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Preface

The rapid advancements in bionic technology and biomechatronics have brought significant

breakthroughs in enhancing human capabilities and improving the quality of life for individuals

with disabilities. The integration of robotics, mechatronics, artificial intelligence, soft robotics,

neuroscience, and advanced electronics has paved the way for a new generation of robotic prostheses

and exoskeletons. These wearable robotic systems aim to restore or augment motor functions, offering

new possibilities for rehabilitation and daily assistance.

However, the development of such advanced assistive devices presents numerous challenges.

Wearable robots must be lightweight yet powerful enough to support or replace lost limb

functions. They must also ensure seamless physical and cognitive interaction with users, adapting

intuitively to their needs while maintaining safety and efficiency. The multidisciplinary nature

of this field necessitates collaboration among experts in engineering, medicine, neuroscience, and

human–computer interaction to address the complexities of human–robot synergy effectively.

This Reprint compiles cutting-edge research exploring various aspects of bionic technology,

including the design and optimization of robotic exoskeletons and prostheses, novel control methods

for intuitive user interaction, and innovative approaches to rehabilitation and functional restoration.

The selected contributions present experimental studies, theoretical advancements, and practical

implementations that highlight the latest progress in the field.

By gathering insights from researchers worldwide, this Reprint aims to foster further

advancements in wearable robotics and bionic technology. We hope this serves as a valuable

resource for scientists, engineers, and healthcare professionals committed to pushing the boundaries

of assistive technology, ultimately improving mobility, autonomy, and quality of life for those in need.

We extend our gratitude to all contributors and researchers whose dedication and expertise have

made this compilation possible. May this work inspire future innovations in the ever-evolving field

of bionic technology.

Rafhael Milanezi de Andrade

Guest Editor
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Article

Acceptability of Overground Wearable Powered Exoskeletons
for People with Spinal Cord Injury: A Multicenter Qualitative
Study
Noémie Fortin-Bédard 1,2 , Alice Pellichero 3 , Stéphanie Leplaideur 3,4,5, Marie-Caroline Delebecque 3,
Caroline Charette 1,2, Willy Allègre 3 , Alyson Champagne 1,6, Caroline Rahn 1, Andréanne K. Blanchette 1,2,
Laurent Bouyer 1,2 , Jacques Kerdraon 3 , Marie-Eve Lamontagne 1,2 and François Routhier 1,2,*
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Abstract: Background: Exoskeletons are used in rehabilitation centers for people with
spinal cord injuries (SCI) due to the potential benefits they offer for locomotor rehabilitation.
The acceptability of exoskeletons is crucial to promote rehabilitation and to ensure a
successful implementation of this technology. The objective was to explore the acceptability
of overground wearable powered exoskeleton used in rehabilitation among people with SCI.
Methods: Fourteen individuals with SCI (9 men, mean [SD] age 47 years [14.8], a majority
with traumatic and thoracic lesion (T6–T12)) who had utilized an exoskeleton in Canada
or in France during their rehabilitation participated in a semi-structured interview. A
thematic analysis using the theoretical framework of acceptability was carried out. Results:
Participants were motivated to use an exoskeleton during their rehabilitation. They reported
several perceived benefits to its use, including better walking pattern, increased endurance,
and greater muscle mass. They also experienced mild pain, notable concentration demands,
and fatigue. Most participants reported that using exoskeletons in their rehabilitation
process was appropriate and relevant to them. Conclusions: Exoskeletons are generally
well accepted by participants in this study. Adjustments in their use, such as conducting
training sessions in obstacle-free environment and technological improvements to address
the device’s restrictive characteristics, heaviness, and massiveness are however still needed.

Keywords: spinal cord injury; exoskeleton; rehabilitation; acceptability; experience; locomotion

1. Introduction
Over the past few years, there has been a noticeable increase in the number of people

living with disabilities, especially due to the aging population [1]. Nine million people
worldwide were living with a spinal cord injury (SCI) in 2019 [2]. A SCI may result in

Biomimetics 2025, 10, 36 https://doi.org/10.3390/biomimetics10010036
1



Biomimetics 2025, 10, 36

changes depending on the level and severity of the injury, such as sensory and motor
impairments [3]. These impairments often cause important issues with mobility which re-
mains a vital concern for people living with SCI and their close relatives [4,5]. In this regard,
walking has been identified as one of the rehabilitation priorities for people with SCI [6,7].
Altogether, these findings highlight the need for innovative technologies supporting gait
rehabilitation. As a result, lower limb powered exoskeletons were greatly developed and
are now being increasingly implemented.

Exoskeletons have been recently used in facilities offering rehabilitation services for
people with physical disabilities, including those with SCI. Although evidence varies on
the nature and extent of results, and among studies, recent studies support the safety
of exoskeleton use and suggests that this technology may offer potential benefits in the
rehabilitation of people with SCIs [8–10]. Systematic reviews of preliminary studies found
that exoskeletons allowed people with SCI to walk at a modest speed [11] and engage in
movements that could potentially yield health benefits [10]. More recently, a randomized
trial reported an improvement in walking independence scores after participants with
incomplete SCIs completed 15 one-hour training sessions [9]. However, evidence of effec-
tiveness in improving independent gait speed has not been found among SCI participants
with residual walking ability [12]. In the acute phase of post-injury recovery, people with
SCIs reported many psychological benefits of using an exoskeleton [13].

Despite the promising effects of innovative approaches, high rates of abandonment by
users in rehabilitation technology are reported notably due to failure in the implementation
process [14,15]. Like other rehabilitation technologies, careful considerations should be
given to the acceptability of exoskeletons by users with SCIs to promote their successful
implementation and sustained use in clinical settings. In that regard, Sekhon et al., 2017
have defined the acceptability of a health intervention as “a multi-faceted construct that
reflects the extent to which people delivering or receiving a healthcare intervention consider
it to be appropriate, based on anticipated or experienced cognitive and emotional responses
to the intervention” [16]. Low acceptability can be a major barrier to the use of a technology
and limits its widespread use [17]. Users might simply refuse or restrain activities that
require the use of the technology, opting instead for more familiar activities (e.g., stretching
or exercise) that align better with their usual understanding of rehabilitation.

Previous studies have investigated, sometimes as a secondary objective, the user expe-
rience of exoskeletons from the point of view of people with SCIs. Various components of
acceptability, such as high expectations toward this technology [18,19], considerable physi-
cal effort [13], and limited community use [20] after rehabilitation [20] have been reported.
The presence or absence of these components may influence the overall acceptability of
this technology. Despite its relevance for scaling up, no study has focused primarily on
qualitatively exploring acceptability from the perspective of individuals with SCIs [21],
nor using a theoretical framework of acceptability to analyze the results. The satisfaction
and perceived acceptability of patients with SCIs are critical factors in fostering their active
engagement in the rehabilitation process and ensuring the successful implementation of
this technology in settings that offer rehabilitation care [16,22]. This knowledge could lead
to better-targeted implementation strategies. Thus, the objective of this study was to ex-
plore the acceptability of overground wearable powered exoskeletons used in rehabilitation
among people with SCIs.

2. Materials and Methods
2.1. Design and Participants

A qualitative study with a descriptive interpretative approach [23] using semi-
structured interviews was conducted [24]. A qualitative design was used to provide

2



Biomimetics 2025, 10, 36

an in-depth exploration of the acceptability of the SCI users [25]. The Consolidated Criteria
for Reporting Qualitative Research (COREQ) checklist was used [26].

A multicenter study was conducted since participants were recruited from two reha-
bilitation facilities, namely the Centre intégré universitaire de santé et de services sociaux
de la Capitale-Nationale (CIUSSS-CN) in Quebec, Canada, and the Centre Mutualiste de
Réeducation et de Réadaptation Fonctionnelles de Kerpape (CMRRFK) in Ploemeur, France.
These two rehabilitation facilities offer rehabilitation care for people with SCIs, which
encompasses rehabilitation exoskeleton treatment among other modalities. To be eligible
to participate in the interview, people with SCIs had to have used an exoskeleton during
their rehabilitation at the CMRRFK or the CIUSSS-CN. People who were unable to consent
or complete interviews were not included. In addition, each patient was screened by a
referring physician before inclusion in the study to ensure safety and relevance of the use
of an exoskeleton. This study was approved by local Research Ethics Boards from the Uni-
versité de Lille (2023-701-S117) and from the CIUSSS-CN (MP-13-2020-2002). Procedures
were conducted in accordance with relevant laws and institutional guidelines. Participants
provided their informed consent.

2.2. Description of Exoskeletons and Context of Use

The CIUSSS-CN uses the Indego® powered lower limb exoskeleton with functional
electrical stimulation developed by Parker Hannifin Corporation® (Cleveland, United
States) and currently supported by Ekso Bionics® (San Rafael, United States). The Indego®

is an exoskeleton used for people with SCIs (levels C7 to L5) and for people with hemiple-
gia [27]. However, at the time of this study, the use of this technology was restricted to a
research project at the CIUSSS-CN for future clinical implementation. Hence, participants
were required to adhere to a predetermined protocol outlined within the ongoing research
project for the conduct of the rehabilitation sessions [28]. Table 1 illustrates the overall
step-by-step process of using the exoskeleton at the CIUSSS-CN according to Charette et al.,
2024 [28]. To have access to the locomotor training program with the exoskeleton at the
CIUSSS-CN, participants had to: (1) be aged between 18 and 70 years old; (2) have an
incomplete SCI; (3) be in the subacute stage of recovery (<1 year post-injury); (4) be able to
stand and/or walk therapeutically; (5) have a minimum/sufficient upper limb strength to
use a rolling walker; (6) have a height between 5′1′′ and 6′1′′; (7) have a weight <200 lbs
(90 kg); (8) have a length of femurs between 37 and 49 cm; (9) have a seated hip width
<42 cm; (10) have a medical approval to participate in the project following consultation
with the multidisciplinary team; and (11) have a standing tolerance >15 min.

The CMRRFK uses the hand-free and self-balancing Atalante® exoskeleton developed
by Wandercraft (Paris, France). The use of the exoskeleton is implemented into conventional
clinical therapy sessions offered to people with SCIs by physiotherapists. Locomotor
training with the exoskeleton is performed under medical prescription. To have access to
the locomotor training program with the exoskeleton at the CMRRFK, participants had to
(1) be at least 18 years old; (2) have a paraplegia; (3) tolerate daily verticalization; (4) have a
height between 160 cm and 190 cm; (5) weight <90 kg; (6) have a hip width less than or
equal to 460 mm in a sitting position; and (7) have thigh length between 380 and 460 mm.
Additionally, leg length is also a criterion for inclusion, but this criteria varies according to
user’s range of motion in foot dorsiflexion.

The exclusion criteria for the use of the Indego® and Atalante® exoskeletons are
provided in Supplementary Materials; Table S1 and Table S2, respectively.

3
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Table 1. Step-by-step process of using the exoskeleton at the CIUSSS-CN.

Sessions Duration Procedures

(1) Initial session
(Exoskeleton adjustment)

60 min for fitting the
exoskeleton depending on
the user

(1.1) Adjustment of the exoskeleton
for the user (sitting position).
(1.2) Teaching and practicing
sit-to-stand and stand-to-sit transfers
(2–3 repetitions).
(1.3) Re-adjustment of the exoskeleton
in standing or sitting position, if
necessary.
(1.4) For some patients, walking
between parallel bars was initiated.

(2) Familiarization period 2–4 sessions, 60 min each,
depending on the
user’s capacity

(2.1) Practice of sit-to-stand and
stand-to sit transfers.
(2.2) Walking between parallel bars,
including learning to initiate gait,
continue walking, and stop using the
exoskeleton.
(2.3) Once the user was deemed safe
using the exoskeleton between
parallel bars, walking with a walker
in a corridor of the rehabilitation
center was attempted for
approximately 20 m.
(2.4) For patient eligible for functional
electrical stimulation (FES), the final
session of the familiarization period
was dedicated to adjusting FES
parameters (amplitude, pulse width
and frequency) for each stimulated
muscle group.

(3) Locomotor
training program

12 sessions, 60–90 min
depending on the user

(3.1) At the beginning of each session,
electrodes for FES were applied, and
the exoskeleton was adjusted for the
user (12–20 min)
(3.2) Adjustment of the exoskeleton’s
walking parameters (e.g., step length
and height, walking speed, motorized
assistance for both hip and knee
joints) based on the user’s capacity.
(3.3) The session duration and
walking time were individualized
based on the user’s capacity, with the
primary goal of optimizing the
number of steps taken during
each session.
(3.4) After four sessions, the training
program was progressed by either
reducing motorized assistance,
transitioning from a walker to
forearm crutches, or further
increasing the number of steps taken
during each session. FES parameters
were also adjusted after four sessions,
if necessary.

2.3. Data Collection

The recruitment of participants differed between the two rehabilitation centers, but
the data collection process was similar. The recruitment began on 20 August 2022 at the
CIUSSS-CN and on 1 June 2023 at the CMRRFK. At the CIUSSS-CN, the study was intro-
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duced to individuals with SCIs who had used a rehabilitation exoskeleton by a member
of the research team (C.C). If they were interested in taking part in the project, a Master’s
student, having previous experience and knowledge in conducting interviews (N.F.-B.),
contacted participants by telephone or by email. The sociodemographic data of partic-
ipants at the CIUSSS-CN were collected as part of the ongoing research project. At the
CMRRFK, the study was presented to clinicians by a member of the research team (N.F.-B.).
People with SCIs were then offered to participate in the present project by the clinicians.
Sociodemographic data were collected during the interview session for participants at the
CMRRFK (e.g., gender, age, exoskeleton used, time using an exoskeleton).

Semi-structured interviews were conducted in person for participants still residing
in the rehabilitation center and via telephone or videoconference using Zoom [29] for
participants who had transitioned home or to other facilities offering rehabilitation services.
Interviews were conducted by two authors (N.F.-B. and A.C) who had no prior relationship
with the participants. Interviews were conducted in French or in English between 7 July
2021 and 26 July 2023 at the CIUSSS-CN and between 5 June 2023 and 22 June 2023 at the
CMRRFK. All interviews were audio recorded for transcription.

An interview guide was developed by the research team members who all together
have knowledge of exoskeletons and the context in which the technology is used. The
interview guide (in Supplementary Material) was developed with consideration to different
determinants of behavioral change according to the theoretical domains framework (TDF)
(e.g., knowledge, abilities, motivations, and emotions toward the technology) [30] and
inspired by various contextual elements that were deemed as potentially influencing the
adoption and use of the exoskeleton in a larger implementation study [28]. An additional
question was added to explore the satisfaction with the exoskeleton. The interview guide
included a total of 30 questions and 7 prompts.

The interview guide was not pretested considering the limited number of individuals
with SCIs who had used the exoskeleton, but it was validated by an expert at the CIUSSS-
CN (C.R.) Additionally, the interview guide underwent validation with a physiatrist (S.L.)
working with individuals with SCIs at the CMRRFK, ensuring the questions were culturally
relevant and appropriately adapted to the context.

2.4. Data Analysis

Interviews were analyzed through thematic analysis [31] with a mixed approach
(deductive and inductive) [32] using the conceptual theoretical framework of acceptability
(TFA) developed by Sekhon et al. [16] to explore the acceptability of the exoskeleton [16]
(see Figure 1). An initial coding tree covering all the seven domains of the TFA (i.e., affective
attitude, burden, perceived effectiveness, ethicality, intervention coherence, opportunity
costs, and self-efficacy) [16] was used to analyze the interviews [16]. After becoming familiar
with the interviews, two co-authors (N.F-B and A.P) with complementary experience (social
worker and occupational therapist) independently analyzed two interviews as part of a
standardization process. Then, they met to compare their interpretation of the coding tree.
The first author (N.F-B) proceeded to code the remaining interviews, and meetings were
scheduled to discuss the interpretation of the content. A third person, a professor-researcher
(M-E.L.), was involved to provide guidance on the analysis of the interviews. The quotes
included in this article have been translated from French to English using a translation
software (i.e., DeepL software; version 24.10.11297902).

5
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3. Results
Nine participants who completed the exoskeleton training program at the CIUSSS-CN,

and five participants at the CMRRFK agreed to take part in the interview, for a total of
14 participants. The mean (SD) age was 46.9 (14.8) years old; most participants were men
(64%) and had a traumatic SCI (79%) (Table 2). Interview duration ranged from 19 to 63 min.

Table 2. Characteristics of the participants.

Characteristics n (%)

Age, years (mean [SD]) 46.9 [14.8]

Gender

Women 5 (36)

Men 9 (64)

Country

France 5 (36)

Canada 9 (64)

Time since the injury of all participants, months (mean [SD]) 1 9.9 [7.6]

Time since the injury of Canada’s participants, months (mean [SD]) 2 6.5 [3.54]

Time since the injury of France’s participants, months (mean [SD]) 3 43.8 [9.45]

Mechanism of injury

Non-traumatic 3 (21)

Traumatic 11 (79)

Self-reported level of injury

High-Cervical Nerves (C1–C4) 1 (7.1)

Low-Cervical Nerves (C5–C8) 2 (14.3)

Thoracic Nerves (T1–T5) 1 (7.1)

Thoracic Nerves (T6–T12) 8 (57.1)

Lumbar Nerves (L1–L5) 2 (14.3)

Sacral Nerves (S1–S5) 0
1 Missing information for three participants. 2 Missing information for two participants. 3 Missing information for
one participant.

Results relevant to the acceptability of exoskeletons are presented according to over-
all main themes including all seven domains. Figure 2 presents the summary of the
main findings.
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3.1. General Positive Affective Attitude

Most participants had no initial apprehension about using the exoskeleton in their
rehabilitation. The exoskeleton was considered an additional tool for achieving their
rehabilitation goal. In this regard, half of the participants hoped to walk again after using
the exoskeleton:

“That’s what I was hoping for and still hope for that it would help me walk again.
[. . .] I was ready to take part in anything. That was my hope, to shock my body
and then stand up most of the time. Then, the exoskeleton was part of it. We did
big sessions. I wanted to take a lot of steps too, to give myself every chance.”

(Participant in Quebec City, Canada)

Some participants mentioned having no expectations regarding experience or out-
comes to avoid disappointment. A few participants were primarily interested in better
understanding the device. Three participants reported that their expectations had been met:

“Because it put me back on my feet, because it gave me a little hope because it
gave me hope. And it [the exoskeleton] really exceeded my expectations, I was
able to have fun with it.”

(Participant in Ploemeur, France)
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Almost all participants indicated that they were extremely motivated to use an ex-
oskeleton. While walking again was identified as their main goal and motivation, others
had an objective to achieve a more natural walking pattern. Their motivation stemmed
from a willingness to explore every available tool that could assist in their rehabilitation,
as well as to contribute to the advancement of knowledge about the exoskeleton for the
benefit of others. In this regard, three participants expressed feeling privileged to use an
exoskeleton during their rehabilitation:

“I was very motivated. I was told that I was lucky to be able to participate in this
[to use the device], and that it wasn’t for everyone. So, well, I saw it as another
chance, another tool, to help me achieve walking as normally as possible.”

(Participant in Quebec City, Canada)

One participant, who felt that the exoskeleton had not been used sufficiently to observe
significant improvement, expressed moderate satisfaction. However, almost all participants
reported being satisfied or very satisfied with the exoskeleton, even if they did not all
achieve their desired outcomes:

“[I] am very grateful, but [I] don’t have the end result we’d like. We’d all
like the miracle.”

(Participant in Quebec City, Canada)

A few participants reported that their relatives were excited, happy, and impressed
to see the potential benefits of exoskeleton use on their loved ones with an SCI. However,
participants had to explain the actual effects to their relatives:

“For them [relative], it’s magical to be able to see us again through videos of us
walking vertically, especially since they mostly see us in a wheelchair. However,
from their perspective, they see it more as an indication that, since we’re in it, we
must be going to walk again. It’s always a bit more complicated to explain to
them that it’s not necessarily the case, but it’s a good tool for rehabilitation.”

(Participant in Ploemeur, France)

In summary, participants were generally motivated and satisfied with using an exoskele-
ton during their rehabilitation, and the majority had no apprehensions or expectations.

3.2. Requirements for Physical and Cognitive Engagement

Almost all participants reported that using an exoskeleton was physically and cog-
nitively demanding. On the one hand, it required a high level of attention to follow
instructions given by the therapist during sessions:

“You have to be 100% focused on every step, on every breath, leaning forward,
which is unnatural. You must be 100% focused. And especially at the beginning;
I couldn’t talk and walk at the same time.”

(Participant in Quebec City, Canada)

On the other hand, the use of the exoskeleton was physically demanding, especially at
the beginning of use, even if the participants were in good physical shape:

“It’s a lot of energy, a lot of energy for a little progress.”

(Participant in Quebec City, Canada)

In this regard, a few individuals reported that the device was massive and heavy. A
participant also expressed that the device looked like a robot. Additionally, four partici-
pants reported experiencing minor soreness during or after sessions, including back pain,
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discomfort around the lesion, tendon rubbing, spasms, and minor grazes. Nevertheless,
participants said that the therapists had been alerted and that the pain was minor:

“I was more satisfied to have done it than the pain it would bring. The pain was
small. [. . .] All the happiness of having done it made up for the pain it brought.”

(Participant in Quebec City, Canada)

Finally, one participant living outside the area where the exoskeleton sessions took
place reported significant costs, particularly for travel and accommodation. Certain ex-
penses should have been covered to enable more participants to use the exoskeleton to
advance knowledge of this device:

“Candidates from outside [. . .] they should absolutely have an allowance for
the hotel, an allowance for meals, then a travel allowance. Because if not, it
[knowledge about exoskeletons] won’t advance as much.”

(Participant in Quebec City, Canada)

All these results highlighted, in sum, the physical and cognitive demands of using an
exoskeleton, as well as the massiveness and heaviness of the device.

3.3. Emerging Ethical Considerations

Few participants discussed ethical issues regarding the use of exoskeletons. One
participant reported disappointment due to the temporary effects of the use of the device:

“On the downside, there’s the disappointment, of course. When you finish, you
go back into a wheelchair. That’s how it is, it’s part of the game; you must accept
it. Accepting it is already a chance to be able to try it. I was aware of that.”

(Participant in Ploemeur, France)

Another participant expressed the possibility of false hope regarding the outcomes of
the use of the exoskeleton, highlighting the importance of carefully selecting participants:

“These are the tests that are conducted [before use] which will determine whether
you can go in or not. I think putting someone in it, especially someone on whom
we are almost certain will not walk again, and giving them false hope, may not
necessarily be a good idea; hence the tests conducted at the beginning.”

(Participant in Ploemeur, France)

Finally, a participant reported that access to the use of an exoskeleton in the rehabilita-
tion process of people with SCI should be more inclusive:

“Like me, I was pretty standard, no health issues, height, size, it fits, everything
is fine. Granted, there are those who may not be as fortunate and might possibly
need it, but in a future, maybe not too distant, we can understand that it might
be enjoyable for those individuals to have access to a similar experience”

(Participant in Quebec City, Canada)

In sum, few ethical considerations were discussed, but the risk of disappointment, the
possibility of false hope, and accessibility issues were reported by participants.

3.4. Variable Intervention Coherence

Most participants did not have prior knowledge about exoskeletons before being
approached by therapists to use the device. Even if the majority of participants received
sufficient information from their therapists, others reported insufficient information about
the benefits and risks. A participant suggested presenting short videos to future participants
before use to increase their knowledge:
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“Perhaps there could have been some small videos featuring 2–3 people without
showing their faces, maybe doing the workout sequence. And, maybe showing
when they put on the device. [. . .] It would probably be interesting to be able to
see a short video before signing the consent. I don’t think it scares people.”

(Participant in Quebec City, Canada)

One participant discovered exoskeletons through the media:

“Like everyone else. I saw it a little in the media, but without thinking that one
day I would have the opportunity to try it as a patient at the center.”

(Participant in Ploemeur, France)

Participants reported that individuals with an SCI having strength, endurance, and
determination and who fit the inclusion criteria should have the opportunity to use an
exoskeleton during rehabilitation. Some participants would have liked to use the device
earlier in their rehabilitation and to continue using it for a longer period. However, one
participant said that the frequency of sessions was adequate, given the effort required
to participate:

“I had two sessions a week, and then that was fine. I’m not sure I would have
taken three, certainly not four, because it’s very demanding.”

(Participant in Quebec City, Canada)

Finally, three participants reported that they would have liked to use the exoskeleton
in real-world situations but that the usage of the exoskeleton is currently mainly in the
context of rehabilitation:

“What does it give me to take 2500 steps with two crutches if I can’t go grocery
shopping? I can’t go for a walk. Because I walk on hard surfaces, so. . .”

(Participant in Quebec City, Canada)

Overall, these results highlighted the lack of prior knowledge about exoskeletons and
that participants would have liked to use the device earlier and longer in their rehabilitation.

3.5. Remaining Opportunity Costs

The exoskeleton was deemed time-consuming to install, especially during the initial
fitting sessions. One participant reported that this initial preparation takes therapy time:

“It’s the implementation because we have an hour of physiotherapy, and as a
result, it takes three-quarters of an hour to set up. But that’s the way it is. You
must accept it, so you’re a guinea pig for 45 min for ten minutes of walking. You
have to accept it.”

(Participant in Ploemeur, France)

A participant also reported not being autonomous during the use of the exoskeleton,
unlike when his wheelchair is used, resulting in a temporary loss of autonomy:

“I could never walk as fast as the exoskeleton allows me to, but with my canes,
I walk more slowly but I can walk, I can climb stairs, which I can’t do with an
exoskeleton, it would limit me. I can go down a ramp, I can turn, I can. . . and
then when I want to shave, and I stand up because I am able to stand, it won’t
take me 15 min to put on the device.”

(Participant in Quebec City, Canada)

Finally, while most participants reported no technical problems and adequate equip-
ment, four participants reported that the device freezes and jams, as well as problems with
the waist belt, resulting in loss of time and inefficient use of therapeutic expertise.
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In sum, these findings highlighted the additional time needed for setting up exoskele-
tons and the occurrence of technical and equipment-related issues.

3.6. Positive Perception of Effectiveness

The participants’ perceptions of the effectiveness of the exoskeleton during their
rehabilitation varied widely. A few participants reported benefits such as better walking
pattern, increased endurance, increased muscle mass, greater leg strength, less spasticity,
and improved ability to walk and walk faster:

“I liked feeling like I did before my accident.”

(Participant in Quebec City, Canada)

However, one participant reported not feeling enough benefit from using this tech-
nology. In addition, few participants noted the challenge to distinguish the effects of the
exoskeleton from those of other conventional rehabilitation therapies to achieve a clear
picture of the benefits:

“I was still willing to do anything to try to improve my condition. So, I don’t know
if it improved anything, but I think it’s a combination of all the little progress I’ve
had, but it’s connected to physiotherapy, the exoskeleton, and all that. That’s for
sure better than lying in bed.”

(Participant in Quebec City, Canada)

Participants identified several barriers that could limit the exoskeleton’s effectiveness
in rehabilitation settings, including physical constraints in the training environment, such as
narrow corridors, crowded spaces, and uneven floors. However, the support received from
the therapists and their knowledge, such as giving advice, being attentive to participants’
needs, and establishing a sense of trust, was reported to be an important facilitator of
exoskeleton use:

“Like being in symbiosis with the person behind you to support you. So, you
need to communicate together, and it helps a lot.”

(Participant in Quebec City, Canada)

Overall, most participants perceived that the use of the exoskeleton during their
rehabilitation was suitable and relevant for them. When questioned, almost all participants
said that the use of an exoskeleton should be offered to improve the rehabilitation of people
with SCI:

“I think it can be a good complement. [. . .] It’s a somewhat less medical ap-
proach to things. As I was saying, through games or through activities like this,
where ultimately, one can regain a certain movement without even realizing it, to
strengthen muscles, even at the level of the torso, arms, and all that.”

(Participant in Ploemeur, France)

In conclusion, participants recognized the overall benefits of exoskeleton use, although
attributing these benefits specifically to the device remains challenging. They also identified
barriers and facilitators that could influence the effectiveness of this technology.

3.7. Confident Self-Efficacy

Despite the physical and cognitive demands of using the device, most participants
reported no difficulties or issues in remembering the steps involved in using it. Of note, a
few participants reported higher complexity in learning how to use it at first, but that the
usability improved over time:
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“At first, [it’s] quite challenging. [. . .] Because it’s not just a machine, it’s not
just a robot. You must understand it. Its functioning is designed to be as close
as possible to our natural movements, and you must understand that it’s a
robot that’s doing it. So, you also need to. . . it accompanies you, and you must
accompany it at the same time. We must become one. That’s why I talk about a
second skin, because it’s a bit like that.”

(Participant in Ploemeur, France)

Participants identified key qualities for using the device, including mental focus,
realistic expectations, and motivation. They emphasized the importance of determination,
ambition, and persistence:

“You must be ready to stand up, to be supported by a machine. [. . .] When you’ve
been lying down, or at least sitting for long months and suddenly, it’s a machine
that allows us to [walk]—there’s no need to be apprehensive about that, I think.”

(Participant in Ploemeur, France)

In summary, participants identified necessary skills for using exoskeletons and re-
ported no difficulties in remembering the steps for using the device.

4. Discussion
The objective of this study was to explore, among individuals with SCIs, the accept-

ability of locomotor exoskeletons as used in two rehabilitation centers located in France and
Canada. Participants generally expressed positive acceptability regarding the exoskeleton
used. Almost all participants reported a high level of satisfaction with the use of the
exoskeleton in their rehabilitation. This satisfaction remained high despite the exoskeleton
not meeting all of the participants’ expectations and a few experiencing discomforts. Most
participants perceived the use of the exoskeleton as effective, experiencing little to no
difficulty in its use, despite its physical and cognitive demands. While few participants
reported ethical issues, some highlighted considerations regarding access to exoskeletons
and possibilities of unrealistic expectations toward the use of the technology. To favorize the
successful implementation of exoskeletons in facilities offering rehabilitation services for
people with SCI, it is crucial to have before considering other features sufficient information
on the acceptability of this technology by users [33]. The results of this multicenter study,
based on TFA, provide in-depth insights into the diverse experiences of individuals with
SCI regarding the perceived acceptability of this technology. These results add additional
knowledge to the previous studies conducted about the feasibility and effectiveness of
exoskeletons used in rehabilitation. Overall, these results are consistent with a systematic
literature review reporting a favorable acceptability of the use of exoskeletons among
people with SCIs [21]. This literature review identified the need to assess the acceptability
of this technology more systematically. The use of TFA thus enables this study to respond
to this knowledge limitation.

