force, needs to be approximated using polynomial characteristics with a certain precision.
The resulting time-dependent functions approximating the entire evolution of the SMA
model force are compatible with the SoRoSim dynamic simulation input.

A critical aspect of the procedure is that a different simulation is realized for each
approximated force interval. The dynamic simulation requires an initial condition for the
geometric strain for each interval. The condition is the PneuNet state at the end of the
previous simulation. In the case of the first interval, the initial condition is the default
geometric strain state.

5. Results

This section covers the dynamics returned by the composed topology described above
and the modeling principles presented, and it analyzes the final shape and the movement
evolution. The expected displacement is shown distinctively in planar evolution (on the
XOZ plane) and on the principle axis. It is important to note that the simulated experiments
are realized in an open loop, focusing on the usefulness of the combined structure’s effect
rather than on a controlled outcome.

Firstly, we need to analyze the effect of the SMA output shown in Figure 7 of the
modeled PneuNet. As observed, the evolution presents five continuum intervals, offering
a rapid variation over a 2 s period, which, according to [25], can be considered a shock
actuation, therefore resulting in oscillatory potential behavior. The resulting outcomes for
the described simulated experiment are shown in Figure 8.

The oscillatory behavior of the actuated PneuNes is a simple and natural response
of the elastic body to a rapidly increasing actuation force. It is a consequence that further
proves the accuracy of the model. The physical reaction to a sudden pressure input in the
pneumatic chambers is determining the fast contact interaction.

The compatibility forces and dynamics need to be ensured in the measurable environ-
ment provided by the PneuNet integration. The initial approaches correlating the inputs
and outcomes for the model in a compatible manner were flawed but even more necessary
in the development road, returning useful information about the compatibility status.
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Figure 8. PneuNet displacement on a rapid driving force (X—left; Z—right).

One possibility to reduce the shock effect is to expand the actuation over a more
significant period, giving a more extended actuation period for each continuum interval.
The following experiment uses the exact strain actuation of the SMA model but extends
over a longer period, from 2 s to 20 s as in Figure 9. The figure below depicts the strain
input on the alloy model and the force outputted to be used as PneuNet’s driving force.

Figure 9. SMA signals: Slower strain command (left) and outputted force (right).

As proven in [25], the expected behavior is an evolution with minimum oscillations,
avoiding elastic shock–vibrational proprieties. A consequence of the extended intervals is a
slower axial evolution, returning a more complex motion. In addition, the actuation returns
a stable dynamic around the 10 s moment as a response to a negative oscillatory evolution
by increasing the force. It is clear that the SMA response is directly reactive to the SMA
outputted force and contains the specific PneuNet proprieties. The resulting displacements
on the axis are displayed in Figure 10.

Another aspect is represented by the observable fast response, presented by the
experiments in Figure 10, where the Z-axis displacement has a constant initial increase,
similar to an S-shaped function. The PneuNet outcome is an elastically damped response to
the first interval (Figure 9 Right), resulting in a combined effect of the soft hybrid actuator.

Another experiment is realized with a strain input at half amplitude, returning a
continuum pulling force. As displayed in Figure 11, the force evolution presents only two
discontinuity points necessary for three interval approximations. Still, more importantly, it
describes a steady force increase but at half the amplitude.

By comparing with the experiments described in [25], the evolution on the first interval
is expected to be also oscillatory; the time given for the force to reach a specific value,
after which a slower variation occurs, is almost instantaneous. Although this can cause an
unwanted oscillation, the effect should be damped by the slow and steady increase over
time (over 10 s) before the start of the decreasing ramp.
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Figure 10. PneuNet displacement on a slower driving force (X—left; Z—right).

On the second interval, the force is quickly decreasing, and considering also the
gravitational pull on the PneuNet, it is expected to perform an amplified fall-like behavior.
As the fall occurs, the final force’s level will rise after a decrease below the force’s resulting
value. For the last interval, the displacement is expected to be stabilize at a particular
position, oscillating around it. The results are observable in Figure 12.

Figure 11. SMA signals: Wider strain command (left) and outputted force (right).

Figure 12. PneuNet displacement on for previous driving force (X-left and Z-right).

The displayed images confirm the supposition by the displacements presented on
both axis evolutions. It is important to note that the force amplitude driving the PneuNet
decreased compared to the previous experiments. The consequence was the decreased Z
displacement and damping of the oscillations.

In the current experiment, the relation between the SMA-generated force directly
influencing the PneuNet behavior and the oscillatory dynamics produced by the elastic
characteristic. Each force interval described above generates a specific outcome, combining
the actuation speed of the SMA and the PneuNet shape recovery propriety.
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Corroborating the experiments described above, important ideas can be extracted. One
essential aspect is the generated actuation force from the SMA, presented as the PneuNet
driving signal acting antagonistically to the elastic shape recovery propriety and towards
a damped, smoothed displacement. In the presented experiments, we validated that
the hybrid architecture benefits from a superposition behavior regarding the advantages
of each component. This result allows for future development in both modeling and
practical applications.

6. Conclusions and Future Work

The present work proves that soft robotics is at the beginning of the exploratory phase
and still has vast areas to uncover and understand. The proposed architecture shows
the potential of hybrid soft actuation in the performance enhancement of the individual
components. The concept proves that more complex structures could be tested and verified
and that the numerical representations of soft components are inter-connectable using
slight compatibility regarding scales and approximations.

In the detailed analysis, the hybrid architecture uses mathematical models that are
approximations of ideal physical components. One critical remark is that the numerical
data (namely the force signal) transferred from one actuator to the other are suitable
for polynomial approximation. Based on this, the resulting dynamical behavior shows
enhanced performance compared to individual components’ performance.

The experimental results highlight that the behavior of the force generated by the SMA
wire model can drive the PneuNet integrated model. The resulting displacements contain a
combined influence of the component proprieties. The elastic characteristics dampen the
SMA wire’s fast responses, while the oscillatory dynamic of the PneuNet is reduced by the
constant force maintained by the SMA.

The presented procedure proves functional for the test case but can be extrapolated
and used for different hybrid structures. The only required consideration is the conversion
between the physical data, creating physical quantity compatibility and, if necessary,
converting the amplitude from one actuator to the other, representing a transfer element in
the real system.

Regarding future work, one of the main goals will be to integrate elements from fluid
mechanics and thermodynamics in a hybrid architecture. Also, sensing elements can be
used to widen the application areas. The resulting schemes would allow for the simulation
of multiple case studies with potential physical implementation. This can provide novel
actuation types, hybrid structures, and more complex testing scenarios.

Last, but not least, the required work to firmly conclude the hybrid performance is
to physically implement and test the simulated structure while measuring and evaluating
data and outcomes. Although the real testing plant could be influenced by material
imperfections and various surrounding thermal or positioning conditions, the continuous
phenomena at the material level of the SMA and PneuNet, the effect discretized in modeling,
could prove to be a more fluent combined behavior.

Author Contributions: Conceptualization, both; methodology, both; software and validation, F.-A.B.;
formal analysis, A.B.; writing—original draft preparation, F.-A.B.; writing—review and editing, both;
supervision A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding

Data Availability Statement: The data supporting this study’s findings are available from the first
author or corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

269



Actuators 2024, 13, 127

References
1. Troccaz, J.; Dagnino, G.; Yang, G.Z. Frontiers of medical robotics: From concept to systems to clinical translation. Annu. Rev.

Biomed. Eng. 2019, 21, 193–218. [CrossRef] [PubMed]
2. Kheirikhah, M.M.; Rabiee, S.; Edalat, M.E. A review of shape memory alloy actuators in robotics. In Proceedings of the RoboCup

2010: Robot Soccer World Cup XIV 14, Singapore, 25 June 2011; pp. 206–217.
3. El-Atab, N.; Mishra, R.B.; Al-Modaf, F.; Joharji, L.; Alsharif, A.A.; Alamoudi, H.; Diaz, M.; Qaiser, N.; Hussain, M.M. Soft

actuators for soft robotic applications: A review. Adv. Intell. Syst. 2020, 2, 2000128. [CrossRef]
4. Xavier, M.S.; Fleming, A.J.; Yong, Y.K. Finite element modeling of soft fluidic actuators: Overview and recent developments. Adv.

Intell. Syst. 2021, 3, 2000187. [CrossRef]
5. da Veiga, T.; Chandler, J.H.; Lloyd, P.; Pittiglio, G.; Wilkinson, N.J.; Hoshiar, A.K.; Harris, R.A.; Valdastri, P. Challenges of

continuum robots in clinical context: A review. Prog. Biomed. Eng. 2020, 2, 032003. [CrossRef]
6. Park, Y.L.; Santos, J.; Galloway, K.G.; Goldfield, E.C.; Wood, R.J. A soft wearable robotic device for active knee motions using flat

pneumatic artificial muscles. In Proceedings of the 2014 IEEE International Conference on Robotics and Automation (ICRA),
Hong Kong, China, 31 May–7 June 2014; pp. 4805–4810.

7. Tabasi, S.F.; Banihashemi, S. Design and mechanism of building responsive skins: State-of-the-art and systematic analysis. Front.
Archit. Res. 2022, 11, 1151–1176. [CrossRef]

8. Heng, W.; Solomon, S.; Gao, W. Flexible electronics and devices as human–machine interfaces for medical robotics. Adv. Mater.
2022, 34, 2107902. [CrossRef] [PubMed]

9. Pan, M.; Yuan, C.; Liang, X.; Dong, T.; Liu, T.; Zhang, J.; Zou, J.; Yang, H.; Bowen, C. Soft actuators and robotic devices for
rehabilitation and assistance. Adv. Intell. Syst. 2022, 4, 2100140. [CrossRef]

10. Stokes, A.A.; Shepherd, R.F.; Morin, S.A.; Ilievski, F.; Whitesides, G.M. A hybrid combining hard and soft robots. Soft Robot. 2014,
1, 70–74. [CrossRef]

11. Golgouneh, A.; Beaudette, E.; Woelfle, H.; Li, B.; Subash, N.; Redhouse, A.J.; Jones, M.; Martin, T.; Lobo, M.A.; Holschuh, B.; et al.
Design of a hybrid SMA-pneumatic based wearable upper limb exoskeleton. In Proceedings of the 2021 ACM International
Symposium on Wearable Computers, Virtual, 21–26 September 2021; pp. 179–183.

12. Allen, E.A.; Swensen, J.P. Design of a Highly-Maneuverable Pneumatic Soft Actuator Driven by Intrinsic SMA Coils (PneuSMA
Actuator). In Proceedings of the 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Las Vegas,
NV, USA, 24 October–24 January 2020; pp. 8667–8672.

13. Shibly, H.; Söffker, D. Mathematical models of shape memory alloy behavior for online and fast prediction of the hysteretic
behavior. Nonlinear Dyn. 2010, 62, 53–66. [CrossRef]

14. Walker, J.; Zidek, T.; Harbel, C.; Yoon, S.; Strickland, F.S.; Kumar, S.; Shin, M. Soft robotics: A review of recent developments of
pneumatic soft actuators. Actuators 2020, 9, 3. [CrossRef]
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Abstract: This research paper outlines the development of a modular and adjustable transfer care
robot aimed at enhancing safe and comfortable transfers for individuals with lower limb disabilities.
To design this robot, we utilized a 3D motion capture system to analyze the movements of a person
assisting another person and to determine the necessary range of motion and workspace for the
robot. Based on this analysis, we developed a 3-UPS + UPR parallel spreader to transfer the person
receiving care. We also conducted kinematic and dynamic analyses of the parallel spreader to
validate its operational space and to obtain the force change curve for the drive. To evaluate the
robot’s performance, we enlisted the help of ten volunteers with varying heights and weights.
Our findings indicate that the pressure distribution during transfers remained largely consistent.
Additionally, the surveys revealed that those receiving care perceived the robot as being capable of
securely and comfortably transferring individuals between different assistive devices. This modular
and adaptable transfer assistance robot presents a promising solution to the challenges encountered
in caregiving.

Keywords: hybrid nursing robot; humanoid pick-up action; workspace; dynamical model; comfort
analysis

1. Introduction

With the aggravated aging of the population, the number of disabled/semi-disabled
persons is increasing, which causes many social problems, such as the lack of care and
increased bodily injuries to nursing persons [1–3]. For disabled/semi-disabled persons,
nursing services include transfer support, excretion support, guardian support, and spiri-
tual consolation, wherein transfer support poses the most serious risk of bodily injury to
the nursing person [4,5]. Transfer support refers to the heavy physical work of assisting
or carrying a disabled person to transfer them between living appliances such as a bed,
wheelchair, a close stool, or sofa. It is a key factor that causes home nursing difficulty,
disharmonious family relationships, and other social problems [6].

The common transfer carriers are divided into direct and indirect carriers [7]. Direct
carriers adopt a bed–wheelchair integrated design. Based on the Internet of Things (IoT),
Muangmeesri and Wisaeng [8] designed an intelligent wheelchair with a health monitoring
function. Zhou et al. [9] designed an intelligent nursing bed that integrates the functions
of a traditional nursing bed and a powered wheelchair. Lang et al. [10] developed a
smart nursing bed designed to facilitate automatic defecation for patients. Nevertheless,
the expensive and non-transferable equipment transfer approach poses limitations, as
it does not enable transfers between various devices. At present, the indirect carrier is
the popular transfer carrier. Wang et al. [11] designed a power-driven transfer device
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that uses a sling to lift and move a nursed person. It is simple and cheap, but it is less
comfortable and can easily cause secondary injury. The RI-MAN humanoid bilateral-arm
rehabilitation robot [12] designed by the RIkagaku KENkyusho/Institute of Physical and
Chemical Research has 19 degrees of freedom (DOFs) and contains two coupled six-DOF
robotic arms and multiple sensors for the rapid perception of the external environment.
The second generation of the robot nursing assistant (RoNA) launched by HStar [13,14]
adopts a tandem elastic drive system that effectively guarantees the safety and flexibility of
two arms and has a loading capacity of 227 kg. It is also equipped with a three-dimensional
(3D) intelligent navigation system. Its shortcoming is that it requires the assistance of two
medical care personnel and is thus less efficient. Zhang et al. [15] created a nursing robot
with an aluminum alloy structure by focusing on the center of gravity. This robot can move
safely and efficiently along a predefined path between two work points. However, the use
of motor-driven arm joints proves to be expensive and unsuitable for widespread adoption.
Liu et al. [16] developed a humanoid back-holding transfer rehabilitation robot that uses
a three-DOF chest support to support the chest of a nursing person while it carries the
nursed person on its back for transfer. However, this robot is complex and large. To sum up,
the existing transfer equipment, aimed at ensuring the safety and comfort of care, comes
with elevated costs and equipment complexity. This high price tag poses challenges for the
broader population to afford such equipment [17–19].

Simultaneously, the emotional well-being of an individual receiving care and their
comfort during the transfer process play significant roles in caregiving. Previous stud-
ies [12–14] have employed humanoid robots, demonstrating that human-like movements
can enhance the emotional connection between the robot and the individual while im-
proving comfort. However, none of the aforementioned studies analyze the movements
of a person embracing another individual, instead opting for a costly robotic arm with
multiple motors.

To create a transfer care robot that is safe, comfortable, and cost-effective while mim-
icking the anthropomorphic hugging and transferring motions, our approach involved
using a 3D motion capture system to analyze human hugging movements and determine
the necessary range of motion and workspace for the robot. Building on this analysis, we
developed a hybrid transfer robot equipped with a 3-UPS + UPR parallel spreader designed
for optimal structural stability. To ensure the functionality and safety of the designed robot,
we conducted kinematic and dynamic analyses. Subsequently, we fabricated a prototype
and conducted experiments with recruited volunteers. The results demonstrated the robot’s
ability to comfortably transfer caregivers between chairs, beds, sofas, wheelchairs, and
other everyday living appliances. This success suggests the potential for the widespread
application of this innovative robot.

2. Analysis of the Pick-Up Action

In this study, we employed a 3D motion capture system to determine the necessary
degrees of freedom for our mechanism’s design and its range of motion. Additionally, we
conducted tests involving several individuals who require care to establish the required
workspace, tailored to the needs of a wide range of individuals. The specific body pa-
rameters for individuals who can benefit from this robot’s assistance are outlined based
on the inertial parameters defined by the General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China, China National Committee
for Standardization [20]. These parameters include a height range of 1500 mm to 1880 mm
and a weight range of 50 KG to 90 KG.

2.1. Design of the Pick-Up Test

In this test, a NOKOV optical 3D motion capture system was used to capture the
actions of the nursed person in the pick-up process [21,22]. According to the standard
human skeleton model [23] given in the ISO/IEC19774-Human animation (H-Anim) stan-
dard, “r_shoulder”, “l_shoulder”, “vl5”, and “sacroiliac” in the model were selected as the
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markers (Figure 1). As shown in the figure, a nursed person sat on a chair, and a nursing
person picked up the nursed person and moved them by walking.
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Figure 1. Test arrangement for the pick-up action.

The nursed persons were five volunteers with different heights and weights, as shown
in Table 1. The first nursing person was a male, aged 23, 1750 mm in height, and 85 kg
in weight. To avoid daytime sunshine from affecting the motion capture, the test was
conducted at night. Before the test, the nursed persons and the nursing person did not
drink, but they had a good rest. In addition, to prevent the physical fatigue caused by the
continuous tests from affecting the pick-up action, the nursed persons and the nursing
person were asked to take a 10 min break before participating in the next set of tests.

Table 1. Information of the nursed persons.

Height, mm Weight, kg Sex Age

Nursed person 1 1520 53 Female 23
Nursed person 2 1650 70 Male 24
Nursed person 3 1700 72 Male 24
Nursed person 4 1750 78 Male 29
Nursed person 5 1810 85 Male 35

2.2. Analysis of the Pick-Up Action

The pick-up and transfer actions, illustrated in Figure 2, included four stages: ap-
proaching, picking up, steady movement, and lowering. First, the nursed person sat on a
chair, and the nursing person approached the nursed person and bent to an appropriate
position. Second, the nursing person maintained their leg posture when approaching the
nursed person, put their arms on the back and thighs of the nursed person, and then stood
up. In this process, the back angle of the nursed person changed a little. Third, the nursing
person adjusted the posture of the nursed person to a “comfortable” state and leaned
the body of the nursed person backward. Fourth, the nursing person leaned the nursed
person’s body frontward and slowly lowered them down into the chair.

A coordinate system was established by considering the body of the nursed person as
a rigid rod and considering the projection center of the chair on the ground as the origin
(Figure 3). Using an example of a person being cared for who has a height of 1700 mm and
a weight of 72 kg, the entire lifting process takes 18 s. During this process, we observed
the change in the angle between the cared-for person’s body and the X-axis, as illustrated
in Figure 4. The nursed person’s subjective feeling in the pick-up process was affected by
their posture and the change in the interaction between the two persons due to the posture
variation; when the said angle was within 10◦–25◦, the nursed person felt “comfortable” as
the forces on their back, legs, and other contact parts were acceptable [24].
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Figure 5 provides the minimum trajectory ranges of the markers on the five nursed
persons. The vertical displacement of each marker was nondimensionalized by the corre-
sponding nursed person’s height as the denominator. The smallest trajectory range covers
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640 mm horizontally and 280 mm vertically. These minimum trajectory ranges are crucial
for designing the workspace of the robot. A requirement is that the workspace of the sling
used in this innovative design should be greater than the minimum trajectory range.
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The test results revealed that the forces on the nursed person changed with the change
in the nursing person’s posture, which directly affected their comfort. Therefore, based on
the features of the pick-up action, the robotic pick-up sling should have three DOFs (for
horizontal movement, vertical movement, and rotation), as shown in Figure 6.
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3. Hybrid Robot: Structure and Functionality

As illustrated in Figure 7, The modular hybrid robot, described in this paper, incor-
porates several components including a mobile chassis, a 3UPS + UPR parallel spreader,
a linear skid module, a binocular vision system, a protective hood, a slewing device, and
a lifting device. Its dimensions are 1000 mm × 700 mm × 1750 mm, supporting a load
capacity of 50 KG to 90 KG. These specifications stem from an in-depth analysis of the
physical characteristics of the intended user group, detailed in Section 2. The focus of this
research centers on the 3-UPS + UPR parallel spreader.

The 3-UPS + UPR’s three-dimensional movement is facilitated by adjusting the lengths
of the four electrically driven rods. These rods offer a motion range of 0–350 mm, a
maximum thrust of 2500 N, and a telescopic speed of 7 mm/s. Coupled with the horizontal
slide movement, this mechanism allows for precise positioning relative to the caregiver. The
module’s design prioritizes structural integrity and stability, effectively replacing traditional
multi-joint robotic arms. This aspect is crucial in minimizing the risk of mechanical failures
during operation, thereby safeguarding the user’s safety during transfer processes.
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Figure 7. The series-parallel transfer nursing robot.

The work process of this robot is as follows: when detecting a nursed person, the
binocular vision system moves the mobile chassis to a designated position and adjusts the
3-UPS + UPR paralleled sling to a position that is wearable for the nursed person through
the rotatory device, lifting device, and straight pulley block modules; when the nursed
person wears the sling well, the paralleled sling can pick up the nursed person and adjust
the postures until the transfer nursing process is finished.

In response to the requirements identified during the analysis of pick-up and carry
movements, the 3-UPS + UPR parallel spreader is designed to offer three essential degrees of
freedom: horizontal movements, vertical movements, and rotational capability. This design
specifically addresses the diverse mobility needs of individuals with lower limb disabilities.