The personal characteristics of participants, including individual culture and previous
knowledge, might be an important factor that influences the acceptability and use of
technologies. In the present study, most participants were unfamiliar with the exoskeleton
before its use, although they had been informed about the risks and benefits and their
few questions have been answered. A previous study found that most people with SCI
learned about exoskeletons through traditional media channels (e.g., documentaries or
news on television) [19]. The extent to which suboptimal knowledge about the effects of
exoskeletons influences expectations should be examined in future studies. In this regard,
clinicians involved in the study of Heinemann et al., 2018 reported that high expectations in
terms of perceived benefits may be a risk for users [34]. Considering that potential benefits
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of exoskeleton use extend beyond physiological effects and can have a great psychological
influence, these high expectations may be particularly common [35]. Consequently, future
studies should focus on the development of an intervention to facilitate the adoption of
realistic expectations by people using a rehabilitation exoskeleton to avoid disappointment
toward technology, and, in turn, a low acceptability. This intervention could take the
form of an educational activity aimed at enhancing the knowledge of both current and
potential users.

Moreover, users with an SCI may feel privileged to be selected to use the exoskeleton.
This feeling of privilege may bias the reported acceptability toward the exoskeleton in
a favorable direction and thus potentially influence the findings. Indeed, the limited
number of exoskeletons currently available in rehabilitation centers as well as the stringent
eligibility criteria (e.g., morphology, level of injury) due to the characteristics of the device
are major accessibility issues [36]. This context of limited technology availability highlights
the relevance of the global principles of diversity, equity, and inclusion in the use and
development of innovative technologies such as exoskeletons. Consequently, as proposed
in the present study, developers, managers, decision makers, and others should initiate a
collective reflection to ensure that exoskeletons can be used by a greater number of people
with SCIs or any other conditions leading to limitations in walking in the future.

The context of use of the exoskeleton [37], whether for clinical or research purpose,
can also influence user acceptability. For example, in a research context, participants and
clinicians must follow predetermined protocols. These protocols restrict the adaptability of
exoskeletons and, to some extent, fail to consider users’ expectations, goals, and capacities.
This lack of adaptability can greatly influence the acceptance of the technology, as the
personalization of interventions provided is an important factor of acceptability [38]. In
addition, the intrinsic features of a specific exoskeleton model that influence perceived
effectiveness may also impact user acceptability [16]. For example, the Atalante exoskeleton
allows users to have their arms free during its use which, in turn, allows the combination
of upper-body activities with walking rehabilitation. Therefore, it is essential to analyze the
goals of users when implementing a rehabilitation exoskeleton.

Limitations of our study must be considered. First, the context of use in two different
rehabilitation centers with potential cultural and organizational differences, may influence
the results obtained. Future studies should comprehensively assess how the context
of use influences the acceptability of exoskeletons among people with SCI. Second, the
time since the occurrence of the SCI was much shorter for people with SCIs using an
exoskeleton at the CIUSSS-CN center than at the CMRRFK center. This may influence
the perceived acceptability regardless of the exoskeleton per se. The different walking
prognosis among the participants could also influence the acceptability of the technology.
However, we did not discern any major differences in the participants’ opinions. In
addition, people with SCI at the CIUSSS-CN had to follow a research protocol for the
use of the exoskeleton. The research protocol restricted the use of the exoskeleton to
predefined sessions compared with more flexible sessions at the CMRRFK, where users had
the possibility of performing different programs and even sporting activities. The number
of usage sessions by participants could also influence their perspective. Indeed, Sekhon et al.
describe well the influence of time on the acceptability of technology [16]. In addition, the
interview guide was based on the TDF, and, consequently, users were not specifically asked
about certain areas of the TFA (e.g., ethics). Finally, CIUSSS-CN participants were invited
to take part in interviews only if they completed the twelve-session training program of the
research protocol. Thus, the few participants who dropped out of the program were not
invited to participate in the interviews and their perceived acceptability of the exoskeleton
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may differ from those included in the study. Hypothetically, these individuals could report
different experiences influencing their acceptability of the technology.

5. Conclusions
The exoskeleton is a promising rehabilitation technology that was generally accepted

by the participants in this study. Indeed, the present study highlighted that users with
SCI were satisfied with using an exoskeleton during their rehabilitation, even if the use
was physically and cognitively demanding. Several perceived benefits to its use, such as
better walking pattern, increased endurance and greater muscle mass, and mild pain were
reported. The use of an exoskeleton during rehabilitation process was appropriate and
relevant to them for most of the participants. However, adjustments in its use, such as
conducting training sessions in obstacle-free environment and technological improvements
to address the device’s restrictive characteristics, heaviness, and massiveness are, however,
still needed. In future studies, a deeper exploration of the ethical considerations will be
important, along with efforts to increase the inclusivity of exoskeleton characteristics and
accessibility for a broader spectrum of individuals with walking limitations.
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Abstract: Effective training programs are essential for safely integrating exoskeletons (EXOs) in
industrial workplaces. Since the effects of wearable systems depend highly upon their proper use,
lack of training of end-users may cause adverse effects on users. We reviewed articles that incor-
porated training and familiarization protocols to train novices on proper operation/use of EXOs.
Findings showed variation in training methods that were implemented to train study participants
in EXO evaluation studies. Studies also indicate that multiple (up to four) sessions may be needed
for novice EXO wearers to match movement patterns of experts, and training can offer benefits
in enhancing motor learning in novices. Biomechanical assessments and ergonomic evaluations
can be helpful in developing EXO-specific training protocols by determining training parameters
(duration/number of sessions and task difficulty). Future directions include development of person-
alized training approaches by assessing user behavior/performance through integration of emerging
sensing technologies. Application of simulators and use of data-driven approaches for customizing
training protocols to individuals, tasks, and EXO design are provided along with a comprehensive
training framework. Discussed elements in this article can be helpful to exoskeleton researchers in
familiarizing novice users to EXOs prior to evaluation, and to practitioners in developing protocols
for training workforce.

Keywords: wearable assistive devices; exoskeletons; motor learning; workforce training; human
factors; instructional design; technology acceptance

1. Introduction

The integration of exoskeletons (EXOs) in industry holds promise, revolutionizing
the way we work by enhancing the capabilities of the human workforce. Various types
of such wearable assistive devices have been developed and are commonly categorized
based on their application area as military, rehabilitation, or industry. Industrial variants
of these systems are typically classified based on the method of their actuation, as activity
(powered), or passive (mechanical, or pseudo-mechanical) systems. Passive industrial EXOs
(i-EXOs), as shown in Figure 1, are more likely to be adopted by the workforce as these
devices are compact, lightweight, and are easy to use. Each of these systems is designed
to augment specific body regions (Shoulder/Back/Leg) or aid during specific tasks (like
overhead assembly, lifting/bending, squatting) [1,2]. Use of i-EXOs offer several benefits,
such as reducing the risk of musculoskeletal injuries, enhancing worker performance and
endurance, and improving overall work quality, as displayed by detailed laboratory and
field evaluations [3–6]. Despite these advantages, the adoption and implementation of
exoskeletons in industry has been relatively slow. This may be attributed to various factors,
including the need for customization to individual users and tasks, concerns regarding cost-
effectiveness, and limited awareness and understanding of the devices among employers
and workers. Furthermore, regulatory frameworks and standards for exoskeletons in the
workplace are still evolving, posing challenges to their widespread implementation [7,8].
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In addition to laboratory and field-based studies that examine the impacts of exoskeletons,
it is imperative to prioritize the transfer of knowledge regarding their proper use to end-
users. This approach can be crucial in ensuring that results from controlled evaluations are
effectively translated towards real-world applications.
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Training plays a key role in integrating i-EXOs in industrial environments. If proper
training is not provided to exoskeleton users, they may apply the devices in use-cases
wherein they are not beneficial or may use them in improper manner (e.g., with a lack of
fit by not adjusting device to anthropometric dimensions or using an incorrect assistance
level). This may even lead to potential biomechanical and perceived effects that can impact
their safety, performance, and overall well-being in the long run (Figure 2). Without ade-
quate training, users may struggle with suboptimal posture and movement patterns while
wearing the exoskeleton. Adaptation to EXO-assisted body movements requires effective
motor learning. Specifically, improper alignment or excessive reliance on the exoskeleton’s
assistance cause misalignment, increased joint loading, and adverse effects on wearers [10].
Users may also experience discomfort, fatigue, and reduced range of motion [11]. Addi-
tionally, without training, users may lack the necessary understanding of the exoskeleton’s
capabilities and limitations, which can result in overestimation or underestimation of their
own physical abilities, potentially leading to accidents or inefficiencies in task performance.
From a perceived standpoint, the absence of training can result in frustration, anxiety, and
decreased user confidence in operating the exoskeleton, inhibiting their willingness to
fully utilize potential benefits of i-EXOs [12]. Proper training is therefore vital to ensure
biomechanical alignment, reduce the risk of injuries, and enhance the user’s perceived
comfort, confidence, and overall acceptance of exoskeleton technology.

The field of instructional design involves a systematic approach of developing effective
and engaging training programs for product users [13–15]. Several methods are commonly
employed in this process. Firstly, a thorough analysis of the target audience and their
specific needs is conducted to identify learning objectives and create a learner profile [14].
This information forms the foundation for designing the training content and determining
the most suitable delivery methods. Next, instructional designers often employ a variety
of techniques such as storyboarding, concept mapping, and task analysis to organize the
training materials and sequence the content logically [14,15]. Additionally, the use of
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formative and summative assessments can help in evaluating effectiveness of the train-
ing [13]. Throughout the process, collaboration with subject matter experts, pilot testing,
and iterative design approaches can contribute to the development of a comprehensive and
impactful training program for the device wearers [14].
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Despite considerable research on evaluating effects of exoskeletons in the past 5 years,
with numerous research [16–21] and review articles being published [1–3,10,22–24], there
remains a noticeable lack of emphasis on the topic of training in scientific literature. This
gap highlights a need to study and understand the importance of proper training for
exoskeleton users. Given the intricacies involved in operating, adjusting, and maintain-
ing exoskeletons, an instruction manual, although thoroughly prepared, may not suffice.
Even after providing demonstrations, replicating movement patterns of experts may be
difficult for novices. Comprehensive and in-depth training is essential to ensure user
competence, minimize the risk of injury, optimize performance, and harness the potential
benefits of these devices. There is a need to understand training protocols and develop
best practices/guidelines to facilitate the safe and efficient integration of exoskeletons in
occupational settings. The purpose of this review article was to understand currently used
methods for training/familiarizing wearers of industrial EXOs. Objectives also included
identifying key considerations for designing a comprehensive training program specifically
for industrial EXOs. In addition, we also reviewed the effects of training and familiar-
ization protocols on motor learning. Subsequent sections also list potential application
of data-driven approaches and ergonomic evaluations in providing effective training to
the workforce. Finally, a generalized training framework for users of industrial EXOs is
provided along with potential applications of emerging technologies to augment training.

2. Review Methods

This narrative review involved searching relevant scientific literature on training/
familiarization as well as motor learning and adaptations when using EXOs. While we
mainly focused on studies related to design/development and evaluation of industrial
EXOs where training was provided to study subjects, those with rehabilitation and mo-
bility applications were also considered to understand effects of different familiarization
protocols. Search methods involved conducting literature search in Web of Science, Google
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Scholar, and Scopus databases for journal articles, conference proceedings, and thesis pub-
lished after 2010. The search was performed with the following keywords: “exoskeleton”,
“evaluation”, “assessment”, “development”, “ergonomics”, “biomechanics”, and “wear-
able assistive device” in either/OR strategy. The number of published research/review
articles specifically focused on “training” or having “training” within the title of such
articles was very low, and thus we expanded our search to articles involving “training”
and “exoskeleton” for rehabilitation purposes. We manually screened full text of each
of the obtained articles and synthesized details relating to participant training (within
the methods and procedures sections in most cases). After presenting a list of articles
in the form of a table, articles were also subjectively rated by the authors based on the
depth and comprehensiveness of provided training to study participants into categories
of low/medium/high. Subsequent searches were also performed to review fundamental
concepts in the field of instructional design and to identify emerging technologies that can
be applied to improve EXO training programs. Findings of our review are presented and
discussed in detail in the following sections.

3. Training and Familiarization Methods for Proper Use of Exoskeletons

Providing training in new technology for the workforce has been found to have
significant positive effects compared to not providing training. Research has shown that
training programs enhance employees’ knowledge, skills, and competencies, leading to
improved job performance and productivity [25,26]. In addition, training plays a crucial
role in promoting technological acceptance of technology among employees. Training helps
individuals develop a better understanding of technology and its potential applications,
increasing their confidence and reducing resistance to change [27]. Employees who receive
adequate training are more likely to use the devices in the intended manner, enabling them
to perceive the technology as useful. Moreover, training facilitates a smoother transition
to the new technology, reducing errors, minimizing downtime, and improving overall
operational efficiency [28]. On the other hand, a lack of training can lead to difficulties in
adopting and effectively utilizing new technology, resulting in frustration, decreased job
satisfaction, and increased resistance among employees. When employees do not receive
adequate training, they may perceive the technology as complex, difficult to understand,
and irrelevant to their job tasks, leading to lower levels of acceptance and utilization [29,30].
Besides perception, using wearable assistive devices requires adaptation to changes in body
movement due to assistive/resistive forces. Subsequent sections focus on training related
to operation and use of EXOs and provide an overview of approaches implemented to train
study participants during exoskeleton evaluation studies, and effects of familiarization
protocols on motor learning and biomechanical/perceived measures.

3.1. Training Novices during Exoskeleton Evaluation Studies

Evaluation-focused studies are conducted to assess the impact of i-EXOs on the human
body and to estimate performance improvement/risk reduction. Such evaluations include
recruitment of human subjects and simulation of industrial tasks. We reviewed articles
involving design validation, laboratory, and field assessment of i-EXOs to understand
currently used training methods. Findings from the review have been listed in Table 1
categorized based on the type of study (Validation/Lab/Field) and methods used for
training (Duration and Tasks). Each of these studies were then categorized based on the
identified level of depth, and comprehensiveness of the training session was categorized
into three levels as High/Medium/Low level.

We reviewed studies that considered training sessions within their experimental pro-
tocol. Within the pool of articles, only one study conducted a laboratory evaluation to
compare different familiarization methods, specifically reading instruction manual vs.
observing a demonstration [31]. Participants of exoskeleton evaluation studies under-
went a comprehensive training program on i-EXOs prior to the experiment [18,32], where
participants were trained. In some cases, a separate session was dedicated for training par-
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ticipants on the use of the i-EXO [18,33,34], while in other studies, training was provided
for a duration (either fixed, or until participants were comfortable/confident on using
the device) prior to the experimental session. Among the reviewed articles, the studies
wherein duration was fixed considered a time in the range of 2 min to 2 h [32,34–36]. In one
field evaluation, participants were asked to wear and practice using the device for several
days [37]. Upon coming for evaluation, participants were first educated with detailed
instructions on safe use of the device [38] and a demonstration of its working [34]. In one
study, an instructional video was shown to participants on proper way of donning/doffing
the device [39]. The training tasks provided to participants often started with donning
the i-EXO and adjusting the device to ensure proper fit. Participants were instructed to
mostly practice the experimental tasks. Once proper fit was confirmed by the investigator,
participants were asked to walk around until they were comfortable/familiar with the
device [35,40]. This was followed by practicing the pre-determined task in each experimen-
tal condition [18]. During training, participants were also provided with the experience
of max/min levels of assistance and were asked to select their preferred support level.
Meanwhile, in other cases [40,41] the training included instructions on donning and doffing
the exoskeleton, adjusting the assistance level, and maintaining proper body mechanics
during tasks. Although not explicitly stated, the reviewed studies collectively show that
incorporating training programs before experimental evaluations of i-EXOs can be benefi-
cial for investigators as study participants need to acquire necessary motor adaptations
to effectively perform intended body movements while being assisted with the devices.
On the other hand, if sufficient training is not provided, study participants may perform
body movements in a manner that the assistance from the device is not used to reduce the
wearer’s effort during the task, or in worse cases, wearers may struggle or fight against the
assistive torque, leading to increased demands.

A study that compared the effects of training (demonstration vs. reading an instruc-
tion manual) demonstrated that providing study participants with a live demonstration
increased performance (and reduced errors) and users acceptance, as well as led to lower
global and local perceived effort [31]. In fact, easiness of learning almost doubled when
study participants were provided a tutorial vs. reading a brochure. While further evalua-
tions are needed to assess the impact of training on the safety and performance, some can
be expected based on current understanding of the design of exoskeletons [10]. Designing
effective exoskeleton training for industrial workers requires consideration of various
variables that can influence their performance and well-being. These include mainly the ef-
ficient delivery, depth of topics covered, comprehensiveness, and duration/timing, as well
as the type of task. It is expected that a longer training duration generally leads to better
biomechanical outcomes, as users have more time to adapt to the exoskeleton and optimize
their movement patterns. The specific nature of the task is also important, as different tasks
may require varying levels of physical exertion and repetitive movements [10,42]. A lack of
proper exoskeleton training may lead to detrimental effects. Without adequate training,
users may not fully understand how to operate and utilize the exoskeletons correctly. A
recent study that implemented that unified theory of acceptance and use of technology
(UTAUT) model to EXOs and showed explanations for 75% of variation in intention to use
the devices [43]. Specifically, the findings denoted that effort expectancy (how easy it seems
to use an exoskeleton) played an important role in model prediction.
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Table 1. List of evaluation-based studies of industrial exoskeletons (i-EXO) that trained novice study
participants prior to conducting experimental evaluations of the devices. Each of the listed studies has
been rated according to the level of training provided to the study participants (L: Low, M: Medium,
H: High).

Article Type Exoskeleton Sample Size Training Duration Training Tasks Training Level
(L/M/H)

Lab [18]

Fawcett Exsovest with
ZeroG, EksoWorks Vest,

FORTIS (Mechanical
Arm, Back, Full-Body

12
(6♂, 6♀)

2 h session (5 min each
condition), 2 min practice

for each condition in
actual session

Proper fit, Practice on each
experimental condition, Selecting

preferred assistance level.
H

Lab [44] VT Lowe (Back) 12♂ ~30 min 15–25 practice lifts with boxes of
0–25% body weight. H

Lab [32] VT Lowe (Back) 15 (13♂, 2♀) ~30 min 15–25 practice lifts with boxes of
0–25% body weight. H

Lab [40] Laevo (Back) 18♂ - Proper fit, movement with walking
and squatting. L

Lab [41] SPEXOR (Back) 26♂ ~2 min Movement to get habitual with
device. L

Lab [45] Laevo (Back) 36♂ - Proper fit, familiarization with
performing tasks. L

Lab [46] Exo4Work (Back) 16♂ 2 h Two familiarization trials, task
practiced seven times in each trial. H

Lab [47] StrongArm V22
(Back) 6 (4♂, 2♀) 15 min Wearing and getting familiar with

task. L

Field [37] Levitate Airframe
(Shoulder) 6 Several days Proper fit, familiarization with the

work. H

Lab [48] Laevo (Back) 13♂ - Wearing and getting familiar with
task. M

Lab [49] SuitX BackX (Back) 10 - Wearing and getting familiar with
task. M

Lab [34] HeroWear (Back) 20 (15♂, 5♀) 1.5 h session
Demonstration, donning,

unstructured movement with
different levels of assistance.

H

Lab [38] Noonee chairless chair
(Leg) 17 (-) -

Detailed instruction in the use (safe
use) of the exoskeleton was

practiced.
L

Lab [50] Prototype (Shoulder) 8 (4♂, 4♀) - Practice the task and demonstrate
the understanding. M

Lab [51] StrongArm Flx
Ergoskeleton (Back) 20 (3♂, 17♀) - Instructions on performing the

tasks. M

Lab [52] BackX (Back) 8 - Wearing the exoskeleton few days
before data collection. L

Lab [5] EksoVest prototype 12 (6♂, 6♀) 40 min
Proper fit, practice tasks, and

encouraged to determine preferred
postures.

H

Lab [53] CEX (Leg) 20♂ - Informed about wearing the
exoskeleton. L

Lab [35] SPEXOR (Back) 14 (7♂, 7♀) 5 min Proper fit, movement to get familiar
with the exoskeleton. L

Lab [54] Active Pelvis Orthosis 5♂ ~20 min
Familiarization with exoskeleton,

tuning of assistance level based on
comfort levels.

M

Lab [33] Noonee chairless chair
(Leg) 46♂ 1st visit to lab (one

session—30 min)

Getting familiar with wearing and
handling the device, practice the
tasks with/without exoskeleton.

M

Lab [55] BackX Model AC
(Back)

18
(9♂, 9♀) 3 h

Proper fit, familiarization with each
condition, finding preferred support

and postures.
H
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Table 1. Cont.

Article Type Exoskeleton Sample Size Training Duration Training Tasks Training Level
(L/M/H)

Lab [56] Laevo (Back) 9♂ 10 min
Donning, movement, and

familiarization with exoskeleton
followed by performing tasks.

M

Lab [57] Laevo (Back) 10 -
Introduction to exoskeleton,

donning/doffing device until
confident to perform task.

M

Field [20] Noonee chairless chair
(Leg)

4
(3♂, 1♀)

30 min (day before
experiment)

Training with safety instructions on
use of exoskeleton. M

Lab [58] Paexo Back (Back) 10 (5♂, 5♀) 20 min
Instructions, adaptation, and

training on functions of exoskeleton
and practice trial (for 5 min).

H

Lab [39] BackX (Back) 30 (20♂, 10♀) -
Watching instructional videos for
the proper procedures to don and

wear exoskeleton.
L

Validation
[59] E-Leg (Leg) 10♂ 15 min warm-up phase

before experiment Practice (wearing, squatting). L

Validation
[60]

Custom prototype
(Leg) - -

Orientation session, walking and
squatting while holding a support

rail. Fit was adjusted
simultaneously.

M

Validation
[61]

Custom Prototype
(Leg) 10♂ Before experiment

(unspecified)
Informed of the detailed test

procedure and exoskeleton settings. L

Lab [31] SkelEx 36 (18♂, 18♀)

5 min for reading/demo,
3 min for testing

participants on ability to
install/adjust

Instruction manual vs.
demonstration. H

3.2. Familiarization Protocols and Their Effects on Motor Learning

A subsequent review was conducted to study familiarization protocols and metrics
used to quantify motor learning across training sessions. The outcomes of the review can
be viewed in Table 2. To summarize, the effects of familiarization protocols on benefits
provided by EXOs were found to be mixed and depended on the design, purpose, task,
and users. For instance, one study found that novices could not achieve motor strategies of
experts even after three sessions [62]. A recent study incorporated a detailed familiarization
protocol that consisted of loaded marches, don/doff, adjustment/assembly, warm- up,
and muscle-activation exercises [63]. These tasks were carried out in three phases over
a duration of ~3 weeks with the assistance of an evaluator. Interestingly, the findings
showed that familiarization processes did not provide benefits of reducing metabolic cost
and muscular benefits. However, an earlier study by the same group [64] showed that
familiarization affected differently for different designs of the same EXO, and the adjustable
design affected motor learning. The duration of required training for an ankle EXO was
found to be more than the duration used for training in exoskeleton studies, and training
type had a significant effect [65]. Another study conducted an assessment to determine the
duration and number of training sessions required to get familiar with a soft back-assist
EXO by evaluating changes in biomechanical parameters (such as postural stability and
muscle activity) and recommended need for at least four sessions of 1 h duration [66].

As opposed to i-EXOs, those in the healthcare sector are often used for re-training lost
body functions in patients, where therapists guide and assist. A prior study conducted a
qualitative assessment by comparing two groups of therapists, where one was formally
trained and the other was exposed to clinical practice [12]. Findings from the study high-
lighted a steep learning curve and perceived difficulties in implementation of the device.
Benefits of using a familiarization protocol were found in a study evaluating perception
and usability of an EXO for walking in study participants that were provided training [67].
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A detailed step-by-step method consisting of 11 steps for training patients on proper use
of the devices has been proposed in a prior study [68], and similar protocols could be
developed for training users of their industrial variants. Studies also demonstrate the use
of biomechanical metrics as indicators of familiarization. For example, gait parameters
of stride duration, mediolateral deviation, and polygon of support area were found to
be good familiarization indicators for gait-training EXOs. Another study developed a
method to replicate body movements of therapists in patients and promote correct motor
learning [69].

Table 2. List of studies that implemented familiarization protocols to study their effects on motor
learning when performing tasks while assisted with an exoskeleton (EXO).

Article EXO (Primary
Purpose) Study Goals Sample Size Familiarization Protocol Outcomes

[64] UPRISE Gen 3.0, 4.0
(Military)

To assess differences
between

customizable (Gen
3.0) and adjustable
(Gen 4.0) designs of

EXO.

Dataset 1:
3♂ soldiers,

Dataset 2: 3 healthy
participants

Gen 3.0: 3 h daily sessions
for 9 days distributed over

2 weeks.
Gen 4.0: 14 days of training

(around 1 h 30 min)
distributed over a period of

4 weeks.

After familiarization, users
reduced their MCW when
using the customized but

not adjustable EXO.
Adjustment of the EXO
affected user and motor

learning.

[63] UPRISE Gen 4.0
(Military)

To understand
changes in metabolic
cost of walking after

a familiarization
process.

13
(12♂, 1♀)

~14 days of tasks (~1–1.5 h)
with an evaluator.

Distributed practice and
gradual progression of

loads and difficulty across
three phases. Tasks

included loaded marches,
don/doff,

adjustment/assembly,
warm-up, and

muscle-activation exercises.

Familiarization process did
not provide benefits of

reducing the metabolic cost
of walking and muscle

activation.

[62] Guardian XO 2019
prototype (Industrial)

Adaptation of
novices to EXOs and

comparison with
experts.

11♂ (6 novices, 5
experts)

Novices: initial
familiarization and three
subsequent gait sessions.
Experts: one gait session.

Novices demonstrated
progress but could not
achieve similar motor

strategies as experts even
after three sessions.

[68] ExoAtlet
(Rehabilitation)

Propose steps for
training patients on

using the EXO.
1♂

Validation:
Electroencephalography
(EEG) topographic maps,

pressure insoles, and
discomfort.

Training was beneficial in
clinical settings.

[70] TWIN
(Rehabilitation)

To provide four
biomechanical

metrics as
familiarization

indicators.

5

Five walking bouts.
Evaluation measures: gait
parameters, support area,

and muscle activity.

Stride duration,
mediolateral deviation

from a straight path, and
polygon of support area
were found to be good

familiarization indicators.

[71] Soft hip EXO
(Military)

To study metabolic
adaptations over
training sessions.

8♂ military cadets

Five training sessions
within 20 days. Task

consisted of loaded walking
(with ~20 kg).

Percentage benefits of EXO
in net metabolic cost

improved across sessions
from −6.2 ± 3.9% (session

one) to −10.3 ± 4.7%
(session five).

[72] Prototype
(Rehabilitation)

To conduct
wearability

evaluation of EXO.

15 healthy
individuals

(7♂, 8♀),
2♂ stroke survivors

Trials with
donning/doffing the device.

Evaluation included
donning/doffing time and

usability.

Participants were able to
independently don and

doff the device after four
practice trials.

[31] SkelEx (Industrial)
To assess effects of

media used for
familiarization.

36 (18♂, 18♀)

Instruction manual vs.
demonstration. 5 min for
reading/demo, 3 min for

testing participants on
ability to install/adjust.

Live tutorial led to higher
task performance and user

acceptance and reduced
global and local perceived

effort as well as errors.
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Table 2. Cont.

Article EXO (Primary
Purpose) Study Goals Sample Size Familiarization Protocol Outcomes

[67] TWIN EXO
(Rehabilitation)

To study effects of
familiarization

protocol.

9
(6♂, 4♀)

Proposed protocol included:
preparation, tutorial,

exoskeleton session, and
ending. assessment that

included System Usability
Scale, NASA Raw Task

Load Index, and surveys.

The protocol was found to
be beneficial for improving

familiarity.

[66] CORFOR soft back
EXO (Industrial)

To characterize the
familiarization
procedure and

determine the time
for stabilizing
biomechanical

parameters.

18♂

Six familiarization sessions
of 1 h. Measurements
included kinematics,

posture stability, perception,
muscle activity, and

performance during lifting
tasks (8 kg box).

Recommend four sessions
of 1 h to stabilize

parameters.

[65] Bi-lateral ankle EXO
(Mobility)

To understand the
effects of training and

type of training on
metabolic cost.

15
(10♂, 5♀)

Three training groups with
variation of Low, Medium,

and High in device
behavior.

Training required more
exposure than typical
studies of 109 min of

assisted walking. Low
variation group needed

2× duration of moderate
group. High group never

reached expertise.
Metabolic cost reduced by

39%, and training
contributed to half of the

benefits.

4. Limitations of Current Training Methods and Implementation Challenges

Review findings indicate a wide variation in the training procedures (duration and
tasks) for training study participants during EXO evaluation studies. For instance, duration
ranged from as low as a few mins per experimental task up to several days depending on
the complexity of the experiment, aims of the experiment, the design of the EXO being
evaluated, and the application area. While in some cases participants were trained in
donning/doffing, proper fit, and safety procedures, others mostly focused on specific
experimental tasks (Table 1). As observed from Table 2, effects of the type, duration,
and comprehensiveness of the familiarization protocols were observed on physiological
parameters during biomechanical assessments. Differences in training protocols may have
affected the level of adaptation across study participants, as well as between studies. This
implies that EXO evaluation studies require standardized training protocols so that the
outcomes are more generalizable across studies. It should also be noted that reviewed
studies (Table 1) involved novice participants that were recruited from the university
population, and there could be several challenges when training industrial workers. For
example, depending on the education level of workers, learning about using the device may
first require providing fundamental knowledge about the function of the devices. Similarly,
demonstrations and familiarization protocols may require instructor interventions as well
as assessments to test whether these devices are being properly used.