As illustrated in Figure 8, the 3-UPS + UPR paralleled mechanism is composed of a
fixed platform, a mobile platform, three identical UPS branches (hooke joint (U), sliding
pair (P), and spherical joint (S)), and a UPR branch. The four branches are distributed like a
square on the fixed platform.
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4. Kinematic Analysis

To confirm whether there is a sudden change in the driving force of the parallel
mechanism during the holding motion, which could be potentially hazardous, a kinematic
analysis is required. This analysis will help to derive the position inverse solution and the
Jacobian matrix for the parallel mechanism, establishing the groundwork for a subsequent
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dynamic analysis. Simultaneously, it is essential to determine the workspace to ensure that
it exceeds the minimum trajectory range required for the cared-for person.

4.1. Inverse Solution for Positions

To pick up a person with the robotic 3-UPS + UPR paralleled sling, the kinematic
parameters of the sling were calculated based on the trajectory of the humanoid pick-
up motion. Further, the topological structure of the 3-UPS + UPR paralleled sling was
established, as shown in Figure 9.
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Figure 9. The topological structure of the 3-UPS + UPR paralleled sling mechanism.

A base coordinate system (O) is established at the center of the fixed platform, where
the center of the square is the origin O, the X-axis is parallel to line A1A3, the Y-axis is
parallel to line A2A4, and the Z-axis is vertical to face A1A2A3A4; a moving coordinate
system (o) is established at the center of the mobile platform, with the origin o at the center
of the square mobile platform, the x-axis parallel to line B1B3, the y-axis parallel to line
B2B4, and the z-axis vertical to face B1B2B3B4. In this paper, the first shaft Ri1(i = 1,2,3,4) of
each hooke joint is along the Z-axis direction and vertical to the second shaft Ri2(i = 1,2,3,4),
the second shaft Ri2 of each hooke joint is vertical to the driving pair Pi of each branch, the
second shaft R12 of the hooke joint in the UPR branch is vertical to the R13, and the rotating
axis of R13 is parallel to the x-axis of the mobile platform.

As for the inverse kinematic of the position of the 3-UPS + UPR mechanism, the length
vector li of the drive rod in each branch of the mechanism was determined by using a
rotation matrix and constraint equation, given that the length from the center to the vertex
of the fixed platform is L, the length from the center to each vertex of the mobile platform
is l, and the pose of the center o of the mobile platform relative to the fixed coordinate
system is (x, y, z, α) For the 3-UPS + UPR paralleled mechanism, the constraint equation is
determined, as shown below, based on the geometrical relationships of the revolving pairs
R12⊥A1B1, R12⊥R13, R11⊥R12, and R13⊥A1B1:





R12 × A1B1 = 0
R12 × R13 = 0

R13 × A1B1 = 0
R12 × R11 = 0

(1)

The variables ki, hi, li, and
→
r are set, representing the unit direction vectors of oAi,

oBi, AiBi, and oo in the base coordinate system, and ei is set as the length of the revolving
pair, where 




k1= (L , 0, 0)′

k2= (0, L , 0)′

k3= (− L , 0, 0)′

k4= (0,− L , 0)′
(2)

277



Actuators 2023, 12, 438

The pose transformation matrix of each vertex Bi on the mobile platform in the base
coordinate system is

R =




cos θ − sin θ 0
sin θ cos θ 0

0 0 1


 (3)

According to the position transformation relation, the direction vector of the vector hi
in the base coordinate system (O) can be expressed as





h1 = o
o1

R(l , 0, 0) ′

h2 = o
o1

R(0, l , 0)′

h3 = o
o1

R(− l , 0, 0)′

h4 = o
o1

R(0,− l , 0)′
(4)

Hence, the coordinates of each vertex on the mobile platform in the base coordinate
system are obtained as follows: D is the coordinate of a vertex on the mobile platform in
the base coordinate system, R is the pose transformation matrix of each vertex Bi on the
mobile platform in the base coordinate system, m is the coordinate of the vertex on the
mobile platform in the moving coordinate system, and P is the coordinate of the vertex on
the mobile platform in the base coordinate system.

oDi = Rmmi + P (5)

Thus, the vector equation of each branched mobile chain in the 3-UPS + UPR paralleled
mechanism is established as shown below:

li = liei =
→
r + hi − ki (6)

In combination with the constraint equation, the rotation matrix, and the vector
equations of the branches, the position inverse kinematic expression of the 3UPS + UPR
paralleled mechanism is obtained as shown below:





l1 = ±
√

L2 − (y + l sin θ − a)− z2 + (x + l cos θ)

l2 = ±
√

L2 − (x− l sin θ − a)− z2 + (y + l cos θ)

l3 = ±
√

L2 − (y− l sin θ − a)− z2 + (−x− l cos θ)

l4 = ±
√

L2 − (x + l sin θ + a)− z2 + (−y− l cos θ)

(7)

4.2. Solution of the Jacobian Matrix

The first-order influential factor matrix of the mechanism was calculated using the
differential transform method based on the symbolic operation. Then, the first-order motion
influential factors were used to solve the velocity Jacobian matrix of the 3-UPS + UPR
paralleled mechanism. According to the motion feature of the mechanism, the length of the
drive rod can be expressed as

li =
√
(liei)

T(liei) = fi(z, α, β) (8)

By calculating the derivative of time based on the above equation, the velocity of the
drive rod in each branched chain is obtained as follows:

•
l i =

∂ fi(z, α, β)

∂z
•
z +

∂ fi(z, α, β)

∂α

•
α +

∂ fi(z, α, β)

∂β

•
β (9)
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Hence, the mapping relationship between the velocity of the mobile platform and the
driving velocity can be expressed as




.
l1.
l2.
l3.
l3.
l4



=




∂ f1
∂z

∂ f1
∂α

∂ f1
∂β

∂ f2
∂z

∂ f2
∂α

∂ f1
∂β

∂ f3
∂z

∂ f3
∂α

∂ f1
∂β

∂ f4
∂z

∂ f4
∂α

∂ f1
∂β







•
z
•
α
•
β


 (10)

Let
.
l =

[ .
l1

.
l2

.
l3

.
l4

]T
and Vo =

[
·
z

·
α

·
β

]T
. Then,

.
l = JVo (11)

where
.
l is the velocity of the drive rod, J is the 1-order influential factor matrix of the

mechanism, which is written as J = [J1 J2 J3 J4]T, and Vo is the motion velocity of the mobile
platform. The Jacobian matrix of the 3-UPS + UPR paralleled mechanism has four rows
and three columns.

4.3. Analysis of the Workspace

The pose adjustability of the paralleled sling depends on the workspace of the paral-
leled mechanism. To realize “global” pose adjustment for a nursed person, the reachable
workspace of the mechanism can be calculated with a numerical method and analytical
method. However, the latter method requires an explicit expression of the position solution
of the mechanism and has a complicated calculation process and high cost. Hence, the
numerical method was used to calculate the flexible workspace of this mechanism.

The workspace of the 3-UPS + UPR paralleled sling is affected by the structural dimen-
sion of the mechanism, the rotation angle limit of the revolving pair, and the interference
of the connecting rods. The dimensions of the platforms in the mechanism are listed in
Table 2.

Table 2. Geometric and inertial parameters of the mechanism.

Simulated Parameter Value Unit

L, l, z 0.35, 0.30, 0.32 m
lmi (i = 1, 2, 3, 4) 0.32 m
mo,mli
(i = 1,2,3,4) 4.035, 1.524 kg

Io diag [0.0801 0.0425 0.1225] kg·m2

Ili diag [0.0829 0.0639 0.0211] kg·m2

fo [0 0 –120]T N
no [0 50 0]T N·m

The constraint conditions are as follows: (a) the travel of the driving pair ranges within
320 mm–600 mm; (b) the rotation angles (α, β, and λ) of the hooke joint and spherical joint
are limited to ±25◦.

The following displays the process flow in calculating the workspace of the paralleled
mechanism with the numerical method:

1. Set the pre-workspace of the mechanism and divide the uniform step size equally.
2. Substitute the position parameters and posture rotation angle in the workspace into

the constraint equation and establish a system of nonlinear equations.
3. Use the homotropy method to obtain multiple groups of numerical solutions, then

compare this set of solutions with the preset constraint conditions, and screen out the
correct solution.
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4. All solutions satisfying the constraints in the pre-workspace are reachable workspaces,
as presented in Figure 10.
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Meanwhile, the SoildWorks software was used to verify the correctness of the workspace
of the paralleled mechanism based on the numerical solution, with the following major
process flow:

1. Establish a 3-UPS + UPR paralleled mechanism model in the SoildWorks software.
2. Read and tabulate the equal division points in step 1 of the numerical solution, and

then use Visual Studio to compile an EXE file, and read the elongation of each rod and
the angle of the shafts of the revolving pair while inputting all points in the table into
the center of the mobile platform of the mechanism successively.

3. Delete the point locations that cannot be generated by SoildWorks, screen out the
points satisfying the constraint equation, and reserve the remaining points.

4. Generate the remaining points into curves in SoildWorks and seam the curved surfaces,
obtaining the workspace, as provided in Figure 11, and the volume parameter.
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As discovered by comparing the workspace figure obtained based on the numerical
solution with the simulated diagram, the simulated workspace is identical to the calculated
workspace, which proves that the conducted work is correct. Further, the inscribed cylinder
in the workspace, as shown in the reachable workspace figure, was calculated, obtaining a
task workspace with a diameter of 650 mm and a height of 300 mm. The workspace of the
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robot exceeds the minimum trajectory required for the individual receiving care. This result
verifies that the designed robot sling satisfies the transfer demands of most nursed persons.

5. Dynamical Analysis and Simulation

To ensure the safety of the transfer process for the individual receiving care and to
avoid abrupt changes in the driving force, a dynamic analysis of the 3-UPS + UPR parallel
mechanism is conducted using the principle of virtual work. The parameters for the moving
platform position are determined based on the humanoid hold-and-take action, enabling
us to derive the curve depicting changes in its driving force.

5.1. Dynamical Analysis

Performing a dynamical analysis of a paralleled mechanism based on the principle of
virtual work is one of the analysis methods for such systems [25–27]. This method involves
a high calculation speed and low complexity, without calculating the constraining force
and moment. Thus, the principle of virtual work has been used to analyze the dynamics of
the 3-UPS + UPR paralleled mechanism.

The mass, mo, of the mobile platform; the external force, fo, and the moment, no, on the
barycenter of the mobile platform; and their references, fo and no, in the fixed coordinate
system are given as follows: fo = R fo and no = Rno.

Taking Io as the inertial matrix of the mobile platform in the mobile coordinate system,
the inertial matrix of the mobile platform in the fixed coordinate system is expressed as
Io = RIoRT .

The relationship between the force and moment on the barycenter of the mobile
platform is expressed as

Fo =

[
fo + mog−mo

•
νo

no − Iowo − wo × (Iowo)

]
(12)

When each branched chain only bears gravity, given the mass mli of the drive rod in a
branched chain, its inertial matrix in the branched system is represented as Ili. The force
and moment on the branched chain are indicated as

Fu =

[
mug−miiami

−o Ivwv − wv × (o Ivwv)

]
(13)

Based on Equations (12) and (13), the dynamical equation of the mechanism is estab-
lished based on the principle of virtual work as follows:

δxT
o Fo + δqT F +

4

∑
i=1

δxT
u Fu = 0 (14)

where δxo is the virtual displacement of the mobile platform, F is the driving force, δq is the
virtual displacement of the driving force, and δxli is the virtual displacement corresponding
to Fli.

The virtual displacement shown in Equation (14) and the generalized virtual displace-
ment of the mechanism satisfy the geometric constraints of the 3-UPS + UPR mechanism
itself, and their relationships can be denoted as δq = Jδxo and δxli = Jliδxo. Equation (14)
can be written as

δxT
o

(
Fo + JT F +

4

∑
i=1

JT
i

Fu

)
= 0 (15)

Equation (15) is satisfied for any δxo. Hence,

Fo + JT F +
4

∑
i=1

JT
ii Fii = 0 (16)
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In Equation (16),

F = −(JT) + (Fo +
4

∑
i=1

JT
ii Fii) + FoK (17)

(JT)
+, Fo, and K are the pseudo-inverse matrix of JT , the base vector of the null space, and

the base vector coefficient of the null space, respectively. In other words, Equation (17) can
be treated as the dynamic model of this mechanism. For the 3-UPS + UPR redundancy
parallel mechanism, Equation (17) comprises three linear equations, which, however, have
four unknown numbers. Hence, the solutions of these equations are not unique. Based on
the two-norm solution of the driving force, Equation (17) can be denoted as

F = −(JT) + (Fo +
4

∑
i=1

JT
ii Fii) (18)

5.2. Numerical Simulation for Verification

The simulation performed using MATLAB and the ADAMS software was carried out
to verify the validity of the kinematic and dynamical models established for the paralleled
mechanism. The parameters of the 3-UPS + UPR paralleled mechanism (Table 2) were
determined as per the work requirement and workspace of the transfer nursing robot.

Utilizing the trajectory of the humanoid pick-up motion, we made an assumption
regarding the pose parameters of the mobile platform.





α(t) = 0.1 sin(πt/10)(π/50) cos(πt/10) + π/60
β(t) = 0.1 cos(πt/10) + 0.15
z(t) = 0.32 + 0.5 cos(πt/10)

The driving force curves of the drive rods in the 3-UPS + UPR paralleled mechanism
were calculated based on the motion trajectory of the mobile platform and the aforemen-
tioned kinematic and dynamical equations. Figure 12 shows the driving force curves
calculated using Matlab, and Figure 13 shows the driving force curves simulated using
ADAMS, where the step size was 0.2 s and the calculation time was 20 s. The results
reveal that the driving force varied continuously and steadily such that the nursed person
could be transferred steadily. The theoretically calculated results were almost equal to the
simulated results, with a maximum error of 3%, which is allowable. Hence, it was proven
that the dynamical model of the mechanism is valid.
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Figure 13. Simulated variation curve of the driving force.

6. Functional Test and Analysis of the Prototype
6.1. Functional Test

The series-parallel transfer nursing robot has been designed mainly for transferring
a person with healthy upper limbs and disabled lower limbs between different living
appliances. In this test, we selected ten young adults aged 20–35 with different heights and
weights (Table 3), but with healthy upper limbs and disabled lower limbs, to experience
the transfer function of the robot designed in this study.

Table 3. Information about the test subjects.

Height, mm Weight, kg Sex Age

Nursed person 1 1550 60 Male 23
Nursed person 2 1670 70 Male 24
Nursed person 3 1710 73 Male 24
Nursed person 4 1750 78 Male 29
Nursed person 5 1800 85 Male 35
Nursed person 6 1850 80 Male 26
Nursed person 7 1700 56 Female 26
Nursed person 8 1650 55 Female 25
Nursed person 9 1780 78 Male 24

Nursed person 10 1790 80 Male 25

The study was approved by the Biomedical Research Ethics Committee of Anhui
University of Science and Technology (Anhui, China) in accordance with the Declaration
of Helsinki. All methods were carried out in accordance with relevant guidelines and
regulations. Written informed consent was obtained from all individual patients included
in the study.

The transfer nursing process of a test subject with a height of 1750 mm and a 70 kg
weight (the nursed person), as an example, is illustrated in Figure 14. At the beginning,
the nursed person adjusted his sitting posture and the chair height as per his subjective
feeling. Once the preparatory work was finished, in the course of nursing, the parallel
spreader was shifted to the individual being cared for using the lifting device and the linear
slide module. This movement was carried out in accordance with the position described in
the previous section for adjusting the humanoid holding action mechanism. The nursing
staff assisted in placing the individual on the spreader. The parallel spreader adapted the
length of the individual drive rods based on the posture parameters of the humanoid lifting
action, simulating the lifting action to raise the cared-for person. After that, the nursed
person moved his head to the protective hood and laid flat, entering a steady convey stage
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(Figure 14a–c). After approaching the ward bed, the sling was used to readjust the lengths
of the drive rods and lower the nursed person down onto the bed slowly (Figure 14d–e).
At this time, the transfer nursing was finished.
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In this functional test, the robot completed the transfer of ten test objects successfully
and the test objects also gave good feedback without adverse reactions.

6.2. “Comfort” Test

In the transfer process, the forces on the parts of the nursed person contacting the
robot were the direct factors affecting their comfort. The pressure on their back changed
with the change in the posture of the 3-UPS + UPR paralleled sling. The vibration in
the movement also contributed to the pressure change. Therefore, arrayed flexible tactile
sensors were provided on the contact parts (back) between the sling and the nursed person,
and a pressure acquisition system was used to record the change in the pressure distribution
on the backs of the ten test subjects during the transfer.

At the beginning of the test, the test subjects adjusted the chair height and position
as per their specific heights and subjective feelings. Then, the robot’s motion trajectory
was designed based on each test subject’s subjective feeling, respectively. According to the
motion modes of the robot, the transfer was divided into four stages: the starting stage (the
nursed person leaves the chair), the lifting stage, the steady stage, and the lowering stage.
Figure 15 exhibits the pressure changes on the ten test objects in the four stages, where the
maximum pressure was 26.6 kPa, the minimum pressure was 4.5 kPa, and the maximum
variation was 24.1 kPa. A person can noticeably feel a pressure change of 24.1 kPa, which
falls within the normal acceptable range. In the test, the test subjects’ pressure distributions
changed less in four states, with an average pressure variation of 5.2 kPa/s. Therefore, their
pressure distributions wereless affected by the change in the posture of the 4-UPR sling
and the vibration during transferring. This result verifies that this prototype is stable and
can transfer a nursed person comfortably.

As pain or comfort is based on the subjective judgment of individuals, a questionnaire
survey and analysis was also made on whether the nursed persons felt “comfortable” or
not in the test stages. In the subjective comments, the nursed persons’ comfort degrees
were divided into four levels: “uncomfortable”, “acceptable, “good”, and “comfortable”.
The comfort degree comments of the nursed persons in the stages are exhibited in Figure 16.
As can be seen in Figure 16, the nursed persons did not feel uncomfortable in the starting
stage and steady stage; one nursed person felt uncomfortable in the lifting stage, and
two nursed persons felt uncomfortable in the lowering stage; and no nursed person felt
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uncomfortable in the whole transfer process, and those who felt good and comfortable
accounted for 80%. The pressure distribution test and subjective comments all reveal that
most nursed persons feel comfortable in the test process. Hence, the designed robot can
transfer a nursed person comfortably.

Actuators 2023, 12, 438 15 of 18 
 

 

maximum pressure was 26.6 kPa, the minimum pressure was 4.5 kPa, and the maximum 

variation was 24.1 kPa. A person can noticeably feel a pressure change of 24.1 kPa, which 

falls within the normal acceptable range. In the test, the test subjects’ pressure distribu-

tions changed less in four states, with an average pressure variation of 5.2 kPa/s. There-

fore, their pressure distributions wereless affected by the change in the posture of the 4-

UPR sling and the vibration during transferring. This result verifies that this prototype is 

stable and can transfer a nursed person comfortably. 

 

Figure 15. Contact pressure distribution on the backs of different test subjects. 

As pain or comfort is based on the subjective judgment of individuals, a question-

naire survey and analysis was also made on whether the nursed persons felt “comforta-

ble” or not in the test stages. In the subjective comments, the nursed persons’ comfort 

degrees were divided into four levels: “uncomfortable”, “acceptable, “good”, and “com-

fortable”. The comfort degree comments of the nursed persons in the stages are exhibited 

in Figure 16. As can be seen in Figure 16, the nursed persons did not feel uncomfortable 

in the starting stage and steady stage; one nursed person felt uncomfortable in the lifting 

stage, and two nursed persons felt uncomfortable in the lowering stage; and no nursed 

person felt uncomfortable in the whole transfer process, and those who felt good and com-

fortable accounted for 80%. The pressure distribution test and subjective comments all 

reveal that most nursed persons feel comfortable in the test process. Hence, the designed 

robot can transfer a nursed person comfortably. 

Figure 15. Contact pressure distribution on the backs of different test subjects.

Actuators 2023, 12, 438 16 of 18 
 

 

 

Figure 16. Comments of the nursed persons’ comfort degree in the test stages. 

7. Conclusions 

This paper examines the action of humanoid hugging and employs this analysis to 

design a hybrid shift-riding care robot. To begin, a 3D motion capture system is utilized 

to record the human hugging action, allowing for an analysis of the movement path of the 

person being cared for. This analysis yields information on the degrees of freedom and 

workspace relevant to this action. Subsequently, a transfer-riding nursing robot with a 3-

UPS + UPR parallel mechanism is devised. Kinematics and dynamics are employed to 

assess the workspace and stability of the robot. The results indicate that the robot’s work-

space exceeds the minimum trajectory range required for caring for the individual, meet-

ing the necessary nursing care standards. Furthermore, during the humanoid-carrying 

motion, the driving force in each branch of the parallel mechanism transitions smoothly, 

without sudden changes, thus fulfilling stability requirements. In a prototype experiment, 

all volunteers report positive experiences when the robot performs humanoid holding 

care, and the change in the back pressure remains within an acceptable range. This robot 

offers convenience and reduces the workload of caregivers. 

In contrast to the dual-arm humanoid care robot, this robot utilizes a hybrid plus 

modular structural design, providing improved structural stability at a lower cost. In the 

future, we plan to enhance the robot’s structure, develop more advanced control algo-

rithms, and undertake clinical validation to better address caregivers’ requirements. 

Author Contributions: J.L.: conceptualization, writing—original draft, writing—review and editing, 

data curation, formal analysis, and visualization. C.W.: conceptualization, methodology, writing—

review and rditing, supervision, and resources. H.D.: writing—review and editing, data curation, 

and investigation. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the University Synergy Innovation Program of Anhui Prov-

ince (grant numbers GXXT-2022-053); Anhui New Era Education Quality Project (Graduate Educa-

tion); Provincial Graduate students “Innovation and Entrepreneurship Star” (grant number 

2022cxcyzx127); and Huainan City science and technology plan project (grant number 2021A242). 