Designing proper training programs for users of i-EXOs poses several challenges. One
significant challenge is the customization of training to accommodate individual differences
in anthropometry, physical abilities, and prior experience with exoskeletons [23]. These
factors must be thoroughly assessed to tailor the training program effectively. Another
challenge is achieving optimal fit and alignment of the exoskeleton to the user’s body.
Exoskeletons come in various designs, and anatomical variability among users can make
it challenging to ensure a proper fit. Although alteration in design may be controllable,
especially during implementation phases, ensuring proper fit prior to use may help in
reducing such side effects. Besides relying on subjective measures (perspectives from
users) about the fit, objective methods could be utilized. To elaborate, along with simpler
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verification based on body size (anthropometric dimensions) and provided instruction
manuals (that often provide adjustability steps based on body/segment lengths), body
shape considerations are also needed. We recommend that instructors in exoskeleton
training focus on structural components of the device, their adjustment, and their relation
to discomfort caused by high-pressure spots at interfaces/attachments. After a low-fidelity
testing (subjective rating of comfort), a detailed assessment may be conducted using
objective tools such as pressure mat systems to assess the presence of such discomfort
regions [73–75]. Similar studies have also provided insights on user comfort level based
on body demands and range of motion [76,77]. Inputs from such studies (such as setting
an optimal assistance level to minimize discomfort and side effects) could play a crucial
role in the development of instructional materials for specific tasks/conditions in which
the i-EXO in consideration may be helpful. The following section provides a more detailed
account on the role of ergonomic evaluations in informing design of training programs.

5. Role of Ergonomic Evaluations in Exoskeleton Training Design

The field of ergonomics involves the study of human interactions with products, pro-
cesses, and the environment to optimize system safety and performance. Often, ergonomic
evaluations include obtaining qualitative (like comfort and usability) and quantitative
(such as kinematics, kinetics, muscular demands, and metabolic rate) measures to estimate
the impacts of interventions (i.e., EXO) on the human body. Earlier controlled assessments
have provided a detailed account of tasks where EXOs can be beneficial and those where
EXOs are known to increase demands (side- and adverse-effects). A recent review [10]
has stated that the majority of side effects (discomfort and reduced usability being the
most prominent) are related to incorrect fit, uncomfortable materials (e.g., straps, belts,
plates), or misalignment between i-EXO and human joints. Such conditions may cause
variation in distribution of assistive forces/moments, slippage of attachments during work,
or increased joint loading in other body regions. Proper donning/doffing and use of EXOs
can be evaluated by testing motor learning patterns of novice users and comparing biome-
chanical measures to those of experts. Training can incorporate biomechanical assessments
to study forces, movements, and loads on the human body (for instance, calculating low-
back compression force at the L5-S1 joint). This can help in obtaining insights into optimal
movement patterns (comfortable range of motion of upper limbs) and muscle-activation
strategies (increase/decrease in muscular demands within specific muscle groups). Previ-
ous studies that evaluated temporal effects of using i-EXOs denote that the devices may be
helpful in reducing fatigue [6,34,78], yet longitudinal and field studies have shown mixed
outcomes [3].

Few efforts were found on understanding the effects of adaptation/learning during
early phases of using EXOs as depicted in Table 2. One study [31] involved a lab-based
study that compared the effects of familiarization protocols of providing a live demonstra-
tion vs. reading an instruction manual. As expected, the findings showed that providing a
demonstration was beneficial in improving performance as well as usability and reducing
physical demand. In another study, differences in walking patterns between six novices
vs. five expert users were compared after they wore a whole-body active EXO in a recent
article [79]. The outcomes showed significant differences in spatial (25% less step/stride
lengths, and ~8◦ less knee/hip flexion among novices) parameters during walking. These
differences decreased after three training sessions showing the benefits of training EXO
users. Meanwhile, another study showed that during early adaptation phases, users may
require additional cognitive resources during movement while wearing an EXO, as inter-
preted from increased visual reaction time [80]. A more detailed study was also conducted
to study adaption of naïve users to an ankle-assist EXO by offering different levels of
variation in training (Low, Medium, High) [65]. With moderate training, large benefits
were displayed for customized assistance mode as shown by ~39% reduction in metabolic
rates compared to walking with the EXO turned off. Furthermore, the study also showed
that types of training can significantly affect training duration. In another study about eval-
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uating motor adaptation of an ankle EXO controlled using muscle activity, recruitment of
soleus muscle decreased by ~35% after practice [81]. Moreover, study participants retained
adapted locomotor pattern, as assessed by similar muscle activity, kinematic, and kinetic
forms between different sessions. These studies not only highlight the benefits of providing
training to EXO users, but also show the role of ergonomic/biomechanical evaluations in
developing training programs.

6. Comprehensive Framework for Training Exoskeleton Users

The successful integration of i-EXOs into the workplace requires a comprehensive
and effective training program. For instance, a prior study mentioned a familiarization
protocol consisting of the following steps: Demystification, Technics, Potential, Limits,
Donning/Adjusting/doffing, and Free experience (without industrial constraints) [31].
The study provided a 7-level familiarization chart, and suggested that subjects need to
reach a level of four prior to using i-EXOs [31]. Fundamental theories and models in the
field of instructional design were reviewed to understand methodologies used to develop
training programs. According to the principles of effective instruction, learning is promoted
when (a) it is problem-centered, (b) prior knowledge is activated, (c) new knowledge is
demonstrated, (d) applied, and (e) integrated in the real world [13]. These principles can be
related to designing training protocols for specific applications. Based on the instructional
design practices, we propose a training framework abbreviated as IBDEI (Identify, Brief,
Demonstrate, Evaluate, Implement) for training the workforce on i-EXOs [13,25,29,82].
This five-step approach (Figure 3) encompasses the identification of user needs, delivery
of fundamental knowledge, hands-on demonstrations, evaluation of performance, and
real-world implementation.
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6.1. Identifying Key Factors and Training Requirements

Planning a training initially involves understanding the target user group and their
specific needs [15]. In order to identify important factors in designing an exoskeleton-
specific training, we reviewed studies on exoskeletons focusing on the design of the devices,
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their usability, wearability determinants, and adoption barriers [12,72,83–85]. i-EXOs are
designed to be worn by the working population. Literature demonstrates the application of
these devices in industrial tasks such as assembly [17], construction [57], and healthcare [56]
where repetitive and sustaining postures (such as flexed trunk during bending or holding
hands above head during overhead work) are common. Furthermore, end-user specific
factors such as physical abilities, job tasks, and prior experience with exoskeletons should
be assessed prior to developing a training. Although the end-users of i-EXOs, being a
manual workforce, could be assumed to represent specific characteristics (such as education
level), such characteristics may vary depending upon the industry sector. For example, user
requirements in manufacturing (male dominant workforce, majority of overhead and/or
lifting tasks, rugged environments) vs. healthcare (female-dominant workforce, high-paced
work, sterile environments) may be fundamentally different (including the use of i-EXOs).
Thus, the comprehensive instruction on the correct operation, adjustment, and maintenance
of the i-EXO can vary based on the use case scenario of end-users.

Improper fit and lack of adjustment could cause detrimental effects on the wearer’s
body [86]. Thus, training should cover proper fitting procedures, adjustment of device joint
stiffness and assistance levels, troubleshooting common issues, and emphasize education
on ergonomics and body mechanics to promote proper movement patterns, which depend
highly upon the users and type of task during their routine work, as well as the work culture
(level of high demands and exposure time). Although i-EXOs aim to reduce the risk of
musculoskeletal injuries, if incorrectly worn or used, the assistance provided may impede
natural body motion or harm the otherwise healthy joints of users [10,11,87]. Similarly,
safety protocols and emergency procedures should also be emphasized, especially during
rare cases if the structure of the i-EXO breaks or the mechanism malfunctions, leading to
unintended forces on body joints and body movement [8]. Considerations are also required
for covering instances and action plans for accidents occurring during use of i-EXOs. Due to
a wide variation in the type and design of i-EXOs, developing a regime that fits every case
may be infeasible; hence, developing a systematic approach to training design is needed.
In summary, these eight key factors as depicted in Figure 4, namely, end-user qualities,
workforce trends, maintenance, safety, work culture, end-user needs, environment, and
work type could be crucial in developing training for exoskeleton users.

To understand the individual user needs and expectations, tools such as questionnaires
and one-to-one semi-structured interviews may be used [13,26,29]. Individual problem
statements can then be designed to target each of the challenging aspects required in
effectively and safely performing the tasks using i-EXOs. Problem statements can be
generated based on some of the identified key factors, and Table 3 depicts a list of such
potential statements that may be used for developing case scenarios to train i-EXO users.

Table 3. List of potential problem statements to be used for developing training protocols.

No. Problem Statements for Developing Problem-Centered Instruction Protocols

1. How to determine and set required assistance levels for actuators of the exoskeleton?
2. How to adjust the exoskeleton to varying body sizes/shapes?
3. How to detect and test if the actuators are working properly?
4. What is the step-by-step process of donning, and doffing the exoskeleton?
5. How to engage/disengage actuator assistance of the exoskeleton?
6. How to perform tasks by using assistance provided by the exoskeleton?
7. How to determine whether the exoskeleton requires maintainence, or repairs?
8. What is the procedure for cleaning the exoskeleton without damaging?
9. What is the procedure to safety remove the exoskeleton in the event of a breakdown?
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6.2. Briefing, Demonstration and Evaluation

The second step, “Brief” step focuses on delivering fundamental knowledge and
educating users on the basics of exoskeleton operation, adjustment, and maintenance.
This may include providing information on the correct fitting procedures, adjustment of
joint stiffness and assistance levels, as well as troubleshooting common issues of i-EXOs.
Particularly, fundamental operating principles of the device can be delivered during this
phase (such as checking mechanism/actuator functionality and assistance levels prior to
donning). Training materials and instructional strategies may also include mixed media
(video/audio descriptions of taught content) and must be pre-designed to effectively
deliver the essential knowledge to users [26].

In the demonstration step, learners should be provided with one-by-one demonstra-
tions of task scenarios that are based on the identified key factors (Figure 3), such as fitting
the exoskeleton to the user’s body, setting appropriate assistance levels, and executing
the task safely and efficiently. Such demos can be conducted by a trained instructor or
by individuals with previous experience in using i-EXOs. Demos should guide learners
through the entire procedure of donning, setting assistance, using, and doffing. Further-
more, simulations of activities that may not be evaluated can be demonstrated under
controlled circumstances (such as response strategy in the event of mechanism malfunction
during use).

Evaluation is a crucial step in the training framework, where a test plan is developed to
assess the user’s performance and understanding of the training content [88,89] as per the
discussed considerations for the role of ergonomic/biomechanical evaluations in ensuring
training effectiveness. This evaluation process may include hands-on assessments, practical
exercises, and simulated tasks. Gamification alternatives can also be explored to improve
motivation and learning experience [90]. Specifically, learners may be asked to perform
the demonstrated activities under vigilance from an expert/instructor with appropriate
interventions to correct learners’ performance. The training can be designed with scaf-
folding, which involves gradually reducing guidance as users progress through increasing
difficulty levels. Due to wide variations in commercial EXO products (active/passive, shoul-
der/back/leg, rigid/soft) as well as industrial activities, assessments can be designed on a
case-by-case basis depending on the type of i-EXO and specific task under consideration.
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The three phases of briefing, demonstrating, and evaluation, treated as a module, can
be iterated for the number of identified problem statements (e.g., optimizing assistance for
individuals, visual inspection of mechanism, etc.). Each such module can be defined based
on increasing level of difficulty (with the easiest ones completed first). After completion of
each module, appropriate tests must be provided to ensure that learners can independently
solve each of the defined problem statements. More complex tasks may be assessed at
this stage with the help of biomechanical data-acquisition methods (such as measuring
metabolic rate differences or muscle activation [6,78,91–93]) to ensure that the devices are
beneficial. Lastly, feedback from assessments and user observations helps identify areas for
improvement in subsequent training modules.

6.3. Implementation in the Real World

The final step in the framework focuses on implementing the trained skills in real-
world settings. Users may be observed/provided with continued guidance to ensure
proper adherence to protocols and safe operation of the exoskeleton. Observations and
user feedback at this stage may also be used to further enhance and refine the training
program for future iterations [29]. With the proposed framework, training programs for
i-EXOs can be designed to address specific factors and challenges, ultimately enhancing
user competency and facilitating their safe and effective integration into the workplace.

7. Data-Driven and Emerging Technologies for Augmenting Exoskeleton Training

Performing tasks safely and effectively with an i-EXO depends on the ability of the
individual to learn the needed changes in motor skills when wearing the device. Emerging
technologies such as Virtual Reality (VR) or Augmented Reality (AR) can be utilized for
simulating realistic tasks [94]. For example, VR simulators have been found to be effective
in improving training on surgical robotic systems [95]. Prior efforts demonstrate the use of
a Virtual Reality (VR)-based framework to test, experience, and train users based on a set
of feedback modalities [96]. The simulation platform enabled users to select parameters
for the simulation, which provided feedback in the form of visual, vibro-tactile, and force-
feedback to the users. In addition, outcomes on motion and metabolic exposures were
also provided to users, along with trajectories which may assist in reducing adaptation
time while also providing real-time feedback. In another study, a haptic-based sensation
transfer system was developed to migrate haptic and kinematic feeling of experts of i-EXOs
to novices [97]. Similarly, a simulator-style device representing different types of i-EXOs,
and their actuation capabilities, can be developed, which can be used to train the workforce
in the real world. Such a simulator can incorporate features from a diverse set of i-EXOs
in the market along with adjustable parameters that can enable training the workforce on
different types of devices. Along with helping users to get trained on different types of
devices, such a system can also be helpful in identifying devices in the market that are
better suited to the user characteristics/preferences and the task.

Sensors and data-driven approaches can be utilized to estimate real-time physical
demands by recording measures like muscle activity, trunk motion, and stability as the
trainee performs the tasks, as demonstrated in previous evaluation-based studies [98]. More
importantly, this can be utilized to identify and predict instances (postures or movements)
and demands for selected tasks, device parameters, and user characteristics that can lead
to detrimental effects on the wearer’s body. In addition, real-time fatigue-level prediction
and forecasting models can be implemented to predict temporal effects, as described in
our previous work [99]. Providing this feedback to the trainer can drive interventions,
such as correcting body postures/movements or even the selection of appropriate device
parameters. With recent technological developments in digitization, intelligent tutoring
systems can be developed and implemented to provide personalized training to users [100].
For instance, data from trainees related to performance or physiological measures can be
collected during training sessions and compared with previously established standards
(e.g., with experts) to customize delivery and pace of the training sessions. A training
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platform utilizing integrated mechanisms, sensing, Artificial Intelligence (AI), and VR/AR
was proposed in a recent study where performance evaluation was conducted throughout
as workers performed tasks [101]. Another advantage of using VR/AR-based systems is
that they can provide real-time visualization of training progress, performance, as well as
provide guidance and instructions. To summarize, AI-assisted training can be beneficial by
providing customized training based on individual experiences/skill levels and improving
overall outcomes.

8. Study Limitations

Due to the rapid growth in exoskeleton research and development, the implementation
requirements of the devices have not been thoroughly explored. Specifically, topics related
to training of i-EXO users in actual workplaces have not yet been explored in academic
literature. Although this article considered articles that considered training novice users of
i-EXOs, many such studies included training/familiarization protocols to ensure motor
adaptations prior to experimental assessments. As training itself was not an objective, many
details regarding the training were observed to have been omitted. Only a few studies
with primary aims of evaluating effects of familiarization protocols were found in the
literature. Future research in the field of training for i-EXO users holds significant potential
for enhancing user safety, performance, and overall experience. One important direction for
future investigation is the development of personalized training approaches that consider
individual user characteristics and needs, such as anthropometry, physical abilities, and
prior experience. Additionally, further research is needed to explore the long-term effects
of exoskeleton-provided training (vs. not providing detailed training) on user performance,
musculoskeletal health, and work-related outcomes. Investigating the optimal timing
and duration of training programs, as well as the potential benefits of ongoing training
and refresher courses, can provide valuable insights for designing comprehensive and
sustainable training protocols. Furthermore, the integration of emerging technologies
(such as the use of motion capture systems), in training programs warrants exploration to
enhance engagement, simulate realistic work scenarios, and facilitate skill acquisition. In
this study, a framework has been proposed for training i-EXO users. Although the method
is derived from foundational concepts in instructional design, the proposed framework
needs to be tested by conducting detailed evaluations to ensure the retainability of the
learnt topics. Future research efforts in these areas can contribute to the advancement of
training practices and optimize the utilization of i-EXOs across diverse work settings.

9. Conclusions

Educating workers on the proper use of assistive devices plays a vital role in ensuring
the safe and effective integration of i-EXOs into the workplace. Review findings indicated
variations in training methods (duration and familiarization tasks) across evaluation-based
studies. Training was provided for donning/doffing, ensuring proper fit, body movement,
experimental tasks, setting assistance levels, and safe use. Means of instruction included
instruction manuals, videos, and demonstrations by instructors. Studies that assessed the
effects of familiarization protocols showed that novice users may require up to four sessions
to achieve motor strategies of experts. On the other hand, evaluation-based studies often
considered training sessions of much shorter durations, indicating the need to test motor
adaptations of study participants prior to testing. Incorporating inputs from ergonomics
and biomechanics can enhance the design of training and adaptation to using the device,
ultimately ensuring proper movement patterns and safe operation. Considerations such as
understanding the target user group, providing comprehensive instruction on operation
and maintenance, emphasizing ergonomics and body mechanics, and utilizing a combi-
nation of instructional methods contribute to the success of training programs. Training
sessions can be assisted with ergonomic/biomechanical evaluations (such as comparisons
between novice/experts) to gain insights on motor learning patterns of novices and could
be potentially helpful in determining the optimal duration and instructional depth across
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different types of EXOs and tasks. Future studies can integrate technologies such as simu-
lators, VR/AR, and sensor-based data-driven approaches, including the use of machine
learning and AI-assisted guidance for improving training outcomes.
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Abstract: This study aimed to identify whether the combined use of functional electrical stimulation
(FES) reduces the motor torque of a gait exercise rehabilitation robot in spinal cord injury (SCI)
and to verify the effectiveness of the developed automatic assist level adjustment in people with
paraplegia. Acute and chronic SCI patients (1 case each) performed 10 min of gait exercises with and
without FES using a rehabilitation robot. Reinforcement learning was used to adjust the assist level
automatically. The maximum torque values and assist levels for each of the ten walking cycles when
walking became steady were averaged and compared with and without FES. The motor’s output
torque and the assist level were measured as outcomes. The assist level adjustment allowed both the
motor torque and assist level to decrease gradually to a steady state. The motor torque and the assist
levels were significantly lower with the FES than without the FES under steady conditions in both
cases. No adverse events were reported. The combined use of FES attenuated the motor torque of a
gait exercise rehabilitation robot for SCI. Automatic assistive level adjustment is also useful for spinal
cord injuries.

Keywords: spinal cord injury; functional electrical stimulation; rehabilitation robot; reinforcement
learning; assistive level

1. Introduction

Worldwide, approximately 15.4 million people have been living with spinal cord injury
(SCI). SCI is a major cause of long-term disability, accounting for over 4.5 million years of
life lived with disability in 2021 [1]. Many of these injuries are reported to result from high-
energy trauma, such as motor vehicle accidents and falls. In contrast, the number of cases
of incomplete SCI due to low-energy trauma from falls on level surfaces in older adults
is increasing in Japan [2]. In particular, in the case of incomplete paralysis, appropriate
assistance is needed in rehabilitation, in accordance with motor learning theory, depending
on the recovery process of motor paralysis. A basic premise of motor learning is that of
high-volume repetition and task-oriented training. Treatments based on this premise have
become a major focus of research on the recovery of motor function in central nervous
system disorders such as spinal cord injury and stroke [3,4]. For high-frequency training,
robotic rehabilitation can provide more extensive training while compensating for the
patient’s lost functions and reducing the burden on supporting medical staff.

Neuromodulation techniques, such as functional electrical stimulation (FES), are
important tools in restorative neurology [5]. FES can noninvasively activate paralyzed
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muscles or muscle groups through electrodes placed on the skin. Depending on whether
the upper or lower motor neurons are damaged, stimulation directly activates the motor
nerves or muscle fibers. Nerve stimulation relies on intact peripheral nerves and neural
signal processing in the intact portion of the spinal cord below the lesion [6]. Kralj et al. [7]
developed an FES method and system to facilitate ambulation in individuals with spinal
cord injury. Furthermore, FES has been used in combination with ankle–foot orthosis [8]
and hip–knee–ankle–foot orthosis [9]. There have also been several reports of the addition
of FES into gait training rehabilitation robots [10,11], and it has been reported to reduce the
electric motor torque of an exoskeletal assistive walking robot [12]. A systematic review
and network meta-analysis has also indicated that FES was the most effective treatment for
improving walking velocity and distance in incomplete spinal cord injury [13]. Furthermore,
combining FES with a robot resulted in exercise with less muscle fatigue than FES alone [14],
making hybrid FES–robot training a viable option for prolonged exercise. As a result, the
use of a gait rehabilitation robot with FES improves the range of motion of the joints, the
muscle strength and the ability to walk [15,16]. Robot-assisted training with FES appears
to support the recovery of residual function after SCI and has been observed to lead to
improvements in motor function and strength in the lower extremities [17]. Previously,
we developed a gait training rehabilitation robot with FES [18] and confirmed that the
robot’s torque was reduced by using FES in pseudo paraplegics [19]. In addition, a function
for automatically adjusting the level of assistance using reinforcement learning has been
developed, and its effectiveness in healthy subjects has been confirmed [20].

It is unknown whether using FES in combination with a gait training rehabilitation
robot reduces motor torque in people with paraplegia with spinal cord injury. Moreover,
there are currently no devices that automatically adjust the level of assistance. This study
aimed to verify whether concurrent use of FES reduces the motor torque of a gait exercise
rehabilitation robot in SCI and the effectiveness of the developed automatic assist level
adjustment in people with paraplegia.

2. Materials and Methods

Patients with paraparesis were recruited from our institution. Paraparesis was defined
as those with SCI because of trauma. The inclusion criteria were as follows: (1) inability to
walk unaided; (2) recognition of the significance of this research and participation in the
research of their own free will; and (3) written informed consent after explanation in the
informed consent document. The exclusion criteria were as follows: (1) inability to follow
the therapist’s instructions, (2) conditions in which exercise load leads to deterioration of
physical condition, (3) severe joint contractures or deformities, and (4) other movement
limitations for any reason.

Patients performed 10 min of gait exercises with and without FES using a rehabilitation
robot. The robot’s exoskeleton was designed based on the hip–knee–ankle–foot orthosis
for paraplegia. The trunk, thigh, and lower leg were secured with belts. An ankle-foot
orthosis (RAPS, Tomei Brace, Seto, Japan) was used for the ankle joint, allowing for angle
adjustment based on the patient’s spasticity. The actuators driving the hip and knee joints
were equipped with encoders, enabling the acquisition of joint angle data. Although
the entire exoskeleton weighed 40 kg, it did not affect the patient during use owing to
the weight being offset by a counterweight. The orthosis could be adjusted in length
to fit each patient’s thigh and lower leg. The patients were lifted, and their weight was
supported by a rehabilitation lift (SP-1000, Moritoh, Ichinomiya, Japan); following this,
they were walked under this condition on a treadmill (8.1T, JohnsonHealth Tech Japan,
Tokyo, Japan). Bilateral quadriceps and hamstrings were stimulated using FES (Dynamid,
DM2500, Minato Medical Science, Osaka, Japan) (Figure 1). The quadriceps, primarily the
rectus femoris, were stimulated from mid-swing to mid-stance during the robotic gait cycle.
The stimulation point was located at the motor point, identified by palpation of the anterior
superior iliac spine and lateral femoral condyle. The hamstrings, mainly on the lateral side,
were stimulated from pre-swing to mid-stance, and the stimulation point was located at
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the motor point identified by palpation of the sciatic tuberosity and the head of the fibula.
The exoskeleton system was pre-programmed using gait data from the joint angles of a
healthy individual. The system performs walking motions by changing the positions of the
hip and knee joints according to the gait data. The stimulus intensity was set to the lowest
stimulus (15–20 mA, 25 Hz) that produced joint movement, and the stimulus timing was
synchronized to the gait cycle [19].

 

Figure 1. Gait exercise rehabilitation robot. The robot has an exoskeleton, rehabilitation lift, treadmill,
and functional electrical stimulation (FES).

In this device, the motor drive was controlled by a computer to reproduce the walking
motion. The motor’s output torque (Nm) was proportional to the stiffness parameter, and
the range was divided into 50 parts, defined as the assist level. The higher the assistance
level, the greater the amount of assistance. Force control was used to control the motor, and
compliance control was used to vary the amount of assistance. The control Equation (1)
used for compliance control is shown below.

τ = K·θ + C·
.
θ + I·

..
θ (1)

In the equation, K (Nm/deg) represents the stiffness; C (Nm/deg·s) represents the
viscosity; I (Nm/deg · s2) represents the inertia; θ (deg) represents the deviation between
the target joint angle and measured angle;

.
θ (deg/s) and

..
θ (deg/s2) represent first and

second derivative values of θ, respectively; and τ (Nm) is the motor torque. The equation
follows the equation of motion, and the first term indicates that the motor output increases
as the difference between the target joint angle and measured joint angle increases. In the
first term, the output torque is proportional to the stiffness parameter K, i.e., when the
stiffness parameter represented by K is large, the output torque increases; conversely, when
K is small, the output torque decreases. In this study, the ranges of stiffness, viscosity, and
inertia parameters were determined experimentally based on a previous study [16] and
the range of stiffness (K) was divided into 50 parts and defined as the assist level. The
assistance level provided feedback to the patient through data displayed on the computer
monitor placed in front of the robot.
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Reinforcement learning was used to adjust the assist level automatically. The method
used was Q-learning, a type of off-policy temporal difference learning, and the ε-greedy
method was used to determine the policy [21]. In this study, the reinforcement learning
environment was defined as “the device and the entire subject wearing it”. The subject
was trained to select actions by choosing between three options: increasing, maintaining,
or decreasing the level of assistance. The subject was rewarded with angular error and
motor torque for each walking cycle. The ε-greedy method introduced a search rate ε
(0 ≤ ε ≤ 1) into the decision process and prevented the system from falling into a local
solution through exploration by selecting a random action with probability ε regardless of
the action value and an action corresponding to the maximum action value with probability
1 − ε. In the initial stages of learning, we increased the proportion of exploration by setting
ε to a large value and collecting knowledge. Then, in the advanced stages of learning,
we set ε to a small value so that the robot can select the optimal action by using the
collected knowledge. The Q-learning algorithm is an off-policy type and the aim was not
to optimize the policy, but to optimize the action state value function Q, which indicates
the effectiveness of actions, and to construct a decision-making standard that can select the
optimal action for the environment. The update equation for updating the Q value Q(st, at)
when action at is selected in state st is shown in Equation (2).

Q(st, at)← Q(st, at) + α(γ + γ · maxQ(st+1, at+1) − Q(st, at)) (2)

In Equation (2), s represents the state, a represents the action selected in state s,
α(0 ≤ α ≤ 1) represents the learning coefficient, r represents the reward obtained as a result
of the action, γ(0≤ γ ≤ 1) represents the discount rate, and maxQ(st + 1, at + 1) represents the
maximum Q value of the actions that can be selected in the next action. The action value
function Q for selecting action a in a given state s is expressed as Q(s, a). The Equation (2)
means that if the value of the reward r, obtained as a result of the action, is positive,
then the value of Q(s, a) is increased, and if the reward is negative, the value of Q(s, a) is
decreased. By repeating the process of taking actions and updating the Q value using the
Equation (2), it becomes possible to proceed with learning about the Q value. In addition,
in the Equation (2), the state s, action a, and reward r represent variables that are brought
about by interaction with the environment, so there was no need to adjust the parameters.
The parameters that had be adjusted here were the learning coefficient α and the discount
rate γ. The actions that the agent could take were classified as increasing, maintaining,
or decreasing the assist level, and the corresponding Q values were set for each. Because
the ε-greedy method was used here to determine the policy, the action corresponding to
the largest Q value among each of these was selected, while a random action was selected
with probability ε, and the Q value was updated according to the reward obtained from the
environment as a result. By repeating this process, the Q values were updated to minimize
the reward r obtained, thereby reducing the discrepancy between the joint angle and motor
torque during the walking cycle. This allowed the assist level to be adjusted to an optimal
level for the patient.

The walking speed was set at 0.8 km/h. The maximum torque values and assist levels
for each of the 10 walking cycles when walking became a steady condition were averaged
and compared with and without FES. All statistical analyses were conducted using EZR
(Saitama Medical Center, Jichi Medical University, Saitama, Japan) [22]. The motor torque
and assist level were compared using the paired t-test, with statistical significance set at
p < 0.05.

This study was approved by our institution’s ethics committee (approval number:
CRB2180005). All of the individuals voluntarily participated in the study and provided
written informed consent.

3. Results

The subjects were a patient with acute thoracic spinal cord injury (33-year-old man),
2 weeks after injury, American Spinal Injury Association (ASIA) Impairment Scale (AIS) C,
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neurological level of injury (NLI) T12 without spasticity, and a patient with chronic thoracic
spinal cord injury (34-year-old man), 2 years after injury, AIS C, and NLI T11 with spasticity
(modified Ashworth scale: grade 2).

Assist level adjustment allowed both the motor torque and assist level to decrease
gradually to a steady state. Each value reached a steady state between 60 and 120 s. The
motor torque was significantly lower with the FES than without the FES under steady
conditions in both cases (Table 1). Furthermore, the assist levels were significantly lower
with FES than without FES in both cases (Table 2).

The electrical stimulation delivered via the FES did not cause any adverse effects, such
as pain, and did not lead to any adverse events associated with robotic gait exercises.

Table 1. Motor torque.

(Nm)
Case 1 Case 2

FES (−) FES (+) p FES (−) FES (+) p

Hip
Right 18.6 ± 1.5 16.6 ± 1.7 0.0237 17.9 ± 1.2 8.7 ± 1.2 <0.001

Hip
Left 18.1 ± 1.4 16 ± 1.6 0.0181 14.7 ± 1.3 11.9 ± 1.7 <0.001

Knee
Right 20.3 ± 1.8 13.1 ± 1.5 <0.001 15.4 ± 1.2 13.4 ± 1.6 0.0047

Knee
Left 19.2 ± 1.4 17.1 ± 1.9 0.0226 18.4 ± 1.5 12.2 ± 1.3 <0.001

Table 2. Assist levels.