  

Figure 16. Comments of the nursed persons’ comfort degree in the test stages.

285



Actuators 2023, 12, 438

7. Conclusions

This paper examines the action of humanoid hugging and employs this analysis to
design a hybrid shift-riding care robot. To begin, a 3D motion capture system is utilized
to record the human hugging action, allowing for an analysis of the movement path of
the person being cared for. This analysis yields information on the degrees of freedom
and workspace relevant to this action. Subsequently, a transfer-riding nursing robot with
a 3-UPS + UPR parallel mechanism is devised. Kinematics and dynamics are employed
to assess the workspace and stability of the robot. The results indicate that the robot’s
workspace exceeds the minimum trajectory range required for caring for the individual,
meeting the necessary nursing care standards. Furthermore, during the humanoid-carrying
motion, the driving force in each branch of the parallel mechanism transitions smoothly,
without sudden changes, thus fulfilling stability requirements. In a prototype experiment,
all volunteers report positive experiences when the robot performs humanoid holding care,
and the change in the back pressure remains within an acceptable range. This robot offers
convenience and reduces the workload of caregivers.

In contrast to the dual-arm humanoid care robot, this robot utilizes a hybrid plus
modular structural design, providing improved structural stability at a lower cost. In the
future, we plan to enhance the robot’s structure, develop more advanced control algorithms,
and undertake clinical validation to better address caregivers’ requirements.

Author Contributions: J.L.: conceptualization, writing—original draft, writing—review and editing,
data curation, formal analysis, and visualization. C.W.: conceptualization, methodology, writing—
review and rditing, supervision, and resources. H.D.: writing—review and editing, data curation,
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Abstract: Underwater manipulation is one of the most significant functions of the deep-sea crawling
and swimming robot (DCSR), which relies on the high-accuracy control of the body posture. As
the actuator of body posture control, the position control performance of the underwater mechan-
ical leg (UWML) thus determines the performance of the underwater manipulation. An adaptive
super-twisting sliding mode control method based on the extended state observer (ASTSMC-ESO)
is proposed to enhance the position control performance of the UWML by taking into account the
system’s inherent nonlinear dynamics, uncertainties, and the external disturbances from hydrodynam-
ics, dynamic seal resistance, and compensation oil viscous resistance. This newly designed controller
incorporates sliding mode (SMC) feedback control with feedforward compensation of the system
uncertainties estimated by the ESO, and the external disturbances of the hydrodynamics by fitting
the parameters, the dynamic seal resistance, and the compensation oil viscous resistance to the tested
results. Additionally, an adaptive super-twisting algorithm (AST) with integral action is introduced to
eliminate the SMC’s chattering phenomenon and reduce the system’s steady-state error. The stability
of the proposed controller is proved via the Lyapunov method, and the effectiveness is verified via
simulation and comparative experimental studies with SMC and the adaptive fuzzy sliding mode
control method (AFSMC).

Keywords: deep-sea crawling and swimming robot; underwater mechanical leg; extended state
observer; adaptive super twisting control; sliding mode control; hydrodynamics; dynamic seal
resistance; compensation oil viscous resistance

1. Introduction

With the increasingly continuous consumption of land resources, the pace of human
exploration and the development of ocean resources is accelerating and gradually moving
from shallow waters to the deep seas. Recently, with the development of robot technology,
numerous robots have been increasingly applied in marine engineering. Therefore, deep-
sea robots have attracted more and more attention to research. Compared with wheeled
robots and tracked robots, legged robots have excellent motion flexibility, strong obstacle
avoidance ability, and excellent terrain adaptation [1], making them a hot research topic
in recent years [2–4]. As a special type of legged robots, the DCSR combines swimming,
walking, and underwater manipulating functions, therefore being an important equipment
for marine engineering.

Since the robot body is the base of the manipulator equipped on the robot, high-
accuracy position control of the UWML is of great significance to improve the robot’s
posture control performance, thus enhancing the manipulating performance. Currently,
model-based control is the primary method of the high-performance control of dynamic
systems, but an accurate model of the control object is required. However, as an inher-
ent nonlinear and strongly coupled dynamic system, the UWML not only has complex
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nonlinear characteristics but is also influenced by system uncertainties (i.e., parametric un-
certainties and unmodeled uncertainties) and external disturbances caused by the deep-sea
environment (i.e., hydrodynamic, dynamic seal resistance, and compensation oil viscous
resistance). The combined effect of these factors makes it difficult to establish an accurate
dynamic model of the UWML, thus exacerbating the difficulty of control.

To overcome nonlinearity and the uncertainties of manipulators, many elegant control
techniques [5–11] were proposed. Among them, the SMC-based methods are the most
widely used due to their simple design and robustness against uncertainties and distur-
bances [12]. However, these methods require an infinite switching control action to handle
system uncertainties, which would aggravate the undesired chattering phenomenon. More-
over, the upper bounds of the external disturbances and the system uncertainties must
be well known to obtain a stable closed-loop control law. Another issue in SMC-based
methods is that of asymptotic convergence, which may not meet the high-performance
control of the robotic systems [13].

To restrain chattering, some momentous methods, such as the boundary layer method,
the modified switching signal with saturation, etc., have been introduced; however, the
presence of the finite steady-state error may cause degradation of the tracking ability [14].
Therefore, high-order sliding mode control (HOSMC) approaches, which provide effective
solutions to the chattering problem without sacrificing the control performance, were
developed to improve the performance of the classical SMC [15]. In particular, the super-
twisting control (STC) has been a widely applied HOSMC since its inception [16].

As a prototype of the HOSMC, STC can effectively suppress the chattering phe-
nomenon since the discontinuous signum function is concealed in the time derivative of
the sliding variable [15,17]. However, if the states are far from the sliding surface, the
bounded correction terms will result in a very slow convergence of the sliding variable [18].
Moreover, although STC yields a smooth control signal, chattering is still possible. For
example, in situations where the upper bound of system uncertainties is difficult to obtain
accurately, the largest possible parameters are often selected to ensure the finite-time sta-
bility condition, which may result in system oscillation [19]. Therefore, various new STC
algorithms have been proposed to enhance the performance of traditional STC. A modi-
fied STC was proposed to improve the convergence speed and robustness, in which two
linear correction terms were added to the traditional STC to form a double-closed-loop
feedback structure [18]. An adaptive STC (ASTC) was synthesized to avoid the problem of
difficulty in determining the upper bound of system uncertainties in practical applications,
where a double-layer gain-adaptation function was introduced into the traditional STC to
determine the two control parameters [20].

In addition, many researchers also conducted a series of observer-based control meth-
ods to deal with the uncertainties and disturbances of the dynamic systems, in which
observers were applied to estimate the total system uncertainties and disturbances to
synthesize a feedforward compensation. Such observers include the disturbance observer
(DOB) [21], the sliding mode disturbance observer (SMDO) [22,23], the extended state
observer (ESO) [24–27], etc. An adaptive fuzzy sliding mode control method based on
a disturbance observer was proposed to control a manipulator, in which a fuzzy system was
adopted to approximate the modeling uncertainties while the disturbances were estimated
via a DOB online, respectively, and both were then compensated in SMC [21]. Due to the
advantages of estimating the system’s states and uncertainties simultaneously with little
model information and a simple design process, ESO was widely applied in the control
of manipulators. An adaptive extended state observer (ESO) is developed to estimate the
unmeasured states and eliminate the impact of the unknown disturbances and parameter
uncertainties for the control of an aircraft skin inspection robot [26]. To deal with the time-
varying output constraints and external disturbances of a manipulator, an ESO was applied
to estimate the unmeasurable states and total disturbances, which were then incorporated
into the controller design [25].
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Based on the above analysis and the UWML’s system characteristics, by borrowing
ideas from ESO and AST and integrating them via an SMC control action, a novel adap-
tive super-twisting sliding mode control method based on the extended state observer
(ASTSMC-ESO) is proposed for the high-accuracy position control of the UWML. The intro-
duction of AST can effectively suppress the chattering effect and enhance the steady-state
control accuracy while ensuring the robustness of the feedback controller SMC. The inte-
gration of ESO and the experimentally tested data can make a feedforward compensation
for the system uncertainties, and the external disturbances of the hydrodynamic force,
dynamic seal resistance, and compensation oil viscous resistance.

The rest of this paper is organized as follows. Section 2 establishes the models of the
UWML and gives the problem formulation. Section 3 presents the ESO design procedure,
while Section 4 carries out the ASTSMC-ESO design procedure. Sections 5 and 6 describe
the simulation and experimental verification results, respectively, and some conclusions
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Table 1. D-H parameters of the UWML.

# q d a α

0–1 q1 0 L1 (0 m) 90◦

1–2 q2 0 L2 (0.66 m) 0◦

2–3 q3 0 L3 (0.85 m) 0◦
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The coordinates of the foot tip of the UWML with respect to the base frame {0} can be
determined as:

0 p3 =




x
y
z


 =



−s1(L1 + L2c2 + L3s23)
c1(L1 + L2c2 + L3s23)

L2s2 − L3c23


 (1)

Then, the joint angles can be derived using the inverse kinematics, as follows:




q1 = arctan2(−x, y)

q2 = arccos
( −z√

M2 + N2

)
− ϕ

q3 = arcsin

(
A2 + z2 − L2

2 − L2
3

2L2L3

) (2)

where x, y, and z are the coordinates of the foot tip, si = sin(qi),ci = cos(qi),sij = sin
(
qi + qj

)
,

cij = cos
(
qi + qj

)
, A = y/c1 − L1, M = L2 + L3s3 = ρ sin(ϕ), N = L3c3 = ρ cos(ϕ),

and ϕ = arctan2(M, N).

2.2. Dynamic Model

When taking into account the external disturbances of hydrodynamics τw, dynamic
seal resistance τf , compensation oil viscous resistance τs, and the system uncertainty d, the
dynamic model of the UWML is:

τ = M
..
q + C

.
q + G + τf + τs − τw + d (3)

where
.
q and

..
q are the joint velocity and acceleration, respectively. M, C, and G are the

inertia matrix, the coriolis/centrifugal matrix, and the gravity vector, respectively.
In general, due to parameter perturbation, testing errors, and unmodeled dynamics,

the model (3) differs from the actual model of the UWML, and the differences become un-
certainties of the system. When considering the impact of system uncertainties, the system
parameters M, C, and G and the external disturbances τw, τf , and τs can be represented as:





M = Mn + ∆M

C = Cn + ∆C

G = Gn + ∆G

τf = τf n + ∆τf

τs = τsn + ∆τs

τw = τwn + ∆τw

(4)

where Mn, Cn and Gn are the nominal values of the inertia matrix, the coriolis/centrifugal
matrix, and the gravity vector of the UWML, respectively, which can be found in the
author’s published article [28]. ∆M, ∆C, and ∆G are the modeling uncertainties. τf n
and τsn are the tested results of the dynamic seal resistance and compensation oil viscous
resistance, respectively, which are shown in Figures 3 and 4; τwn is the hydrodynamics
calculated with the fitted parameters, of which the detailed analysis can be found in the
author’s recently published article [29]. ∆τf , ∆τs, and ∆τw represent the uncertainties
caused by the testing errors.
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Figure 3. Compensation oil viscous resistance with different rotation speed and pressure.
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Figure 4. Dynamic seal resistance with respect to rotation speeds and pressure.

Substituting (4) into (3) yields the nonlinear dynamic model of the UWML:

τ = Mn
..
q + Cn

.
q + Gn + τf n + τsn − τwn + ∆ (5)

where ∆ = ∆M
..
q + ∆C

.
q + ∆G + ∆τf + ∆τs − ∆τw + d represents the total dynamic uncer-

tainties caused by the parameter uncertainties, testing errors, and unmodeled dynamics.
According to the robotic theory, the inertia matrix Mn is a bounded symmetric positive
definite matrix, and Mn − 2Cn is a skew-symmetric matrix, satisfying xT(Mn − 2Cn)x = 0
for any vector x.

To simplify the design and analysis, define the state variable of the UWML as
x = [x1, x2]

T =
[
q,

.
q
]T, then the dynamic model (5) can be rewritten in a state-space form:

{ .
x1 = x2
.
x2 = M−1

n τ −M−1
n

(
Cnx2 + Gn + τf n + τsn − τwn

)
−M−1

n ∆
(6)

2.3. Control Objective

The control objective is to design a high-performance controller for the UWML with
strong nonlinearities (i.e., structure nonlinearity, friction resistance, and oil resistance
nonlinearity) and uncertainties (i.e., parameter uncertainties, unmodeled dynamics)
to ensure the actual foot trajectory y(t) tracking the planned trajectory yd(t) as close
as possible.

3. Observer Design

To reduce the impact of uncertainties on the UWML’s control performance, the total
uncertainties of the dynamic system (6) have to be compensated in the controller, which
can be extended to a new state variable and estimated via an ESO. Based on this idea, the
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uncertainties −M−1
n ∆ is extended to a state variable x3, and its time derivative is set to be

h(t). Thus, the extended dynamic model of the UWML can be expressed as:




.
x1 = x2
.
x2 = M−1

n τ −M−1
n

(
Cnx2 + Gn + τf n + τsn − τwn

)
+ x3

.
x3 = h(t)

(7)

Assumption 1. h(t) is bounded, and there exists a constant h0 > 0 such that ‖h(t)‖ ≤ h0.

Based on the extended system model (7), the ESO can be designed as:




.
x̂1 = x̂2 + l1ω0(x1 − x̂1)
.
x̂2 = M−1

n τ −M−1
n (Cnx2 + Gn + τf n + τsn − τwn) + x̂3 + l2ω2

0(x1 − x̂1)
.
x̂3 = l3ω3

0(x1 − x̂1)

(8)

where x̂ = [x̂1, x̂2, x̂3]
T is the estimated state, L = [l1, l2, l3]

T is the observer gain, and
ω0 > 0 is the observer bandwidth.

To ensure the stability of ESO, the observer gain is designed to satisfy the follow-
ing polynomial:

p(s) = s3 + l1s2 + l2s + l3 = (s + 1)3 (9)

Let x̃ = x− x̂ = [x̃1, x̃2, x̃3]
T denote the observation error, then the dynamic of the

observation error can be obtained from (7) and (8):




.
x̃1 = x̃2 − l1ω0 x̃1
.
x̃2 = x̃3 − l2ω2

0 x̃1
.
x̃3 = h(t)− l3ω3

0 x̃1

(10)

Define the proportional observation error εi = x̃i/ωi−1
0 , i = 1, 2, 3. Then, the

dynamic of the proportional observation error can be obtained according to (10):

.
ε = ω0 Aε + B

h(t)
ω2

0
(11)

where ε = [ε1, ε2, ε3]
T , A =



−3I3×3 I3×3 03×3
−3I3×3 03×3 I3×3
−I3×3 03×3 03×3


, B =




03
03
I3


; 03×3 and I3×3 are the

3×3 zero matrix and the identity matrix, respectively; and 03 and I3 are the 3-dimensional
zero vector and the unit vector, respectively.

Theorem 1 [27,30]. Under Assumption 1, according to the dynamic Equation (6), when designing
an ESO (8), there exist constants σij > 0, c > 0, and finite time T1 > 0, such that the state
estimation error x̃ij is bounded, and its value of the state estimation error can be adjusted by
changing the bandwidth ω0:

∣∣x̃ij
∣∣ ≤ σij , σij = O

(
1

ωc
0

)
; i = j = 1, 2, 3 ∀t ≥ T1 (12)

4. Controller Design
4.1. Design of SMC-ESO Controller

Since the UWML is subject to strong external disturbances and uncertainties
when working in a complex underwater environment, an SMC-ESO control method,
possessing strong robustness, is adopted to deal with the trajectory tracking problem
of the UWML intuitively.
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The tracking errors of the joint position and velocity of the UWML are defined as e1
and e2, respectively:

e1 = x1d − x1 (13)

e2 =
.
x1d − x2 (14)

where x1d and
.
x1d are the joint position and velocity command obtained from the reference

foot trajectory via inverse kinematics (6).
Then, the sliding mode surface function s can be defined as:

s = e2 + λ1e1 (15)

where λ1 ∈ R3×3 is a positive definite diagonal parameter matrix.
Based on Equations (7) and (13)–(15), the time derivative of s can be expressed as:

.
s =

.
e2 + λ1

.
e1

=
..
x1d + λ1e2 −M−1

n τ + M−1
n

(
Cnx2 + Gn + τf n + τsn − τwn

)
− x3

(16)

From (16), the SMC-ESO with an exponential convergence rate can be designed as:

τ = τeq + τsw (17)

τeq = Mn
( ..
x1d + λ1e2

)
−Mn x̂3 + Cnx2 + Gn + τf n + τsn − τwn (18)

τsw = Mn(λ1s + λrsign(s)) (19)

where −Mn x̂3 is the estimated value of the system uncertainties ∆, which can be calculated
from the extended state of the ESO; λ2 and λr ∈ R3×3 are positive definite diagonal
parameter matrices; and sign(s) is the signum function vector.

Although the above SMC-ESO can ensure the stability of the closed-loop system, it has
inherent defects of conventional SMC. On the one hand, the sliding mode switching control
action τsw contains a discontinuous signum function sign(s) leading to the “chattering”
phenomenon. On the other hand, the gain λr of τsw must be selected based on the upper
bound of the system uncertainties, which are usually unknown. If the value is too conser-
vative to be large, it will exacerbate the system chattering. However, if a smaller value is
selected, it may cause the system to be unstable. To avoid sacrificing the control accuracy
or robustness by using traditional methods such as the boundary layer method and the
modified switching signal with saturation to suppress chattering, this paper introduces
the AST into the above SMC-ESO to eliminate the chattering and improve the control
performance of the system.

4.2. Design of ASTSMC-ESO Controller

To eliminate the chattering effect of the conventional SMC, an ASTSMC-ESO is pro-
posed, in which a super-twisting control action [16,31] is applied to replace the discontinu-
ous sliding mode control law τsw:

{
τsw = Mn

[
α(t)|s| 12 sign(s) + k1(t)s− ξ + φ(s, L(t))

]

.
ξ = −β(t)sign(s)− k2(t)s

(20)

where ξ is an intermediate variable; L(t) is the parameter adaptive function to be de-
signed later; and α(t), β(t), k1(t), and k2(t) are positive definite parameter matrices;
φ(s, L(t)) = −

.
L(t)s/L(t).

In the above super-twisting algorithm, the values of α(t) and β(t) should be deter-
mined based on the upper bound of system uncertainties and its rate of change. For the
UWML, since the system uncertainties have been estimated via the expanded state observer,
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α(t) and β(t) should be determined based on the upper bound of the estimation error and
its rate of change. Since these two values are both difficult to determine, the adaptive laws
are designed for the parameters of (20), which are shown in (21):





α(t) =
√

L(t)α0

β(t) = L(t)β0

k1(t) = L(t)k10

k2(t) = L2(t)k20

(21)

where α0, β0, k10, and k20 are the constants, and L(t) are adaptive functions that will be
designed using a double-layer gain-adaptation algorithm in Section 4.4.

Substituting (17)–(20) into (16) yields:

ṡ = −x̃3 − α|s| 12 sign(s)− k1s−
∫ t

0
(β sign(s) + k2s)dt− φ(s, L) (22)

Define z = −
∫ t

0(βsign(s) + k2s)dt− x̃3, f (t) = −
.
x̃3, then (22) can be rewritten as:

{
.
s = −α|s| 12 sign(s)− k1s + z− φ(s, L)
.
z = −βsign(s)− k2s + f (t)

(23)

According to Theorem 1 and Equation (10), it can be seen that f (t) = −
.
x̃3 = −h(t) +

l3ω3
0 x̃1 is bounded. Let its upper bound be denoted as σ0, thus || f (t)|| ≤ σ0.

4.3. Controller Stability Analysis

The stability proof of the ASTSMC-ESO is relatively complex. Here, only the following
stability theorem is presented. The detailed proof process can be found in Appendix A.

Theorem 2. Based on Assumption 1, Lemma 1, and Theorem 1, the ASTSMC-ESO controller (17),
(18), (20), and the parameter adaptive function (21) are designed for the dynamic system (7) of the
UWML. When Li(t) > σ0i ≥ | fi(t)|, and the appropriate parameters α0i, β0i, k10i and k20i are
selected to make the matrix Pi, Bi, and Qi (which was expressed as (24)–(26)) positive definite, then
the closed-loop system of the UWML is stable, and the joint position error e1i will converge to the
origin in finite time, where i = 1, 2, 3.

Pi =
1
2




4β0i + α2
0i α0ik10i −α0i

α0ik10i 2k20i + k2
10i −k10i

−α0 −k10i 2


 (24)

Bi = k10i




β0i + 2α2
0i 0 0

0 k20i + k2
10i −k10i

0 −k10i 1


 (25)

Qi = Ai − Ci (26)

Ai =
α0i
2




2β0i + α2
0i 0 −α0i

0 2k20i + 5k2
10i −3k10i

−α0i −3k10i 1


 (27)

Ci =




−α0iϑi −1
2

k10iϑi ϑi

−1
2

k10iϑi 0 0

ϑi 0 0




(28)
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ϑi =
fi(t)sign(si)

Li(t)
(29)

Compared to the conventional ASTSMC-ESO algorithm applied in other fields [32], The
main improvement of the method proposed in this paper is to increase the convergence speed
of the system states. It can be seen from the proof results (A16) of the ASTSMC-ESO in this
paper, when the Lyapunov function V is relatively close to the equilibrium, the nonlinear
term λ2V1/2

i is much bigger than the linear term λ1Vi, so the nonlinear term λ2V1/2
i mainly

determines the convergence speed. When the Lyapunov function V is far from the equilibrium,
the linear term λ1Vi is much bigger than the nonlinear term λ2V1/2

i , so the linear term λ1Vi
mainly determines the convergence speed. Nevertheless, for conventional ASTSMC-ESO, no
matter where the Lyapunov function is, the convergence speed is determined only by the
nonlinear term λ2V1/2

i , so when the Lyapunov function V is far from the equilibrium, slow
convergence speed will present [20]. The above analysis shows that by adding linear terms to
the conventional AST, the ASTSMC-ESO designed in this paper improves the convergence
characteristics. From the viewpoint of the controller, the newly designed ASTSMC-ESO
is equivalent to adding a proportional and integral sliding mode control action than the
conventional one. Therefore, the convergence speed and control accuracy are improved.