(Nm)
Case 1 Case 2

FES (−) FES (+) p FES (−) FES (+) p

Hip
Right 28.5 ± 0.5 26.5 ± 0.5 <0.001 42.9 ± 0.3 30.9 ± 0.7 <0.001

Hip
Left 24.1 ± 0.6 23.4 ± 0.7 0.0445 38.9 ± 0.3 30.9 ± 0.3 <0.001

Knee
Right 30.8 ± 0.4 23.9 ± 0.3 <0.001 25.4 ± 0.5 20.6 ± 0.5 <0.001

Knee
Left 29.5 ± 0.5 17.5 ± 0.5 <0.001 33.9 ± 0.3 21.4 ± 0.5 <0.001

4. Discussion

The combined use of FES attenuated the motor torque of the gait exercise rehabilitation
robot for spinal cord injury. Furthermore, automatic adjustment of the assistance level using
reinforcement learning proved to be effective in gait exercises for patients with spinal cord
injuries, and the combined use of FES attenuated the assistance level. It was shown that
the automatic assist level adjustment system could be used in conjunction with the torque
generated by the FES. This suggests that the intrinsic muscle activity generated by FES
reconstructed some of the torque required for walking (Figure 2). In conventional robotic
gait training, the gait is reconstructed by combining the robot torque with the patient’s
muscle torque; the use of FES in conjunction may help attenuate the robot torque.
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Figure 2. The motor torque. Conventional robots were constructed using the robot’s torque and their
own muscle’s torque in order to prove the torque required for walking. Motor torque is attenuated by
the combined use of functional electrical stimulation (FES). Furthermore, the required motor torque
decreases as the patient’s muscle torque improves.

In functional electrical stimulation therapy (FEST), three factors are crucial: the patient,
FES, and the therapist [23]. A phase I randomized control trial (RCT) has revealed that
locomotion function improved significantly more with FEST than a non-FEST controlled
intervention [24]. The therapist could be replaced by a robot. Regarding the combination
of FES and gait rehabilitation robots, we have reported that the smoothness of movement
was not lost even when FES was used in combination [18], and that the robot torque was
reduced by pseudo-paraplegia [19]. The present study builds on these previous reports and
extends them by demonstrating that the combined use of a gait rehabilitation robot and FES
reduces the motor torque of the robot in SCI. In order to substantiate the clinical efficacy
of FEST when utilizing robots, it is necessary to conduct RCTs; for example, to compare
FEST with FES monotherapy. Furthermore, the potential of combining robotics and FES in
rehabilitating patients with disorders affecting the central nervous system remains to be
fully validated. Future validation is needed because robotic rehabilitation is expected to be
integrated with brain–computer interface (BCI) [24] in the future.

Although machine learning and reinforcement learning in exoskeletal rehabilitation
robots have previously been studied and reported on [25–27], this is the first report of their
combination with FES for SCI. The automatic and appropriate adjustment of task difficulty
according to the degree of paralysis is an effective rehabilitation tool from the perspective
of motor learning [28]. Furthermore, the patients did not experience any discomfort during
gait, and no adverse events were observed. Further research is required to ascertain the
clinical efficacy of this system’s rehabilitative intervention.

The integration of FES into the robot resulted in a reduction in the torque of the
motor. This could ultimately result in a reduction in power consumption and size. The
large size of conventional gait rehabilitation robots has been a substantial barrier to their
implementation in a broader range of settings. It is of paramount importance to reduce
the size of the robot if the objective of achieving the generalization of robotic rehabilitation
is to be met. The incorporation of artificial muscles may prove an efficacious solution
to these challenges [29]. Given that the concurrent use of an exoskeleton-type robot and
a treadmill represents a safe method for gait training rehabilitation, it is imperative to
reduce the size of each to promote the overall effectiveness of robotic rehabilitation. As
FES reduces the torque generated by the robot’s motor, it seems reasonable to employ FES
to reduce the overall size of the robot. Consequently, the treadmill size can be reduced,
thereby increasing compatibility with the treadmills that are commonly used. This may, in
turn, facilitate the implementation of gait training rehabilitation robots in a wide range of
applications, including the prevention of disabilities in the aging population. From this
study, clinicians should consider combining FES with a gait rehabilitation robot, including
the clinical efficacy of FES in SCI.
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This study has several limitations. First, it included only two cases, but data were
available for both acute and chronic cases. The automatic assistance level adjustment
system proved useful in both cases. However, further validation of the clinical effects of
rehabilitation with a sufficient number of patients is needed. Second, the walking speed
and FES settings were fixed; further verification of the variations caused by changes in
speed and FES settings is needed.

5. Conclusions

The combined use of a gait rehabilitation robot and FES reduced the robot’s motor
torque in SCI, and automatic assist level adjustment through reinforcement learning was
effective in people with paraplegia. The clinical outcomes need to be evaluated.
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Abstract: Kinematics, kinetics and biomechanics of human gait are widely investigated fields of
research. The biomechanics of locomotion have been described as characterizing muscle activations
and synergistic control, i.e., spatial and temporal patterns of coordinated muscle groups and joints.
Both kinematic synergies and muscle synergies have been extracted from locomotion data, showing
that in healthy people four–five synergies underlie human locomotion; such synergies are, in general,
robust across subjects and might be altered by pathological gait, depending on the severity of the
impairment. In this work, for the first time, we apply the mixed matrix factorization algorithm to
the locomotion data of 15 healthy participants to extract hybrid kinematic–muscle synergies and
show that they allow us to directly link task space variables (i.e., kinematics) to the neural structure
of muscle synergies. We show that kinematic–muscle synergies can describe the biomechanics of
motion to a better extent than muscle synergies or kinematic synergies alone. Moreover, this study
shows that at a functional level, modular control of the lower limb during locomotion is based on an
increased number of functional synergies with respect to standard muscle synergies and accounts for
different biomechanical roles that each synergy may have within the movement. Kinematic–muscular
synergies may have impact in future work for a deeper understanding of modular control and
neuro-motor recovery in the medical and rehabilitation fields, as they associate neural and task space
variables in the same factorization. Applications include the evaluation of post-stroke, Parkinson’s
disease and cerebral palsy patients, and for the design and development of robotic devices and
exoskeletons during walking.

Keywords: mixed matrix factorization; kinematic–muscular synergies; EMG; gait; muscle synergies;
motor control; kinematics

1. Introduction

Human locomotion is the result of a coordinated action of a large number of muscles.
The number of muscles largely exceeds the number of degrees of freedom and, hence,
the musculoskeletal system is highly redundant [1]. An accepted theory of motor control
suggests that the central nervous system (CNS) produces movement through a combination
of a limited number of spatial and/or temporal patterns, referred to as muscle synergies [2].
Muscle synergies can be extracted through the decomposition of electromyographic (EMG)
signals in spatial [3], temporal [4], spatiotemporal [5] or space-by-time [6] motor modules.
The spatial synergy model, which is the most used, describes the generation of motor
commands as the combination of task-independent muscle weights (synergies) and task-
dependent temporal activations.

So far, human gait has been analyzed in the framework of synergistic control in the
muscle and in the kinematic domains separately. Studies agree in finding four to five motor
synergies as fundamental blocks underlying locomotion, corresponding to biomechanical
functions, such as weight acceptance, push off, swing, and leg deceleration [4,7–9]. In
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particular, the first two synergies and the last synergy (in chronological order with respect
to a stride) are usually confirmed by most of the literature: weight acceptance at heel strike
is mainly characterized by the activity of glutei muscles, tensor fascia latae, vastus medialis
and rectus femoris, to guarantee the stabilization of the joints during weight transfer;
the push off synergy is represented by the muscles needed to provide propulsion, i.e.,
gastrocnemii, soleus and peroneus longus; at the end of the swing phase, leg deceleration is
controlled by the hamstring muscles [4,7–9]. In the first part of the swing phase, one or two
synergies are usually identified, in which the trunk muscles are also involved. If only one
synergy is considered, the main muscles involved are trunk muscles, rectus femoris and
tibialis anterior [7]; while if two synergies are considered, the activity of the trunk muscles
and the tibialis anterior is divided into two distinct synergies in which one controls the
trunk position and the other controls the foot movement [4,8,9]. Several studies examined
muscle synergies in healthy participants in different conditions, such as at different speeds,
in the shift from walking to running, and on curvilinear trajectories, and these synergies
were shown to be robust across individuals and walking conditions [10], such as changes
in walking speed [8,11], body weight support [4] or shifting from walking to running [12].
In pathology, the number of extracted synergies is, in general, lower and depends on
the severity of the disease [13]. Stroke patients have less synergies on the paretic side
and synergy composition becomes less selective and less sparse, indicating increased co-
activation patterns [14–16]. Indeed, modules extracted from healthy controls can merge
into only two or three modules, reducing the complexity of motor control. Patients with
cerebral palsy (CP) showed fewer synergies with respect to healthy controls, similar to
stroke patients, indicating the use of a simplified motor strategy compared to healthy
people [17].

While representing the coordinated neural input to muscles (muscle synergies) and
the coordinated joint motor output (kinematic synergies), conventional approaches, such
as NMF or PCA, may fail in finding a direct, quantifiable link between the neural drive
and the motor output they generate. Indeed, these conventional approaches have some
limitations, such as the constraint of non-negativity for the NMF, which does not allow
for modeling unconstrained data (such as kinematics) that can be positive or negative,
indicating joint flexion or extension [18]. PCA may capture this type of data, but the con-
straint of orthogonality between the principal components makes this method not ideal for
capturing the link with task space, as no physiological observation supports the hypothesis
of orthogonality between the extracted synergies. It follows that synergistic analyses have
been mostly based on single domains. The investigations so far assessed muscle synergies
and kinematic synergies separately. When some approaches tried to combine the two
domains, they were usually based on qualitative or separate assessments. Indeed, biome-
chanical functions were related to synergies only on the base of the correlation of temporal
activations during the gait cycle, but no direct combination between muscle synergies and
kinematic outputs was performed [19]. However, the neural and motor output components
were not integrated into a single model. The recently designed mixed matrix factorization
(MMF) allows the factorization of any combination of positively constrained data (such as
processed EMG envelopes) and unconstrained data (such as kinematics data, which can
either be positive or negative) and finds common activations between the two domains
in a unique set of kinematic–muscular synergies [18,20]. Kinematic–muscular synergies,
that incorporate both the muscular activation and the functional joint output, provide a
more comprehensive, biomechanically oriented characterization of motor control. MMF
was already applied to study hand coordination, showing that more synergies are needed
when both muscle and kinematic data are used to achieve the same reconstruction accuracy
and that muscle activations can be related to different biomechanical functions [21]. Since
in gait analysis, muscle synergies can usually be related to gait phases and, therefore, to
biomechanical functions, gait is one natural field of application for kinematic–muscular
synergies. Several limitations affect current analyses made with synergistic approaches so
far. First, a limited number of muscles is analyzed for each leg (typically, eight muscles [22]).
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Second, the available studies may provide a limited biomechanical interpretation: some
synergies might show multiple peaks in temporal components that are associated with
different task space functions, that are not captured and described clearly with standard
muscle (or kinematic) synergies. Moreover, the role of some synergies may be equivocated
as their functional role can be ambiguous (e.g., a synergy might be related to agonist action
or to co-contraction to increase limb stiffness). Such effects could be particularly empha-
sized in pathology, where the mapping between muscle activations and motor output is
not trivial [23].

Following this rationale, the primary aim of this study is to prove the feasibility and the
added value of extracting kinematic–muscular synergies with respect to muscle synergies.
Indeed, we wanted to demonstrate that kinematic–muscular synergies incorporate a more
detailed description than muscle synergies alone when extracting the same number of
muscle and kinematic–muscular synergies without altering the muscular part. A secondary
objective is to show that a greater number of kinematic–muscular synergies are needed than
muscle synergies to achieve the same reconstruction accuracy. Indeed, kinematic–muscular
synergies embed a functional role into synergy weights and separate synergies that have
the same structure but provide different biomechanical functions.

2. Materials and Methods
2.1. Participants

Data from fifteen subjects (7M, 8F; 23.8 (2.1) years; height: 1.69 (0.11) m; weight:
66.6 (10.8) kg) were considered for this study. Data are from a publicly available dataset
recently published [24], which includes healthy subjects, with no neurological or muscu-
loskeletal impairments.

2.2. OpenSim Model and Analysis Pipeline

Musculoskeletal simulations were performed in OpenSim v4.4 [25], using the available
3D Gait2392 model that simulates human gait [26,27]. The model includes 23 degrees of
freedom of trunk and lower limbs and 76 muscles of the lower limbs and trunk. Twenty-
four markers were placed in the model to match the motion analysis assessment protocol
followed by Moreira et al. [24]. Marker trajectories and ground reaction forces (GRFs) were
provided with a sample frequency of 200 Hz. The dataset includes seven different gait
speeds; however, for this study, we considered only trials at 4 km/h, which is a comfortable
natural walking speed. First of all, the OpenSim model was scaled to meet each partici-
pant’s anthropometry. Then, joint kinematics was computed with the inverse kinematics
tool, giving the 3D marker trajectories as input to the OpenSim model [28]. Muscle forces
were computed with the static optimization procedure provided in OpenSim [27], starting
from the resulting joint kinematics and the GRFs. Muscle forces are calculated minimizing
the instantaneous total square muscle activations needed to achieve the experimentally
acquired trajectory and the model includes the muscle force–length–velocity relationships.
Four strides performed with the right limb were considered for the analysis of each subject.
The events for segmenting each stride (begin and end sample of each stride) were defined
as two consecutive contacts of the right heel with the ground and they were identified
based on the GRFs. Articular angles and muscle activations were filtered with a 3rd-order
Butterworth low-pass filter with a cut-off frequency of 6 Hz. The degrees of freedom
considered for the analysis were the pelvis flexion, the hip flexion, the knee flexion, and the
ankle flexion in the sagittal plane. The angular acceleration for each joint was computed
as the second derivative of the articular angles. Sixteen muscles often used in muscle
synergy analysis were considered: Soleus, Gastrocnemius medialis, Gastrocnemius later-
alis, Tibialis anterior, Vastus medialis, Vastus lateralis, Rectus femoris, Biceps femoris long
head, Biceps femoris short head, Semimembranosus, Semitendinosus, Tensor fascia latae,
Gluteus medius, Gluteus maximum, Adductor longus, Psoas. Both joint accelerations and
muscle activations were segmented into strides, and they were resampled at 101 samples
for each stride. Data were rearranged in a matrix for synergy extraction. For extracting
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muscle synergies, the matrix data had 16 rows, one for each muscle, and 404 columns,
corresponding to 4 strides of 101 samples (per subject). For extracting kinematic–muscular
synergies, the matrix data had 20 rows, representing 4 joint accelerations and 16 muscles,
and 404 columns, corresponding to 4 strides of 101 samples. To allow inter-subject compar-
isons, kinematic data from each degree of freedom and EMG data from each muscle were
normalized by the maximum found in all strides for each subject. The scheme summarizing
the pipeline of the study is shown in Figure 1.
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Figure 1. Scheme of the work. Markers’ position and ground reaction forces from a publicly available
dataset are used as input for musculoskeletal simulations in OpenSim. The outputs of the model
are kinematics and muscle activations. In total, 16 muscle activations are used for extracting muscle
synergies with NMF and the same muscle activations with 4 angular accelerations are used for
extracting kinematic–muscular synergies with MMF. Then, five kinematic–muscular synergies are
compared to five muscle synergies to demonstrate that the muscular weights do not change when
adding kinematic data. Finally, a number of kinematic–muscular synergies achieving R2 ≥ 0.85 are
extracted to show that they add information from the task space.

2.3. Synergy Extraction and Clustering

Methods for synergy extraction decompose the input signal x(t) (generally the EMG)
as the product of n time-invariant synergy vectors wi shared across all stride repetition and
corresponding time-varying activation coefficients ci(t) specific for each stride repetition,
as follows:

x(t) = ∑n
i=1 wici(t) (1)
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The algorithm iteratively decomposes x to minimize the error between the original
signal and the reconstructed signal, obtained from the product between the synergies
and the temporal coefficients. Spatial synergies and temporal coefficients were extracted
from data of each subject with two algorithms. The NMF iterative algorithm based on
multiplicative updates was used for muscle synergy extraction, giving the EMG signals
as input x [29]. The MMF algorithm was used for kinematic–muscular synergy extraction,
giving the EMG and kinematics signals as input x [18]. MMF extends the standard NMF,
removing the constraint of non-negativity of signals to be factorized (and extracted), and is
based on a gradient descent update rule. For the MMF algorithm, we chose the following
set-up values: λ = 200 and µ = 0.05. These parameters are selected because they offer a
good trade-off between an accurate EMG reconstruction and fast algorithm execution [18].
The quality of reconstruction R2 of the original signal was defined for both the extractions
as 1 − SSE/SST, where SSE is the sum of the squared residuals and SST is the sum of
the squared differences with the mean input vector [30]. The algorithm was repeated
20 times and the solution achieving the highest R2 was considered for the analysis. The
procedure was performed increasing the number of extracted synergies in the factorization
from 1 to 16 for muscle synergies and from 1 to 20 for kinematic–muscular synergies. A
linear mixed-effects model was fitted in order to assess the differences between the R2

obtained for muscle and kinematic–muscular synergies [31]. First, both R2 were tested for
normality at each number of synergies using the Kolmogorov–Smirnov test. Then, the R2

was modelled as follows: R2 ∼ 1 + nsyn·model + (1|subject) where model (muscle/kinematic
muscular) and nsyn (number of extracted synergies) were fixed effects with interaction, nsyn
was a categorical variable, and subjects were included as random effects on intercept. The
level of significance (α) was set at 0.05.

Five muscle synergies were extracted for each subject since it is the higher number
of synergies typically extracted from one subject in gait analysis [4]. In the first step of
the analysis, the same number of kinematic–muscular synergies were extracted to allow
direct comparison between muscle and kinematic–muscular synergies. For each participant,
muscle and kinematic–muscular synergies were matched for similarity, computed as cosine
angle between pairs of matched synergies. To perform this comparison, the muscle weights
of the kinematic–muscular synergies were re-normalized to have unit norm and then they
were matched for similarity with the paired muscle synergies.

Moreover, observing that five muscle synergies achieved R2 ≥ 0.85, in the second part
of our analysis we extracted a number of kinematic–muscular synergies that achieved the
same threshold to provide an assessment based on the same reconstruction accuracy.

Synergies from all participants were grouped with k-means clustering algorithm to
reduce them to a small set of synergies shared by subjects that represent the repertoire of
synergies available to healthy people and evaluate their variability [32]. The clustering
procedure was repeated 100 times with new initial random cluster centroid estimates with
the same number of clusters and the result with the lowest sum of Euclidean distances of
each element in the cluster to the centroid was selected. This pipeline was repeated until
the average inter-cluster similarity was greater than 0.70 in order to guarantee a limited
number of clusters and a good intra-cluster similarity level [33,34]. As a measure of the
robustness of the clustering, the intra-cluster similarity was computed with the cosine angle
comparing all pairs of synergies in a cluster [35]. Five clusters were defined for muscle
synergies and the same number of clusters were used to compare the kinematic–muscular
synergies when extracting 5 synergies. Seven clusters were needed instead when extracting
6 kinematic–muscular synergies per subject.

3. Results

In Figure 2, the averaged muscle activations from the 15 subjects are shown (average
values and deviations).
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Figure 2. Plots show the averaged normalized activations of the 16 muscles considered during
gait. The muscle activations are averaged on four steps and for all subjects. In the last row, joint
accelerations used for MMF are shown too.

3.1. Reconstruction R2

The mean reconstruction R2 across participants is reported in Figure 3 for
kinematic–muscular synergies and muscle synergies.
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Referring to Figure 3, the reconstruction of R2 for muscle synergies has higher
values than the R2 for the kinematic–muscular synergies. Moreover, the R2 for the
kinematic–muscular synergies requires more synergies to reach R2 = 1 because the MMF
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includes 20 channels instead of 16. The linear-mixed effect analysis showed that model
type (muscle/kinematic–muscular) has significant effects on R2 from 1 (p < 0.001, β = −0.065)
to 7 (p = 0.03, β = −0.025). In the first part of the experiment, the R2 threshold to select
the number of synergies in the muscle and in the kinematic–muscular configurations was
set = 0.85; five muscle synergies were sufficient to reach this threshold, while for the
kinematic–muscular synergies, six synergies were needed to reach the threshold.

3.2. Comparison between Kinematic–Muscular Synergies and Muscle Synergies

To highlight the first characteristics of kinematic–muscular synergies, in this study,
we compared the muscle weights of muscle synergies and kinematic–muscular synergies.
Their mean similarity is reported in Table 1. The similarity between the muscle weights of
the models was consistently higher than 0.80 for all subjects and was significantly higher
than the similarity between randomly paired synergies (p < 0.001). These results indicated
that the muscular part is only minimally affected when extracting kinematic–muscular
synergies. Thus, adding kinematic weights only minimally modified the muscle synergies
extracted with NMF.

Table 1. Mean similarities between matched muscle and kinematic–muscular synergies are reported
for all subjects. Standard deviations are reported in brackets.

Similarity between Matched Muscle and Kinematic–Muscular Synergies

Subject Mean Random Similarity

S01 0.898 (0.141) 0.493 (0.276)

S02 0.881 (0.132) 0.507 (0.279)

S03 0.824 (0.154) 0.465 (0.259)

S04 0.970 (0.029) 0.532 (0.251)

S05 0.823 (0.245) 0.422 (0.299)

S06 0.878 (0.116) 0.488 (0.257)

S07 0.926 (0.094) 0.532 (0.245)

S08 0.939 (0.073) 0.487 (0.283)

S09 0.809 (0.251) 0.489 (0.263)

S10 0.868 (0.170) 0.470 (0.283)

S11 0.908 (0.069) 0.547 (0.255)

S12 0.845 (0.062) 0.510 (0.264)

S13 0.878 (0.152) 0.523 (0.264)

S14 0.873 (0.169) 0.516 (0.253)

S15 0.889 (0.217) 0.519 (0.255)

Total 0.881 (0.045) 0.500 (0.032)

Clustered muscle synergies and kinematic–muscular synergies were paired by similar-
ity and are shown in Figure 4. All the kinematic–muscular synergies include weights that
indicate which joints were accelerated due to muscle activity and could clarify whether
each joint acceleration contributed to flexing or extending the joints. Referring to Figure 4,
and denoting as Mi the ith muscle synergy and Ki the ith kinematic–muscular synergy,
M1 and K1 were active at the beginning of the stance phase and show the activation of
the gluteus and the hamstrings muscles, which extend the hip, and the activation of the
vastus medialis and the lateralis that extend the knee as shown in kinematic–muscular
synergies. M2 and K2 are active during the stance phase. M2 is characterized by the
activation of the adductor, psoas, hamstring muscles and vastus medialis and lateralis. The
kinematic–muscular synergy K2, instead, recruits many muscles with small activations,
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including the psoas, biceps femoris, rectus femoris. These muscles contribute to the flexing
of the hip and to the posterior movement of the pelvis. M3 and K3 represent the push off
of the gait cycle and are characterized by the psoas and the adductor, which flex the hip,
and the gastrocnemii and the soleus that perform plantarflexion of the ankle and the flex of
the knee. M4 and K4 are active during the swing phase and show tibialis anterior, psoas,
biceps femoris, rectus femoris that extend the knee and the hip. The kinematic–muscular
synergy K4 shows a higher magnitude of kinematic weights, reducing the muscle weights,
probably as the limb is exploiting previous activation to perform the swing phase. Finally,
M5 and K5 are active at the end of the gait cycle and are characterized by the activation of
psoas, glutei and biceps femoris, flexing the knee and tilting the pelvis anteriorly.
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3.3. Extraction of Kinematic–Muscular Synergies with R2 > 0.85

To investigate the second characteristics of kinematic–muscular synergies, the study
quantifies the assessments provided with kinematic–muscular synergies when their number
is not equal to the number of muscle synergies but selected with a fixed R2 threshold
(R2 > 0.85), as is usually carried out in experimental studies. We noted that the number
of kinematic–muscular synergies required to reach the R2 threshold was six. Thus, more
kinematic–muscular synergies were needed than muscle synergies to obtain the same
level of reconstruction achieved with muscle synergies. Figure 5 shows the result of the
clustering procedure applied to the whole dataset of the extracted kinematic–muscular
synergies when R2 > 0.85. Seven clusters were found. They are presented in Figure 5 in
chronological order following synergy recruitment in the gait cycle and denoted with a Wi
label. The first synergy cluster W1 is associated with the beginning of the stance phase and
the synergy cluster W7 is related to the end of the stride when the leg is repositioned on
the ground before the new gait cycle.
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biomechanical function associated with the walking task.

Each cluster can be associated with biomechanical functionality within the walking
task, depending on the muscles recruited, on the moving joints, and on the timings of
activation. W1 shows a strong activation of the hamstring muscles accomplished with an
activation of the adductor longus and the gluteus maximum that are responsible for hip
extension and then shows the activation of the vastus medialis and the lateralis for knee
extension. The stance phase continues with synergy W2 where an overall activation of
many muscles with an initial posterior pelvic tilt can be observed. Then, W3 shows a strong
activation of the soleus, gastrocnemius lateralis and medialis, which represent the part of
the gait cycle in which the ankle is dorsiflexed, and the knee and hip are flexed during
the late stance to provide propulsion to begin the swing phase and advance. Synergy
W4 is activated just before the push off and at the beginning of the swing phase and
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shows the anterior pelvic tilt and the activations of the semitendinosus, semimembranosus,
tensor fascia latae, biceps femoris and tibialis anterior. The swing phase is described in
W5 where the pelvis changes its position, activating with a posterior tilt and the ankle is
dorsiflexed. These kinematic activations are associated with both hamstring muscles, both
biceps femoris, psoas and rectus femoris. The swing phase continues with full extension
of all joints enabled by small activations of many muscles (W6). Finally, the gait cycle
finishes with a knee flexion and anterior pelvic tilt that are needed to position the foot on
the ground before a new gait cycle, as can be observed in synergy W7. In this synergy, the
muscular part is characterized by a strong activation of the gluteus maximum and medialis,
tensor fascia latae and short bicep femoris.

4. Discussion
4.1. Summary of the Findings

In this study, kinematic–muscular synergies were extracted with MMF during the
locomotion of 15 participants for the first time. Kinematic–muscular synergies were com-
pared to standard muscle synergies extracted with NMF. Gait data from a publicly available
dataset were used to feed a musculoskeletal model in OpenSim, in which kinematics and
muscle activations were computed. Muscle synergies were extracted from the activation
of 16 muscles of the right lower limb with the standard NMF. Kinematic–muscular syn-
ergies were extracted from the same EMG activations and from the angular acceleration
of four joints in the sagittal plane with the MMF algorithm. For a given number of ex-
tracted synergies, the reconstruction R2 was higher for muscle synergies with respect to
kinematic–muscular synergies and fewer synergies were needed to achieve R2 > 0.85. Com-
paring the muscular part of the kinematic–muscular synergies to muscle synergies, the
similarity was high for all the participants and significantly higher than the random similar-
ity. This result showed that the muscular weights are minimally affected when adding the
kinematic weights. Lastly, when a given R2 is selected, more kinematic–muscular synergies
are needed, and this effect is linked to a more accurate, functionally oriented description
of synergistic control. Thus, including kinematics in the synergy analysis allowed us to
highlight the link between muscle activation and their biomechanical function, which
was described by individuating, for the first time, the repertoire of kinematic–muscular
synergies available to healthy people.

4.2. Muscle Synergies vs. Kinematic–Muscular Synergies

All participants showed good similarity between muscle weights of the
kinematic–muscle synergies and muscle synergies. This finding confirmed previous re-
sults [18] that showed that the addition of kinematic weights when using the MMF al-
gorithm does not alter (or minimally alters, in the case of noisy data) the composition of
standard muscle synergies originating from the neural structures. Indeed, muscle synergies
and the muscle weights of kinematic–muscular synergies were mostly highly similar, and
the main differences were found in M2 and K2 during the stance phase. In each cluster,
the kinematic–muscular synergies add information on how joints move and associate
it to standard muscle synergies. For example, gastrocnemii and soleus plantar flex the
ankle, hamstring muscles flex the knee and extend the hip, while psoas, rectus femoris
and vastus medialis and lateralis flex the hip. The differences between muscular and
kinematic–muscular synergies may be related to the fixed chosen number of synergies.
Indeed, the kinematic–muscular synergy model needs more synergies to reach the same
reconstruction accuracy as the muscle synergy model and, therefore, five synergies are not
enough to describe the biomechanics of gait in detail. In fact, when extracting six synergies,
clusters W1, W2, W3, W6 and W7 are very similar to the muscle synergy clusters of Figure 4.
The two added synergies, W4 and W5, describe the transition from the stance to the swing
phase during the gait cycle. In particular, in W4, all muscles are involved in body stabiliza-
tion, during ankle dorsiflexion and anterior pelvic tilt that characterize the exploitation of
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the propulsion produced in the late stance. W5, instead, represents the transition from back
tilt to front tilt needed to prepare the body to heel strike the homolateral foot.

4.3. Kinematic–Muscular Synergies Add Functional Information to Muscle Synergies

With kinematic–muscular synergies, muscle activity can be associated with the kine-
matic accelerations that result from muscle contraction, enriching standard neural synergies
with a functional role. Kinematic–muscular synergies incorporate task execution variables
into muscle synergy extraction, providing a functional role to each synergy. In this way,
functional synergies improve the interpretation of the results and their clinical use. Syner-
gies from all the participants were clustered into seven mean synergies. Each synergy can be
associated with a biomechanical functionality describing the phases of a stride depending
on the muscles recruited and the timings of activation. Observing the kinematic part of
kinematic–muscular synergies, one can unveil the functionality of each muscle module
expanding the previous literature in which muscle or kinematic synergies were extracted.
The first cluster of synergy M1, representing the early stance, shows a strong activation
of the gluteus, tensor fascia latae, vastus medialis and lateralis, which are responsible for
the stabilization of the hip joint during the heel strike and the load acceptance phase. In
kinematic–muscular synergies (Figure 5), this gait phase was divided into two synergies:
W1 with a strong activation of gluteus maximum and W2 with a strong activation of both
tensor fascia latae and vastus lateralis muscles. In addition, in W1, there is also a high
activation of semitendinosus and biceps femoris that contribute to the leg’s stabilization
during movement. In these synergies, the kinematic weights are reduced, and this finding
reflects how, in this stride phase, the neuromuscular system works more to prepare to
accept the load rather than to carry out the movement. The forward propulsion is well rep-
resented both considering muscle and kinematic–muscular synergies, in fact, in both cases,
the synergies of M3 and W3 highlight a strong activity of the soleus and the gastrocnemius.
Moreover, observing the kinematic–muscular synergy W3, other muscles useful to generate
a propel propulsion are the adductor and the psoas that help to maintain balance [36].

The initial swing phase is represented in different ways in the literature because it
depends on the muscles considered in each study. In fact, according to some studies, this
phase principally involved the trunk muscles, such as the longissimus dorsi or the erector
spinae, because, during the initial swing phase, the trunk position needs to be controlled
in the frontal plane at the time of contralateral foot heel strike and ipsilateral foot lift [8].
In our study, we did not monitor trunk muscle activation, but we coherently observed in
synergy W4 an activation of all the muscles involved in body stabilization, with a slightly
accentuated activation of the tibialis anterior, semimembranosus, short biceps femoris and
also a moderate activation of psoas. Therefore, the muscular part of kinematic–muscular
synergy W4 has a lower magnitude, but it gives a clear view of joint motion showing
ankle dorsiflexion and a strong anterior pelvic tilt that characterize the exploitation of the
propulsion produced in the late stance [37]. In the kinematic–muscular synergies, another
synergy is added, W5, that represents the swing phase when the pelvis makes the transition
from back tilt to front tilt [38]. Indeed, we observed the activation of the tensor fascia latae,
both the hamstring muscles and both bicep femoris that are responsible for this transition
of the legs linked to the change of pelvic position, and the kinematic part shows a strong
posterior pelvic tilt and ankle dorsiflexion and moderate hip extension and knee flexion that
are needed to prepare the body to heel strike the homolateral foot. In kinematic–muscular
synergy W6, this function is well represented, since the same muscle activations and the
kinematic parts show an extension of all the joints of the leg and a posterior pelvic tilt that
are typical joint movements to allow the deceleration of the foot.

Finally, in the muscle synergy associated with the late swing phase, the hamstrings are
the key muscles, as they decelerate the leg [39]. The kinematic–muscular synergy associated
with this phase (W7) also shows the activation of the bicep femoris and the rectus femoris,
but it especially highlights a strong activation of the gluteus medialis and maximum and
tensor fascia latae. Moreover, the kinematic part of this synergy is well accentuated and
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shows a strong knee flexion that is needed to control and attenuate the load due to the leg
repositioning before a new gait cycle.

Kinematic–muscular synergies were shown to be consistent with the muscle modules
that are usually identified in the literature, such as the activation of the glutei, tensor fascia
latae, vastus medialis and rectus femoris in the stance phase; gastrocnemii and soleus
activated during the push off; rectus femoris and tibialis anterior activated in the swing
phase; and the hamstring muscles at the end of the swing phase [4,7–9]. This means that
the kinematic–muscular synergy extraction adds information about how the movement is
performed without altering information about the muscle activations. As an advantage,
not only are the muscle activations clearly associated with a functional role, but also a
fractionation effect is shown that helps to provide a more accurate description of synergistic
control. For example, W5 and W6 are synergies that refer mainly to the swing phase and
show a high predominance of kinematic coefficients. This is expected as the swing phase
exploits inertial forces generated in the stance and late stance phases and thus contains
more motion rather than neural drive. Coherently, synergies like W2 and W3 that represent
the stance and late stance phase show a mixture of muscle and kinematic weights as
muscle activation is needed to generate propulsion during the gait cycle. The extraction of
kinematic–muscular synergies allows us to directly integrate the neural activations and the
motor output in an efficient way with respect to other approaches based on the correlation
of muscle and kinematic synergies, as performed by Esmaeili et al. [19]. In fact, we
presented a joint analysis in which muscular and kinematic weights are extracted together
in multidomain synergies. Moreover, synergies are extracted from joint accelerations and
not from joint position, allowing us to directly couple the muscle activity and the joint
movement on which they act. In Esmaeili et al. [19], instead, kinematic synergies were
extracted from the joint position. For instance, the effect of the glutei muscles of the first
synergy was visible in the second synergy, characterized by hip extension; the activity
of the calf muscles during the push off generated the ankle dorsiflexion in the following
synergy. Therefore, kinematic–muscular synergies provide a straightforward analysis to
associate muscular activity and kinematic output, directly defining the functionality of
each synergy.

4.4. Clinical Application of Kinematic–Muscular Synergistic Control

The use of synergies in motor control assessment has diffused in recent years, but
the current synergy-based analysis methods do not yet exploit the full potential of the
synergistic approaches. In fact, the standard synergistic models have some limitations,
such as the inability to consider the task space variables. Incorporating task execution
variables into muscle synergy extraction links muscle synergies to the motor function they
produce. This process reflects the task space output due to muscle synergies and improves
the interpretation of the results and their clinical use [40]. The coupling between the two
may help in fostering synergistic protocols as suggested in recent works [41,42]. Moreover,
muscle synergy analysis is still scarcely used for evaluating neuromotor rehabilitation
in clinical scenarios. However, it was shown that modifications in muscle synergies can
measure the progression of the rehabilitation process in an interpretable and quantitative
manner [43]. Further improvements in the standard synergy analysis are needed before
it can be fully transferred to clinical practice. This forward step, which includes the
task space into muscle synergy analysis, may improve the interpretability of the results
and may help the introduction of synergy analysis in the clinical practice and clinical
decisional process, providing clinicians and therapists with a novel instrument to assess the
efficacy of a therapy analyzing movement kinematics associated to the underlying neural
control strategies.

The first step for such applications is to provide reference databases of healthy people
to create a repertoire of kinematic–muscular synergies and this study is a pilot investigation
in such a sense. Using kinematic–muscle synergies may improve the understanding
of neuromotor coordination in several diseases. The practical consequences of adding
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kinematic weights to synergies impact the understanding of how the underlying neural
motor strategies are reflected at task space and biomechanical levels [18]. Therefore,
functional synergies may open new perspectives in the analysis of motor control in clinical
practice providing a more in-depth evaluation of pathological motor patterns, especially
in patients with impaired control of movement coordination, as the kinematic–muscular
synergies may link directly muscular and kinematic patterns allowing to elucidate the
relationship between the neural drive and motor outcomes [21]. Some of the practical added
values of including kinematic weights to standard muscle synergies are proposed below.

First, the exploitation of functional synergies can add significant details on the altered
muscle synergies of patients who are affected by pathologies that compromise movement
coordination. Altered coordination can be associated with an altered motor output in
different ways. Indeed, the first achievement of kinematic–muscular synergies is to show if
altered coordination is the result of altered synergies or if synergies similar to physiological
ones are available but are recruited in a biomechanically abnormal way. Second, muscle
synergies with similar compositions might be extracted from healthy and pathological
subjects; however, their biomechanical functions can be associated with different joint
movements, which is fully resolved and clarified only with kinematic–muscular synergies.
In such a sense, kinematic–muscular synergies might be a very useful tool to highlight the
biomechanical function associated with each neural synergy. Third, in standard muscle-
synergy assessment, there might be some muscle synergies that present multiple peaks
of activation within a movement phase; kinematic–muscular synergies might instead
associate such muscle coactivation peaks to specific kinematics, with the effect of producing
a fractionation of muscle synergies that leads to a more specific interpretation of their
biomechanical function. Fourth, using kinematic–muscular synergies may set a novel
target for rehabilitation: restoring not only physiological, “neural” synergies but also
promoting their efficacy at the task level.

For instance, it was shown that the locomotion of post-stroke patients with severe
impairment is characterized by the merging of muscle synergies and patterns may change
depending on the level of impairment [15]. In some cases, this effect is coupled with
a reduction of the joint range of motion with respect to physiological walking.
Kinematic–muscular synergies would naturally capture the neural–motor output relation-
ship by associating reduced kinematic coefficients to the functional synergies of patients
with respect to healthy people. Thus, abnormal muscle couplings would be interpreted
with the support of a direct link to their effect on the task space. Hence, these synergies’ re-
sponses manifesting at different levels of impairment in patients with stroke, may represent
a precise and quantifiable marker of the physiological status of the patient in order to better
understand the complex processes that follow accidents involving the cortical and spinal
motor system and so guide the development of different rehabilitation approaches [16].
This result can be achieved by further classifying patients’ synergistic control not only on
the basis of abnormal coactivations but also by considering the biomechanical outcomes
that are produced by such coactivations.

In Parkinson’s disease (PD), motor disorders are the main symptoms that become the
major source of disability with the progression of the disease and include tremors, bradyki-
nesia and loss of balance. Several studies used muscle synergy analysis to characterize
motor control in patients with Parkinson’s disease and they revealed a lower number of
extracted synergies compared to healthy subjects [44]. Therefore, a reduced number of
recruited muscle synergies may be a sign of an alteration in muscle activation patterns
that could explain changes in motor control in patients affected by neurological disor-
ders [45]. These altered muscle activation patterns are often associated with a modified
kinematic movement; by extracting kinematic–muscular synergies, investigators could bet-
ter highlight the motor alterations due to motor disorders such as tremors and bradykinesia.
Moreover, when analyzing postural control in patients with Parkinson’s disease, it was
noted that they are characterized by smaller indices of anticipatory synergy adjustments
compared to healthy subjects because patients are affected by freezing of gait [46]. This
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symptom should be better investigated by observing the kinematic–muscular synergies
that link the muscle activation patterns to the joint activated during motor movements so
that researchers better understand how an alteration at the neural level is reflected in an
alteration at the motor level.

Another pathological condition that affects movement is Spinal Cord Injury (SCI).
Muscle synergies have been used in order to understand how the spinal circuitry reorgani-
zation after spinal cord injury reflects also in the modular organization [47]. SCI patients
show significantly altered muscle synergy patterns [48,49] and directly linking the kine-
matic output to neural synergy alteration may shed light on functional recovery and neural
plasticity. Moreover, it was found that despite consistent muscle synergies being extracted
across SCI patients in upper limb movements, this outcome was coupled with a high level
of variability in kinematic strategies [50]. Kinematic–muscular synergy analysis seems the
natural choice to investigate this result and understand how similar muscle synergies may
map into different joint movements.

Children with Cerebral Palsy (CP) show abnormal motor control resulting in altered
coordination and stiff muscles. It was shown that locomotion is altered with different
degrees of severity depending on the functional impairment, strength and presence of
spasticity [17]. Usually, fewer muscle synergies are recruited by CP patients with respect
to healthy people, with some abnormal synergies specific to the CP [22]. Moreover, wider
temporal activation patterns are found in children with CP [51]. Synergy variability is
high between CP children and synergy structure is more altered in patients with greater
impairment [23]. However, providing a link between the muscle activation and the mo-
tor output is not always trivial [52] and kinematic–muscular synergies may support the
understanding of pathological movement. The proposed method provides a direct link
between the underlying neurophysiological mechanisms and their motor output, thus
fostering the understanding of the progression of the pathology, the consequent choices
regarding the selection of the best rehabilitation course, and the evaluation of the effects of
surgical interventions.

The restoration of motor output is usually the primary objective of motor rehabilita-
tion and approaches based on kinematic–muscular synergies can be used to implement
individualized therapeutic strategies promoting a general restoration of motor control. It
is demonstrated that muscle and kinematic synergies can be modified by targeted motor
training developed using assistive approaches, such as functional electrical stimulation
(FES) which are potentially useful to re-establish the normal ways of muscle activation that
was impaired by neurological disease [53]. FES was developed to design a rehabilitation
therapy based on muscle synergies because if the muscle stimulation reflects the healthy
muscle activation the neuroplasticity may reorganize the neural circuitry of motor control
to restore a normal pattern of muscle activation [54]. Kinematic–muscular synergies can be
used to better customize FES therapy trying to make the therapies also task-specific so that
the rehabilitation therapy becomes more focused on restoring specific motor control [55].
Furthermore, in rehabilitation, robotic devices and exoskeletons may be used to assist
locomotion in patients with hemiparesis in order to elicit the restoration of motor control.
Exoskeletons are robotic interactive wearables that actively assist motor-impaired individ-
uals during walking and adjust abnormal gait by providing suitable assistive forces [56].
Muscle and kinematic synergies have been used not only for evaluating the effects of using
exoskeletons on motor control but also for adjusting the level of assistance of the paretic
limb based on the non-paretic limb synergies aiming at increasing the similarity between
synergies [57,58]. Therefore, kinematic–muscular synergies provide a comprehensive eval-
uation of motor control, fusing both neural and kinematic information that can be used
for assessing the restoration of motor control when using exoskeletons and improving the
design of these devices.
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5. Limitations and Future Work

Although the analytical approach and the potential applications proposed in this
work are novel, the EMG data used were computed based on an OpenSim simulation
starting from experimental kinematic data. Such simulated EMG data may be only partially
representative of the real data and further work should be performed on the experimental
data. Moreover, experimental input data were taken from healthy participants only. Thus,
it would be interesting to investigate how this approach improves the understanding
of the pathophysiology of several neurological disorders associated with motor control
impairments, such as stroke, Parkinson’s disease or cerebral palsy, and to study to what
extent healthy people’s control strategies are preserved in neurological patients and which
novel insights can be obtained with kinematic–muscular synergies.

6. Conclusions

In this study, for the first time, functional kinematic–muscle synergies were extracted
with the novel mixed matrix factorization from locomotion data. Data from 15 participants
from a publicly available dataset were used to feed a musculoskeletal model in OpenSim
used to compute lower limb muscle activations, muscle synergies and kinematic muscular
synergies. We demonstrated that kinematic–muscle synergies can describe the biomechan-
ics of motion to a better extent than muscle synergies alone and are increased in number
to account for the different biomechanical roles that muscles have within a movement.
Despite only healthy subjects being investigated in this study, the results suggest that
applying this approach to patients could also be beneficial in improving the understanding
of the pathophysiology of neurological disorders related to motor impairment. Therefore,
this approach may have an impact on future work in improving the understanding of
pathologies in rehabilitation.
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Abstract: Loss of an upper limb exerts a negative influence on an individual’s ability to perform
their activities of daily living (ADLs), reducing quality of life and self-esteem. A prosthesis capable
of performing basic ADLs functions has the capability of restoring independence and autonomy to
amputees. However, current technologies present in robotic prostheses are based on rigid actuators
with several drawbacks, such as high weight and low compliance. Recent advances in robotics have
allowed for the development of flexible actuators and artificial muscles to overcome the limitations of
rigid actuators. Dielectric elastomer actuators (DEAs) consist of a thin elastomer membrane arranged
between two compliant electrodes capable of changing dimensions when stimulated with an electrical
potential difference. In this work, we present the design and testing of a finger prosthesis driven by
two DEAs arranged as agonist–antagonist pairs as artificial muscles. The soft actuators are designed as
fiber-constrained dielectric elastomers (FCDE), enabling displacement in just one direction as natural
muscles. The finger prosthesis was designed and modeled to show bend movement using just one
pair of DEAs and was made of PLA in an FDM 3D printer to be lightweight. The experimental results
show great agreement with the proposed model and indicate that the proposed finger prosthesis is
promising in overcoming the limitations of the current rigid based actuators.

Keywords: finger; prosthetics; dielectric elastomer; artificial muscle

1. Introduction

According to the Global Health Data Exchange of 2019 [1], for every 100,000 people
worldwide, approximately 224 undergo the amputation of at least one upper limb, and
120 of them experience bilateral amputations of their limbs. The loss of an upper limb in
the human body negatively impacts an individual’s ability to perform their activities of
daily living (ADLs), reducing their quality of life and self-esteem. A prosthetic capable of
carrying out basic daily functions becomes crucial in restoring independence and autonomy
to amputees [2].

Current technologies in prosthetics and orthotics are based on rigid actuators [3], with
limitations in the number of degrees of freedom, high weight, low flexibility, and low
compliance with the prosthesis user [4,5]. Recent advances in robotics have allowed for
the development of flexible actuators and artificial muscles with the intention of creating
alternatives to overcome the limitations of rigid actuators [6].

Flexible actuators constitute a category of materials that respond to stimuli such as an
electric field, temperature variation, concentration, and pH, thus altering their shape or di-
mensions [7]. Within the class of flexible actuators, there are electroactive polymers (EAPs),
which are a type of polymer that changes its shape through electrical stimulation. Among
EAPs, there are dielectric elastomers (DEs), which consist of a thin elastomer membrane
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positioned between two compliant electrodes (Figure 1), changing their dimensions when
stimulated with an electric potential difference [8].
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When a potential difference is applied between two electrodes, Maxwell stress arises
in the elastomer, which begins to act as a dielectric. As the thickness of the elastomer
can be reduced and the electrodes can approach each other, DEs act as electromechanical
transducers, converting electrical energy into mechanical energy or vice versa. Among
the DE applications, the most common are actuators, which convert electrical energy into
mechanical energy [9], but there are also generators that transform mechanical energy into
electrical energy [10], and sensors.

Compared to other flexible actuator technologies, DEs standout for their high defor-
mation capabilities, high work densities (work done per actuation cycle normalized by
the volume of the actuator), high specific power (output power value normalized by the
mass of the actuator), and high efficiency. However, there are still practical difficulties that
hinder the applications of DEs. The need for high electrical voltages for actuation; manu-
facturing difficulties; issues related to durability and maintenance; and the non-linearity
of the transducer, which has a viscoelastic behavior, are the main constraints with this
material [11].

Most of the muscles responsible for finger and wrist movements originate in the
forearm and are called extrinsic muscles. These muscles are larger and provide force to
movement, divided into the extensor and flexor muscles of the fingers, arranged in agonist–
antagonist pairs. Although external, these muscles have insertions in the hand region to
perform finger movements. Intrinsic muscles originate in the hand and are responsible for
secondary movements, allowing fine and precise control of each finger [12,13].

Artificial muscles are defined as materials or devices that reversibly change shape and
dimensions through external stimuli [7]. Among the external stimuli are the electric field
for electroactive polymers and piezoelectric actuators, the temperature for shape memory
alloys, the pressure for pneumatic actuators, and the magnetic field for magneto-rheological
actuators [14], among other stimuli. Compared to other flexible actuators, dielectric elas-
tomers stand out for their high deformation capacity and high work density [11].

In comparison with human striated skeletal muscles (Table 1), dielectric elas-
tomer actuators (DEAs) exhibit superior characteristics in terms of maximum defor-
mation, maximum tension, maximum deformation rate, work density, specific power,
and efficiency [8,11,15–18].
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Table 1. Comparison between the performance of natural muscles and maximum values found in
dielectric elastomers.

Metric Skeletal Striated Muscle Dielectric Elastomer

Maximum deformation (%) 40 142 (linear)
Maximum tension (MPa) 0.35 7.7

Maximum deformation rate (%/s) 50 450
Work density (kJ/m3) 40 3500

Specific power (kW/kg) 0.28 3.6
Efficiency (%) 40 80

The literature on artificial hands and fingers commonly addresses the design of artifi-
cial fingers that combine mechanics with embedded electronics, comprising tactile sensors
for normal force and shear force [19,20]. Despite the use of new materials, sensors, and
manufacturing processes in recent hand and finger prosthesis designs, such as the use
of pneumatic artificial muscles [21], 3D-printed hand prosthetics [22], artificial muscles
made from nylon threads [23], and prosthetics using stretchable optical waveguides [24],
the use of flexible actuators to simulate agonist and antagonist muscles has not yet been
explored and could benefit hand prosthesis design by simulating the movement of the
natural limb [25].

This work presents the modeling, design, fabrication, and experimental validation of a
finger prosthesis actuated by two fiber-constrained dielectric elastomer actuators (FCDEA)
arranged in agonist–antagonist pairs to simulate natural finger movement. We designed
an underactuated mechanism composed of two coupled four-bar chain mechanisms to
allow for just one pair of FCDEAs to drive the finger. Since FCDEAs are linear expanding
actuators [9,11], once an FCDEA expands, the agonistic pair contracts, thus rotating the
driving rod of the mechanism. This approach mimics the skeletal striated muscles of the
forearm to move the finger and introduces some advantages compared to other robotic
hand prostheses, such as easier operation, noiselessness, mechanical compliance, and low
weight. In Section 2, we introduce the materials and methods used to model, design, and
manufacture the finger prototype and artificial muscles. Section 3 presents the results
obtained with the physical prototype of the prosthetic finger. Finally, Section 4 discusses
the conclusions derived from the project’s development and outlines the next steps in
the project.

2. Materials and Methods
2.1. Finger FCDEA Setup

The proposed finger prosthesis is driven by two FCDEA displayed in antagonistic
pairs, as shown in Figure 2a. When activated, the DE membrane contracts in thickness and
expands in area. The fibers constraint the expansion in one direction, thereby allowing
the actuator increase length in just one direction, mimicking a skeletal striated muscle
(Figure 2b).

In the human body, the movement of the limbs is provided by skeletal striated muscle
arranged in antagonistic pairs. Once one muscle contracts, the antagonistic pair expands,
thereby allowing for the joint moving. On the other hand, joint stiffness is controlled by
the contraction intensity of the antagonistic pairs, i.e., greater joint stiffness is achieved
by greater contraction of the muscles. The only difference from the proposed actuation
system is that the FCDEAS expand upon actuation instead of contract. However, since it is
arranged in antagonistic pairs, the functioning is the same. In other words, joint torque and
displacement increases as the activation intensity difference of the antagonistic FCDEAS
increases, and joint stiffness increases as the activation intensity of both antagonistic
FCDEAS reduces.
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The artificial muscle developed in this study was designed to replicate the contractile
and extensible capacity of natural muscles, featuring a basic unit similar to a myofibril.
Inspired by the efficient structure of sarcomeres, this type of artificial muscle aims to
mimic the interaction between actin and myosin filaments to generate movement. In the
FCDEA, the combination of two strips, along with the elastomer area, plays a functional
role analogous to sarcomeres, while the strips mimic the Z-lines, allowing for an effective
coordinated action of contraction and extension. Similarly to the muscular structure,
increasing the number of FCDEA results in an increased tension that the artificial muscle
can withstand. This innovative approach holds promising applications in fields such as
robotics, biomechanical prosthetics, and assistive devices, where replicating muscular
functionality is crucial for achieving precise and natural movements.

2.2. DEA Modeling

The strain energy density of the elastomer (WS) is obtained through material models
known as hyperelastic models. For example, the Gent model considers the increase in
stiffness at high deformations with a constant related to the stretch limit Jlim. Hoss and Mar-
czak [26] cataloged more than twenty other hyperelastic models for various applications,
while Wissler et al. [27] used some of these models to catalog the mechanical characteristics
of an acrylic elastomer VHB 4010. Here, we highlight the Gent model [28], given by

Ws = −
µJlim

2
ln

(
1−λ2

1 + λ2
2 + λ2

3 − 3
Jlim

)
(1)
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where m is the shear modulus, Jlim is the stretch limit constant, and λi are the stretches in
xyz directions.

To describe the state of the FCDEA, we should employ the hyperelastic Gent model
and apply it to the original state equation of the standard elastomer. The constants used in
these equations were determined for the VHB 4910, which was utilized in the experiments.
Thus, the Gent model is redefined as follows:

σ1 + ε

(
λ1pλ2

V
L3

)2
=

µ
(

λ2
1p −

(
λ1pλ2

)−2
)

1−
(

λ2
1p + λ2

2 +
(
λ1pλ2

)−2 − 3
)

/Jlim

(2)

λ2

(
P

L1L3

)
+ ε

(
λ1pλ2

V
L3

)2
=

µ
(

λ2
2 −

(
λ1pλ2

)−2
)

1−
(

λ2
1p + λ2

2 +
(
λ1pλ2

)−2 − 3
)

/Jlim

(3)

where P is the applied load; σ1 represents the actual mechanical stress in the L1 direction;
L1 and L3 are the initial dimensions of the VHB 4910; ε is the electrical permittivity; V is the
electrical voltage obtained from an external source; and l1 = λ1pL1, where λ1p represents
the pre-stretching in the L1 direction.

The Gent model demonstrates an increase in stiffness as the stretch increases. There-
fore, a higher load or electrical voltage is required to achieve the same variation δλ2 as the
stretch increases. To estimate the displacement of the DEA as a function of the applied elec-
trical voltage using the hyperelastic Gent model (Figure 2b), the properties of the VHB 4910
elastomer were used based on previous works [29–31]. A relative electrical permittivity
of εr = 4.65, a stretch limit constant of Jlim = 140, and a shear modulus µ = 31 kPa were
considered. The applied stretch load P = 2.94 N was adopted.

2.3. Finger Mechanism Modeling

The designed mechanism is an underactuated finger prothesis composed of two
coupled four-bar chain mechanisms driven by two FCDEAs arranged in an antagonistic
pair, as shown in Figure 3, where the expansion of the upper FCDEA provides clockwise
rotation in θ, and the expansion of the lower FCDEA allows for anti-clockwise rotation in θ.
The relationship between activation of the two FCDEAs is given by

θ = sin−1
(

L2

2r
(λ2b − λ2a)

)
(4)

where q is the rotation of the first rod; L2 is the nominal dimension of the FCDEA in
the actuation direction; and l2a and l2b are the stretches of the upper and lower FCDEA,
respectively, which can be calculated accordingly by Equations (2) and (3).
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The rotational movement of the first rod, as depicted in Figure 3, is responsible
for driving the entire mechanism indicated in Figure 4. However, the complete finger
movement has two components: the first one is responsible for moving the phalanges
together (Figure 4a), and the second one is responsible for rotating the bar mechanisms
around each phalange joint (Figure 4b).
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To describe this movement, we must first introduce the angles ϕi (Figure 5a), which
indicate rod rotation relative to joint i, and the angles αi, (Figure 5b), which show the
rotation of the coordinate system (Xi, Yi) relative to the inertial coordinate system (X, Y).

Biomimetics 2024, 9, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 3. Underactuated mechanism to drive the finger prosthesis. The FCDAs are arranged in an 
antagonistic pair providing rod rotation. 

 
 

(a) (b) 

Figure 4. Prosthetic finger mechanism. (a) Bar mechanism; (b) bar mechanism. 

To describe this movement, we must first introduce the angles 𝜑 (Figure 5a), which 
indicate rod rotation relative to joint i, and the angles 𝛼, (Figure 5b), which show the 
rotation of the coordinate system (𝑋, 𝑌) relative to the inertial coordinate system (𝑋, 𝑌). 

  
(a) (b) 

Figure 5. (a) Angles 𝜑 and (b) angles 𝛼. 
In this way, there are two possible extreme movements that can be performed by the 

mechanism. The first one is the rotation of the first rod altering only the angles 𝜑 (Figure 
5a), and the second one is the rotation of the first rod, altering only the angles 𝛼 (Figure 
5b). To couple these two movements, a transmissibility coefficient 𝜏 is added to describe 
the amount of movement allocated to each motion. If this coefficient is defined as 𝜏 = 1, 
the entire movement is carried out around the angles 𝛼, but if 𝜏 = 0, the entire movement 
is carried out around the angles 𝜑. Therefore, 𝛿𝛼 = 𝜏𝛿𝜃  (5)𝛿𝜑 = (1 − 𝜏)𝛿𝜃  (6)

To perform the movement of a finger with 1 degree of freedom capable of flexing all 
phalanges simultaneously, it is necessary that 0 ൏ 𝜏 ൏ 1. However, the transmissibility 

Figure 5. (a) Angles ϕi and (b) angles αi.

In this way, there are two possible extreme movements that can be performed by
the mechanism. The first one is the rotation of the first rod altering only the angles ϕi
(Figure 5a), and the second one is the rotation of the first rod, altering only the angles αi
(Figure 5b). To couple these two movements, a transmissibility coefficient τi is added to
describe the amount of movement allocated to each motion. If this coefficient is defined
as τ = 1, the entire movement is carried out around the angles α, but if τ = 0, the entire
movement is carried out around the angles ϕ. Therefore,

δαi = τiδθi (5)

δϕi = (1− τi)δθi (6)

To perform the movement of a finger with 1 degree of freedom capable of flexing all
phalanges simultaneously, it is necessary that 0 < τ < 1. However, the transmissibility
coefficient does not necessarily need to be constant throughout the movement. As noted,
assuming a finger with a transmissibility coefficient equal to 1, all the phalanges flex with
the same angle α. However, upon contact with an object on one of these phalanges, the
rotation in α is restricted, thereby reducing the transmissibility coefficient to 0 once it is
entirely directed to move the rods relative to each phalanx, altering ϕ.

Considering a voltage of 3500 V applied, the expected displacement of the DEA,
according to the hyperelastic Gent model and Figure 2b, is about 11 mm. This displacement
is used to estimate the dimensions and positions of the bars presented in Figure 4b, as
shown in the Table 2 below.
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Table 2. Dimensions of the FCDEA.

Metric Elastomer

Eletrical Voltage (V) 3500
λ1p 3.50

L1 (mm) 28.57
L2 (mm) 21.43
l2 (mm) 11.00

2.4. FCDEA Finger Prototype

The step-by-step fabrication process of the FCDEAs is presented in Figure 6. Fabricat-
ing the actuator involves preparing the necessary materials, such as cutting PET fibers with
a thickness of 0.20 mm; PET clamps with a thickness of 0.75 mm; and the VHB 4910 (3M,
Maplewood, MN, USA) elastomer, which should be cut into a square with at least 64 mm on
each side. Next, the elastomer is pre-stretched, where λp1 = λp2 = 3.5. The acrylic frame is
placed over the pre-stretched elastomer and pressed to improve adhesiveness. After that,
the clamps, copper tapes, and PET fibers are attached onto the elastomer. Finally, carbon
conductive grease (MG Chemicals, Burlington, ON, Canada) is applied to both surfaces
of the VHB, and using a cutting tool, the DEA is detached from the acrylic frame. This
results in a dielectric elastomer constrained by fibers. However, before its use, the elastomer
needs to be suspended with a pre-load of 300 g for 30 min to enhance pre-stretching in the
actuation direction. High voltage is provided by a DC-DC Converter 7000 V 3 W (E70, XP
Power, Reading, Belgium).
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The stretchable part of the elastomer membrane originally had dimensions of
64 mm × 64 mm. After stretching with λ1p = λ2p = 3.5, we obtained new dimensions of
224 mm × 224 mm. The acrylic frame, with internal dimensions of 120 mm × 160 mm, is
positioned tightly adhered to the VHB so that, upon detaching the acrylic frame from the
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pre-stretcher, the pre-stretching remains constant. The clamps and fibers support lateral
pre-stretching λ1p = 3.5 throughout the actuation period of the FCDEA.