4.4. Design of the Adaptive Function Li(t)
As mentioned in the previous design process, the parameters αi(t), βi(t), k1i(t), and

k2i(t) of (20) must be adjusted via the adaptive function Li(t). To ensure stability, Li(t)
should satisfy the condition Li(t) > | fi(t)|, where a dual-layer adaption algorithm is
adopted to design Li(t).

According to the concept of “equivalent control”, the system (23) enters the sliding
mode surface when si =

.
si = 0 and zi =

.
zi = 0. To maintain the system trajectory on

the sliding surface, the equivalent effect of the discontinuous switching term βisign(si),
denoted as ueqi, can be used to compensate for fi(t):

ueqi = βisign(si)
∣∣eq = fi(t) (30)

In practical applications, ueqi can be estimated from βisign(si) online via a low-pass filter:

.
ueqi =

1
τ

(
βisign(si)− ueqi

)
(31)

where τ is the time constant of the filter.
From (30) and (31), an online estimation of fi(t) can be achieved by filtering the

discontinuous switch term. This estimation value can be used to design Li(t):

Li(t) = l0i + li(t) (32)

where l0i is a small positive design parameter, li(t) is a time-varying parameter whose rate
of change is defined as the first-layer adaptive algorithm:

.
li(t) = −(ρ0i + ρi(t))sign(δi) (33)

where ρ0i is a constant positive parameter, ρi(t) is a time-varying parameter, and its rate of
change is defined as the second-layer adaptive algorithm:

.
ρi(t) = γi|δi| (34)

where γi is a positive design parameter.
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The variable δi in the above two-layer adaptive rate is:

δi = Li(t)−
1

aiβ0i

∣∣ueqi
∣∣− εi (35)

where 0 < ai < 1/β0i < 1, and εi is a small positive parameter.
Using the above dual-layer adaption algorithm, the condition Li(t) > | fi(t)| can be

guaranteed within a finite time, which can be described as the following theorem.

Theorem 3 [20]. Consider the system in (23) is subject to uncertainty f (t), which satisfies the
two constraints | fi(t)| < σ0i and |

.
f i(t)| < σ1i, where the positive scalars a0 and a1 are finite

but unknown. Then, the dual-layer adaption algorithm in (32)–(34) ensures Li(t) > | fi(t)| in
finite time.

Theorem 3 is a supplement to Theorem 2, which resolves the parameter selecting-
problem of the ASTSMC-ESO. In practical applications, in order to reduce the influence of
noise and disturbances,

.
ρi(t) can be obtained with a dead zone δi0:

.
ρi(t) =

{
γi|δi|, if |δi| > δi0

0, otherwise
(36)

From Equations (17), (18), (20), and (21), it can be seen that the ASTSMC-ESO mainly
consists of two parts: τeq is the model compensation term, which enables the system output
to quickly track the desired trajectory, while τsw is the stabilizing feedback term, which
ensures that the tracking error of the system is stable. Further analysis of the composition

of τsw reveals that, in addition to the conventional approaching term |s| 12 sign(s) and the
exponential approaching term k1s, it also includes an integral term of the signum function
of the sliding mode variable

∫ t
0βsign(s)dt and an integral term of the sliding mode variable

itself
∫ t

0k2sdt. The former compensates for the estimation error of the system uncertainties,
while the latter reduces the steady-state error of the system, thereby improving both the
dynamic convergence speed and the steady-state control accuracy of the system. In addition,
an adaptive function Li(t) is designed to adjust the parameters αi(t), βi(t), k1i(t), and k2i(t)
of the controller, which effectively eliminates the chattering phenomenon of the SMC. The
principle of the ASTSMC-ESO control system for the UWML is shown in Figure 5.
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Figure 5. The principle of the ASTSMC-ESO controller for the UWML.

5. Simulation Results

To verify the effectiveness of the proposed ASTSMC-ESO, the trajectory tracking
performance of the UWML is studied via simulation.
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5.1. Simulation Model

The simulation model of the UWML is shown in Figure 6, which is built using
Simulink/Simscape. The parameters of the UWML are listed in Table 2. To simulate
the effects of the dynamic seal resistance τf , compensation oil viscous resistance τs, and the
hydrodynamic τw, a tabular form of τs and τw from the tested results in Figures 3 and 4,
which are added to the dynamic model of the UWML, while τw is added according to the
calculation formulas with the fitted hydrodynamic parameters. The initial values of the
system states are x1 = [0.294, 0.158,−0.105]T, and x2 = [0, 0, 0]T; the initial values of
the states of ESO are x̂1 = [0, 0, 0]T, x̂2 = [0, 0, 0]T, and x̂3 = [0, 0, 0]T, while the band-
width is ω0 = 60. The controller parameters are presented in Table 3. For convenience,
a cycloidal foot trajectory [28] is planned for the UWML, which is shown in (37), with the
step length S0 = 0.4 m, step height H0 = 0.2 m, step period T = 8 s, translational phase
period Tm = 4 s, and initial height of the foot tip z0 = −0.61.





x =





S0
2π

(
2πt
Tm
− sin

(
2πt
Tm

))
− S0

2 , (0 ≤ t ≤ Tm)

S0 − S0
2π

(
2πt
Tm
− sin

(
2πt
Tm

))
− S0

2 , (Tm < t ≤ T)

y = L2, (0 ≤ t ≤ Tm)

z =





2H0

(
t

Tm
− 1

4π sin
(

4πt
Tm

))
+ z0, (0 ≤ t ≤ Tm/2)

−2H0

(
t

Tm
− 1

4π sin
(

4πt
Tm

))
+ 2H0 + z0, (Tm/2 < t ≤ Tm)

z0, (Tm ≤ t ≤ T)

(37)
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Table 2. Parameters of the UWML.

Link Mass (kg) Center of Mass (m) Inertia Matrix (kg·m2)

1 10.758 [0, 0.001, −0.017]T diag{0.044, 0.039, 0.032}
2 19.261 [−0.154, 0, −0.014]T diag{0.135, 1.455, 1.375}
3 10.375 [−0.391, 0, −0.045]T diag{0.138, 2.437, 2.327}
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Table 3. Parameters of the simulation controller.

Controller Parameters

ASTSMC-
ESO

λ1 = diag{400, 800, 800}, k10 = diag{12, 20, 4}, k20 = diag{200, 200, 200},
α0 = diag{6.32, 6.32, 8.94}, β0 = diag{5, 5, 10}, τ = diag{0.01, 0.01, 0.01},
a = diag{0.86, 0.86, 0.86}, l0 = diag{0.5, 0.5, 0.5}, ρ0 = diag{0.5, 0.5, 0.5},
γ = diag{0.002, 0.002, 0.002}, δ0 = diag{50, 50, 50}, ε = diag{0.1, 0.1, 0.1}

5.2. Simulation Study

Three working conditions were studied with the ASTSMC-ESO. Condition 1 is the
basic condition, where no disturbances are added to the UWML, and the action time is
0 s ≤ t ≤ 20 s, 40 s ≤ t ≤ 60 s, and 80 s ≤ t ≤ 100 s, respectively. Condition 2 is the
condition where the modeling uncertainty disturbances are added, of which the parameters
M, C, and G of the UWML are set with an amplitude of 50% variation during the time
period of 20 s ≤ t ≤ 40 s, and the changing law is shown in Equation (38). Condition 3 is
the condition where the external disturbances are added, of which the system uncertainty d
in the dynamic equation of the UWML has a fluctuation of 50 Nm during the time period
of 60 s ≤ t ≤ 80 s, and the variation law is shown in Equation (39). The simulation results
are shown in Figures 7–10.





M = Mn[1 + 0.5 sin(0.25πt)](20 ≤ t ≤ 40)

C = Cn[1 + 0.5 sin(0.25πt)](20 ≤ t ≤ 40)

G = Gn[1 + 0.5 sin(0.25πt)](20 ≤ t ≤ 40)

(38)

d = 50 sin(0.25πt)(60 ≤ t ≤ 80) (39)

From the foot trajectory tracking results in Figure 7, it can be seen that the ASTSMC-
ESO can accurately control the UWML to move along the planned trajectory under all
the three working conditions with tracking errors within 10−2 mm in all three directions
of the workspace, which illustrates the effectiveness of the ASTSMC-ESO. In addition,
from Figure 7, we can also see that the foot trajectory tracking errors under two external
disturbances are not significantly different from those without disturbances, indicating that
the ASTSMC-ESO has excellent robustness. Further analysis of the joint position control
results in Figure 8 shows that the actual joint position almost coincides with the reference
joint position. Even under the time-varying modeling uncertainties with an amplitude
up to 50% of the nominal value of the system parameters in working condition 2 and the
external disturbances with an amplitude up to 50 Nm in working condition 3, the position
tracking error of each joint can still be maintained within 10−5 rad and is hardly affected by
external disturbances.

The estimated uncertainties in Figure 9 show that no matter which working conditions,
the ESO can accurately estimate the system uncertainties. This indicates that the ESO has
good estimation ability for the system uncertainties. As can be seen, with the help of the
ESO, the uncertainties of different working conditions can be effectively compensated
via ASTSMC-ESO, so that the joint control torque can respond quickly and accurately to
reduce the impact of these uncertainties on the system performance. In addition, it can be
seen from Figure 10 that the parameter’s adaptive function Li(t) has good convergence
performance and can be adjusted online periodically according to the motion of UWML,
thereby eliminating the chattering of SMC.
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Figure 7. Foot trajectory tracking results. (a) Foot trajectory; (b) Foot trajectory tracking error.
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Figure 8. Joint position tracking results. (a) Joint position; (b) Joint position tracking error.
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Figure 9. System uncertainty estimation and joint control torque. (a) Uncertainties estimation;
(b) Joint control torque.
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Figure 10. Parameter adaptive function Li(t).

6. Comparative Experimental Results

To further test the performance of the ASTSMC-ESO, experimental research was
conducted with the UWML, of which the test platform is presented in Figure 11, and its
main components are listed in Table 4. To illustrate the control performance, comparative
studies were carried out on the ASTSMC-ESO, SMC [33], and AFSMC [34].
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Table 4. The main components of the experimental platform of the UWML.

Name Specification Name Specification

Motor for joint 1/2/3 Kollmorgen TBMS-7646-A Velocity sensor of joint 2 Tamagawa S2620N271E14
Reducer for joint 1/2/3 Benrun BHS32-160 Position sensor of joint 3 Tamagawa S2640N321E64

Motor driver for joint 1/2/3 Elmo G-SOLTWI15/100ER1 Velocity sensor of joint 3 Tamagawa S2620N271E14
Position sensor of joint 1 Tamagawa TS2660N31E148 Motion controller Beckhoff CX5140 PLC
Velocity sensor of joint 1 Tamagawa TS2620N271E14 Main power DC48V
Position sensor of joint 2 Tamagawa TS2620N271E14 Control power DC24V
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6.1. Comparison Controllers

(1) SMC: This is the traditional sliding mode controller with the compensation of
external disturbances of τf , τs, and τw:

τ = Mn
( ..
x1d + λ1e2

)
+ Cnx2 + Gn + τf n + τsn − τwn + λ2s + λrsign(s) (40)

where λ1, λ2, and λr are positive definite diagonal parameter matrices. In order to sup-
press the chattering phenomenon caused by the signum function sign(), the saturation
function sat() with a boundary layer thickness of δ is used instead of the sign() function in
the application.

(2) AFSMC: This is the adaptive fuzzy sliding mode controller with the compensation
of disturbances of τf , τs, and τw:

τ = Mn
( ..
x1d + λ1e2

)
+ Cnx2 + Gn + τf n + τsn − τwn + λ2s + λr (41)

λ̂ri = θ̂T
i ψi(si) (42)

.
θ̂i = −Γsiψi(si) (43)

where λ1, λ2, and Γ are positive definite diagonal parameter matrices. The elements λri
in λr are approximated by an adaptive fuzzy logic system (AFLS), as shown in (42), with

a weight adaptive rate
.
θ̂i given by (43). The fuzzy rules are shown in Table 5, and the

Gaussian functions (44) are chosen as the membership functions, where i = 1, 2, 3 and
j = 1, 2, 3, 4, 5.





ψj(s1) = exp

(
−
[

s1 + π/12− (j− 1)π/24
3π/48

]2
)

ψj(s2) = exp

(
−
[

s2 + π/12− (j− 1)π/24
20π/48

]2
)

ψj(s3) = exp

(
−
[

s3 + π/12− (j− 1)π/24
3π/48

]2
)

(44)

Table 5. Fuzzy rules of λri.

Condition Conclusion

IF si is NB THEN λri is NB

IF si is NS THEN λri is NS

IF si is ZE THEN λri is ZE

IF si is PS THEN λri is PS

IF si is PB THEN λri is PB

6.2. Experimental Study

The controller parameters of the experimental study are shown in Table 6. For fairness
of comparison, some parameters of ASTSMC-ESO and AFSMC are inherited from the
SMC. To evaluate the performance of the three control algorithms, the maximum error
Me, average error µe, and standard deviation error σe of the foot trajectory were used as
indicators [35]. The results are shown in Figures 12–14, and the performance evaluation
results are listed in Table 7.
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Table 6. Controller parameters of the experimental study.

Controller Parameters

SMC λ = diag{400, 600, 600}, k1 = diag{10, 20, 8},
k2 = diag{150, 180, 100}, δ = diag{0.1, 0.1, 0.1}

AFSMC λ = diag{400, 600, 600}, k1 = diag{10, 20, 8}, Γ = diag{1500, 1500, 1500}

ASTSMC-
ESO

λ = diag{400, 600, 600}, k10 = diag{10, 20, 8}, k20 = diag{100, 100, 100},
α0 = diag{6.32, 6.32, 8.94}, β0 = diag{5, 5, 10}, τ = diag{0.01, 0.01, 0.01},
a = diag{0.19, 0.19, 0.38}, l0 = diag{0.5, 0.5, 0.5}, ρ0 = diag{0.5, 0.5, 0.5},
γ = diag{0.005, 0.005, 0.005}, δ0 = diag{80, 80, 80}, ε = diag{0.1, 0.1, 0.1}
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Figure 12. Foot trajectory tracking results with different controllers. (a) Foot trajectory; (b) Foot
trajectory tracking error.
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Figure 13. Joint position tracking results with different controllers. (a) Joint position; (b) Joint position
tracking error.
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Figure 14. System uncertainty estimation and joint control torque with different controllers. (a) Un-
certainty estimation; (b) Joint control torque.

Table 7. Evaluation results of the trajectory tracking performance with different controllers.

Controller Me (mm) µe (mm) σe (mm)

SMC [17.90, 22.76, 21.15] [6.42, 6.52, 6.17] [4.25, 6.05, 5.78]
AFSMC [8.94, 14.67, 13.73] [2.79, 4.32, 3.44] [2.01, 3.91, 3.04]

ASTSMC-ESO [5.92, 8.28, 6.26] [1.42, 1.96, 1.54] [0.91, 1.49, 1.28]

The desired foot trajectory and corresponding tracking performance under the three
controllers are shown in Figure 12. As seen, the proposed ASTSMC-ESO controller performs
better than the other two controllers throughout the movement. From the performance
evaluation results in Table 7, it can be seen that all the performance indicators of ASTSMC-
ESO are better than SMC and AFSMC. Comparing the joint positions in Figure 13, it can
be seen that through uncertainty compensation, the joint position control accuracy can be
effectively improved. Further comparing of the joint position errors of ASTSMC-ESO and
AFSMC indicates that the former has better robustness than the latter, which is mainly due
to the better control mechanism of ASTSMC-ESO than AFSMC.

From Figure 14, we can conclude that the differences in the trajectory tracking perfor-
mance are mainly due to the differences in the joint control torques of each control method,
even though they seem minor. Furthermore, we can see that the torque differences of joint
2 are more significant than those of the other two joints, which are mainly caused by the
accuracy of uncertainty compensation, as shown in Figure 14a. AFSMC and ASTSMC-ESO
estimate and compensate for the system uncertainties with different methods, so their out-
put control torques can effectively improve the trajectory tracking performance compared
with SMC. However, due to the difference in estimation performance, ASTSMC-ESO can
compensate for the system uncertainties more precisely than AFSMC, thus further improv-
ing the system performance. In addition, it can be seen that the chattering phenomenon
of the joint control torques of AFSMC and ASTSMC-ESO is effectively eliminated, which
indicates that the AFLS and AST can effectively suppress the chattering effect of SMC while
ensuring the control performance of the system.
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7. Conclusions

In this paper, a novel adaptive super-twisting sliding mode control method with
an extended state observer is proposed for the high-accuracy position control of the UWML
in the presence of both uncertainties and external disturbances, which considers the system
uncertainties and the external disturbances from the underwater working environment. On
the one hand, an accurate model compensation is made with SMC feedback control based
on the model information of the UWML to ensure a quick response performance. On the
other hand, a feedforward compensation of the system uncertainties is achieved with the
estimated uncertainties by ESO to reduce their impact on the control performance. Finally,
the AST is introduced to eliminate the chattering phenomenon and further improve the
steady-state control accuracy. Simulation and comparative experimental studies were con-
ducted to illustrate the effectiveness of this proposed control scheme, which shows that the
proposed controller can effectively compensate for system uncertainties and disturbances
and significantly enhance system control accuracy and robustness without the steady-state
chattering effect.
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Appendix A. Proof of Theorem 2

Before the proof of Theorem 2, the following finite-time convergence lemma is introduced:

Lemme A1 [36]. For nonlinear system:

x(t) = f (x(t)), f (0) = 0, x ∈ D (A1)

if there exists a continuously differentiable positive definite function V(x) and parameters λ1 > 0,
λ2 > 0, 0 < θ < 1, such that the following inequality holds:

.
V(x) ≤ −λ1V(x)− λ2Vθ(x) (A2)

then the state of the system (A1) will converge to the origin in finite time tr, which satisfies:

tr ≤
1

λ1(1− θ)
ln

λ2 + λ2V1−θ(0)
λ2

(A3)

To simplify the proof, system (20) is decomposed into three subsystems, where the ith
subsystem is:

{ .
si = −αi|si|1/2sign(si)− k1isi + zi + φi(si, Li)
.
zi = −βisign(si)− k2isi + fi(t)

(A4)

Define the following Lyapunov function for the subsystem (A4):

Vi(si, zi, Li) = 2βi|si|+ k2is2
i +

1
2

z2
i +

1
2

ζ2
i (A5)

where ζi = αi|si|1/2sign(si) + k1isi − zi.
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The time derivative of Vi(si, zi, Li) is:

.
Vi(si, zi, Li) =

∂Vi
∂si

.
si +

∂Vi
∂zi

.
zi +

∂Vi
∂Li

.
Li =

.
Vi1 +

.
Vi2 (A6)

where
.

Vi1 and
.

Vi2 are given below:

.
Vi1 =

∂Vi
∂si

.
si +

∂Vi
∂zi

.
zi = βisgn(si)

.
si0 + 2k2isi

.
si0

+zi
.
zi

(
αi|si|1/2sign(si) + k1isi − zi

)
(

αi

2|si|1/2
.
si0 + k1i

.
si0 −

.
zi)

+2βisgn(si)φi + 2k2isiφi +
(

αi|si|1/2sign(si) + k1isi − zi

)
(

αi

2|si|1/2 φi + k1iφi)

(A7)

.
Vi2 =

∂Vi
∂Li

.
Li = 2

.
Liβ0isgn(si)si + 2Li

.
Lik20is2

i

+
(

αi|si|1/2sign(si) + k1isi − zi

)
(

1
2
√

Li

.
Liαi0|si|1/2sign(si) +

.
Lik1i0si)

= −2βisgn(si)φi − 2k2isiφi −
(

αi|si|1/2sign(si) + k1isi − zi

)
(

αi

2|si|1/2 φi + k1iφi)

(A8)

where
.
si0 = −αi|si|1/2sign(si)− k1isi + zi.

Substituting (A7) and (A8) into (A6) yields:

.
Vi(si, zi, Li) =

.
Vi1 +

.
Vi2

= 2βisgn(si)
.
si0 + 2k2isi

.
si0 + zi

.
zi + (αi|si|1/2sign(si)

+k1isi − zi)(
αi

2|si |1/2

.
si0 + k1i

.
si0 −

.
zi)

(A9)

Applying
.
si0 = −αi|si|1/2sign(si)− k1isi + zi and

.
zi = −βisign(si)− k2isi + fi(t) to

(A9), we can obtain:

.
Vi(si, zi, Li) = −

√
Li

|si|1/2 ξT
i (Ai − Ci)ξi − Liξ

T
i Biξi (A10)

where ξi =
[√

Li|si|1/2sign(si) fi, Lisi, zi

]T
, Ai, Bi and Ci are shown in (25), (27), and (28),

respectively.
From (A10) we can see that by selecting the appropriate parameters α0i, β0i, k10i, and

k20i such that the matrices Qi = Ai − Ci and Bi are positive definite, then
.