Two clamps, each 20 mm in height, and seven fibers, each 5 mm in height, are posi-
tioned, leaving approximately 10 mm of space (5 mm on each side) between the clamps
and the acrylic frame. The dimensions of the free elastomer, without fibers or clamps, are
100 mm (160 mm − 2 × 5 mm − 2 × 20 mm − 7 × 5 mm = 100 mm) × 75 mm. These
dimensions still have the same pre-stretching value λ1p = λ2p = 3.5. Therefore, upon
detaching the FCDEA from the frame, it tends to contract immediately in the actuation
direction. Hence, the new nominal dimensions of the elastomers are as follows:

L1 =
l1

λ1p
(7)

L2 =
l2

λ1p
(8)

Thus, L1 = 28.57 mm and L2 = 21.43 mm. For practical reasons, the length measure-
ments of the elastomer during actuation were taken between the two clamps. Therefore,
the sum of the heights of the fibers (7 × 5 mm = 35 mm) should be subtracted from L2 to
find the actual values of l2 and λ2.

The prosthetic finger was made of PLA by an FDM 3D printer (Sethi S3X, Sethi 3D,
Campinas, SP, Brazil). Components were placed on an experimental bench to assess the
bending and extension capacity of the prosthetic finger when actuated by the antagonistic
pair of FCDEAs, as shown in Figure 7.
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3. Results and Discussion
3.1. Finger Mechanism Simulation

The movement of the underactuated prosthetic finger was estimated for different
values of τi, as shown in Figure 8, considering a displacement of the upper elastomer of
11 mm. Figure 8a presents the movement for τi = 1, while Figure 8b shows the movement
for τi = 0. Since the second four-bar mechanism reaches its rotation limit when the
elastomer displacement is greater than 9.075 mm, τi = 0 (Figure 8b), we did not provide
accurate finger motion. For τi = 0.5, as shown in Figure 8c, the movement was equivalent
to a real finger, performing interphalangeal rotation. Figure 8d presents the result for values
of τ1 = 0, τ2 = 0.5, τ3 = 0.5.
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3.2. Expandable Linear Actuator

Five FCDEAs were manufactured for the purpose of testing the elongation as a func-
tion of the applied voltage. Figure 9 represents the average curve obtained from the
manufactured actuators and the curve from the theoretical Gent model. After the 30 min
period with preload, the actuators had an average initial length l20 = 96.4 mm, and the
maximum average displacement obtained was 27.4 mm for a supplied voltage of 4.8 kV,
resulting in a maximum length of 123.8 mm.
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Thus, the maximum and minimum stretches obtained in the actuation direction were

λ2max =
123.8− 35

21.43
= 4.14 (9)
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λ2min =
96.4− 35

21.43
= 2.87 (10)

The maximum stretch provided by electrical actuation was

λactuatormax =
123.8− 96.4

96.4
= 0.287 (11)

Thus, the maximum deformation capacity of the FCDEA prototype was 28.4%, and
the hyperelastic properties of the material was applied between elongations of 2.87 and
4.14. Since the manufactured FCDEAs had a greater displacement capacity than the Gent
model, a voltage of 2700 V was considered to activate the FCDEA to obtain a displacement
of 11 mm.

3.3. Physical Prototype

The physical prototype of the prosthetic finger was tested on an experimental bench,
presented in Figure 10, where the movement of the upper FCDEAs was activated with a
voltage of 2700 V, resulting in a displacement of 11 mm.
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Figure 10. FCDEA finger prosthesis motion when the upper actuator was active.

Bending movement of the finger prototype was used to estimate values for τi, by
minimizing the angular error between the joint angle αi and the experimental joint angle
αiexp :

minimize

(
Error =

3

∑
i=1

αi − αiexp

)
(12)

The movement performed by the finger actuated by the antagonist pair closely resem-
bles the model presented in Figure 11 when the values of the transmissibility coefficients
τ1 = 0.7, τ2 = 0.6, and τ3 = 1. The simulation with these coefficients is depicted in
Figure 11a, and the comparison of the actual movement with the simulated movement is
shown in Figure 11b.

Using the estimated transmissibility coefficients τ1 = 0.7, τ2 = 0.6, and τ3 = 1, it is
possible to estimate the joint angles as a function of the input voltage, which may be used
to control the position of the finger. Figure 12 presents the estimated the joint angle αi,
filled symbols, and the experimental joint angle αiexp , empty ones. The proposed model
was quite accurate in estimating the joint angles of the finger prosthesis.
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filled symbols, and the experimental joint angle 𝛼ೣ , empty ones. The proposed model 
was quite accurate in estimating the joint angles of the finger prosthesis. 

Figure 11. Model and prototype of the FCDEA finger prosthesis. (a) Model with transmissibility coef-
ficients τ1 = 0.7, τ2 = 0.6, and τ3 = 1; (b) comparison between experiment and simulation movement.
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3.4. Gripping an Object

Experiments were carried out to reproduce the flexion and extension motion of the
finger around a small object, in this case, a table tennis ball. Figure 13a represents the
complete flexion movement of the prototype around the object, including the initial and
final positions, and Figure 13b illustrates the complete extension movement of the prototype.
For flexion movements, the upper FCDEA was activated, while for extension movements,
supply voltage was applied to the lower EDCF.

Figure 13 shows that the finger prothesis prototype driven by the FCDEA pairs as
artificial agonist–antagonist muscles was able to mimic the behavior of a sound finger
during flexion and extension movements around an object. Therefore, the same design
concept can be used to build an FCDEA-driven full hand prosthesis to overcome some of
the barriers faced by the current robotic hand prosthesis design, such as rigid actuators,
noise, high weight, low flexibility, and low mechanical compliance [32,33]. Another possible
design for the finger prosthesis could employ artificial tendons to move joints [13], where
FCDEA can pull the tendons in an agonist–antagonist arrangement, as proposed here.
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extension movement.

However, this study presents some limitations that are important to highlight. Our
experimental approach considered only one FCDEA activated at a time to model the
finger motion. But an agonist–antagonist pair of skeletal striated muscle achieves precise
position, force, and stiffness control through co-contraction [34]. Moreover, the ability of
human hands to perform precise operations is the result of multiple muscle synergies [35].
However, here, only one pair of FCDEAs was used to move the whole finger mechanism
through the PIP joint. Therefore, to have a finger prosthesis model that is more faithful to
the natural finger, it is necessary to regulate the activation of both agonist and antagonist
FCDEAs at the same time and provide other pairs of artificial muscles to move the MCP
and DIP joints independently.

Finally, dielectric elastomers possess promising properties in the field of rehabilitation
robotics, such as being low weight, having a high energy density, and having a significant
deformation capacity. However, there are still some barriers to their applications. The
durability and maintenance capabilities of actuators that use dielectric elastomers remain
extremely limiting factors for real-world applications. Additionally, the need for high
voltages to actuate the elastomers is also a concern for human use. Recent advances have
been overcoming these barriers and improving the design features of these actuators,
suggesting that dielectric elastomers will likely find practical applications in robotics in the
near future [7].

4. Conclusions

This work presented the modeling, design, fabrication, and experimental testing of a
prosthetic finger actuated by two fiber-constrained dielectric elastomer actuators (FCDEA)
arranged in antagonistic pairs as artificial muscles. The finger’s flexion movement is
achieved when the upper FCDEA is activated, while the extension movement occurs when
the lower actuator is engaged. The Gent hyperelastic model provided an appropriate esti-
mated displacement, but some adjustments to the material parameters are still needed to
precisely replicate the displacement of the manufactured FCDEA. A voltage of 2700 V was
applied to achieve an 11 mm displacement of the elastomer and allow the full flexion and
extension movement of the finger. The simulation results of the prosthetic finger showed
results similar to those of the manufactured prototype. However, the actuator’s parame-
terization still needs optimization, conducting tests with different elastomer dimensions,
applied loads, and pre-stretching, among others, to maximize deformation and load capac-
ity and reach the ideal size for the proposed application. Additionally, dielectric elastomer
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actuators exhibit complex dynamic response properties that should be explored through
oscillatory tests under different loading conditions to enable their use in conjunction with
force and position controllers, something we intend to explore in future works.
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Abstract: The routine use of prosthetic hands significantly enhances amputees’ daily lives, yet it often
introduces cognitive load and reduces reaction speed. To address this issue, we introduce a wearable
semi-autonomous hierarchical control framework tailored for amputees. Drawing inspiration from
the visual processing stream in humans, a fully autonomous bionic controller is integrated into the
prosthetic hand control system to offload cognitive burden, complemented by a Human-in-the-Loop
(HIL) control method. In the ventral-stream phase, the controller integrates multi-modal information
from the user’s hand–eye coordination and biological instincts to analyze the user’s movement
intention and manipulate primitive switches in the variable domain of view. Transitioning to the
dorsal-stream phase, precise force control is attained through the HIL control strategy, combining
feedback from the prosthetic hand’s sensors and the user’s electromyographic (EMG) signals. The
effectiveness of the proposed interface is demonstrated by the experimental results. Our approach
presents a more effective method of interaction between a robotic control system and the human.

Keywords: prosthetic hand; control strategy; grasp; manipulation; human inspired

1. Introduction

It is anticipated that future humanoid robots will perform various complex tasks
through communication with human users [1]. Despite significant advancements in pros-
thetics technology in recent years, only 50 to 60 percent of amputees are willing to wear
prosthetics [2], with rejection rates as high as 40 percent [3]. Brain dynamics experiments
may provide insight into why this “prosthetic rejection” occurs [4]. Since prosthetic hands
are less comfortable than human hands, using them imposes great cognitive burden on
amputees, leading to brain fatigue and psychological frustration that ultimately results in
prosthetic hand rejection [5].

Recent studies shed new light on the concept of “cognitive load” when using prosthetic
hands. Prolonged use of prosthetic hands while handling tools can increase the strength
of (electroencephalographic) EEG alpha waves in the brain [6]. This process can lead to
an increase in cognitive load, resulting in fatigue and reduced responsiveness to other
objects [7], which is the key reason for the high rejection rate of prostheses. The significant
increase in EEG alpha-wave power indicates that users consciously exert greater control
over their prosthetic hands [8]. This phenomenon is not observed in ordinary individuals
when using their hands naturally and skillfully. User experience research reports confirm
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the existence of “cognitive load” [9]. Equipping prosthetic hands with sensor feedback to
reduce the visual dependence of amputees is a promising solution to alleviate cognitive
load [10].

An inspiration for reducing the “cognitive load” is the ventral stream and dorsal
stream, which are two visual systems hypotheses of the human brain. Recently, evidence
was provided for a functional segregation of dorsal and ventral streams, supporting the
hypothesis [11]. Anatomical studies have proved the interaction between ventral and
dorsal streams, especially for skilled grasping [12]. As the demanding precision of the
grasp increases, these physiological interconnections gradually become more active [13,14].

The ventral stream, known as the “what pathway,” is primarily responsible for object
recognition and perception. The dorsal stream, referred to as the “where pathway,” is
primarily involved in the processing of spatial awareness and movement guidance [15].
The primary function of the dual stream is shown in Table 1. In the context of controlling
prosthetic hands, the ventral stream can be utilized to extract information about the user’s
hand–eye coordination and their viewing field. By analyzing the information, the controller
can determine the intention behind the user’s movements and enable the manipulation
of primitive switches in the variable domain of view. The dorsal stream plays a crucial
role in integrating visual information with motor control. In the context of controlling
prosthetic hands, the dorsal stream enables precise force control. Moreover, the dorsal
stream needs to obtain detailed information about the identity of the object stored in the
ventral-stream region when object attributes require complex fine-tuning of the grasp.
Correspondingly, the ventral stream may obtain the latest grab-relevant information from
the dorsal-stream region to improve the internal representation of the object. Based on the
hypothesis, incorporating both the ventral- and dorsal-stream principles into the control
framework of prosthetic hands makes it possible to create a more sophisticated and intuitive
control system. The ventral stream contributes to the perception and recognition of objects,
while the dorsal stream facilitates movement guidance and precise force control. This
framework should improve the performance of prosthetic hands and user experience.

Table 1. The primary function of the dual stream.

The Ventral Stream The Dorsal Stream

Function Identification Visually guided movement
Sensitive features High sensitivity to spatial High sensitivity to time
Memory features Long-term memory Short-term memory
Reaction speed Slow Quick
Comprehension Very fast Very slow
Reference frame Object-Centric Human-Centric

Visual input Fovea or parafovea Entire retina

2. Related Work

Prosthetic hands primarily rely on EMG signals for control [16,17]. Although this
method effectively utilizes residual muscles in the amputated limb, the absence of cor-
responding tactile feedback necessitates users to rely on visual compensation, resulting
in an increased cognitive load. This phenomenon has emerged as a significant factor in
prosthetic rejection among amputees. To address this issue, researchers have developed
a gaze-training method known as Gazing Training. This method assists amputees in adapt-
ing to prosthetic hand usage by reducing the need for conscious control and alleviating
cognitive load [18]. However, it is important to note that while Gazing Training demon-
strates partial success in mitigating cognitive load during the rehabilitation process, it does
not completely eliminate the underlying challenge [19].

Therefore, some researchers aspire to combine intelligent autonomous control methods
with human users’ electromyographic (EMG) signals by integrating control techniques
from the field of robotics [20,21]. This integration aims to establish a semi-autonomous
controller that combines autonomous control capabilities with human EMG signals. The
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objective of this semi-autonomous control approach is to partially or even entirely transfer
the cognitive load to the controller, enabling autonomous assistance for amputee patients
in accomplishing daily tasks. With advancements in both the understanding of the human
brain and computer technology in recent years, this is possibility gradually transforming
into reality [22].

In 2015, Markovic proposed a framework for a semi-autonomous controller, which
consists of an autonomous control unit and an EMG control unit [23]. The autonomous
control unit employs computer vision sensors to capture depth and red green blue (RGB) in-
formation, as well as proprioceptive feedback from the prosthetic hand, for data processing
and information fusion. On the other hand, the EMG control unit utilizes electromyo-
graphic signals to reflect user intentions and facilitate manual control of the prosthetic
hand. The combination of the EMG control unit and the autonomous control unit forms
a semi-autonomous controller that integrates autonomous control capabilities with human
EMG signals, allowing for switching between control modes [24].

Bu proposed a visually guided approach to assist patients in achieving semi-autonomous
manipulation of prosthetic hands, with the primary goal of alleviating users’ cognitive
load [25]. Chunyuan introduced global visual information based on EMG signals [26]. Ma-
chine vision was employed to extract object shape, size, type, and appearance information,
which was then integrated with pre-hand shape for joint motion planning using visual and
dual antagonistic-channel EMG signals. Wang proposed an RNN network by incorporating
features of the user’s gaze point [27]. The semi-autonomous control of the prosthetic
hand is achieved by the automatic recognition of the used tools and motion primitives.
The integration of computer vision into the semi-autonomous control of prosthetic hands
imposed significant computation demands on the controller [28]. To address the issue of
computational load in prosthetic hand operations, Fukuda proposed a distributed con-
trol system to enhance the real-time performance of the semi-autonomous controller [29].
Moreover, the inertial measurement unit (IMU) was employed to obtain the prosthetic
hand’s state, while the visual system was utilized to perceive object states [30]. Vorobev
proposed a semi-autonomous control method for prosthetic hands. Motion commands
were transmitted to the prosthetic hand’s main controller using sensors triggered by foot
movement inside the shoe [31].

In summary, addressing the issue of cognitive load, the Gazing Training approach is
proposed as a rehabilitation training method for amputees to adapt to prosthetic hands [32].
The Gazing Training partially mitigates the cognitive load but does not completely eliminate
the problem. In recent years, some researchers have proposed a semi-autonomous control
strategy from the perspective of robotics engineering. In these approaches, the controller
acquires information about object shape, size, etc., and translates it into corresponding
motion primitives, while the user’s EMG signals generate grasping commands for the
prosthetic hand. This semi-autonomous hierarchical control strategy aims to transfer a
portion of the user’s cognitive load to the controller, thereby reducing the user’s alpha-
wave power. Building upon the foundation of traditional semi-autonomous controllers, this
paper primarily presents two optimizations to the semi-autonomous hierarchical control
strategy for prosthetic hands. The innovations of the paper are summarized as follows:

(1) A controller is constructed based on the pathway of the human ventral–dorsal nerves.
Object semantic segmentation and convolutional neural network (CNN) recognition
are categorized as the ventral stream, while the motion tracking of the limb is intro-
duced as the control of the dorsal stream. Moreover, the dorsal stream and ventral
stream are integrated to ensure accurate motion primitives.

(2) In order to reduce the cognitive burden, a semi-autonomous controller is proposed.
Feedback of the prosthetic hand is integrated to enhance the perceived experience.
EMG signals of the user are obtained to realize the human in the loop control.
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3. Methodology

In the guidance stage of the human visual neural stream, the perception-motion
guidance is carried out by the ventral stream to recognize and locate objects. The ventral-
stream information is matched to the related object memory and long-term action primitives.
Inspired by the ventral stream, the prosthetic hand control system is applied to locate the
object. Moreover, the initial user intentions are obtained through the posture of the grasping
task. The visual information of objects can be further obtained through the CMOS image
sensor of the head-mounted device. Since the CMOS image sensor in the headset follows
the vision of the human user, the headset is able to locate the objects and prosthetic hands.

In the human dorsal-stream guidance stage, the human user guides the prosthetic
hand to grasp and manipulate in a vision-aided manner. At the same time, the CMOS
image sensor of the headset will obtain the real-time distance between the prosthetic hand
and the object. When the prosthetic hand approaches the object, the controller will drive
the prosthetic hand to perform grasp motions with the EMG signal of the human body
simultaneously. At this stage, humans mainly use the information of the dorsal neural
stream for guidance. Based on the characteristics of dorsal-stream information, the position
and force cloud of the grasping process are fed back to the human user. Finally, the EMG
signals of the human are combined to realize the human in the loop control. The framework
of two nerve streams of visual information is shown in Figure 1.
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3.1. Task-Centric Planning

The task planning is divided into two parts: motion primitive and sequence planning.
The controller is proposed in the task-centric task, which is inspired by the two visual
streams, realizing the sets and independent planning control of prosthetic hand motion
primitives. Firstly, multiple motion primitives are stored in the semi-autonomous controller.
Different motion primitives are applied in the semi-autonomous controller for the grasping
features of different objects. The object’s category and the prosthetic hand’s configuration
are input into the controller as decision factors. The controller drives the prosthetic hand
to complete the grasping task. In the decision-making stage, it is necessary to analyze the
object character and obtain the location information in the scene. The decision is calculated
by the convolutional neural network and semantic analysis. In order to realize real-time
control, the SSD-Mobilenet-V2 convolutional neural network is used to realize semantic
segmentation and object recognition for visual images. SSD-Mobilenet-V2 is used for
semantic segmentation while Mobilenet is used for object recognition. The Single-Shot
Multi-box Detector (SSD) neural network generates constraint squares of fixed size through
the forward-propagation CNN network, compared to the intersection over union (IOU) of
different Anchor boxes generated on the feature graph, obtaining boundary boxes close
to 0.5.
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Images captured from CMOS image sensors are segmented and associated with
semantics. Specifically, after obtaining the boundary boxes through the SSD method
mentioned above, a mobilenet-V2 convolution network is introduced to identify objects in
the boundary boxes and generate index information. To improve the operational efficiency
of the neural network for embedded devices, the mobilenet-V2 convolutional network
is adopted to simplify the calculation process through a deeply separable convolutional
operation method. The main advantage of this method is that Linear Bottleneck replaces
ReLU to activate a function, achieving channel reductions depth wise and dimension
reductions point wise, respectively. At the same time, to reduce the effect of feature
reduction caused by linear bottleneck dimension reduction, the addition and nonlinearity
of features are realized by inverted residuals. Similarly, an inverted residual neural network
has the property of “short-circuit”. The procedure has been simplified as the lightweight
software requirement of mobile devices.

In different scenes, objects will correspond to a different set of motion primitives.
Taking three grasping and manipulating tasks as examples, the varieties of manipulated
primitives involved in this paper are shown in Table 2.

Table 2. The sets of motion primitives.

Toggle
Switch Screw Cap Grasp Cap

The rest gesture gesture 1 gesture 1 gesture 1
Pre-shape gesture gesture 12 Prepare and pre-envelope Prepare and pre-envelope

Manipulate gesture gesture 12 gesture 2 gesture 2

For different grasp and manipulate tasks, motion primitives are required for the
different manipulate time sequence planning. Gesture 1 is no contact and no motion of
the hand. Gesture 2 is motion of the hand without and within the hand. Gesture 12 is the
within-hand movement [33]. To ensure the suitable sequence of motion primitive switching,
sequential planning uses the end state of the previous primitive as the beginning state
for the next primitive. Considering a common motion in daily life, “object grasping”, the
sequence of manipulation can be planned as follows:

(1) The beginning of the task. The initial motion primitive is in the free state, which is
gesture 1.

(2) Object recognition stage. When the target recognition is completed, the prosthetic
hand forms the pre-grasp posture according to the feature information of the object.
If the target image is lost, it is estimated that the user gives up grasping, and the
prosthetic hand restores to the free primitive state.

(3) Pre-grasp stage. The head-mounted CMOS image sensor obtains the spatial position
relationship between the prosthetic hand and the object in real time. When the space
distance between the hand and object is less than the threshold value, it is judged that
the hand and object are in contact and enter the grasping primitive stage. When the
space distance between the hand and object is greater than the threshold value, the
hand and object are considered to be separated and return to the pre-hand type stage.
The user can change his view field to restore the original free primitive at this stage.

(4) Grasp stage. Control is performed on the prosthetic hand after fusing EMG signal
and object vision information feedback.

(5) After grasping, the prosthetic hand ends the grasping task and returns to the initial
stage. After completing the grasping task, the prosthetic hand is controlled to separate
from the object and restored to the initial free primitive state, changing the view
field of the CMOS sensor. In case of unsuccessful separation of the hand and object
or an emergency, voice command can perform an emergency reset. We restrict the
prosthetic hand from switching directly to the free primitive state when performing
grasp primitives for the user’s safety. The aforementioned manipulate sequence
planning for the controller is shown in Figure 2.
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3.2. Precise Force Control Strategy

The precise force control of the prosthetic hand during contact is proposed for object
grasping. In the grasping process, human users are able to participate in the control loop,
forming the human-in-loop control mode. The pressure cloud image is shown in the
headset. With the pressure feedback, the human users can adjust the grasping force to
realize closed-loop control between the human and the prosthetic hand.

Human signals are generated by the flexor digitorum profundus. Signal preprocessing
is carried out, including signal amplification, peak-to-peak detection, envelope processing,
mean filtering, Fourier transform, and bandpass filtering. The value of the EMG signal is
obtained in real time.

The STM32 microcontroller is applied as the central semi-autonomous controller. An
Arduino microcontroller was used to obtain EMG values of flexor digitorum Profundo
in real time. These two microcontrollers communicate through a serial port and trans-
mit data in hexadecimal format. The central semi-autonomous controller will request for
the intensity of the EMG signals obtained by the Arduino controller in real time. Con-
sidering the diversity of tasks, environments, and personal behaviors in grasping, the
semi-autonomous controller will continuously detect the action potential of the user’s
digital-flexor deep muscle. A typical original EMG signal and bandpass filtering EMG
intensity are shown in Figure 3. The proportional control output u will be obtained when
the EMG intensity P exceeds the threshold, where k1 is the proportional coefficient.

u = k1P (1)
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The control output value u of the semi-autonomous controller is transmitted to the
prosthetic hand system through Bluetooth. The prosthetic hand system converts the
proportional control output u into pulse-width modulation (PWM) signal. It controls five
servo motors to realize the movement of the finger joint of the prosthetic hand. Pressure
sensors are embedded in each finger to read the contact state between the prosthetic

81



Biomimetics 2024, 9, 62

hand and the object. The haptic pressure distribution cloud is transmitted to a semi-
autonomous controller via Bluetooth built into the prosthetic hand system. To tackle
the challenge of providing grip force feedback in prosthetic hands, this study leverages
computer graphics techniques utilizing the open-source graphics library OpenGL. Within
the semi-autonomous controller, a pressure cloud map of the prosthetic hand is generated.
This map is subsequently projected onto the user’s retina through a head-mounted device,
facilitating closed-loop control. The fundamental approach involves the transmission of
pressure sensor information from the prosthetic hand system to the semi-autonomous
controller via the embedded Bluetooth of the microcontroller unit. The semi-autonomous
controller, in turn, employs OpenGL to render the pressure cloud map. The combined
controller information and prosthetic hand data are then projected onto the user’s retina
using the micro display of the head-mounted device.

Users will dynamically adjust the incremental control output of the prosthetic hand
system based on real-time feedback from the controller and visual perception. According
to Equation (1), once the proportional control output u is generated, the semi-autonomous
controller will continuously monitor the user’s electromyographic signals. If the user
perceives that a stable grasp has not yet been achieved, the proportional control output u
will persistently accumulate control output increments.

ui = ui−1 + k2P (2)

where k2 is the incremental coefficient, which plays a role in amplifying and shrinking the
signal during the incremental proportional control. The procedures of the proportional
control mode are shown in Figure 4.
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To solve the grasping force acquisition of prosthetic hands, we draw a pressure cloud
map of prosthetic hands in the semi-autonomous controller, using computer graphics
technology (OpenGL). This process costs less in terms of CPU resources. The pressure
cloud figure is displayed in a headset and projected onto the user’s retina. In this way, the
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human brain is connected to the control loop of the prosthetic hand. Rendering the pressure
cloud image in the semi-autonomous controller mainly uses the GLWight library under the
Qt framework; the generated rendering image is transmitted to the head-mounted device
through an HDMI cable. The micro-display device in the headset uses a Vufine+ wearable
display for visual projection.

OpenGL’s geometric shader function interface is a four-channel array representing R
(red region), G (green region), B (blue region), and α (transparency component). The follow-
ing formula will convert the contact pressure information transmitted into the OpenGL into
a cloud map. The pressure cloud figure will be displayed on the head mount display. When
the contact pressure value ci is less than 0.5-times the contact pressure threshold L, the data
relationship of contact pressure information to the cloud map is shown in Formula (3):





Ri = 0

Gi =
255ci
0.5L

Bi = 255− 255ci
0.5L

(3)

When the contact pressure value ci is larger than 0.5-times of the contact pressure
threshold L, the data relationship of contact pressure information to the cloud map is shown
in Formula (4):





Ri =
255ci
0.5L

Gi = 255− 255ci
0.5L

Bi = 0

(4)

where ci is the contact force value of the ith finger; L is the contact force threshold; Ri, Gi, Bi rep-
resent the color components of the ith finger in red, green, and blue cloud images, respectively.

Tailored to specific grasping or operational tasks, the semi-autonomous controller
dynamically monitors the real-time electromyographic signal strength of the user’s deep
flexor muscles. It triggers the electromyographic control phase when this intensity sur-
passes a predefined threshold. Considering that deep flexor muscle signals originate from
the deeper muscle groups of the human body and surface electrode signal acquisition is
susceptible to interference, various techniques, including differential amplification, peak
detection, envelope processing, mean filtering, Fourier transformation, and bandpass fil-
tering, are employed to extract real-time electromyographic signal intensity values. These
intensity values are communicated in real time via serial communication to the STM32
embedded in the semi-autonomous controller for proportional control.

When the prosthetic hand contacts the target object, the contact force value and force
distribution position of the tactile sensor embedded in the prosthetic hand are changed.
This tactile information will be processed by the processor embedded in the prosthetic
hand and then transmitted to the semi-autonomous controller, which uses OpenGL to draw
the pressure cloud. A micro-display on the headset projects the pressure cloud image onto
the user’s retina, enabling the user to know the motion state and contact force distribution
of the prosthetic hand system in real time for further incremental control until the user
confirms the stable grasp, as shown in Figure 5.
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4. Experiment

This section sets up a grasping platform for prosthetic hands to verify the feasibility
of using the semi-autonomous controller and its robust performance. Users can realize
grasping and manipulating tasks of a prosthetic hand using the semi-autonomous controller
in the way of “hierarchical visual stream driven”.

As shown in Figure 6 (from the recorder’s perspective), the subject of this experiment
is a 25-year-old Chinese adult male with normal vision. Elements of the semi-autonomous
control framework are listed below:

• Jetson Nano (Nvidia, Santa Clara, CA, USA), which has 128-core NVIDIA Maxwell™
architecture GPU and Quad-core ARM® Cortex®-A57 MPCore processor and the
semi-autonomous controller are integrated in the Jetson Nano.

• WX151HD CMOS image sensor (S-YUE, Shenzhen, China), which has 150-degree
wide angle.

• ZJUT prosthetic hand (developed by Zhejiang University of Technology, Hangzhou,
China) is equipped with 5 actuators.

• DYHW110 micro-scale pressure sensor (Dayshensor, Bengbu, China) is integrated in
the prosthetic hand to obtain the touch force. It has a range of 5 kg, and the combined
error is 0.3% of the full scale (F.S.).

• Vufine+ wearable display (Vufine, Sunnyvale, CA, USA) is a high-definition, wearable
display that seamlessly integrates with the proposed control framework.
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Figure 6. Experimental setup.