Vi(si, zi, Li) can
be transformed into:

.
Vi ≤ −

√
Li

|si|1/2 λmin(Qi)‖ξi‖2 − Liλmin(Bi)‖ξi‖2 (A11)

From the definition of Vi(si, zi, Li) and ξi, Vi(si, zi, Li), it can also be expressed as:

Vi(si, zi, Li) = ξT
i Piξi (A12)

Therefore, by selecting appropriate parameters α0i, β0i, k10i and k20i such that the
matrix Pi is positive definite, then Vi(si, zi, Li) can be transformed into:

Vi(si, zi, Li) ≤ λmax(Pi)‖ξi‖2 (A13)

From (A13), we can obtain:

‖ξi‖2 ≤ Vi
λmax(Pi)

(A14)
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|si|1/2 = |ξi1| ≤ ‖ξi‖ ≤
V1/2

i

λ1/2
max(Pi)

(A15)

Substituting (A14) and (A15) into (A11), we can obtain:

.
Vi ≤ −

Liλmin(Qi)λ
1/2
min(Pi)

λmax(Pi)
V1/2

i − Li
λmin(Bi)

λmax(Pi)
Vi = −λ1Vi − λ2V1/2

i (A16)

where λ1 = Liλmin(Bi)/λmax(Pi), λ2 = Liλmin(Qi)λ
1/2
min(Pi)/λmax(Pi).

According to the conclusions in [31,37], when Li(t) > σ0i ≥ | fi(t)|, |ϑi| =
∣∣∣ fi(t)sign(si)

Li(t)

∣∣∣ < 1
and the selecting parameters are α0i, β0i, k10i, and k20i to satisfy the following conditions in
(A17), it can be guaranteed that Bi, Pi, and Qi are positive definite matrices.

α0i > 50.25, β0i > 1, k10i > 0, k20i >
8k2

10iβ0i + 22k2
10i + 9α2

0ik
2
10i

4(β0i − 1)
(A17)

when Bi, Pi, and Qi are positive definite matrices, then λ1 > 0 and λ2 > 0. According to
Lemma 1, the result of (A16) shows that the state of subsystem (A4) can converge to the
origin within a finite time tr, which completes the proof of Theorem 2.
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Abstract: The current reliance on manual rescue is inefficient, and lightweight, highly flexible, and
intelligent robots need to be investigated. Global seismic disasters occur often, and rescue jobs are
defined by tight timetables and high functional and intellectual requirements. This study develops a
hydraulically powered redundant robotic arm with seven degrees of freedom. To determine the force
situation of the robotic arm in various positions, the common digging and handling conditions of the
robotic arm are dynamically simulated in ADAMS. A finite element analysis is then performed for
the dangerous force situation to confirm the structural strength of the robotic arm. The hydraulic
manipulator prototype is manufactured, and stress–strain experiments are conducted on the robotic
arm to verify the finite element simulation’s reliability.

Keywords: hydraulic robotic arm; redundant manipulator; manipulator dynamics simulation;
finite element analysis; stress–strain experiments

1. Introduction

Efficient and quick rescue operations in the aftermath of natural disasters such as
earthquakes and mudslides are a complex issue. Rescue equipment can be broadly catego-
rized into two types: search and rescue. While the search type is used to locate trapped
individuals, the rescue type is designed to perform tasks such as grasping, handling, and
shearing that would otherwise require manual labor. Robots are increasingly being used for
rescue operations to improve work flexibility and expand the range of operations. Over the
past decades, different types of rescue robots have been developed, such as snake-shaped
search and rescue robots [1–3], bionic crawling search and rescue robots [4,5], wheel-footed
robots with enhanced obstacle-crossing capabilities [6–8], aircraft-based rescue robots [9,10],
rope-assisted climbing robots for applications in mountainous environments [11], and de-
formable robots for water rescue [12]. However, few of these robots have significant
excavation and handling capabilities. Mitsubishi Heavy Industries developed a robot that
could load 5 kg heavy objects and a robot that could load 10 kg heavy objects by adapting
to a variety of environments, which are compact, flexible, and can enter narrow spaces [13].
Japan’s TMSUK developed the “Enryu T-53” [14]—a crawler-type double-robotic-arm robot
with high load capacity and suitable for handling, capable of lifting 100 kg of weight with a
single arm. Wolf et al. [15] of Carnegie Mellon University developed a rescue robot with a
wheeled motion platform and a multi-degree-of-freedom extension robotic arm, and the
bottom moving platform expands the operating range of the robot. Shandong University,
in cooperation with Luban Machinery Technology Corporation, developed a lightweight
multifunctional dual-arm rescue robot with an overall weight of less than 5 tons, which can
realize a variety of remote rescue functions [16].

The weight and load capacity of the rescue robot are the most important performance
indicators, and the robotic arm, as the main actuator of the robot, plays an important
role in the rescue process. Optimizing the structure and size of the robotic arm, reducing
its own weight, and improving its load to weight ratio under the premise of ensuring
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its load capacity can effectively reduce consumables and control production costs on
the one hand, and reduce energy consumption and improve work efficiency on the
other. There are various ways to optimize the robotic arm, which can be optimized and
improved in terms of structure [17–20], material [21–24], and process [25–27], in particular,
combining topology optimization with manufacturing processes [28–30]. Rout et al. [31]
used evolutionary optimization methods for two-degree-of-freedom planar manipulators
and four-degree-of-freedom SCARA manipulators to design dimensional parameters
and weights, and the method minimized the sensitivity of disturbing factors affecting
accuracy and repeatability to minimum. Zhou L et al. [17] from Aalborg University
combined finite element strength analysis based on kinematic performance, dynamics
requirements, and lightweight design of a five-degree-of-freedom robotic arm in terms of
both drive chain and structural dimensions. Liu W [32] used the non-inferiority ranking
genetic algorithm NSGA-II (non-dominated sorting genetic algorithm II) with bit matrix
representation to optimize the topology for multiple objectives such as mass and load
capacity for lightweighting.

In this study, a seven-degree-of-freedom hydraulic robotic arm for emergency rescue
is proposed. A model of the robotic arm is built, and in order to reduce the weight of the
robotic arm, 7075 aluminum alloy is used as the main body material. Milling is then used to
remove any excess material from the robotic arm while still maintaining the strength of the
device and ensuring that it meets the load premise of the ideal weight. This study builds
the dynamics model under the two working scenarios of excavation and heavy lifting and
explores the finite element statics under these two working scenarios in order to test the
strength of the robotic arm in the actual operation. The accuracy of the results of the finite
element analysis was then confirmed by conducting stress–strain testing on a robotic arm
prototype. This paper is organized as follows: the second part introduces the design and
basic parameters of the robotic arm; the third part introduces the dynamic simulation of
excavation and the handling of heavy objects; the fourth part introduces the finite element
analysis of these conditions; and the fifth part introduces the prototype and finite element
experiments carried out.

2. Structural Design of 7-DOFs Rescue Robotic Arm

The main challenges encountered during the process of its operation and performance
requirements are as follows for earthquakes and other disasters that need to be specifically
implemented after the rescue task to carry out the structural design of a rescue robotic arm,
mainly including handling heavy objects, digging the ground, supporting the wall, and
shear crushing and other conditions.

(1) Because the homes of the current population are mostly made of reinforced concrete,
earthquakes cause the walls to come off and crack. As a result, the robotic arm should
be able to support and transport the collapsed wall with enough weight capacity.

(2) The post-earthquake debris formation is largely random, and the situation for rescue
operations is very unstable. The robotic arm must have a high degree of flexibility as
well as strong adaptive and movement capabilities for the complex road surface in
order to respond to the complex and changing rescue needs. In order to rescue the
trapped people from the small space, the robotic arm must be able to quickly adjust
its position to the best rescue state.

(3) After the earthquake, the rescue road is severely blocked, making it impossible for
rescue supplies to be transported to the disaster site by land at first. In order to meet
helicopter lifting requirements, the weight of the entire robot arm should be kept
within a reasonable range.

Table 1 below displays the primary design criteria for the hydraulic rescue robot arm.
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Table 1. Mechanical arm design parameters table.

Performance Indicators Parameters

Number of degrees of freedom 7
Weight 500 kg

Working radius 4 m
Maximum load capacity 300 kg

Power type Hydraulic

Contrarily, industrial robots have greater flexibility and finer operations, but their
drawbacks are insufficient load capacity and more stringent environmental requirements.
Conventional construction machinery and equipment have strong environmental adapt-
ability and large load capacities, but their disadvantages are relatively bulky and inflexible
activities. A hydraulic machinery arm with seven degrees of freedom is thus constructed
as follows Figure 1 after combining the benefits and drawbacks of industrial machinery
equipment and industrial robots. The rotary base, boom, two arms, three arms, rotary
hammer joint, swing, and end rotary joint are the key parts.
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Figure 1. Mechanical arm structure schematic.

Aluminum alloy 7075 is the primary material utilized to meet the robotic arm’s high
strength and lightweight criteria. However, compared with steel, aluminum alloy material
performs far poorer when it comes to welding. As a result, none of the robotic arm’s arms
are machined and no welding technology is used. The arm makes extensive use of carving
and excavation to ensure lightweight. Figure 2 depicts the key parts of the robotic arm,
with (a)–(e) standing for the base, primary arm, second arm, third arm, and end wrist.
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diagram of the first arm; (c) Structural diagram of the second arm; (d) Structural diagram of the third
arm; (e) Structural diagram of the wrist joint.
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3. Mechanical Performance Analysis of Robotic Arm under Different
Working Conditions

In the actual post-earthquake rescue process, the most typical working conditions of
the rescue robotic arm are excavating and damaging the road and lifting heavy objects,
and the robotic arm is prone to structural failure due to insufficient strength or excessive
deformation under these two dangerous working conditions. In this section, the virtual
prototype of the robotic arm is built, and the mechanical performance analysis of the
working device is completed by using ADAMS (version 2019) simulation software for these
two typical working conditions.

3.1. Dynamic Simulation of Robotic Arm under Excavation Conditions

When the robotic arm performs the task of digging and damaging the road, it will
adjust its digging posture according to the changes of the digging target, and it needs to
carry out simulation analysis for the most typical and extreme working conditions of the
force on the robotic arm during the digging operation. If the arm can operate normally
under this condition and there is no safety hazard, then other digging conditions will
also meet the requirements of safe operation, so this subsection will simulate the most
dangerous and extreme conditions of the force on the arm during digging.

When the mechanical arm is digging at the maximum depth, the force on the big arm
and the second arm is the greatest, and it is at the weakest state of the working arm. At
this time, the hydraulic cylinders of the big arm and the third arm are fully extended, the
hydraulic cylinders of the second arm are fully retracted, and the bucket tip is vertically
downward, as shown in Figure 3a. When the line between the tip of the bucket tooth
and the articulation point of the third arm and the swing frame is perpendicular to the
swing-frame cylinder, the torque on the swing-frame cylinder is the greatest at this time, as
shown in Figure 3b. Special attention is needed, when the bucket tooth tip is in common
line with the swing frame, swing-frame cylinder, and three arms, as shown in Figure 3c. At
this time, the mechanical arm is in the posture of digging radius, and the digging depth
is large; the form of force is more dangerous and an extreme situation, which needs to be
taken into account during simulation.

Actuators 2023, 12, x FOR PEER REVIEW 4 of 26 
 

 

3. Mechanical Performance Analysis of Robotic Arm under Different  
Working Conditions 

In the actual post-earthquake rescue process, the most typical working conditions of 
the rescue robotic arm are excavating and damaging the road and lifting heavy objects, 
and the robotic arm is prone to structural failure due to insufficient strength or excessive 
deformation under these two dangerous working conditions. In this section, the virtual 
prototype of the robotic arm is built, and the mechanical performance analysis of the 
working device is completed by using ADAMS (version 2019) simulation software for 
these two typical working conditions. 

3.1. Dynamic Simulation of Robotic Arm under Excavation Conditions 
When the robotic arm performs the task of digging and damaging the road, it will 

adjust its digging posture according to the changes of the digging target, and it needs to 
carry out simulation analysis for the most typical and extreme working conditions of the 
force on the robotic arm during the digging operation. If the arm can operate normally 
under this condition and there is no safety hazard, then other digging conditions will also 
meet the requirements of safe operation, so this subsection will simulate the most danger-
ous and extreme conditions of the force on the arm during digging. 

When the mechanical arm is digging at the maximum depth, the force on the big arm 
and the second arm is the greatest, and it is at the weakest state of the working arm. At 
this time, the hydraulic cylinders of the big arm and the third arm are fully extended, the 
hydraulic cylinders of the second arm are fully retracted, and the bucket tip is vertically 
downward, as shown in Figure 3a. When the line between the tip of the bucket tooth and 
the articulation point of the third arm and the swing frame is perpendicular to the swing-
frame cylinder, the torque on the swing-frame cylinder is the greatest at this time, as 
shown in Figure 3b. Special attention is needed, when the bucket tooth tip is in common 
line with the swing frame, swing-frame cylinder, and three arms, as shown in Figure 3c. 
At this time, the mechanical arm is in the posture of digging radius, and the digging depth 
is large; the form of force is more dangerous and an extreme situation, which needs to be 
taken into account during simulation. 

(a) (b) (c)
 

Figure 3. Dangerous posture of the robot arm under digging conditions. (a) Maximum depth atti-
tude, (b) Maximum bending moment attitude, (c) Tooth tip and working arm co-linear attitude. 

According to the actual action requirements of excavation, and at the same time to 
include the above three extreme postures, the design of the excavation working conditions 
shown in Figure 4, first of all, the big arm and three-arm cylinders in turn extended to the 
state of full stroke, the second arm hydraulic cylinder fully retracted and maintained the 
state of no movement with drive, and, then, the swing-frame hydraulic cylinder from be-
ing fully retracted gradually extended, driving the bucket around the rotation point to 
dig, while the mechanical arm, in turn, went through the above three extreme postures 
and finally the three arms, big arm, and swing-frame hydraulic cylinder in turn retracted. 
The mechanical arm returned back to the original posture. 

Figure 3. Dangerous posture of the robot arm under digging conditions. (a) Maximum depth attitude,
(b) Maximum bending moment attitude, (c) Tooth tip and working arm co-linear attitude.

According to the actual action requirements of excavation, and at the same time to
include the above three extreme postures, the design of the excavation working conditions
shown in Figure 4, first of all, the big arm and three-arm cylinders in turn extended to
the state of full stroke, the second arm hydraulic cylinder fully retracted and maintained
the state of no movement with drive, and, then, the swing-frame hydraulic cylinder from
being fully retracted gradually extended, driving the bucket around the rotation point to
dig, while the mechanical arm, in turn, went through the above three extreme postures and
finally the three arms, big arm, and swing-frame hydraulic cylinder in turn retracted. The
mechanical arm returned back to the original posture.
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The main purpose of this simulation is to measure the force at the articulation point
of each working arm, and the calculation and analysis found that the internal force of the
wrist joint has almost no effect on the simulation results. Therefore, in order to simplify the
operation, based on the ADAMS virtual prototype simulation model of the arm digging
conditions, verified in the previous subsection, we use Boolean operations to combine
the wrist joints into a whole. The tangential resistance gradually increases from 0 at 6.6 s,
reaches the peak value of 8500 N after 4 s, and decreases to 0 after 2 s; the lifting resistance
gradually increases from 0 at 6.6 s, reaches the maximum value of 2460 N after 6 s, and
decreases rapidly at 20 s, and decreases to 0 after 1 s. Firstly, marker points are established
at the position of the center of gravity of the bucket and the center point of the tooth tip,
respectively, and the corresponding one-way force is added. The displacement driving
function of each hydraulic cylinder and the change curve of the digging resistance are set
by using STEP function, as shown in Table 2 and Figure 5.

Table 2. The displacement drive function of each hydraulic cylinder of the robot arm under digging
conditions.

Drivers Motion Functions

The first arm hydraulic cylinder driver STEP(TIME, 0, 0, 2.7 , 270) + STEP(TIME, 16.6 , 0, 19, − 270)
The second arm hydraulic cylinder driver 0
The third arm hydraulic cylinder driver STEP(TIME, 2.7 , 0, 6.6 , 390) + STEP(TIME, 12.6 , 0, 16.6, − 390)

Rotary hammer hydraulic cylinder driver STEP(TIME, 6.6 , 0, 12.6 , 295) + STEP(TIME, 19, 0, 22, − 295)
Tangential resistance STEP(TIME, 6.6 , 0, 10.6 , 8500) + STEP(TIME, 10.6 , 0, 12.6, − 8500)

Normal resistance STEP(TIME, 6.6 , 0, 8.6,−1700) + STEP(TIME, 8.6 , 0, 12.6 , 1700)
Lifting resistance STEP(TIME, 6.6 , 0, 12.6,−2460) + STEP(TIME, 20, 0, 21, 2460)
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Before running the simulation, in order to quickly identify and extract the force change
curves at the target articulation points in the “ADAMS/Postprocessor” module and to
make the following clearer, the articulation points of the robot arm are numbered and
named as shown in Figure 6.
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Analysis of Figure 7 shows that the trend of the force at the articulation points of the 
base, large arm, and two arm joints is basically the same. Among them, the positive and 
negative force values only indicate the direction of the force. For the first 6.6 s, the big arm 
and the three-arm hydraulic cylinders were extended to the state of full stroke in turn, and 
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Figure 6. Diagram of the articulation point of each working arm of the rescue robot arm.

We set the simulation time to 22 s, step size 0.01, and ran the simulation. After the
simulation, the force situation of each articulation point of the robot arm is viewed by the
post-processing module. The load components of each joint’s articulation point in X-axis
and Y-axis are shown in Figure 7, and (a) to (d) indicate the force of the articulation points
of the base, large arm, second arm, and third arm joints, respectively.

Actuators 2023, 12, x FOR PEER REVIEW 6 of 26 
 

 

Before running the simulation, in order to quickly identify and extract the force 
change curves at the target articulation points in the “ADAMS/Postprocessor” module and 
to make the following clearer, the articulation points of the robot arm are numbered and 
named as shown in Figure 6. 

JOINT_2

JOINT_3
JOINT_4

JOINT_1

JOINT_5
JOINT_6JOINT_7JOINT_8

JOINT_9
JOINT_10

JOINT_11

JOINT_12

 
Figure 6. Diagram of the articulation point of each working arm of the rescue robot arm. 

We set the simulation time to 22 s, step size 0.01, and ran the simulation. After the 
simulation, the force situation of each articulation point of the robot arm is viewed by the 
post-processing module. The load components of each joint’s articulation point in X-axis 
and Y-axis are shown in Figure 7, and (a) to (d) indicate the force of the articulation points 
of the base, large arm, second arm, and third arm joints, respectively. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Force diagram of arm joint articulation point under digging conditions: (a) Force at the 
articulation point of the base; (b) Force at the articulation point of the first arm; (c) Force at the 
articulation point of the second arm; (d) Force at the articulation point of the third arm. 

Analysis of Figure 7 shows that the trend of the force at the articulation points of the 
base, large arm, and two arm joints is basically the same. Among them, the positive and 
negative force values only indicate the direction of the force. For the first 6.6 s, the big arm 
and the three-arm hydraulic cylinders were extended to the state of full stroke in turn, and 
the mechanical arm under the influence of the self-weight force is small. As the digging 

Figure 7. Force diagram of arm joint articulation point under digging conditions: (a) Force at the
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Analysis of Figure 7 shows that the trend of the force at the articulation points of the
base, large arm, and two arm joints is basically the same. Among them, the positive and
negative force values only indicate the direction of the force. For the first 6.6 s, the big arm
and the three-arm hydraulic cylinders were extended to the state of full stroke in turn, and
the mechanical arm under the influence of the self-weight force is small. As the digging
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depth increases, the strength slowly rises. From the 6.6 s to start digging, due to the bucket
contact with the ground at 7.2 s, the ground support force on the bucket offsets the influence
of the mechanical arm self-weight, so that the force component at each articulation point
gradually decreases between 6.6 s and 7.2 s to 0. With the increase of digging resistance, the
force of each articulation point also gradually increases, and at 10.6 s, the digging depth
and resistance reach the maximum, while the component of each joint articulation point
in the X and Y axes is also close to the maximum. After the moment of 10.6 s, the digging
resistance starts to decrease, and at the moment of 11.5 s, the force at each articulation
point is again close to 0 under the compound action of cutting resistance and self-weight of
the arm, and stops digging at 12.6 s, when the amount of material in the bucket reaches
the maximum and the lifting resistance increases to another peak, and the force at each
articulation point reaches the maximum at this time. After 12.6 s, hydraulic cylinders of
the three arms start to shrink while driving the full-load bucket up, and the force on the
articulation point of each joint is gradually reduced by the reduction of the force arm. At
20 s, the material is unloaded, the lifting resistance starts to decrease rapidly, and the force
at each articulation point also decreases rapidly. At 21 s, the material is unloaded, and the
swing hydraulic cylinder gradually retracts to the shortest state and drives the unloaded
bucket to the initial attitude of the arm at 22 s, during which the force component at each
articulation point remains basically unchanged.