On the right side of the experimental setup is the semi-autonomous controller inde-
pendently developed by the laboratory for this study. This controller follows the user’s
multi-modal information and facilitates the grasping function of the prosthetic hand. The
detailed structure of the semi-autonomous controller was thoroughly discussed in Section 3.
Additionally, the prosthetic hand system, also independently developed by the laboratory,
is affixed to the damaged hand of the mannequin wearing the semi-autonomous controller.
Other components within the experimental environment include a Graphic User Interface
(GUI) on a personal computer. This GUI serves the convenience of subjects, experiment
operators, safety officers, and recorders, enabling them to monitor the state of the semi-
autonomous controller and make timely adjustments. The object being manipulated in the
experiment is a plastic beverage bottle, mimicking the user’s routine grasping actions for
daily beverage needs. The experiment recorder controls and adjusts the process based on
the recorded experimental footage, as illustrated in Figure 7.
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4.1. Prosthetic Hand Grasping Experiment

In their daily lives, amputees often grasped objects with their prosthetic hands. The
purpose of the experiment is that the semi-autonomous controller can assist the user
in grabbing the “bottle” naturally under the multi-mode interaction between the semi-
autonomous controller and the human user. The grasping process is as follows, which can
be seen in Figure 8:

(1) The semi-autonomous controller was worn by a dummy model. A prosthetic hand,
electromyographic electrode, and head-mounted device on the human subject are used
to obtain the human EMG signal and project the signal to the human eye. (Figure 8.1).

(2) The human subject attached the prosthetic hand to his left hand and exhaled, “grab
the bottle”. The subject was looking at the bottle with his arm close to it. The head-
mounted device will perform visual semantic segmentation and convolutional neural
network recognition for the “bottle” in this process. According to the information
returned by the CMOS image sensor and the speech task library, the prosthetic hand
can switch the combination of motion primitives. (Figure 8.2).

(3) When the human subject’s arm comes close to the “bottle”, it generates an EMG signal.
The semi-autonomous controller implements proportional and incremental control
under a specific motion primitive, depending on the EMG strength, until the user
is instructed to “determine” the prosthetic hand motion. During this period, users
can observe the changes in the pressure cloud of the prosthetic hand in real time.
(Figure 8.3–6).

(4) The experimental subjects grasp the “bottle” and place it in another position on the ta-
ble. After placement, the prosthetic hand is released and reset by voice. (Figure 8.7–8).
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4.2. Prosthetic Hand and Human Hand Coordinative Manipulation Experiments

This experiment aims to verify that the semi-autonomous controller can assist humans
in completing the manipulation of “screw the bottle cap” naturally under the multi-mode
interaction between the semi-autonomous controller and the human user. The cooperative
manipulation experiment of the prosthetic hand and human hand can be seen in Figure 9:

(1) The semi-autonomous controller was worn by the dummy. A prosthetic hand, EMG
electrode, and head-mounted device were attached to the human subjects. (Figure 9.1).

(2) The experimental subject fixed the prosthetic hand on his left hand and exclaimed the
command “screw the bottle cap” by voice. While the subject is looking at the “bottle”,
the user is grabbing the “bottle” with his right hand, and the prosthetic hand with
his left arm is approaching the “bottle cap”. The head-mounted device will perform
visual semantic segmentation and convolutional neural network recognition for the
“bottle” in this process. According to the information returned by the CMOS image
sensor and the speech task library, the prosthetic hand can switch the combination of
motion primitives. (Figure 9.2–3).

(3) When the distance between the prosthetic hand and the “bottle cap” is less than the
threshold value, the prosthetic hand will grab the “bottle cap”, and the user drives
the prosthetic hand to rotate the “bottle cap” to the set angle through his left arm.
(Figure 9.4–7).

(4) When the “bottle cap” is not unscrewed and the distance between the prosthetic hand
and the “bottle cap” exceeds a certain distance, the prosthetic hand will return to the
pre-hand type.

(5) Repeat Step 3 and Step 4 until the cap is unscrewed.
(6) Place the unscrewed bottle cap on the desktop and command the voice to reset the

prosthetic hand. (Figure 9.8–10).

Biomimetics 2024, 9, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 8. Arm and hand collaborative control experiment. 

4.2. Prosthetic Hand and Human Hand Coordinative Manipulation Experiments 
This experiment aims to verify that the semi-autonomous controller can assist hu-

mans in completing the manipulation of “screw the bottle cap” naturally under the multi-
mode interaction between the semi-autonomous controller and the human user. The co-
operative manipulation experiment of the prosthetic hand and human hand can be seen 
in Figure 9: 
(1) The semi-autonomous controller was worn by the dummy. A prosthetic hand, EMG 

electrode, and head-mounted device were attached to the human subjects. (Figure 
9.1) 

(2) The experimental subject fixed the prosthetic hand on his left hand and exclaimed 
the command “screw the bottle cap” by voice. While the subject is looking at the 
“bottle”, the user is grabbing the “bottle” with his right hand, and the prosthetic hand 
with his left arm is approaching the “bottle cap”. The head-mounted device will per-
form visual semantic segmentation and convolutional neural network recognition for 
the “bottle” in this process. According to the information returned by the CMOS im-
age sensor and the speech task library, the prosthetic hand can switch the combina-
tion of motion primitives. (Figure 9.2–3) 

(3) When the distance between the prosthetic hand and the “bottle cap” is less than the 
threshold value, the prosthetic hand will grab the “bottle cap”, and the user drives 
the prosthetic hand to rotate the “bottle cap” to the set angle through his left arm. 
(Figure 9.4–7) 

(4) When the “bottle cap” is not unscrewed and the distance between the prosthetic hand 
and the “bottle cap” exceeds a certain distance, the prosthetic hand will return to the 
pre-hand type. 

(5) Repeat Step 3 and Step 4 until the cap is unscrewed. 
(6) Place the unscrewed bottle cap on the desktop and command the voice to reset the 

prosthetic hand. (Figure 9.8–10) 

 
Figure 9. The cooperative manipulation experiment of a prosthetic hand and human hand. 

  

Figure 9. The cooperative manipulation experiment of a prosthetic hand and human hand.

4.3. Results

According to the results of two experiments, the proposed two visual-stream-driven
manipulation strategy is in line with the natural manipulation rules of human beings and
can effectively assist patients in completing familiar grasping and manipulation tasks in
daily life. The experimental results are consistent with the expectations.

The experimental results shown in Table 3 combine the user experience and controller
characteristics. The grasping task of a prosthetic hand and the human manipulation task
described in this paper are similar in the structure form of the control method. In terms
of the task layer, voice interaction is combined with the visual neural network. Due to
differences in user intention and environment, the processing content will change the
output result. At the planning level, the action primitive of the grasping task mainly
switches between grasping hand type and pre-grasping hand type; the state transition
condition is primarily used to trigger the user’s man-in-loop control. The motion primitives
of manipulation tasks switch between multiple manipulators, and the state transition
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condition is mainly used to trigger the arrangement of action primitives. In the motion
control layer, the size of manipulated objects is usually tiny, so the switch of motion
primitive is mainly realized through arm movement guidance. There are differences in the
size, mass, and type of the objects in the grasping task, which requires higher grasping
stability; thus, the force control strategy of the human-in-loop is introduced.

Table 3. The experimental results.

Task Type Task Characteristics

Coordinative movement of hand and arm Grasp Force control
Two hands coordination manipulation Movements switch

5. Conclusions and Future Works
5.1. Conclusions

Different from the traditional semi-autonomous controller design, this work is inspired
by the two visual streams of the humanoid control strategy. The summary of this framework
can be seen in Figure 10. The main contributions are as follows:

(1) In terms of the control layer of the motion primitive planning, the traditional object
semantic segmentation and CNN recognition are classified as ventral flow, residual
arm motion tracking is introduced as dorsal flow, inspired by the human brain. We
optimized the information collection method of the motion primitive planning control
layer and the state transfer strategy among the movement primitives according to the
multimodal information in different stages of ventral flow and dorsal flow.

(2) In terms of the force control layer, the issue of the user’s “cognitive burden” is reduced
in the existing semi-autonomous control strategy, so this paper takes the user as a
high-dimensional controller and the EMG strength of flexor digitorum profundus
as the control quantity, giving feedback to the prosthetic hand body state, realizing
precise force control with human-in-loop.
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5.2. Future Works

The proposed control framework, inspired by the human ventral–dorsal stream visual
process, currently emphasizes functional grasping actions within the spectrum of human
hand operations. However, this biological process represents just one aspect of the myriad
ways humans execute gripping tasks, emphasizing functional manipulations. Ongoing
neuroscientific efforts delve into understanding how different brain regions guide grasping
operations through visual cues. Building upon the current ventral–dorsal stream, future
work will explore bio-inspired control strategies, integrating the latest neuroscientific
findings related to the user’s dual visual neural pathways. The aim is to deepen the

87



Biomimetics 2024, 9, 62

algorithmic sophistication and broaden the spectrum of multimodal information, fostering
a more profound integration between humans and machines.

In future investigations, a pivotal area for exploration revolves around the usabil-
ity and social acceptance of prosthetic hands in various environments, especially social
situations. Current technology, while advancing rapidly, may pose challenges in social
integration due to its external and conspicuous nature. To enhance user experience and
societal acceptance, future work could focus on developing discreet, aesthetically pleasing
designs that seamlessly integrate prosthetic hands into social settings. This involves not
only technical advancements but also a nuanced understanding of user preferences, comfort
levels, and societal perceptions. Exploring materials, form factors, and user-centric design
principles could contribute significantly to reducing the stigma associated with prosthetic
devices, fostering a more inclusive and socially integrated environment for users. This
research direction aligns with the broader goal of not only improving the functional aspects
of prosthetic hands but also enhancing the overall quality of life and social experiences for
individuals using this technology.

Author Contributions: Conceptualization, J.Z. and G.B.; methodology, X.Z.; software, B.Y.; validation,
B.Y. and X.Z.; formal analysis, X.M.; data curation, H.F.; writing—original draft preparation, X.Z.;
writing—review and editing, S.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Key Research and Development Program of Zhejiang
(Grant No. 2021C04015), the Key Research Program of Zhejiang (Grand No. LZ23E050005), Natural
Science Foundation of Zhejiang Province (Grand No. Q23E050071).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.
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Abstract: The realization of hand function reengineering using a manipulator is a research hotspot in
the field of robotics. In this paper, we propose a multimodal perception and control method for a
robotic hand to assist the disabled. The movement of the human hand can be divided into two parts:
the coordination of the posture of the fingers, and the coordination of the timing of grasping and
releasing objects. Therefore, we first used a pinhole camera to construct a visual device suitable for
finger mounting, and preclassified the shape of the object based on YOLOv8; then, a filtering process
using multi-frame synthesized point cloud data from miniature 2D Lidar, and DBSCAN algorithm
clustering objects and the DTW algorithm, was proposed to further identify the cross-sectional shape
and size of the grasped part of the object and realize control of the robot’s grasping gesture; finally,
a multimodal perception and control method for prosthetic hands was proposed. To control the
grasping attitude, a fusion algorithm based on information of upper limb motion state, hand position,
and lesser toe haptics was proposed to realize control of the robotic grasping process with a human
in the ring. The device designed in this paper does not contact the human skin, does not produce
discomfort, and the completion rate of the grasping process experiment reached 91.63%, which
indicates that the proposed control method has feasibility and applicability.

Keywords: intention recognition; human–machine interaction; 2D Lidar; environmental perception;
prosthetic hand

1. Introduction

The prosthetic hand is an important tool to restore hand function for people with
upper limb disabilities. Accurate recognition of the intention of upper limb actions is
essential for controlling coordinated actions of a prosthetic hand. The coordinated actions
of the human hand can be summarized in two parts: postural coordination and process
coordination. The information that describes upper limb action patterns and intentions
includes bioelectric, bionic, and kinematic signals [1].

Bioelectric signals are mainly composed of electroencephalography (EEG) and elec-
tromyography (EMG) signals. EEG signals can directly reflect intention information in
the human brain about 100 to 150 milliseconds ahead of limb actions [2], which is suitable
for the intention recognition and control of robotic arms and prosthetic hands. Baoguo
Xu et al. studied EEG signals of humans during left, right, up, and down actions and
successfully controlled the action of a robot and grasped the target object [3]. Kiyoshi Nagai
et al. implemented EEG information to trigger robot actions [4]. However, EEG signals
are usually very weak [5,6] and are affected by environmental noise. Hence, intention
recognition using EEG signals has poor accuracy and stability. In addition, only simple
action control can be accomplished.

Note that changes in electrical signals, EMG signals, can be measured on the surface of
the skin when human muscles move a limb. These electrical signals can rapidly reflect limb
action intentions and can be applied in the field of prosthetic hands. By using EMG signals,
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researchers have investigated strategies to control a pneumatic robotic arm to complete
grasping actions [7], as well as methods to control a prosthetic hand to complete actions
such as closing, opening, wrist flexion, and double wrist flexion using single-channel
surface EMG signals [8]. Reference [9] proposed a new human–computer interaction for
tetraplegic patients, which was evaluated using EMG in five patients with spinal cord
injuries. The preliminary results provided a new solution for advanced spinal cord injury
patients. In addition, EMG signals can also be used to control a prosthetic hand to perform
certain fine actions, such as axial hole assembly [10]. Based on EMG and eye action signals,
Keisuke Shima et al. controlled a prosthetic hand to help a disabled person eat [11]. Segil
et al. fitted four EMG electrodes to the missing forearm region to control a prosthetic hand,
achieving an average of 55% physiological function in patients with limb loss [12].

Previous studies on prosthetic hands have indicated that EMG signals are superior to
EEG signals. However, there are many problems with EMG signals. Although reference [12]
provided examples of electrodes attached to the amputation site of an arm, the muscles of
the arm of a disabled individual often show varying degrees of atrophy. Muscle atrophy
leads to weaker and noisier EMG signals, making it difficult to acquire and process them.
Many previous works did not consider how to coordinate the actuation of multiple muscles,
which not only makes the acquisition of EMG signals difficult but also makes them time-
consuming and difficult to use. In addition, EMG electrodes can cause skin irritation and
serious malfunctions due to interference from factors such as humidity.

It is worth noting that body actions are the result of the human brain’s intentions, i.e.,
they reflect human intentions. Body motion information includes velocity, acceleration,
posture, position, etc. This body motion information can be measured using inertial sensors.
With the development of MEMS, inertial sensor technology has matured [13] and has
become a commonly used sensor to collect human motion parameters, gradually becoming
applied in the field of prosthetic control. For example, Ben et al. introduced an inertial
measurement unit (IMU)-based method to recognize the action intention of human lower
limbs [14]. Samuel et al. illustrated the drawbacks of EMG signals and proposed an
algorithm for human gesture recognition integrating an IMU and EEG signals [15]. Noccaro
et al. recorded arm actions for human-like upper limb actions using a robotic arm based on
an IMU [16]. Merad et al. designed a coordinated elbow motion prediction method based
on IMU upper limb kinematics, which provided ideas for flexible control of prosthetic
limbs [17]. The prosthetic hand research team at Southeast University investigated the use
of inertial sensors to control shoelace tying with prosthetic hands, with good results [18].

In recent years, multimodal signals such as visual, haptic, and speech signals have
been widely used for prosthetic limb control to achieve precise manipulation of prosthetic
limbs. Martin Harold et al. designed an upper limb prosthesis control method integrating
visual, inertial, and EMG signals [19]. Ghazaei et al. proposed a control method based on
the fusion of visual and EMG information, which successfully realized the task of grasping
500 different types of objects [20]. It can be seen that visual information is important for the
control of a prosthetic hand, but a prosthetic hand is only suitable for monocular vision,
and it is difficult to accurately obtain the dimensions of objects due to a lack of depth
information, coupled with the facts that there are many different types of objects and the
dimensions of the same type of object can also be very different, which makes monocular-
vision-based control methods cumbersome and difficult to adapt to complex environments
and tasks. In order to solve this problem, the use of Lidar as a visual perception sensor,
which can provide rich depth information, can effectively compensate for the shortcomings
of monocular vision and is able to efficiently acquire features such as object dimensions [21].
There have also been studies on controlling a prosthetic hand with voice signals, which had
better results in quiet situations, but this voice control method can often be embarrassing
for users.

Therefore, in this paper, we propose a multimodal control algorithm for prosthetic
hands based on opto-haptic and arm kinematic measurements, which is used to solve
the cross-sectional shape and size recognition and dynamic gesture adjustment of target
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objects in complex scenes. The main contributions can be categorized into the following
three aspects:

(1) In this paper, a new type of prosthetic hand control system integrating visual
and tactile sensing and arm motion measurement is constructed, and a cross-sectional
object shape and size recognition method based on the fusion of a monocular camera
and two-dimensional Lidar is proposed in a pioneering manner. At the same time, a
dynamic grasping control algorithm with multimodal information fusion is designed,
which combines the upper limb motion state and lesser toe tactile information to realize
intelligent recognition and dynamic gesture adjustment for objects in the middle of the
target area in a complex environment, providing a brand-new technological path for the
intelligent control of prosthetic hands.

(2) In this study, an algorithm for recognizing the cross-sectional shape and size of
objects based on the fusion of a monocular camera and 2D Lidar data is proposed for
the first time. The algorithm recognizes and classifies the shape of an object through
the YOLOv8 model and extracts geometric features, and then combines 2D Lidar with
the DBSCAN algorithm to cluster the objects, with the DTW algorithm used to further
recognize the cross-sectional shape and size of the grasped part of the object, realizing
grasping attitude control of a prosthetic hand. The method in this paper overcomes the
limitations of a single sensor in complex environments, significantly improves the accuracy
and robustness of object recognition, and reduces costs at the same time.

(3) In this study, a grasping action control algorithm based on the fusion of an IMU
and haptic sensor data is proposed. The upper limb motion state is identified using a
sliding window attitude angle variance calculation algorithm, a palm motion model is
established, and the palm position is classified using the MLP (multi-layer perceptron)
algorithm; the foot haptic data are processed using Kalman filtering, and the pressing
action of the lesser toes is identified by combining with the peak extraction algorithm. By
integrating the upper limb kinematic state, hand position, and foot haptic information,
precise optimization of the grasping action is achieved. Compared with traditional EMG,
EEG, or voice control methods, this algorithm enhances the flexibility, covertness, and
comfort of operation through natural human interaction.

The rest of this paper is organized as follows: in Section 2, we present the overall design
of the prosthetic hand control system; Section 3 introduces an algorithm for recognizing the
shape and size of an object cross-section based on the fusion of a monocular camera and
2D Lidar data; Section 4 details a grasping action control algorithm based on the fusion of
an IMU and haptic sensor data; Section 5 is the experimental part, which confirmed the
feasibility of the methodology proposed in this paper through experiments, and Section 6
provides the conclusions and future perspectives.

2. System Design

The overall structure of the prosthetic hand control system is shown in Figure 1 and
consists of the main control module (Raspberry Pi), Lidar, pinhole camera, IMU, flexible
pressure sensing insole, and prosthetic hand. Among them, the pinhole camera has a size
of ϕ3.9 × 20 mm and the laser of the Lidar has a laser size of 6 × 6 × 8 mm, which can be
integrated and mounted on the finger.

The grasping action of the human hand is a complex process that requires the syner-
gistic cooperation of multiple organs and is the result of the fusion processing of human
intention and environmental perception. Based on an analysis of the complete grasping
action process, this paper designed a complete control system for the prosthetic hand action
process, as shown in Figure 2. In this system, IMUs are worn on the large and small arms
to detect the movement of the upper limbs in real time and determine the position of the
end of the hand, the Lidar and camera are mounted on the prosthetic hand for recognizing
the size and type of the object, and flexible pressure sensing insoles are placed on the soles
of the feet to detect the user’s active manipulation signals. The design concepts of this
system include the following: first, an IMU is used to obtain the velocity information of the
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upper limb to judge its motion state, and a D-H (Denavit–Hartenberg) model of the upper
limb is established to solve the position of the hand relative to the body, so as to judge the
grasping timing; second, unlike a traditional prosthetic hand system that recognizes the
specific class of an object, this paper uses camera vision to recognize the shape of the object;
third, this paper innovates with the use of 2D Lidar to recognize the object size, designing
point cloud preprocessing and size calculation algorithms; fourth, the foot pressing action
is used as a human–computer interaction signal; fifth, a grasping strategy for the prosthetic
hand based on the shape and size of the object is designed, and the above information is
fused to control the action process of the prosthetic hand.

Figure 1. Hardware composition of the prosthetic hand control system.

Figure 2. Prosthetic hand control system flow.

The control process of the prosthetic hand designed in this system is as follows: The
initial state of the system is that the upper limbs are static and naturally drooping, when
it is necessary to grasp an object, the arm drives the robotic hand to move towards the
object. When the IMU detects that the upper limbs have stopped moving and the hand is
located in front of the body, this means that the robotic hand can reach the vicinity of the
object. At this time, the Lidar is used to detect whether there is an object in front of the
body, if no object exists, this means that no movement of the prosthetic hand is needed, if
there is an object, the camera acquires an environment image, and together with the Lidar,
it recognizes the type and size of the object, and then the system controls the prosthetic
hand to adjust the posture for grasping. When the object needs to be released, the flexible
pressure sensing insole recognizes the user’s foot pressing action, allowing the prosthetic
hand to release the object and return to the initial state.
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3. Monocular Camera and 2D Lidar-Based Object Cross-Section Shape and Size
Identification Method
3.1. Overview of the Methodology

Monocular cameras are small, lightweight, and low-cost, but a lack of depth informa-
tion makes it difficult to accurately obtain the size of an object, coupled with the fact that
there are many types of objects and the size of the same type of object can vary greatly,
which makes monocular-vision-based control methods cumbersome and difficult to adapt
to complex environments and tasks.

Lidar is commonly used for slam navigation in mobile robots. Lidar illuminates the
target in the sector plane and can obtain a distance value corresponding to the emission
angle, and point cloud data are formed through multiple measurements. The point cloud
data of Lidar are suitable for long-distance measurement and are often used to describe
the traveling path of mobile robots. In this paper, the point cloud data of Lidar were
used to measure the cross-sectional shape and size of the grasped object, and the main
problems that needed to be solved were the small size of the measurement target, the
short measurement time, the small amount of measurement data obtained, and the large
error. In addition, the random jitter of a human hand increased the measurement error
and difficulty.

In order to solve the above problems, a monocular camera was first used to recognize
and classify the shape of the object using the YOLOv8 model to extract geometric features,
and then the DBSCAN algorithm was utilized in combination with 2D Lidar to cluster the
objects, with the DTW algorithm used to further identify the cross-sectional shape and
size of the object’s grasped part, in order to realize control of the grasping posture of the
prosthetic hand.

3.2. Monocular Camera Object Shape Recognition Method

Most camera vision algorithms for prosthetic hands choose to recognize specific
classes of objects. However, there are many types of objects and it is difficult to cover them
comprehensively. Including more objects will lead to a wide range of classes, affecting the
recognition accuracy and efficiency. Based on the above analysis and the fact that common
relatively regular objects have relatively simple shapes, and different objects of the same
shape have a great similarity in their corresponding grasping gestures, this section divides
common objects into three categories, i.e., columns, balls, and slices, from the point of
view of the design of the grasping gesture. YOLO is a widely used and validated target
detection and recognition model. In this section, the shape of the object is recognized using
YOLOv8 [22]. The images used in this method were sourced from Coco, supermarket, and
fruit scenes, etc., and were labeled to form a new dataset. Figure 3 shows some of the
objects in each category in the dataset. The dataset generated in this section consists of
a total of about 21,000 images, including 54 types of columns, 113 types of balls, and 16
types of slices, and the dataset is divided into training, validation, and testing sets in a ratio
of 8:1:1.

The training in this paper was caried out on the Ubuntu 20.4 + PyTorch platform, the
hardware configuration of the machine is shown in Table 1, and the initial model chosen for
training was YOLOv8. The loss curve of the training model is shown in Figure 4, box_loss
represents the loss in recognizing the box, cls_loss represents the loss in classifying, the
horizontal axis represents the number of iterations, and the vertical axis represents the
value of the loss. It can be seen that the loss decreased faster in the first 20 rounds and
slowly decreased later. mAP is an important metric for evaluating tasks such as target
detection and segmentation in computer vision, and it is well suited for evaluating the
accuracy of a model, which is the average of the AP (average value of precision). The AP
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responds to the area enclosed by the precision–recall curve and the horizontal and vertical
axes, and the mAP is computed as shown in Equation (1),

mAP =
∑n

i=1
∑Ri

k=1 P(k)∆Re(k)
Ri

n
(1)

where n is the number of categories in the detection task, Ri is the total number of true
positive cases for category i, P(k) is the precision of category i in the first k detections,
and ∆Re(k) is the difference in recall when category i changes from i − 1 to i. Figure 5
demonstrates the mAP variation curve during the training process of this training set, and
it can be seen that the mAP value reached 0.91, which represents good performance for
the model.

Figure 3. Dataset classification.

Table 1. Training hardware environment.

CPU Graphics Card Memory Video Storage

11th Gen Intel(R) Core(TM) i7-11700k NVIDIA GeForce RTX 3080 32 GB 10 GB

Figure 4. Training loss curve.
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Figure 5. mAP curve.

3.3. Pre-Processing of Lidar Point Cloud

Firstly, the point cloud data needed to be filtered and put through a noise reduction
process. Because the research object of this paper was a prosthetic hand, we could only
use a small size of Lidar, the data density was low but the frame rate was high, and the
point cloud data were in sparse matrix form. The slam algorithm point cloud filtering
method commonly used in mobile robots is not ideal for a more sparse point cloud. In this
paper, we proposed a multi-frame noise reduction algorithm for point cloud filtering by
referring to the multi-frame noise reduction algorithm in image processing. This algorithm
is utilized by continuously irradiating the same cross-section of an object in a split second
to obtain multiple frames of a two-dimensional point cloud, and then the coordinates of
the same position are averaged to obtain a set of two-dimensional point cloud data after
noise reduction. The calculation formula is shown in Equation (2), where N is the number
of frames, which can be obtained as a set of points Pi(xi, yi), i = 1, 2, 3, . . ..





xi =
1
N

N
∑

j=1
xij

yi =
1
N

N
∑

j=1
yij

(2)

Figure 6a shows a cylindrical object and the Lidar scans of the object. A multi-frame
2D point cloud of a certain cross-section was obtained, as shown in Figure 6b. The multi-
frame point cloud in Figure 6b was processed using the above multi-frame noise reduction
algorithm to obtain the result in Figure 6c. The processed points were connected to obtain
the solid line in Figure 6c. The local area of the cylindrical object is zoomed in as shown in
Figure 6d. The multi-frame point cloud is distributed close to both sides of the solid line,
which indicates that the multi-frame noise reduction algorithm played a filtering role in the
above error.

The Lidar used in the system emits a laser beam from the same point, similarly to a
point light source. In addition, different objects illuminated by the Lidar are separated on
the 2D point cloud map, and the same object forms a set of neighboring points. Therefore,
this section used the DBSCAN (density-based spatial clustering of applications with noise)
clustering algorithm to extract the objects and a method to also filter the points that were
separated from the object caused by random errors, i.e., isolated point exclusion method.
DBSCAN is a density-based clustering algorithm that clusters points in dense regions,
while marking points in sparse areas as noise. The core idea of DBSCAN is to expand
clusters from core points, which are points that have a sufficient number of neighboring
points within a certain distance. The two main parameters of the algorithm are eps and
min_samples, where eps represents the maximum distance between two points to define
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the neighborhood, while min_samples represents the minimum number of neighboring
points required to form a cluster.

Figure 6. Noise reduction algorithm for object point cloud. (a) Environment. (b) Continuous multi-
frame point cloud. (c) Continuous multi-frame point cloud overlay. (d) Continuous multi-frame
point cloud overlay localized to the object.

Figure 7 demonstrates the process of filtering a fruit pile using the DBSCAN clustering
algorithm. When the environment in Figure 7a was scanned using Lidar, a two-dimensional
point cloud map of the cross-section could be obtained. Clustering this point cloud using
the DBSCAN algorithm led to the result of Figure 7b, which contains multiple noise points,
e.g., at the place circled by the circle. After the removal of the isolated noise points, the
remaining point cloud consisted of two parts, i.e., the real object point cloud and the
clustered noise point cloud, to filter out the clustered noise as much as possible. Each
cluster of the point cloud was processed by using the curve fitting method, considering that
the method in this chapter aims to identify relatively regular objects and noise is usually
irregular. Moreover, these characteristics were reflected in the curve fitting polynomials,
which were within the error tolerance. True objects have lower powers and noise has higher
powers. After the above processing, Figure 7c yields the real objects, numbered 1 and 2 for
the tabletop and numbered 3–5 for the spherical fruit.

As seen in Figure 7c, a complex environment containing multiple objects can be
processed to obtain multiple real objects. However, the hand only wants to grasp one of
them, and because the hand will be close to the object to be grasped, the real object to be
grasped is the one that is close to the origin, such as object No. 4 in Figure 7c.
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Figure 7. Multiple object DBSCAN filter.

3.4. Recognizing the Shape and Size of the Object’s Cross-Section

After processing in the above subsections, the method in this research locates the
target object. In this section, we identify the shape and size of the object cross-section. The
identification of the cross-section shape is used to obtain the size of the object, because
the sizing algorithm is different for different shapes of the cross-section. According to the
common object shapes, this method divides the cross-section shapes into three categories,
i.e., circular, straight-line segment, and L-shaped. The dimensions of this method were
used to design the grasping posture of the prosthetic hand. Therefore, the dimensions
are the effective grasping dimensions, i.e., for the circular cross-section, the dimension is
the diameter, for the straight-line segment cross-section, the dimension is the straight-line
segment length, and for the L-shape cross-section, the dimension is the length of the first
and last point connecting lines.

The classification problem of cross-sectional shapes can be transformed into a similarity
problem with respect to semicircles, lines, and L-shaped lines. The semicircles, lines, and
L-shaped lines are generated based on the cross-section to be identified, which is referred
to as the template in this paper, and the specific generation method is shown in Figure 8a.
The black dotted line represents the 2D point cloud of the object’s cross-section scanned by
the Lidar system. The blue dotted line represents the generated semicircular point cloud,
the red dotted line represents the L-shaped linear point cloud, and the green dotted line
represents the linear point cloud. The 2D point cloud can be decomposed into an x-direction
sequence {x1, x2, ..., xn} and y-direction sequence {y1, y2, y3, ..., yn}, and the template point
cloud is generated as shown in Equation (3).





ys
i =

yn−y1
xn−x1

(xi − x1) + y1

yc
i =

y1+yn
2 −

√
(xn−x1)
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2
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2

)2

yl
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x2−x1

− yn−yn−1
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yl
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yn−yn−1
xn−xn−1
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x2−x1

x1−
yn−yn−1
xn−xn−1
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y2−y1
x2−x1

− yn−yn−1
xn−xn−1

(3)

where ys
i , yc

i , yl
i are straight-line, circular, and L-shaped point cloud templates, respectively.