3.2. Dynamic Simulation of Robotic Arm Handling Heavy Objects

Firstly, a workpiece with a weight of 200 kg is created in Solidworks and assembled
with the end appliance gripper. Then, the end appliance bucket of the robot arm is deleted
and replaced with the end appliance gripper, and finally a virtual simulation model of
the robot arm under handling conditions is created in ADAMS according to the method
described in the previous section. In order to accurately measure the force at each articula-
tion point of the robot arm in the process of lifting the workpiece, the end gripper is set to
carry the workpiece in the whole working range of the robot arm and to go through three
extreme cases of highest position, horizontal position, and lowest position in turn. The
initial position and the movement trajectory of the gripper finger end are shown in Figure 8.
STEP function is used to set the displacement drive function of each hydraulic cylinder, as
shown in Table 3 below. Firstly, the two-arm cylinder and the three-arm cylinder are set
to extend to the full-stroke posture from the shortest state, and the swing-frame cylinder
is retracted to the shortest state from the full-stroke state, at which time the mechanical
arm reaches the highest point, then the mechanical arm passes through the horizontal
position during the extension of the large-arm cylinder and swing-frame cylinder, and the
mechanical arm passes through the lowest position when the two-arm cylinder retracts to
the shortest posture, and finally the large-arm cylinder and the three-arm cylinder retract
to the shortest state in turn, and the mechanical arm returns to the original posture.

We set the simulation time to 118 s, and got the force change curve of each articulation
point of the robot arm under the handling condition, where the load components of each
joint’s articulation point in X-axis and Y-axis are shown in Figure 9, and (a) to (d) indicate
the force of the articulation points of the base, large arm, second arm, and third arm joints,
respectively.

Table 3. The displacement drive function of each hydraulic cylinder of the robot arm under handling
conditions.

Drivers Motion Functions

The first arm hydraulic cylinder driver STEP(TIME, 49, 0, 59, 270) + STEP(TIME, 108, 0, 118, − 270)
The second arm hydraulic cylinder driver STEP(TIME, 0, 0, 10, 378) + STEP(TIME, 82, 0, 92, − 378)
The third arm hydraulic cylinder driver STEP(TIME, 10, 0, 26, 390) + STEP(TIME, 92, 0, 108, − 390)

Rotary hammer hydraulic cylinder driver STEP(TIME, 26, 0, 49, − 295) + STEP(TIME, 59, 0, 82, 295)
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Figure 9. Force diagram of joint articulation point of robot arm under handling conditions: (a) Force
at the articulation point of the base; (b) Force at the articulation point of the first arm; (c) Force at the
articulation point of the second arm; (d) Force at the articulation point of the third arm.

As can be seen from Figure 9, the change in patterns and trends of the base, big arm,
and second arm amplitude curves are basically the same, and the force at the hinge point
of the third arm is slightly more complicated. Before the first 26 s, the second arm cylinder
and the third arm cylinder are extended in turn while making the workpiece rise slowly.
As the center of gravity of the workpiece is farther and farther from the base, the moment
of action on the base hinge point becomes bigger and bigger, and the force at each hinge
point also rises slowly. At the moment of 26 s, the swing-frame cylinder starts to shrink
while driving the workpiece close to the base, the moment gradually decreases so that the
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force at each articulation point slowly decreases until 49 s, and the robot arm moves to the
highest position. After 49 s, the big arm cylinder starts to elongate, driving the workpiece
away from the base while making the robot arm posture gradually approach the horizontal
position; the workpiece and the wrist joint gravity on each articulation point produces
the moment gradually increases, so that the force at the articulation point continuously
increases. At the instance of 70 s, the end wrist joint is in common with the three arms and
the second arm; at this time, the arm is in horizontal posture, the force component and
amplitude of each articulation point reach the maximum value, and, after the horizontal
position, the force at each articulation point gradually decreases. At 92 s, the hydraulic
cylinder of the second arm is completely retracted; at this time, the arm is in the lowest
position. After 92 s, the three-arm hydraulic cylinder starts to retract while driving the
workpiece closer to the base. Due to the reduction of the action moment, the force at each
articulation point slowly decreases, reaching 108 s, and the three-arm hydraulic cylinder
completely retracts. The force at each articulation point reaches the minimum value, and
then the big arm hydraulic cylinder starts to retract while driving the workpiece away from
the base. Due to the increase of the action moment, the combined force at each articulation
point increases, and, by 118 s, the mechanical arm returns to the original posture.

4. Finite Element Static Analysis of Key Components
4.1. Pre-Processing of Robot Arm Finite Element Model

Although the seven-degrees-of-freedom redundant rescue robot arm designed in this
topic is completed in Solidworks, the overall structure is more complex. Considering the
aesthetic appearance of the robot arm and the requirements of some parts’ processing
characteristics, many features such as rounded corners, small holes, chamfers, and tabs are
retained at the early stage of structural design, and if these features are not simplified, stress
singularities will be easily generated during analysis, which will lead to a large difference
between the analysis results and the real value, and even the failure of the mesh division
and the crash of the solver. Therefore, before the analysis, the analysis object should be
reasonably simplified, the insignificant geometric features compressed or removed, and
the reinforcement retained. Rounded corners and other geometric features have a greater
impact on the calculation results, and special attention must be paid to the location where
the analysis object is very likely to produce stress concentration to reduce the impact of
stress concentration. The stress results of different nodes of the base at different mesh
densities are shown in Figure 10. Therefore, when carrying out the mesh division, the
region with greater influence on the analysis results uses the mesh control function to refine
the mesh, and the quality should be high. When carrying out pre-processing work, it is
necessary to ensure that the stiffness of the finite element analysis model before and after
simplification is consistent; otherwise, it is likely to lead to a large difference between the
analysis results and the actual value. The results of the mesh division of the three arms,
two arms, large arm, and base are shown in Figure 11a–d, respectively.

In order to limit the degrees of freedom of each rigid body, the boundary conditions of
the model need to be set before the analysis; according to the actual working conditions of the
fixed end and free end of the robot arm, to add constraints and loads, the process is as follows:

(1) Add reasonable restraint: The robot arm near the base member can be regarded as the
fixed end, and near the end apparatus as the free end. Using the fixture function, a
fixed hinge constraint is set on the selected axis hole surface to restrict the hinge point.

(2) Applying load: Therefore, the bearing load is added to the pin hole at the free end.
When assigning the load size, considering that each hole has two bearing surfaces,
half of the combined force obtained from the motion simulation should be added to
each bearing surface. Since the force at the hinge point is not constant, but fluctuates
according to a certain rule, according to engineering experience, the fluctuation is in
line with the parabolic distribution, so the distribution of load is more compounded
with the actual working condition by choosing parabolic distribution. The mesh
parameters for each component are shown in Table 4.
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Table 4. Grid parameters.

Component Number of Nodes Number of Cells Aspect Ratio < 3 (%) Flexure Unit (%)

Base 415,702 275,829 99.4 0
The first arm 453,166 296,149 99.5 0

The second arm 1,248,279 827,042 99.2 0
The third arm 774,436 510,797 99.1 0

4.2. Results of the Static Analysis of the Robot Arm under Excavation Conditions

According to the dynamic simulation results of ADAMS under the digging condition
of the arm, the working arm is adjusted to the attitude corresponding to the maximum
force at the articulation point, and the pre-processing of the finite element analysis model
of the working arm and the displacement boundary conditions are completed according
to the static force analysis process under the handling condition in the previous section,
and finally the X-axis and Y-axis load components corresponding to the maximum force at
the articulation point are added to the corresponding articulated shaft holes in the form
of bearing load with the local coordinate system as the reference coordinate system to
complete the application of the load boundary conditions.
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The parts of the base with large stress changes and stress maxima are shown in
Figure 12. The maximum stress appears at the bolt hole; the stress maxima is 158.04 MPa,
far less than the stress limit 505 MPa. According to the stress cloud diagram, it can be seen
that the overall stress on the base is small, and it is only at the bolt hole that a larger stress
appears. From the deformation cloud shown in Figure 13, it can be seen that the maximum
deformation of the base is only 0.01 mm; the deformation is very small, which means that
the base is relatively safe under stress.
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Figure 13. Strain cloud of base under excavation conditions.

The parts of the big arm with large stress changes and stress maxima are shown in
Figure 14. The maximum stress appears at the open hole of the big arm, and the stress maxima
is 103.85 MPa, which is much smaller than the stress limit of 505 MPa. According to the stress
cloud diagram, it is seen that the big arm is under greater stress at the middle digging position.
From the deformation cloud diagram shown in Figure 15, it can be seen that the deformation at
the articulated shaft hole of the big arm and the cylinder barrel of the second arm is the largest,
the maximum deformation is 0.24 mm, and the relative deformation is small.
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Figure 15. Strain cloud of first arm under excavation conditions.

The parts of the second arm where the stress changes more and the stress maximum are
shown in Figure 16. The maximum stress appears at the articulation hole linked with the big
arm. The stress maximum is 47.82 MPa, much less than the stress limit 505 MPa. According
to the stress cloud diagram, the stress at the middle reinforcement of the second arm, the
articulation hole, and the stress at the back is larger. The maximum position of deformation
appears at the end of the second arm and the three arms’ articulated shaft hole ear plate, as
shown in Figure 17. The maximum value of deformation is 0.96 mm, and close to the robot
arm base direction, the deformation is relatively small.

320



Actuators 2023, 12, 362

Actuators 2023, 12, x FOR PEER REVIEW 13 of 26 
 

 

 
Figure 15. Strain cloud of first arm under excavation conditions. 

The parts of the second arm where the stress changes more and the stress maximum 
are shown in Figure 16. The maximum stress appears at the articulation hole linked with 
the big arm. The stress maximum is 47.82 MPa, much less than the stress limit 505 MPa. 
According to the stress cloud diagram, the stress at the middle reinforcement of the sec-
ond arm, the articulation hole, and the stress at the back is larger. The maximum position 
of deformation appears at the end of the second arm and the three arms’ articulated shaft 
hole ear plate, as shown in Figure 17. The maximum value of deformation is 0.96 mm, and 
close to the robot arm base direction, the deformation is relatively small. 

Max

 
Figure 16. Stress cloud of second arm under excavation conditions. Figure 16. Stress cloud of second arm under excavation conditions.

Actuators 2023, 12, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 17. Strain cloud of second arm under excavation conditions. 

The maximum stress of the third arm is 98.06 MPa, as shown in Figure 18, which is 
much less than the stress limit of 505 MPa. According to the stress cloud diagram in Figure 
19, the middle reinforcement and the transition lug plate of the hinge hole of the three 
arms are under greater stress. The deformation cloud under excavation condition is 
shown in Figure 18, the maximum deformation is 3.27 mm at the end of the three arms 
and the swing-frame articulated shaft hole, and the remaining parts are relatively small. 

Max

 
Figure 18. Stress cloud of third arm under excavation conditions. 

Figure 17. Strain cloud of second arm under excavation conditions.

The maximum stress of the third arm is 98.06 MPa, as shown in Figure 18, which
is much less than the stress limit of 505 MPa. According to the stress cloud diagram in
Figure 19, the middle reinforcement and the transition lug plate of the hinge hole of the
three arms are under greater stress. The deformation cloud under excavation condition is
shown in Figure 18, the maximum deformation is 3.27 mm at the end of the three arms and
the swing-frame articulated shaft hole, and the remaining parts are relatively small.

321



Actuators 2023, 12, 362

Actuators 2023, 12, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 17. Strain cloud of second arm under excavation conditions. 

The maximum stress of the third arm is 98.06 MPa, as shown in Figure 18, which is 
much less than the stress limit of 505 MPa. According to the stress cloud diagram in Figure 
19, the middle reinforcement and the transition lug plate of the hinge hole of the three 
arms are under greater stress. The deformation cloud under excavation condition is 
shown in Figure 18, the maximum deformation is 3.27 mm at the end of the three arms 
and the swing-frame articulated shaft hole, and the remaining parts are relatively small. 

Max

 
Figure 18. Stress cloud of third arm under excavation conditions. 

Figure 18. Stress cloud of third arm under excavation conditions.

Actuators 2023, 12, x FOR PEER REVIEW 15 of 26 
 

 

 
Figure 19. Strain cloud of third arm under excavation conditions. 

4.3. Results of the Static Analysis of the Robot Arm under Handling Conditions 
According to the dynamic simulation results of ADAMS under the handling condi-

tion of the robot arm, the working arm is adjusted to the attitude corresponding to the 
maximum force at the articulation point, and the pre-processing and displacement bound-
ary conditions of the finite element analysis model of each working arm are completed 
according to the static force analysis process under the handling condition in the previous 
section. 

The parts of the base with large stress variation and stress maximum are shown in 
Figure 20. The maximum stress appears at the bolt hole, and the stress maximum is 174.89 
MPa, which is much smaller than the stress limit of 505 MPa. From the deformation cloud 
shown in Figure 21, it can be seen that the maximum deformation of the base is only 0.03 
mm; the deformation is very small, which means that the base is relatively safe under 
stress. 

Max

 
Figure 20. Stress cloud of base under handling conditions. 

Figure 19. Strain cloud of third arm under excavation conditions.

4.3. Results of the Static Analysis of the Robot Arm under Handling Conditions

According to the dynamic simulation results of ADAMS under the handling condition
of the robot arm, the working arm is adjusted to the attitude corresponding to the maximum
force at the articulation point, and the pre-processing and displacement boundary condi-
tions of the finite element analysis model of each working arm are completed according to
the static force analysis process under the handling condition in the previous section.

The parts of the base with large stress variation and stress maximum are shown
in Figure 20. The maximum stress appears at the bolt hole, and the stress maximum is
174.89 MPa, which is much smaller than the stress limit of 505 MPa. From the deformation
cloud shown in Figure 21, it can be seen that the maximum deformation of the base is only
0.03 mm; the deformation is very small, which means that the base is relatively safe under
stress.
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Big-arm stress changes and stress maximum parts as shown in Figure 22. The max-
imum stress appears in the open hole of the big arm, and the stress maximum value is
38.25 MPa, far less than the stress limit 505 MPa. According to the stress cloud diagram,
the big arm in the middle of the digging position can be seen near the larger force. From
the deformation cloud diagram shown in Figure 23, it can be seen that the maximum
deformation occurs at the articulated shaft hole of the big arm and the cylinder barrel of the
second arm, the maximum deformation is 0.01 mm, and the relative deformation is small.
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The parts of the second arm where the stress changes more and the stress maximum
are shown in Figure 24. The maximum stress appears at the articulated hole linked with
the big arm; the stress maximum is 48.35 MPa, much less than the stress limit 505 MPa.
According to the stress cloud diagram, at the middle reinforcement of the second arm and
the articulated hole, the stress is larger. The maximum position of deformation appears at
the end of the second arm and the three arms’ articulated shaft hole trunnion, as shown in
Figure 25. The maximum value of deformation is 1.49 mm, and close to the direction of the
base of the robot arm, the deformation is relatively small.
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The maximum stress of the third arm is 20.12 MPa, as shown in Figure 26, which
is much less than the stress limit of 505 MPa. According to the stress cloud diagram in
Figure 26, the middle reinforcement bar and the transition lug plate of the hinge hole of the
three arms are under greater stress. The deformation cloud under excavation condition is
shown in Figure 27. The maximum deformation is 0.72 mm at the end of the three arms
and the swing-frame articulated shaft hole. The remaining parts have a relatively small
deformation.
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5. Prototype and Analysis of Hydraulic Machinery Arm
5.1. Prototype

It has been established through finite element analysis and dynamic simulation that
the designed structure satisfies the necessary strength standards. Based on the planned
robotic arm concept, a hydraulic robotic arm prototype is made and shown in Figure 28.
The oil cylinder and hydraulic motor, which serve as the robotic arm’s drive units, both
have displacement sensors, setting the groundwork for eventual displacement closed-loop
control. The hydraulic flow rate of each of the robotic arm’s driving components is managed
by a number of hydraulic proportional directional valves.
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Figure 28. 7-DOFs rescue hydraulic robotic arm prototype.

5.2. Finite Element Experiments

The finite element method is widely used in structural design optimization, but
the structural model is simplified for the sake of calculation simplicity, there are some
differences with the actual structure and process, and the boundary conditions are set
differently from the actual one. Therefore, the correctness of the finite element model is
tested by the test results and, the smaller the error, the closer it is to the actual one. In this
section, based on the completed FEM analysis, the stress–strain test is conducted on the
robot arm to verify the feasibility of the finite element model.

5.2.1. Preliminary Preparation of the Experiment

(1) Experimental equipment: JINGYAN Stress Tester: SG04 type, as shown in Figure 29
below.
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Figure 29. Jingyan SG04 stress tester.

The strain flower, with a resistance value 120Ω, sensitivity factor 2.0, Poisson’s ratio
0.27, resolution 0.1, three axes at 45◦ to each other, can be used to test the strain in the
direction of unknown principal stress. The strain flower schematic diagram and installation
are shown in Figures 30 and 31.
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Figure 30. Strain flower schematic.
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Figure 31. Strain relief flower installation diagram.

(2) Measuring bridge design and principle: A simple and reliable 1/4 bridge was used
for the bridges, where each strain flower needs to be connected to three bridges, and the
measuring bridge principle is shown in Figure 32 below.
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When the analyzer calculates the strain magnitude of the three bridge paths of the
strain flower, the ultimate strain value of this experimental object can be found by the
following equation:

εx = ε0◦ , εy = ε90◦ , γxy = ε0◦ + ε90◦ − 2ε45◦ (1)

σx =
E

(1 − µ2)

(
εx + µεy

)
(2)

σy =
E

(1 − µ2)

(
εy + µεx

)
(3)

τx =
E

2(1 + µ)
γxy (4)

where σx, σy, τx are the plane stresses; εx, εx, γxy are the corresponding strain values. This
leads to:

σmax =
σx + σy

2
+

√(
σx − σy

2

)2
+ τx2 (5)

σmin =
σx + σy

2
−
√(

σx − σy

2

)2
+ τx2 (6)

σ1 = σmax, σ2 = 0, σ3 = σmin (7)

Then, the equivalent force value σs at this measurement location can be derived from
the fourth strength theory as:

σs =

√
1
2

(
(σ1 − σ2)

2 + (σ1 − σ3)
2 + (σ2 − σ3)

2
)

(8)

(3) Cautions: In order to improve the accuracy of the experiment, the measurement
locations should be polished before the patching, and, in addition, the stress concentrations
appearing in the finite element analysis should be selected as much as possible when
patching the strain gauges, such as axial holes and other easily damaged parts. The location
of the patch point should be recorded. Some patch point locations are shown in Figure 33.

Actuators 2023, 12, x FOR PEER REVIEW 22 of 26 
 

 

( )2 1x xy
Eτ γ

μ
=

+
 

(4)

where σx, σy, τx are the plane stresses; εx, εx, γxy are the corresponding strain values. This 
leads to: 

2
2

max 2 2
x y x y

x

σ σ σ σ
σ τ

+ − 
= + + 

 
 (5)

2
2

min 2 2
x y x y

x

σ σ σ σ
σ τ

+ − 
= − + 

 
 (6)

1 max 2 3 min, 0,σ σ σ σ σ= = =  (7)

Then, the equivalent force value σs at this measurement location can be derived from 
the fourth strength theory as: 

( ) ( ) ( )( )2 2 2
1 2 1 3 2 3

1
2sσ σ σ σ σ σ σ= − + − + −  (8)

(3) Cautions: In order to improve the accuracy of the experiment, the measurement 
locations should be polished before the patching, and, in addition, the stress concentra-
tions appearing in the finite element analysis should be selected as much as possible when 
patching the strain gauges, such as axial holes and other easily damaged parts. The loca-
tion of the patch point should be recorded. Some patch point locations are shown in Figure 
33. 

 
Figure 33. Strain gauge patch diagram. 

(4) Test Method: The weight hanging at the end of the robotic arm is 300 kg. The 
robotic arm is adjusted to a specific attitude, the individual cylinder extensions are rec-
orded, apply strain gauges, and the channels are zeroed. The weight is weighed and gen-
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(4) Test Method: The weight hanging at the end of the robotic arm is 300 kg. The robotic
arm is adjusted to a specific attitude, the individual cylinder extensions are recorded, apply
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strain gauges, and the channels are zeroed. The weight is weighed and gently suspended
at the end of the robotic arm and, after the arm is balanced, the strain value at each test
point is collected. The test arrangement is shown in Figure 34.
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5.2.2. Results and Analysis of the Experiment 
The expansion and contraction of each hydraulic cylinder is shown in Table 5 below. 

The test point processing results are shown in Table 6. Referring to the above calculation 
and analysis process, we can see that the difference between the simulated value and the 
experimental measured stress value is not large, and the error between the experimental 
and simulated values may come from the model simplification and the error caused by 
the unevenness of the patch in the experiment. However, according to the above data, the 
simulation has good reference significance and can guarantee the structural and mechan-
ical reliability of the robot arm, but still needs to leave enough safety margin in the design 
process, generally with a safety factor of 1.5–3 as a reference standard. 

Figure 34. Schematic diagram of mechanical arm stress–strain test site layout.

After the test is completed, the robot arm is adjusted to the corresponding attitude,
the corresponding load is applied, the load distribution at each point is simulated, the load
distribution data is exported and loaded onto the finite element model of the robot arm,
multiple points are taken for the experimental patch position, and the average value of
the simulated value at that point is obtained as the simulated value of that position. The
position of all measurement points on the robot arm is shown in Figure 35.
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5.2.2. Results and Analysis of the Experiment

The expansion and contraction of each hydraulic cylinder is shown in Table 5 below.
The test point processing results are shown in Table 6. Referring to the above calculation
and analysis process, we can see that the difference between the simulated value and the
experimental measured stress value is not large, and the error between the experimental
and simulated values may come from the model simplification and the error caused by
the unevenness of the patch in the experiment. However, according to the above data, the
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simulation has good reference significance and can guarantee the structural and mechanical
reliability of the robot arm, but still needs to leave enough safety margin in the design
process, generally with a safety factor of 1.5–3 as a reference standard.

Table 5. Telescopic length table of the hydraulic cylinder.

The First Arm Cylinder (mm) The Second Arm Cylinder (mm) The Third Arm Cylinder (mm) Rotary Hammer Cylinder (mm)

20 335 60 142

Table 6. Data processing results of stress and strain test points of prototypes.

Measurement Points Experimental Value (MPa) Simulation Value (MPa) Absolute Error (MPa)

1 0.461 0.150 0.311
2 1.315 0.322 0.993
3 2.357 3.892 1.535
4 5.333 3.275 2.058
5 3.309 2.945 0.364
6 4.211 1.604 2.607
7 1.317 0.852 0.465
8 1.222 0.498 0.724
9 9.558 11.623 2.065
10 1.571 1.964 0.393
11 7.087 9.432 2.345
12 5.125 7.733 2.608
13 1.048 2.853 1.805
14 2.129 2.307 0.178
15 3.527 3.061 0.466
16 3.549 2.404 1.124
17 1.994 1.559 0.435

6. Discussion

Based on the aforementioned simulation and experimental findings, it is clear that
the robotic arm used in this study, which was built using aluminum alloy 7075, has the
advantages of low weight and high load. The mechanism of the research robotic arm
is not, however, the best-designed structure. To further lower the weight of the robotic
arm, topology optimization of the structure might be carried out. Stress–strain tests were
performed to determine the robotic arm’s strength, and the results show that while the
finite element results are quite descriptive, the relative errors for points 1, 2, 6, 8, and 13 are
relatively large. This suggests that the accuracy of the testing apparatus and the testing
procedure can be further optimized.

7. Conclusions

In this paper, we started from the structural design of the seven-degree-of-freedom
redundant rescue hydraulic robotic arm, completed the 3D model assembly in Solidworks,
and then completed the finite element static analysis and structural optimization design
of the robotic arm according to the actual working conditions of the rescue robotic arm,
which is lightweight and has a high load and large working range. In ADAMS simulation
software, a virtual prototype of the mechanical analysis of the rescue hydraulic robotic arm
was built to simulate the two common working conditions of excavation and handling,
and to analyze the force of the robotic arm, followed by finite element analysis of the key
parts of the robotic arm. In order to verify the accuracy of the finite element static analysis
method of the robotic arm in this paper, theoretical and practical research methods were
used, and stress–strain experiments were conducted at important locations of the robotic
arm according to the finite element analysis model, verifying the correctness of the finite
element analysis method. In future research, different advanced control strategies will be
applied to the robotic arm to further validate its capacity.
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Abstract: The ankle joint (AJ) is a crucial joint in daily life, responsible for providing stability, mobility,
and support to the lower limbs during routine activities such as walking, jumping, and running. Ankle
joint injuries can occur due to sudden twists or turns, leading to ligament sprains, strains, fractures,
and dislocations that can cause pain, swelling, and limited mobility. When AJ trauma occurs, joint
instability happens, causing mobility limitations or even a loss of joint mobility, and rehabilitation
therapy is necessary. AJ rehabilitation is critical for those recovering from ankle injuries to regain
strength, stability, and function. Common rehabilitation methods include rest, ice, compression, and
elevation (RICE), physical therapy, ankle braces, and exercises to strengthen the surrounding muscles.
Traditional rehabilitation therapies are limited and require constant presence from a therapist, but
technological advancements offer new ways to fully recover from an injury. In recent decades
there has been an upswing in research on robotics, specifically regarding rehabilitation. Robotic
platforms (RbPs) offer several advantages for AJ rehabilitation assistance, including customized
training programs, real-time feedback, improved performance monitoring, and increased patient
engagement. These platforms use advanced technologies such as sensors, actuators, and virtual
reality to help patients recover quicker and more efficiently. Furthermore, RbPs can provide a safe
and controlled environment for patients who need to rebuild their strength and mobility. They can
enable patients to focus on specific areas of weakness or instability and provide targeted training for
faster recovery and reduced risk of re-injury. Unfortunately, high costs make it difficult to implement
these systems in recuperative institutions, and the need for low-cost platforms is apparent. While
different systems are currently being used, none of them fully satisfy patient needs or they lack
technical problems. This paper addresses the conception, development, and implementation of
rehabilitation platforms (RPs) that are adaptable to patients’ needs by presenting different design
solutions (DSs) of ankle RPs, mathematical modeling, and simulations of a selected rehabilitation
platform (RP) currently under development. In addition, some results from practical tests of the first
prototype of this RP are presented. One patient voluntarily agreed to use this platform for more
rehabilitation sessions on her AJ (right leg). To counteract some drawbacks of the first prototype,
some improvements in the RP design have been proposed. The results on testing the improved
prototype will be the subject of future work.

Keywords: rehabilitation robot; ankle rehabilitation; robot design; modeling and simulation;
experimental testing

1. Introduction

In recent years, research in the field of medical robotics has been intensified. Among
the medical applications of robotics, high-precision surgical interventions or the recovery
of motor functions following such interventions or accidents can be mentioned. As benefits
of these systems, we can list: they eliminate overburdening of medical personnel, robots
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reduce waiting times, and physiotherapists can follow several patients at the same time. In
addition, the optimization of tools used in surgery and microsurgery facilitates surgical
interventions and reduces the incidence of errors and deaths in the scope of high-risk
interventions. In conclusion, while doctors can control and monitor more patients with
a reduced workload, patients receive better quality medical therapy thanks to modern and
efficient equipment.

The structure of the ankle joint (AJ) plays a defining role in an individual’s daily life,
providing balance, stability, and the possibility of locomotion. Representing such an impor-
tant structure in daily activities, the incidence of injuries at the level of this joint, including
those of a neurological nature, caused by a stroke, is also high [1]. AJ traumas will immedi-
ately affect its stability and mobility. The recovery of the physically injured AJ involves, in
the first stage, a reduction in edema: RICE and, possibly, anti-inflammatory drugs. Injured
ligaments will form scar tissue, so patients will experience limited activity in the absence
of proper rehabilitation. Traditional rehabilitation procedures are based on using simple
and primitive devices such as elastic bands and foam rollers. These procedures need the
permanent presence of the physiotherapist near the patient. In addition, the used exercises
are time-consuming and repetitive, requiring effort both from the physiotherapist and from
the patient. To counteract these aspects and to improve the quality of rehabilitation, in
recent years, robots have been involved in rehabilitation therapies. The use of robots in
such therapies is also based on the increasing number of elderly people who need assistance
either due to aging or accidents.

Due to the multiple traumas that can appear at the lower limb, a large diversity
of robotic systems have been designed for medical recovery, including AJ RPs. These
devices are designed to improve the motor function of the ankle joint, which can be
impaired due to various reasons, such as injury, disease, or aging. Typically, AJ RPs
have two degrees of freedom (DOF) to enable dorsiflexion (DF)/plantar flexion (PF) and
inversion (INV)/eversion (EV) movements. Some robots also include a third DOF to
allow for abduction/adduction rotation. Examples include the ankle rehabilitation robot
developed by Park et al. [2]. These robots can be classified into different categories based
on their design, such as parallel devices, exoskeletons, or wearable devices.

Parallel devices are the most common type of AJ rehabilitation robots (RRs). They typ-
ically consist of two platforms, one fixed and one movable, connected by parallel linkages,
providing multiple DOF for the ankle joint. Actuation is usually provided by electric motors
or pneumatic actuators. Several studies have been conducted to evaluate the effectiveness
of parallel AJ RRs in clinical settings. For example, a study by Kesar et al. [3] evaluated the
Anklebot, a parallel robot for ankle rehabilitation, in stroke patients and found significant
improvements in motor function. Another study by Lee et al. [4] developed an AJ rehabili-
tation robot (RR) using pneumatic artificial muscles and demonstrated improved ankle DF
and PF in stroke patients.

Exoskeletons are another type of AJ RRs that provide support and assistance to the
ankle joint through wearable robotic devices. They typically consist of rigid structures
attached to the leg and foot, with actuators and sensors providing joint motion and feedback.
A study by Lobo-Prat et al. [5] evaluated an ankle exoskeleton for gait rehabilitation in
stroke patients and found improved ankle DF and reduced compensatory movements.

Wearable devices are a newer type of AJ RRs that are designed to be lightweight and
portable, allowing patients to use them during daily activities. A study by Cheung et al. [6]
developed a wearable AJ RR with self-aligning joints and found improved ankle DF and
PF in healthy individuals.

Control strategies for AJ RRs play an important role in their effectiveness. Several
studies have explored different control strategies, such as impedance control, admittance
control, and trajectory tracking control. A study by Paradiso et al. [7] developed a robotic
device for ankle rehabilitation with impedance control, while a study by Park et al. [8]
developed a gait-enhancing mobile shoe using machine learning algorithms to adapt to
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each patient’s unique gait. Table 1 summarizes some of the existing parallel AJ RRs, based
on: actuation type, number of DOF, control strategies, and study with patients [9].

Table 1. Some existing parallel AJ RPs [9].

Reference Actuation Type Number of DOF Control Strategies Study with Patients

Girone et al. [10] Pneumatic 6 Position control; force control Yes

Yoon et al. [11] Pneumatic 4 Position control No

Dai et al. [12] Electric 4 N/A No

Liu et al. [13] Electric 3 Position control; force control No

Saglia et al. [14] Electric 2 Position control; assistive control;
admittance control No

Malosio et al. [15] Electric 3 Position control; admittance control No

Ayas et al. [16] Electric 2 Trajectory tracking; admittance adaptive control No

Ai et al. [17] Pneumatic 2 Adaptive backstepping sliding mode control No

Jamwal et al. [18] Pneumatic 3 Position control; adaptive control;
adaptive impedance control Yes

Zhang et al. [19] Pneumatic 3 Position control; adaptive patient-cooperative
control; adaptive trajectory tracking Yes

Tsoi et al. [20] Electric 3 Joint force control; impedance control No

Wang et al. [21] Electric 3 Position control No

Valles et al. [22] Electric 3 Position control; force control No

Li et al. [23] Electric 3 Position control; patient-passive compliant
exercise; isotonic exercise; patient-active exercise No

Unfortunately, robotic-assisted rehabilitation therapies at the level of recuperative
institutions are highly costly. That is why research is needed for the development of
robotic RPs that can allow therapy to be performed in the patient’s home. Home-based
AJ RRs is a growing field, as they offer patients more convenient and accessible options
for rehabilitation. We may analyze these robots in terms of different aspects such as robot
design, user interface, control strategies, clinical validation, and so on.

In terms of robot design, we may present some examples: Hong et al. [24] developed
a portable and lightweight AJ RR that could be easily used at home by stroke patients;
Liu et al. [25] designed a 3-DOF wearable AJ RR that could be easily worn by patients
during their daily activities; and Zhou et al. [26] developed a modular AJ RR that could be
customized based on the patient’s needs and preferences.

Concerning the user interface, Aghaebrahimian et al. [27] developed a smartphone-
based user interface for an AJ RR, allowing patients to monitor their progress and receive
feedback on their rehabilitation; Kamal et al. [28] designed a gamified user interface for
a home-based AJ RR, making rehabilitation more engaging and motivating for patients;
and Wang et al. [29] developed a user-friendly interface for an AJ RR, allowing patients to
easily adjust the robot’s settings and track their rehabilitation progress.

Regarding clinical validation, Chen et al. [30] conducted a clinical study on a home-
based AJ RR with 24 stroke patients and found that the robot was effective in improving the
patients’ ankle range of motion and gait performance; Li et al. [31] conducted a randomized
controlled trial on a home-based AJ RR with 60 ankle sprain patients and found that the
robot-assisted rehabilitation group had better ankle function than the control group; and
Wang et al. [32] conducted a pilot study on a home-based AJ RR with 12 ankle sprain
patients and found that the robot was effective in improving the patients’ ankle strength
and range of motion.

Overall, home-based AJ RRs have the potential to improve patient outcomes by
providing more accessible and convenient rehabilitation options. However, more research
is needed to validate their effectiveness and usability in clinical settings. Table 2 presents

336



Actuators 2023, 12, 238

some AJ RPs suggested for domestic use, taking into account actuation type, number of
DOF, and the main function of the developed rehabilitation systems [33].

Table 2. Some AJ RPs suggested for domestic use [33].

Reference Actuation Type Number of DOF Function

Cioi et al. [34] Pneumatic 6 Ankle rehabilitation for children with epilepsy

Girone et al. [10] Pneumatic 6 AJ rehabilitation

Roy et al. [35] Electric 3 Ankle training with a robotic device to improve
hemiparetic gait after a stroke

Kim et al. [36] Electric 2 Active ankle–foot orthosis for foot drop

Ward et al. [37] Electric 2 Powered ankle–foot orthosis

Forrester et al. [38] Electric 3 “AnkleBot” training on paretic ankle motor control
in chronic stroke

Jamwal et al. [39] Pneumatic 3 Treatment for an ankle sprain through physical therapy

Blanchette et al. [40] Electro-hydraulic 2 Robotized ankle–foot orthosis

Takahashi et al. [41] Pneumatic 2 An exoskeleton supplies plantar flexion assistance

Koller et al. [42] Pneumatic 2 Powered ankle exoskeletons using neural measurements

Ren et al. [43] Electric 2 Wearable AJ RR for in-bed acute stroke rehabilitation

Yeung et al. [44] Electric 2 Robot-assisted ankle–foot orthosis to provide
assistance post stroke

Awad et al. [45] Electric 2 ReWalk ReStore dorsi flexor and plantar flexor

The analysis of the existing literature allows us to conclude that using robotic systems
(RbSs) as an innovative substitute for traditional medical treatment is highly advantageous.
Nonetheless, rehabilitation systems are faced with certain shortcomings which restrict their
usage in recovery clinics, including poor interaction of the patient with the rehabilitation
system, the need for additional safety measures during exercises, the inability to repeat
sessions at home, limited real-time adjustment options, complex command interfaces, and
difficulty handling the systems due to shape and dimension constraints. To overcome
these limitations, specialized control techniques are necessary to ensure patient safety
and recovery throughout system usage. Control algorithms aim to monitor RbPs used in
rehabilitation exercises to enhance motor plasticity and improve motor function recovery.
Despite the availability of numerous recovery systems in the literature, a device that satisfies
all patient requirements and lacks technical issues does not yet exist. Hence, this study
focuses on designing, developing, and implementing adaptable RPs tailored to patients’
specific demands.

The remainder of this paper is organized as follows: Section 2 discusses the design
of an ankle RP, including the motivation of the chosen design solution (DS), structural
synthesis, design solutions (DSs), and the selection of a platform that will be practically
realized. Section 3 presents mathematical modeling and simulation of the adopted DS, its
dimensional synthesis, and experimental results during the test; in addition, this section
presents some ethical and safety issues and a new proposed design, based on the conclu-
sions that result from the practical test. In Section 4, some concluding remarks of this work
are presented.

2. Materials and Methods
2.1. Design of the Ankle Rehabilitation Robot
2.1.1. Motivation of the Adopted Solutions

The AJ is very important both in a person’s daily activities and in sports activities.
Due to the fact that it is in great demand throughout the day, this joint can be subject to
accidents. Although, in addition to classical therapies, many clinics use robotic systems for
the rehabilitation of the AJ, these systems are either too complex, requiring the presence
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of a physiotherapist; boring and tiring, decreasing patients’ motivation to use them; or
too expensive to be purchased by patients in order to carry out recovery sessions at home.
Starting from these aspects, there is the need to design robotic platforms that are as simple
and friendly as possible, as well as at a low-cost price. In an attempt to design and create
a robotic platform for the AJ, the authors of this paper have carried out various studies
over the last few years [46–51].

2.1.2. Structural Synthesis

Taking into account the movements allowed by the AJ (Figure 1), we started the
design of the robotic RP. This platform should be able to recover two of the three move-
ments shown in Figure 1: DF/PF and EV/INV. The third movement allowed by the AJ
(abduction/adduction) is not a key element in the rehabilitation of this joint, with it being
a secondary movement. The ranges of the specified movements vary between 25◦ to 50◦ for
PF, 20◦ to 30◦ for DF, 35◦ to 50◦ for INV, and 0◦ to 25◦ for EV [52]. We may conclude that the
designed platform must be a spatial kinematic structure and it should allow two rotational
movements around two perpendicular axes. This means that the driven link (DnL) of the
RP must have two DOF. This link will be the plate supporting the sole of the foot (PSSF).
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Based on the previous comments, some mechanisms with two DOF will be proposed
for the AJ RP. “Fixed” RP versions with the base connected to the ground and also “portable”
RP versions with the base connected to the calf will be proposed. For all of these RPs, the
DnL will be the PSSF. None of the two types of RP may be used during walking. However,
the “portable” versions could be displaced, before, during, or after the rehabilitation process.
If we consider the DnL of a mechanism that represents the structure of an AJ RP, this link
should have three DOF if all three movements of the AJ are intended to be recovered
(Figure 2).
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We may find multiple actuating solutions of the DnL with three DOF. One of them
could use a 3-SPS/S (spherical—prismatic—spherical/spherical) mechanism (see Figure 3a).
The prismatic joints of this mechanism will be driving joints (DgJs). A second possible
solution is using a 3-RSS/S (rotational—spherical—spherical/spherical) mechanism, shown
in Figure 3b. In this case, DgJs are the revolute joints.
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Because we considered that the abduction/adduction movement of the AJ is a sec-
ondary one and we do not take it into account for recovery, the DnL (the PSSF) could only
have two DOF (Figure 4).
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We may use multiple actuating solutions of a DnL with two DOF, too. A first example
is considering a mechanism such as 2-SPS/U (spherical—prismatic—spherical/universal),
as shown in Figure 5a. To avoid rotation around its own axis of the SPS type kinematic
chain, a 2-UPS/U (universal—prismatic—spherical/universal) mechanism may be utilized
(Figure 5b). The actuation of prismatic joints usually requires linear actuators or rotary
actuators and additional mechanical transmissions. For the linear actuators, we may use
pneumatic or hydraulic actuators, but they require an external fluid source, which is not
usually available at home. Moreover, pneumatic and hydraulic actuators exhibit nonlinear-
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ities in their operation. Mechanical transmissions are used to convert the rotational motion
into a translational one (ball screw; rack and pinion). These transmissions are complicated
and expensive. To counteract all the disadvantages mentioned above, we will propose
an RP based on a Scotch–Yoke mechanism. This mechanism has advantages such as a high
output torque and smooth operation. Two kinematic solutions (KSs) using the Scotch–Yoke
mechanism will be proposed in the following. One of these solutions (KS-1), the “fixed
kinematic solution”, is shown in Figure 6. It has the base (link 0) fixed to the ground. The
DnL 6 plays the role of the PSSF.
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The “portable kinematic solution” has the base (link 0) connected to the calf (KS-2; see
Figure 7). The PSSF is, again, represented by the DnL 6. During the rehabilitation exercises,
the leg should be suspended, with the calf resting on a solid surface (for example, a chair
or a sofa). For both KSs mentioned above (KS-1 and KS-2), the driving links (DgLs) are the
links 3 and 3′. To produce the INV/EV movement of the AJ, the DnL 6 must be rotated by
the angle θ6 around the x-axis. For performing this, the DgLs will be rotated by the same
angle, θ3 = θ3′ , in the same direction. The PF/DF movement of the DnL 6 (with the angle
θ6′ around the y-axis) will be produced when the DgLs is rotated by the same angle but in
opposite directions, θ3 = −θ3′ .
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A second actuation solution of the DnL with two DOF (Figure 4) could use a 2-RSS/U
(rotational—spherical—spherical/universal) mechanism, Figure 8. For this actuation solu-
tion, we may have two KSs, too. The first one (KS-3), called the “fixed kinematic solution”,
is shown in Figure 9 and the second one, the “portable kinematic solution” (KS-4), is
represented in Figure 10. In these cases, the DnL 4 plays the role of the PSSF.
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Figure 10. Kinematics of an RP based on the spatial four-bar linkage, “portable” version (KS-4).

For these last two mechanisms, the INV/EV movement of the AJ is produced when
the DnL 4 is rotated by the angle θ4 around the x-axis. We will determine whether the DgLs
will be rotated by the same angle, θ1 = θ1′ , in the same direction. If the DgLs is rotated by
the same angle but in opposite directions, θ1 = −θ1′ , the PF/DF movement of the DnL 4
(with the angle θ4′ around the y-axis) will be produced.

2.1.3. Design Solutions

Some DSs of “fixed” RPs based on the mechanisms discussed above have been ana-
lyzed. These designs could have collinear (DS-2, DS-4, DS-6, and DS-8) or parallel (DS-1,
DS-3, DS-5, and DS-7) rotational axes of the two actuators. In addition, they could have the
two DnL rotational axes coaxial (DS-1, DS-2, DS-5, and DS-6) with the AJ rotational axes or
parallel (DS-3, DS-4, DS-7, and DS-8) to them. These DSs are summarized in Tables 3 and 4.
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To select the design solution (DS) with the most advantages in use (Table 5), we have
analyzed the proposed DSs based on several criteria:

• RP maintenance (C1)—these criteria take into account the actuator and mechanism
type (joints type);

• Simplicity in use (C2)—ease of programming and use by the end user;
• RP cost (C3)—takes into account the cost prices of the components;
• RP overall dimensions (C4)—the overall dimensions and the mass of the platform are

very important in choosing the technical solution;
• Minimum blocking probability (C5)—depends on the joints type;
• The DnL range of motion (C6)—the RP should cover the range of motion for both AJ

movements considered for rehabilitation.

Table 3. DSs of robotic RPs with two DOF based on the spatial four-bar linkage (2-RSS/U).

The Center of the AJ Is Aligned with the
Rotation Center of the Robot

The Center of the AJ and the Rotation Center
of the Robot Are not Coincident

Parallel Rotational
Axes of DgLs

Collinear Rotational
Axes of DgLs

Parallel Rotational
Axes of DgLs

Collinear Rotational
Axes of DgLs

DS-1
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The Center of the AJ Is Aligned with the
Rotation Center of the Robot

The Center of the AJ and the Rotation Center
of the Robot Are not Coincident
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Points from 0 to 5 were awarded for each criterion and for each DS. RPs with the center
of the AJ aligned with the rotation center of the robot (DS-1, DS-2, DS-5, and DS-6) have
bigger overall dimensions than other platforms. In addition, RPs with collinear rotational
axes of the DgLs (DS-2, DS-6, DS-4, and DS-8) have bigger dimensions compared with
the platform with parallel rotational axes of these links (DS-1, DS-3, DS-5, and DS-7). DSs
based on a 2-RSS/U mechanism (DS-1, DS-2, DS-3, and DS-4) have better maintenance
than platforms based on a 2-UPS/U mechanism (DS-4, DS-5, DS-6, and DS-7). These last
RPs (with a 2-UPS/U structure) are more expensive due to the ball nut screw transmissions
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that should be used for the prismatic joint. In addition, the blocking probability of the
RPs based on a 2-UPS/U (DS-4, DS-5, DS-6, and DS-7) mechanism is higher. The range
of motions for RPs with the center of the AJ not coincident with the rotation center of the
robot (DS-3, DS-4, DS-7, and DS-8) is bigger. Among the discussed DSs, two solutions stand
out that meet most of the requirements (DS-1 and DS-3). To select the DS which will be
practically realized, dimensional synthesis, mathematical modeling, and simulations of the
two mentioned DSs have to be carried out.

Table 5. Selection of the adopted DS.

DS-1 DS-2 DS-3 DS-4 DS-5 DS-6 DS-7 DS-8

C1 5 5 5 5 4 4 4 4
C2 5 5 5 5 5 5 5 5
C3 5 5 5 5 4 4 4 4
C4 4 3 5 4 3 2 4 3
C5 4 4 5 4 3 3 3 3
C6 4 3 5 3 4 4 5 5

Total 27 25 30 26 23 22 25 24

3. Results
3.1. Mathematical Modeling and Simulation

Only two DSs based on the spatial four-bar mechanism (DS-1 and DS-3) were con-
sidered for mathematical modeling and simulation. The first one has two rotational axes
coincident with the AJ axes. However, unfortunately, the simulation revealed that the DS-1
design solution, based on the kinematics shown in Figure 9, cannot assure the necessary
movement ranges for AJ rehabilitation.

3.1.1. Mathematical Modeling of the DS-3 Design Solution

The kinematics of this DS of the RP is shown in Figure 11. The links 1 and 1′ are DgLs,
while the plate 4 represents the DnL. To determine the relationship between the angular
position of the DnL 4 with respect to the angular position of the driving link (DgL), the
kinematic analysis of the mechanism is required.
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The first considered case is that of the INV/EV movement, when both DgLs will be
rotated with θ1 = θ′1. This movement is produced by the equivalent mechanism shown in
Figure 12a. To write the kinematic equations, an equivalent mechanism driven by a single
motor (shown in Figure 12b) is used.
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The direct kinematics problem will lead to:

θ4 = 2·atan

(
−B1 ±

√
A1

2 + B1
2 − C1

2

C1 − A1

)
, (1)

where 



A1 = −2·l4·lh − 2·l1·l4· cos θ1
B1 = 2·l4·lv − 2·l1·l4· sin θ1
C1 = 2·lh·l1· cos θ1 − 2·lv·l1· sin θ1 + l12 − l2

2 + l2
4 + l2

v + l2
h

, (2)

while the inverse kinematics problem leads to:

θ1 = 2·atan

(
−B2 ±

√
A22 + B22 − C22

C2 − A2

)
(3)

where 



A1 = (2·lh·l1 − 2·l1·l4· cos θ4)
B1 = (−2·lv·l1 − 2·l1·l4· sin θ4)
C1 = l12 − l2

2 + l2
4 + l2

v + l2
h + 2·l4·(lv· sin θ4 − lh· cos θ4)

(4)

We will now consider a mechanism with two DOF (Figure 13a), responsible for PF/DF
movement, when the DgLs 1 and 1′ are rotated with θ1 = −θ′1. To solve the direct kinematics
problem, a mechanism with one DOF is used (Figure 13b). By solving the direct kinematics
problem for this mechanism, we will obtain:

θ′4 = 2·atan

(
−B3 ±

√
A32 + B32 − C32

C3 − A3

)
, (5)
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where




A3 = −2·l′42

B3 = −2·l′4·l2 + 2·l1·l′4· sin θ1
C3 = l12 − l2

2 + l42 + lv2 + lh2 + 2·l′42 − 2·lh·l4 − 2·l1·lv· sin θ1+
+2·l1·(lh − l4)· cos θ1

. (6)

The inverse kinematics problem leads to:

θ1 = 2·atan

(
−B4 ±

√
A4

2 + B4
2 − C4

2

C4 − A4

)
, (7)

where




A4 = 2·l1·(lh − l4)
B4 = 2·l1·(l′4· sin θ′4 − lv)
C4 = l12 − l22 + l42 + lv2 + lh2 + 2·l′42 − 2·l′4·(l2· sin θ′4 + l′4· cos θ′4)− 2·lh·l4

. (8)
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Dimensional synthesis of the mechanisms and also a numerical simulation based on
these equations must be further carried out.

3.1.2. Dimensional Synthesis and Simulation of the DS-3 Design Solution

For INV/EV movement, a simplified planar mechanism is used, represented by the
extreme positions of the DnL (Figure 14a). For anatomical and dimensional reasons, we
impose as known dimensions: lh, lv and l4. The angle θ4 is also known (θ41 for INV and
θ42 for EV). The extreme positions of the crank are defined by θ11 and θ12 (θ1 = θ11 + θ12).
First, the dimensional synthesis of the mechanism responsible for INV/EV movement
(Figure 14a) is solved, with the lengths l1 and l2 resulting in:

l1 =
b2 − a2

2·b· cos(ψ + θ12)− 2·a· cos β
, (9)

l2 =
√

l2
1 + b2 − 2·b·l1· cos(ψ + θ12), (10)
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where
a =

√
l2
h + l2

v + l2
4 − 2·

(
l2
h + l2

v
)1/2·l4· cos(α′ + θ41 + θ42) (11)

b =

√
l2
h + l2

v + l2
4 − 2·

(
l2
h + l2

v
)1/2·l4· cos α′ (12)

α′ =
π

2
− θ42 − acos


 lv√

l2
h + l2

v


 (13)

ψ =
π

2
+ acos


 lv√

l2
h + l2

v


− acos


 b2 + l2

h + l2
v − l2

4

2·b·
√

l2
h + l2

v


 (14)

β =
π

2
+ acos


 lv√

l2
h + l2

v


− acos


 a2 + l2

h + l2
v − l2

4

2·a·
√

l2
h + l2

v


− θ11 (15)
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Figure 14. Simplified planar mechanism for geometric synthesis (DS-3 design solution): (a) for
INV/EV movement and (b) for PF/DF movement [46]. In red and blue colors the extreme positions
of the mechanisms are represented.

The geometric synthesis of the mechanism responsible for the PF/DF movement
is solved using the simplified mechanism shown in Figure 14b. Based on the previous
synthesis, d1, e1, d2, e2 and lv are known, with:

d1 = l1· sin θ11, (16)
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e1 = l2· sin θ21, (17)

d2 = l1· sin θ12, (18)

e2 = l2· sin θ22. (19)

The maximum values of the rehabilitation angle θ′4 are also known, considering that we
know θ′41 and θ′42, which are the angular extreme positions of DgL. Following the analytical
calculation, the last necessary unknown dimension is obtained, namely:

l′4 =
(d1 − lv)· sin θ′41 +

√
(d1 − lv)

2· sin2 θ′41 − 2·
(
1− cos θ′41

)
·
[
(d1 − lv)

2 − e2
1

]

2·
(
1− cos θ′41

) , (20)

or

l′4 =
(d2 + lv)· sin θ′42 +

√
(d2 + lv)

2· sin2 θ′42 − 2·
(
1− cos θ′42

)
·
[
(d2 + lv)

2 − e2
2

]

2·
(
1− cos θ′42

) . (21)

Based on the geometric synthesis and the kinematics problem, a prototype of the RP
was designed and is shown in Figure 15, where 1—the base; 2 and 2′—electrical actuators
(digital servos HD—1235 MG); 3 and 3′—driving links (the cranks of the two spatial four
bar mechanisms); 4 and 4′—the rods of the two spatial four bar mechanisms; 5—driven
link (the PSSF); 6 and 7—PSSF encoders; and 8 and 9—DgLs encoders.
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Figure 15. Three-dimensional CAD design of the RP (DS-3 design solution): (a) isometric view and
(b) frontal view.

To prove that this design solution of the RP provides the DnL with the necessary
movement ranges, a simulation of the virtual prototype was performed, using: l1 = 60 mm;
l2 = 103 mm; l4 = 75 mm; lh = 25 mm; and lv = 101.5 mm. A frame was attached to the
CAD model with the origin at the center of the AJ, considered at 70 mm above the PSSF,
Figure 16. When θ1 and θ′1 angular positions of DgLs vary between the limits that ensure
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the two rehabilitated movements, the values of θ′4 and θ4 are those shown in Figure 17. The
surfaces shown in Figure 17 could be considered the RP “workspace”.
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Figure 17. Maximum range of the PSSF angular positions according to the angular positions of the
DgLs: (a) for PF/DF movement, θ1 = −θ′1, and (b) for INV/EV movement, θ1 = θ′1.

Considering that the angular position of the DnL should vary between −25◦ and 0◦

for PF and between 0◦ and 50◦ for DF, the angular position of the DgLs will obtain values
as follows: θ1 = −32.4◦ ÷ 59◦ and θ′1 = −59◦ ÷ 32.4◦, θ1 = −θ′1 (Figure 18a). For INV/EV
movement, considering that the angular position of the DnL should vary between−50◦ and
50◦, in order to assure the rehabilitation of both right and left leg AJs, the angular position
of the DgLs should obtain values in the range θ1 = θ′1 = −73.8◦ ÷ 73.8◦ (Figure 18b).

The curve in Figure 18a represents the diagonal of the surface in Figure 17a, when
θ1 = −θ′1, and the curve in Figure 18b represents the diagonal of the surface in Figure 17b,
when θ1 = θ′1.

The planar curves shown in Figure 19 represent the angular positions θ′4 and θ4 of the
DnL according to the angular position θ1 of the DgL for PF/DF movement (Figure 19a) and
INV/EV movement (Figure 19b). As can be seen in these diagrams, the curves are identical,
both for numerical simulation and for virtual RP simulation. The curves represented
with a dashed red line represent the planar versions of the spatial curves presented in
Figure 18a,b. In Figure 20, the angular positions of the DgLs and driven links (DnLs) are
shown according to the time. Their linear variation can be observed, suggesting smooth
operation and trouble-free performance of the proposed recovery exercises.
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3.2. Experimental Results
3.2.1. Experimental Platform

The comparative study of the DSs discussed above led to the selection of optimal
solutions, which are analyzed later. Thus, out of the two RPs based on the spatial four-bar
linkage, only one remained under discussion (DS-3 design solution, Figure 11). This DS
was practically realized (Figure 21). The general command and control architecture of
the RP is presented in Figure 22. The therapist will set the extreme values of the angular
positions for the PSSF through the graphical user interface (GUI), Figure 23. By doing so,
the therapist will provide the input data for the microcontroller, according to the necessary
rehabilitation exercises. Next, the microcontroller will send commands to the actuators to
perform the required movements. Data collected from the encoders will be transmitted to
the controller to be analyzed, resulting in visual feedback for both the patient and therapist.
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Figure 23. Graphical user interface.

As electric actuators, we have used two digital servos HD—1235 MG. Each one of
these servos includes an encoder and its own electronics. These encoders (1 and 1′ in
Figure 21) are used to control the angular positions θ1 and θ′1 of the DnLs, based on the
information offered by the two encoders mounted on the rotational axes of the PSSF and
also based on the mathematical modeling of the RP. The last two encoders (4 and 4′ in
Figure 21) are used to determine the angular positions θ4 and θ′4 of the PSSF for each PF/DF
or INV/EV movement. Through the GUI, the therapist will set the extreme values of θ4 and
θ′4. To prevent supplementary injuries of the AJ during rehabilitation therapy, the current
consumed by the motors is measured and certain limits for this current are imposed in the
command/control program.

3.2.2. Experimental Tests and Results

Experimental tests on the RP were performed to evaluate if it may assure the range of
angular strokes of the PSSF, according to PF/DF and INV/EV movement requirements.
Complete angular strokes were performed for these movements, namely: 25◦ for PF, 45◦

for DF, 45◦ for INV (right leg), and 25◦ for EV (right leg). Figure 24 shows the values
of θ′4 and θ4 angular positions of the PSSF, relative to the θ1 angular position of the DgL.
These values are monitored during testing (dashed curves in blue). No patients were
involved in these tests (the tests were performed without loading of the PSSF). In red, we
may see the theoretical curves, generated with the numerical simulation results. Values
above 0 for θ′4 (in Figure 24a) correspond to DF movement, while values on the negative
axis correspond to PF movement. In Figure 24b, positive values of θ4 correspond to INV
movement, while negative values correspond to EV movement for the right leg. As we can
see, the experimental curves are close to those obtained from numerical simulation for both
movements that should be recovered.

Next, a volunteer patient with a fracture of the navicular bone in her right leg
(Figure 25) was used to test the RP after a 30-day rest period. Due to this long period
of immobilization, the patient suffered peripheral edema in the affected leg, walking dif-
ficulties and, also, difficulties in performing daily activities due to the increased stiffness
of the AJ. Because of that, the physiotherapist recommended several types of PF/DF and
INV/EV exercises to her with a frequency of at least once a day. The angular amplitudes
of the AJ for the voluntary patient, before starting the therapy, were measured and noted
(Figure 26).
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Starting from this data, tests were carried out on the RP by progressively increasing
the angular amplitudes of the PSSF, accurately finding the range of admissible values for
rehabilitation exercises. The patient started the rehabilitation exercises for AJ of the right leg
using the following as extreme angular positions: θ′4 = −20◦ ÷ 25◦ for PF/DF movement
and θ4 = −15◦ ÷ 20◦ for EV/INV movement (Figure 27). Figure 28 denotes the results
obtained during the first day of exercises. Deviations from the simulation results are due to
the AJ’s increased stiffness. Each recovery procedure was repeated at least 20 times daily.
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Before each session, in order to see if we were able to increase the intensity of the
exercises, the patient’s AJ was checked from a physical point of view to see the maximum
angular ranges it can develop. After 10 days of therapy, which means half of the recom-
mended recovery period, we were able to observe some improvements in the amplitude of
PF/DF and INV/EV movements. More exactly, the range of θ′4 varies between −22◦ ÷ 30◦,
and the range for θ4 is −23◦ ÷ 30◦ (Figure 29). We were also able to see that the deviations
from the simulation results were much smaller. For the last rehabilitation exercises, we ex-
tended the angular extreme positions of the PSSF to θ′4 = −25◦ ÷ 40◦ for PF/DF movement
and θ4 = −25◦ ÷ 35◦ for INV/EV movement (Figure 30). Comparing Figures 28 and 30,
we can observe real progress in the AJ movement recovery, especially for INV/EV, where
the stiffness of the joint was greatly increased.
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Figure 30. Results recorded during the rehabilitation exercises—day 20 [53]: (a) for PF/DF movement
and (b) for INV/EV movement.

To better see the evolution in the range of motion for both PF/DF and INV/EV
movements of the AJ, the curves shown in Figures 28–30 are represented together in
Figure 31. As we can see, the ranges of θ′4 and θ4 increase for each new rehabilitation session
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(starting from the first day—continuous line in red—until the twentieth day—dashed line
in green).
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3.2.3. Ethical Issues 
Ethical review and approval to use the RP for tests on human participants was not 

required. The single patient/participant in the study provided her written informed 
consent to participate. More than this, the patient is the coauthor of this study, and she 
suffered a fracture of the navicular bone in her right leg during her doctoral studies. She 
was a researcher and a patient at the same time. At the moment, the authors of this work 
do not intend to use the robotic platform in hospitals or to market this platform as a final 
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Figure 31. Results of the three rehabilitation sessions: (a) for PF/DF movement and (b) for INV/EV
movement.

Figure 32 also shows the evolution of the AJ recovery results during rehabilitation
therapy. The curves represented in this figure highlight the improvements in the AJ mobility
at the end of the period, compared to the first day, for both PF/DF and INV/EV movements.
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suffered a fracture of the navicular bone in her right leg during her doctoral studies. She 
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Figure 32. Results of the rehabilitation exercises over time during the therapy period [53]: (a) for
PF/DF movement and (b) for INV/EV movement.

3.2.3. Ethical Issues

Ethical review and approval to use the RP for tests on human participants was not
required. The single patient/participant in the study provided her written informed
consent to participate. More than this, the patient is the coauthor of this study, and she
suffered a fracture of the navicular bone in her right leg during her doctoral studies. She
was a researcher and a patient at the same time. At the moment, the authors of this work
do not intend to use the robotic platform in hospitals or to market this platform as a final
product. Their intention is to improve the design according to the first prototype and its
experimental tests to obtain a safe and effective RP.
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3.2.4. Safety Issues

To prevent supplementary injuries of the AJ during rehabilitation therapy, the RP
should be safe. In case the range of the PSSF angular positions exceeds the mobility range
of the injured AJ or if the motors malfunction, they should stop. One possible solution is to
measure the current consumed by the motors and to impose certain limits for this current in
the command/control program. If the actual consumed current exceeds the limits imposed
in the program, the motors should be shut down. This is the solution we are using at the
moment. Another safety solution is to use compliant joints between the motors and the
DgLs. If the encoders mounted on the output motors shafts send rotational values that
exceed the rotational values sent by the encoders mounted on the DgLs, the motors should
be shut down. This means that the AJ opposes resistance that exceeds the set value of the
torque on the compliant joint. This second solution is intended to be further implemented.

3.3. New Proposed Design

Even though the robotic platform described here has demonstrated benefits for the
rehabilitation of the human AJ, the center of the ankle suffers some displacement during
exercise (see Figure 33). That is why the calf was not fixed during the rehabilitation
exercises (this is the case for Rudgers Ankle [10] or ARBOT [14], etc., too). To avoid these
displacements, an optimal RP should have a coincidence between the intersection point
of the PF/DF and INV/EV rotational axes and the center of the AJ. To counteract this
drawback of the realized RP, a new kinematics of the RP is proposed (Figure 34).
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Based on the kinematic diagram shown in Figure 34, a new design for the RP was
proposed. As we see in Figure 35, the center of AJ is aligned with the rotation center of the
robot, which is the intersection point of the PF/DF and INV/EV rotational axes. In addition,
the new robotic platform will enable its use on patients with different anthropomorphic
dimensions thanks to its adjustable posture.

To underline the difference between the first prototype (Figure 15) and the new pro-
posed RP (Figure 35), the two platforms are represented in Figure 36. The single difference
between the first design and the new one is the shape of the PSSF, noted with 1 (in dark
green). The new “U” shape of the PSSF has as an effect lowering of the AJ center of rotation
at the intersection point of the two PSSF rotation axes.
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The simulation of the new virtual robotic platform reveals that there is not any dis-
placement of the AJ center during rehabilitation (Figure 37). The prototype of the new
design is shown in Figure 38. The sole of the foot will be fixed on the plate representing the
DnL while the shank will be connected to the robot base (Figure 38b).
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During the rehabilitation session, the patient will put their foot on the upper plate of
the RP. The position of the PSSF can be adjusted, on z and x axes, so that the AJ rotation
centre for different patients can coincide with the rotation centre of the mechanism. Results
concerning the simulation of the new virtual robotic platform and also concerning its
experimental tests will be the subject of future work.
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4. Discussion

When the AJ is injured, it can become unstable, and it can limit mobility or even
cause loss of movement. Rehabilitation therapy is necessary to treat these traumas, and
traditional therapies typically rely on elastic bands and foam rollers, which require constant
assistance from a therapist and are often repetitive and time-consuming. Robotic systems
have the potential to assist with AJ rehabilitation, but their high costs make them difficult to
implement in recovery institutions. To address this issue, research has been carried out to
develop low-cost, high-functionality robotic platforms for ankle rehabilitation and patient
monitoring. This paper presents structural synthesis of AJ movements to identify new RP
designs. Several solutions were proposed and compared based on a set of criteria, with two
standing out as meeting most of the requirements. Dimensional synthesis, mathematical
modeling, and simulation were used to select a final variant, with DS-3 based on the spatial
four-bar mechanism chosen as the most practical solution.

The first experimental tests were carried out on a volunteer patient, who suffered from
stiffness of the ankle joint, following rest from wearing the cast device. The assessment of
the patient’s recuperative progress was carried out through the monitoring of the angular
strokes achieved by the ankle joint. The experimental results proved the efficiency of the
system in patient recovery, as well as the validity of the mathematical model.

Even if the robotic platform described here demonstrated benefits on the rehabilitation
of the human AJ, an optimal RP should have the center of the AJ aligned with the rotation
center of the robot. This rotation center is the intersection point of the PF/DF and INV/EV
rotational axes. Starting from that, a new RP design is proposed. The new RP will be further
investigated in future work, including experimental tests. In addition, future studies are
currently focused on the implementation of compliant joints between motors and DgLs,
which could avoid overloading the ankle joint during rehabilitation exercises.
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