In this section, a dynamic time warping algorithm (DTW) is used to classify the cross-
section shapes. The DTW algorithm is used to compare the similarity of two sequences,
and it is able to compute the distance between the two sequences. The process of using the
DTW algorithm to compute the cross-section point cloud sequences and template point
cloud sequences is shown in Figure 8b, with the top part of the object’s cross-section point
cloud and the left side of the template point cloud of the generated straight-line segments.
In the middle part of the process of distance calculation for the two sequences, as shown
in Equation (4), Dij is the cumulative distance from patterni to thingj, as shown in the red
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circle in Figure 8b, Dij is obtained using the sum of the three worthwhile minimums in the
upper left corner and the distance from the current position, and the cumulative distance
between any two points of the template and the object point cloud can be obtained after
traversal. Let n be the number of points in the object and template point clouds, and D{nn}
be the shortest distance between two points from the current template and the object’s cross-
section. In Figure 8b, the white broken line represents the path that achieves the shortest
distance. By calculating the distances between the points in the object’s cross-section point
cloud and the sequences of the three template point clouds, the template corresponding to
the shortest distance determines the classification of the object’s cross-section.

{
Dij = min

(
Di−1,j, Di−1,j−1, Di,j−1

)
+
∣∣thingj − patterni

∣∣, i, j = 0, 1, . . .
D−1,j = ∞, Di,−1 = ∞

(4)

Figure 8. Algorithm for point cloud DTW similarity calculation.

Using the above algorithm, the shape of the cross-section of the object to be recognized
by the Lidar can be obtained in this section, and the size of the cross-section can be easily
calculated based on the shape. If the object is a straight segment type or L-shape, its
cross-section dimensions are presented in Equation (5), as follows:

size =
√
(xn − x1)

2 + (yn − y1)
2 (5)

where (x1, y1) is the start point of the cross-section point cloud of the object, (xn, yn) is the
end point of the cross-section point cloud of the object, and size is the requested size. If the
object is a circular, the steps for sizing its cross-section are as follows: first, the Equation of
the circle is fitted using the least squares circular fitting method, and then its diameter is
the requested size. The least squares fitting point cloud circular fitting method is as follows:
first, determine the parameters of the circle to be fitted, i.e., (x− a)2 + (y− b)2 = r2, where
(a, b) is the center of the circle and r is the radius, and the error sum is calculated as shown
in Equation (6), where N is the number of points,(xi, yi) are the coordinates of the cloud of
points, and Q(a, b, r) is the error sum of the cloud of points, so that the set of error sums
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which are minimum (a, b, r) is the parameter of the fitted circle. And the parameters can be
obtained by taking the partial derivatives of (a, b, r) and assigning a value of 0.





d2
i = (xi − a)2 + (yi − b)2

δi = d2
i − r2

Q(a, b, r) =
N
∑

i=1
δ2

i =
N
∑

i=1

(
x2

i + y2
i − 2axi − 2byi + a2 + b2 − r2)2

∂Q
∂a

= 0,
∂Q
∂b

= 0,
∂Q
∂r

= 0

(6)

4. Multi-Sensor-Based Control Method for Prosthetic Hand
4.1. IMU Recognizes Upper Limb Motion State and Hand Position

According to the analysis in Section 2, a prosthetic hand system needs to recognize the
motion state of the upper limb, including the motion and static state, and the motion state
of the upper limb is determined by the velocity, which can be represented by the difference
in the attitude angle. The built-in accelerometer of the IMU can capture data of the roll
angle, the yaw angle, and the pitch angle. Hence, wearing the IMU on the upper limb can
determine the motion state of the upper limb. In this section, the difference in attitude
angle is calculated by the following process:

(1) A sliding window is used to calculate the moving variance of the attitude angles
acquired by the IMU, with a sampling rate of 50 Hz and a window length l = 10, i.e., 10
sampling points.

(2) Calculate the variance of the three-axis attitude angles of the current window as
shown in Equation (7), where ∅k−i, θk−i, ϕk−i are the values of the turn angle, yaw angle,
and pitch angle of the l − i + 1st point of the current window, respectively, and ∅, θ, ϕ is
the mean value of the attitude angles in the current window.

Vark =





0 , k ≤ l
1
l

l
∑

j=1

[(
∅k+i −∅

) 2
+
(
θk+i − θ

)2
+ (ϕk+i − ϕ)2

]
, k > l (7)

Figure 9a shows the acceleration change during the process of drinking water. The
change in angular velocity indicates that there is movement in the upper limb. In the
process of picking up the cup, i.e., moving the cup to the mouth, putting down the cup,
and putting down the hand, the acceleration and posture angle change obviously. The
acceleration stays near 0 rad/s and the posture angle stays stable for the rest of the time.
The movement variance change curve of putting on glasses is shown in Figure 9b, and the
curve shows obvious wave peaks when the arm is in a motion state. Therefore, this can be
considered as a stationary state by setting the threshold th, when Vark ≤ th, otherwise it is
considered as a motion state. During the rest of the time, the variance value is close to 0.
According to the analysis of the angular velocity curves of the above actions, it can be seen
that at the moment of grasping or opening the palm, the upper limb is in a stationary state,
and the angular velocity of the upper limb is close to 0 rad/s (e.g., segments C1D1, E1F1
and G1H1). Hence, the upper limb will only change the grasping and releasing state when
it is at rest, which is the first rule of the upper limb motion state transition, i.e., the dynamic
static rule.

According to the analysis in Section 2, the user acquires the end position of the hand
when using the prosthetic hand to complete an action and divides the end position of
the hand into the initial position, in front of the torso, and the position near the torso, as
shown in Figure 10. To further analyze the end position of the hand, a D-H model of the
upper limb was established for positive kinematic analysis in this subsection, as shown
in Figure 11, with points O, A, B, C, and D representing the chest, shoulder, elbow, wrist,
and palm positions of the human body, respectively. OO − XOYOZO,OA − XAYAZA,OB −
XBYBZB,OC − XCYCZC,OC − XDYDZD denote the base coordinate system of the corre-
sponding position, respectively. And LOA, LAB, LBC, LCD denote the dimensions of the arm,
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i.e., half shoulder width, upper arm length, forearm length, and palm length. The D-H
equation of the hand is shown in Equation (8), and the coordinates of the hand in the chest
coordinate system are obtained by multiplying the four transformation matrices with the
coordinates of the palm coordinate system. After the above positive kinematic analysis, the
coordinates of the end of the hand could be obtained. To classify the position of the end of
the hand, a multilayer perceptual machine model was introduced in this section. The x,
y, z-axis coordinate values of the end of the hand, Px

D, Py
D, Pz

D, and the angles between the
three-axis attitude angles, ∆∅, ∆θ, and ∆ϕ, for the large and small arms were selected as
the eigenvalues. The MLP had six input neurons and three output neurons. The input to
the MLP consisted of Px

D, Py
D, Pz

D and ∆∅, ∆θ,∆ϕ, while the output was the position of the
hand, representing the front-of-torso, near-torso, and initial positions. The training data
were collected from input data obtained from different volunteers. The training dataset
had nearly 5000 sets of data. The parameters of this model were chosen to have two hidden
layers with 10 and 6 neurons, respectively, and the learning rate was 0.1. The accuracy of
the classification of the 100 sets of data using the trained model was 98%.
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(8)

Figure 9. (a) Acceleration changes while drinking water. (b) Attitude angle changes while wearing
glasses.

Figure 10. Division of the end position of the hand.
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Figure 11. D-H model of the upper limb.

4.2. Foot Pressing Action Recognition

Research has shown that there are two states of the human foot during daily activities:
the static state (e.g., sitting, standing, etc.) and the locomotion state (e.g., walking, running,
etc.). In the above states, foot strength is mainly concentrated in the forefoot and heel, but
increasing the tactile force in these two areas is very difficult and may also affect balance,
making them unsuitable for characterization signals. In contrast, the lesser toe and the little
toe can easily press a flexible pressure sensing insole, and their pressing action is more
flexible and easy to control, and also does not affect the balance state. Since the lesser toe is
more flexible than the little toe, and as the touch force generated by its pressing an insole
is more obvious, the pressing action of the lesser toe was selected as the feature signal in
this paper.

The most flexible big toe pressing action was selected as the characteristic signal, as
shown by the blue dotted line in Figure 12, and the lesser toe forms an obvious wave peak
after pressing the insole, while the rest of the time the pressure value is lower. Hence,
by detecting the wave peak, it can be determined whether there is a pressing action or
not. Due to the sensor’s error and external interference, this section used average filtering
and Kalman filtering to process the data, and the filtered results are shown as the orange
solid line in Figure 12, and it can be seen from points such as A, D, etc., that the signal’s
smoothness characteristics were significantly improved; while from points such as B, C,
etc., it can be observed that the filtering algorithm had a strong inhibition of random noise,
which indicates that this filtering algorithm effectively reduced the noise interference and
improved the quality and stability of the signal. The specific processing of this filtering
algorithm was as follows:

(1) Recursive averaging filtering of the original tactile signal,

xk =
1
N

N−1

∑
i=1

yk−i (9)

where yk−i is the touch force measurement at moment k− i; xk is the recursive average
filter value at moment k; and N is the length of the selection queue.

(2) Kalman filter the obtained recursively averaged filtered signal with the state and
measurement Equations, as in Equation (11), where xk−1 is the predicted value of the touch
force at the moment k− 1. uk−1 is the system input at moment k− 1. wk−1 is the process
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noise at moment k− 1. x−k is the estimated value of the touch force at moment k, with the
covariance Q. F, B are the system parameters.

{
x−k = Fxk−1 + Buk−1 + wk−1
zk = Hxk + vk

(10)

Figure 12. Comparison of the filtering of the contact force signal.

When the lesser toe consciously and actively presses the flexible pressure insole, the
system will detect the waveform formed in the tactile force signal curve, and the disabled
person will generate additional waveforms to form interference when he/she is in the
movement state, but the amplitude of this waveform is obviously smaller compared with
that formed by the lesser toe actively pressing the insole, and the interference waveform
caused by walking can be shielded by setting the threshold, and at the same time, the
threshold can also shield the toe from small mis-touches, which is also effective for the
extraction of waveforms from the tactile force curve at rest. It is also effective in extracting
the wave peaks of the touch force curve at rest. Therefore, choosing a reasonable threshold
value can help distinguish whether the thumb actively makes a pressing action.

Through the above analysis, a pressing action can be identified by recognizing the
crests of the tactile force curve and that the pressure is low in the absence of action.
Therefore, judgment can be aided by increasing the threshold condition. As each person’s
weight and foot shape varies, the exact value of the threshold needs to be adjusted on an
individual basis, which is determined by capturing the maximum value of the tactile force
signal over some time when walking, standing, or sitting in a normal walking, standing,
or sitting position. When the toe presses on the insole, the tactile force timing signal
will generate peak signals that exceed the threshold value. Extracting these peak signals
that exceed the threshold value can be used to determine whether the toe is consciously
performing a pressing action. The specific peak extraction algorithm is as follows, the
N-filtered tactile force data are recorded as a1, a2, ..., aN , and the specific calculation formula
is as follows: 




g(x) =
{

1, x < 0
0, x ≥ 0

S =
N
∑

i=2

g((ai−1 − t)(ai − t))
2

(11)

where g(x) is the negative function defined. ai are the ith filtered touch data. t is the touch
threshold. S is the number of peaks above the threshold in the timing curve composed of
N data. A set of data points satisfying g((ai−1 − t)(ai − t)) = 1 represents a peak signal
reflecting a single toe press action. Using the above algorithm, the number of peak signals
that satisfy the condition can be obtained, thus identifying whether the toe was pressed or
not during that period.
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4.3. Combined Lidar and Camera Recognition of Object Size and Shape

According to the analysis in Section 2, this system uses a Lidar and monocular camera
as the environment sensing module, the camera is used to identify the overall shape of the
object, and the Lidar is used to identify the cross-sectional shape and size of the object. In
Section 3, we used algorithms such as DTW to identify the cross-sectional shape and size of
multiple objects in the environment, and in Section 4, we used the YOLOv8 algorithm to
identify the shape of multiple objects in the environment. The system needs to obtain the
independent shape and size of each object, so it was necessary to calibrate the objects in
the two environments. In this section, a calibration algorithm was designed based on the
traditional calibration algorithms of a Lidar camera.

There have been many model studies about camera coordinate transformation, and
reference [23] described in detail the principle of camera imaging and the relationship
between the camera coordinate system, image coordinate system, pixel coordinate system,
and world coordinate system. The transformation relationship between the camera coordi-
nate system and the pixel coordinate system is shown in Equation (12), where (XC, YC, ZC)
is a point in the camera coordinate system,(u, v) are the coordinates of the point corre-
sponding to the pixel coordinate system, f is the focal length of the camera, and fu and fv
are the reciprocal of the pixel’s object size in the x, y directions of the image plane, respec-
tively. And (u0, v0) are the origin of the image coordinate system in the coordinates of the
pixel coordinate system. The camera coordinate system and the lidar coordinate system
are in the same three-dimensional space, they can be converted by Equation (13), where
(XL, YL, ZL) is the point corresponding to (XC, YC, ZC) in the Lidar coordinate system, and
R, T are the rotation and translation matrices of the two coordinate systems. Combine

Equations (12) and (13) and let ZC A =




fu 0 u0
0 fv v0
0 0 1






f 0 0
0 f 0
0 0 1


, R′ = AR, T′ = AT, the

conversion equation between the laser coordinate system and the pixel coordinate system

can be obtained, as shown in Equation (14), in which R′ =
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The essential task of the calibration of the Lidar and camera is to find R′, T′, and
this paper used 2D Lidar, and uniformly set its Z-axis coordinate to 0. The solution
algorithm of this paper was as follows: First of all, 15 groups of points were selected
corresponding to (u, v), (XL, YL) coordinates, in order to better find the corresponding
points, this paper formed the object with a prism to select the marking points, as shown in
Figure 13. Therefore, we can obtain the prism in pixel coordinates for the linear Equation
au + bv + c = 0, a, b, c for the Equation coefficients, and the joint Formula (14) can be
the Formula (15), so the solution to finding the R′, T′ can be transformed into solving for
the values of r11, r12, t1, r21, r22, t2. Then, the collected coordinate data are transformed
and brought into Equation (15) to construct a system of transcendental Equations, and
R′, T′ can be obtained by solving the system of transcendental Equations using the SVD
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(singular value decomposition) method. As shown in Figure 13, after calibration using the
above algorithm, the Lidar points (red points in the figure) were correctly projected onto
the image. 




a(r11x + r12y + t1) + b(r21x + r22y + t2) + c = 0

⌊
ax ay a bx by b

⌋




r11
r12
t1

r21
r22
t2



= −c

(15)

Figure 13. Two-dimensional Lidar–camera calibration algorithm.

4.4. Integrated Control Methods for Prosthetic Hands

According to the analysis in Section 2, the grasping posture of the prosthetic hand
mainly depends on the shape and size of the object, and in this paper, we designed grasping
postures for different kinds of objects. In Section 3, the objects were classified as columns,
balls, and slices. As shown in Table 2, for columnar objects, if the cross-section size is small,
we use the thumb, index finger, and middle finger to pinch and grasp the object. If the size
is a little larger, we use five fingers to encircle the object. If the size is larger, we use the
thumb and the rest of the fingers to pinch the object. For balls, if the size is small, we use
the thumb and index finger to pinch and grasp the object. If the size is large, we use five
fingers to try to encircle the object. For slice objects, if the cross-section size is small, we use
three fingers to grasp the object in the direction of the cross-section. If the size is large, we
use five fingers to pinch and grasp the object in the direction of thickness. For non-regular
objects, a default action was designed to grasp the object, i.e., the hand is opened to its
maximum extent and then closed.

Table 2. Object grasping posture design.

Cross-Section Size 0–20 mm 20–50 mm 50–150mm

Column
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pressing and pressing insole, respectively; if pressing, then this means a need to release 
the grasping object, 𝑆𝑡𝑎𝑡𝑒 takes a value 𝑠଼, if no pressing, then this means ready to 
grasp, according to the shape and size of the object corresponding to 𝑠ଵ − 𝑠. 𝐼 is the ma-
nipulation intention of the hand-helper system, which takes a value ሼ0,1ሽ, 𝐼 = 0 means 
manipulate manipulator, 𝐼 = 1 means no intention. 

To manipulate the manipulator, there are two ways to activate the manipulation in-
tention of the prosthetic hand in this paper, i.e., the user actively presses the insole (𝑃𝑟 =1) or the system automatically recognizes (𝑃𝑟 = 0). If the user presses the insole, 𝐼 = 1, 
and if the system recognizes automatically, the expression of 𝐼 is 𝐼 =  𝜇 ∗ 𝐺(𝑋, 𝑌), where 𝜇 takes the values of ሼ0,1ሽ, which represent that the upper limb is in the motion or static 
state, respectively, and 𝐺(𝑋, 𝑌) is the function of X and Y. X represents the position of the 
end of the hand, which takes the values ሼ𝑃𝑜𝑠௧, 𝑃𝑜𝑠௧, 𝑃𝑜𝑠ሽ and represents that 
the hand is in the initial state, and 𝐺(𝑋, 𝑌) is the function of X and Y. X represents the 
position of the end of the hand, and the values ሼ𝑃𝑜𝑠௧, 𝑃𝑜𝑠௧, 𝑃𝑜𝑠ሽ, which represent 
the hand in the initial state, hand in front of the torso, hand near the torso, respectively. Y 
represents the existence of an object in front or not, taking the value of {0,1}, and 𝐺(𝑋, 𝑌) 
takes the value of ሼ0,1ሽ, taking 1 when and only when 𝑋 =  𝑃𝑜𝑠௧ and 𝑌 = 1, and 0 
otherwise. 

Based on the above analyses of environment perception and grasping posture, this
paper designed a novel control strategy for the prosthetic hand. When there are multiple
objects in the environment, the prosthetic hand identifies the object located in the middle,
so the subsequent gesture assignment is based on the information of the center object. The
core formula of this control method is shown in Equation (16), where P is the result of
the operation of the manipulator, Stateplam is the grasping gesture of the prosthetic hand,
which is a function of the shape, size, and whether to press or not to identify the object,
taking the value of one of the seven kinds of actions plus the default action in Table 2, which
are {s1, s2, s3, s4, s5, s6, s7, s8}. And Pr takes the value of {0, 1}, which means no pressing
and pressing insole, respectively; if pressing, then this means a need to release the grasping
object, Stateplam takes a value s8, if no pressing, then this means ready to grasp, according to
the shape and size of the object corresponding to s1 − s7. I is the manipulation intention of
the hand-helper system, which takes a value {0, 1}, I = 0 means manipulate manipulator,
I = 1 means no intention.

To manipulate the manipulator, there are two ways to activate the manipulation
intention of the prosthetic hand in this paper, i.e., the user actively presses the insole
(Pr = 1) or the system automatically recognizes (Pr = 0). If the user presses the insole,
I = 1, and if the system recognizes automatically, the expression of I is I = µ ∗ G(X, Y),
where µ takes the values of {0, 1}, which represent that the upper limb is in the motion or
static state, respectively, and G(X, Y) is the function of X and Y. X represents the position
of the end of the hand, which takes the values

{
Posinit, Pos f ront, Posnear

}
and represents

that the hand is in the initial state, and G(X, Y) is the function of X and Y. X represents the
position of the end of the hand, and the values

{
Posinit, Pos f ront, Posnear

}
, which represent

the hand in the initial state, hand in front of the torso, hand near the torso, respectively. Y
represents the existence of an object in front or not, taking the value of {0,1}, and G(X, Y)
takes the value of {0, 1}, taking 1 when and only when X = Pos f ront and Y = 1, and
0 otherwise. 




P = Stateplam ∗ I

Stateplam =

{
F(Size, Category) , Pr = 0
s8 , Pr = 1

I =
{

µ ∗ G(X, Y) , Pr = 0
1 , Pr = 1

G(X, Y) =
{

0 , REST
H(X, Y), X = Pos f ront and Y = 1

(16)
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5. Experiments and Discussion
5.1. Shape and Size Recognition of Object Sections

In this paper, Lidar is used to obtain the cross-sectional shape and size of objects. To
test the recognition effectiveness of the method, this section used Lidar to sense complex
environments with multiple objects, as shown in Figure 14. The experimental environment
contained common fruit and vegetable stalls and supermarket shelves scenes.

Figure 14. Experimental environment.

In Section 3.2, cross-sectional shapes of common objects were classified into three
categories: circular, straight-line segment, and L-shape. Circular cross-sections are found
in objects like cylinders and spheres, straight-line segments in prisms (front view), and
L-shapes in prisms (oblique view). Three types of circular cross-section objects (kiwi, radish,
snacks, numbered 1–3), three types of straight-line segment objects (orthogonal food boxes,
paper towel packets, numbered 4–6), and two types of L-shaped objects (oblique boxes,
numbered 7–8) were recognized over 10 trials, with the results summarized in Table 3.

Table 3. Recognition results of eight kinds of object cross-sections.

Object Type Object
No.

Object Size
(mm)

Positioning
Successes

Number of
Successful Shape

Recognition

Average
Recognized
Size (mm)

Shape
Recognition

Rate

Dimension
Tolerance

(mm)

Circular
1 43 10 10 46 100% 3
2 71 10 10 76 100% 5
3 108 10 9 119 90% 11

Straight-line
4 11 10 10 12 100% 1
5 34 10 10 36 100% 2
6 71 10 10 73 100% 2

L-shape 7 70 10 9 63 90% 7
8 95 10 9 84 90% 11

Average 96% 5

In Table 3, “Object Size” refers to the cross-sectional grasping size, “Successful Posi-
tioning” is the number of times the object was located, “Successful Shape Recognition” is
the number of times the cross-sectional shape was correctly identified, “Average Recog-
nition Size” is the mean size across 10 trials, “Shape Recognition Rate” is the ratio of
successful recognitions, and “Dimensional Tolerance” is the absolute difference between
the average recognition size and the actual object size. The results show that the method
effectively identified objects of various types and sizes, with the dimensional tolerance
within acceptable limits.

5.2. Integrated Control Experiment for Prosthetic Hand

To verify the applicability and feasibility of the integrated control method of the
prosthetic hand, this experiment used the prosthetic hand to complete upper limb actions.
To make the experimental results more reliable and universal, this section designed the
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experimental actions in Table 4 based on different scenarios and objects of different shapes
and sizes.

Table 4. Experimental actions and action flow.

Action Action Flow

Drink water Upper limb moves towards the cup→recognizes the cup→grasps and moves to the
mouth→retracts and releases

Fruit-eating Move the upper limb towards the fruit stand→select and recognize a fruit→grasp and move to
the mouth→release

Call Upper limb moves towards the mobile phone→recognizes the mobile phone→grasps and
moves to the ear→retracts and releases it

Shop Upper limb moves towards the shelf→selects and recognizes the product→grasps and moves it
to the shopping cart→releases it

Wear a hat Upper limb moves to near the hat→toes press the insole→grasps the hat and moves it to the
head→releases it

Drinking water, eating fruit, making a phone call, and shopping were the actions
where the system automatically identified the object and assigned a grasping gesture.
These actions roughly followed the following process: first, the upper limb moved to the
vicinity of the object, the IMU detected the upper limb motion state. Second, the Lidar
and the camera located and identified the object, then the prosthetic hand grasped the
object according to the corresponding gesture. Finally, the prosthetic hand was released by
pressing on the insole. For putting on a hat, the prosthetic hand was actively controlled by
the user, with the following process. The process was as follows: The upper limb moved
towards the hat, the IMU detected the upper limb motion state, the user took the initiative
to press the insole to control the prosthetic hand to grasp the hat and put it on the head,
finally pressing the insole to release the prosthetic hand.

In the experiment, 10 volunteers were invited to complete the above actions, and each
volunteer wore the experimental equipment to repeat each action 20 times using the above
action process, after receiving training. The experimental process and data were recorded.
The equipment required for the experimental process is shown in Figure 1, where the
volunteers wore flexible pressure sensing insoles on the soles of their feet, inertial sensing
units on their upper limbs, and robotic hands, as well as a 2D Lidar and a monocular
camera, to simulate the use of the environment for people with upper limb disabilities.
Then, the experimental process was described in detail, limited by space, focusing on
showing the flow of shopping actions as shown in Figure 15. The actions of the shopping
process for supermarket fruits were used as an example to analyze the behaviors and data
of the experimental process.

Shopping for fruits from a fruit pile is a common scene in daily life, volunteers wearing
the prosthetic hand control device completed the action from the initial state to selecting
and grasping the object to putting the object into a bag, recording the key steps of the
experimental process as well as the data of multiple sensors. The experimental process of
spherical fruit purchasing is shown in Figure 15a. The 2D Lidar recognized the point cloud
data of the object and the recognition results are shown in Figure 16b. The results of the
camera collecting the fruit pile object and recognizing the shape of the object are shown in
Figure 17a, and the calibration between the monocular camera and the two-dimensional
Lidar is shown in Figure 17b. The user completed the complete fruit object sourcing action,
which can be decomposed into five main steps A1 − A5 as shown in Figure 15a. During
the A1 time, both the prosthetic hand system and the volunteer were ready and in the
initial state, during the A2 time, the upper limb drove the robotic hand to gradually move
towards the fruit pile, the inertial sensing unit monitored the movement state of the upper
limb in real time, and the upper limb was in the stationary state when detected. When the
upper limb was in a stationary state and the palm of the hand was located in front of the
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body, the 2D Lidar started to detect whether there was an object near the palm of the hand,
and when an object was detected, the 2D Lidar and the monocular camera were activated
to identify the size and shape of the object, respectively, and the point cloud obtained from
the scanning of the environmental objects by the 2D Lidar was synthesized from multiple
frames, as shown in the above picture in Figure 16. The point cloud was pre-processed with
noise reduction and DBSCAN clustering to obtain the four fruits shown in the following
picture in Figure 16. The four fruits shown in the following picture are marked by different
colors and the target object was located based on the rule that the target object is usually
located in the center, i.e., the red circled object shown in Figure 16. The system recognized
that the cross-section had a circular shape and its size was 78.34 mm, and the system
obtained the calibration result shown in Figure 17b according to the 2D Lidar–monocular
camera calibration algorithm. The system obtained the position of the target object in the
image through coordinate mapping and used the object shape recognition model trained by
YOLOv8 to identify the shape of the target object as a sphere, while the grasping strategy
for larger-sized spherical objects was as shown in Table 2, i.e., using five fingers to try to
encircle the object. During A3 time, the system controlled the manipulator to execute the
action according to the assigned grasping strategy. During A4 time, the system completed
the grasping of the object, and then the upper limb drove the manipulator towards the
inside of the shopping bag. At time A5, the manipulator placed the fruit inside the shopping
bag, and then the system controlled the manipulator to release and return to the initial state,
after recognizing the user’s lesser toe pressing down on the flexible pressure-sensing insole.
At this point, the complete process of the spherical fruit purchasing action was completed.
During the whole process, the inertial sensing unit and the flexible pressure sensing insole
accurately identified the gripping timing of the robot, the monocular camera, and the 2D
Lidar successfully perceived the environmental information, located the target object, and
identified the size and shape of the target object.

Figure 15. Cont.
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Figure 15. Shopping experiment process.

Figure 16. Spherical fruit size recognition results.

Figure 17. Fruit object recognition and calibration.

The volunteers completed all the actions shown in Table 4, the experimental data and
completion of each experiment were recorded, and the experimental results are displayed
in Table 5. Here, Num indicates the number of times that the volunteers completed the
corresponding actions in total, PRN indicates the number of times that the inertial sensing
unit correctly recognized the position of the hand for all the times of the experiments, PRR
indicates the ratio of the number of times that the upper limb position was recognized,
TON indicated the number of times the Lidar and camera accurately located and identified
the object in all the experiments, TOR is the ratio of the target object recognitions to the
number of experiments, FPN indicates the number of times the flexible pressure sensing
insole successfully identified the lesser toe pressing action, FPR is the ratio of the number of
lesser toe pressing recognitions to the number of experiments, ACN indicates the number
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of times the corresponding action was completed for all times of the experiments, and SR
represents the ratio of the number of times the action was completed to the number of
experiments, and the average values of each recognition rate and completion rate are also
calculated in the table.

Table 5. Experimental results of the integrated control of the prosthetic hand.

Action Num PRN PRR TON TOR FPN FPR ACN SR

Drink water 200 189 94.50% 185 92.50% 198 99.00% 185 92.50%
Fruit-eating 200 188 94.00% 182 91.00% 199 99.50% 181 90.50%
Call 200 190 95.00% 184 92.00% 197 98.50% 184 92.00%
Shop 200 186 93.00% 183 91.50% 197 98.50% 183 91.50%
Average 94.13% 91.75% 98.88% 91.63%

Wear a hat 200 198 196 98.00%

The following conclusions can be drawn from the experimental results shown in
Table 5.

(1) The position of the upper limb and the recognition of the motion state of the upper
limb represented the action intention of the upper limb, and the average accuracy of its
recognition was 94.13%, and the recognition rate of the different actions did not differ
much, which met the requirements of the different user scenarios. This demonstrates that
the method of recognition using the intention of the upper limb in the system has a high
degree of feasibility and universality.

(2) Target recognition represents the environment perception ability of the system,
which used 2D Lidar to recognize the size of the object and a monocular camera to recognize
the shape of the object, and the average value of the target recognition rate was 91.75%,
recognizing most of the scenes with good accuracy. The target recognition rate was similar
for different scenes, indicating that the object recognition algorithm of the present system
has good usability and generality.

(3) The recognition of the lesser toe pressing action represents the system’s ability
to recognize the user’s active human–computer interaction intention. First, it had a high
success rate for drinking water, eating fruits, making phone calls, shopping, and other
scenarios, with an average recognition rate as high as 98.88%. Second, it also had a
recognition rate as high as 98% in the hat wearing scenario, which relied on active human–
computer interaction to control the prosthetic hand, which indicates that the user’s lesser
toe pressing on the flexible pressure sensing insole was capable of controlling the prosthetic
hand system efficiently. This indicates that the user could control the prosthetic hand
system efficiently by pressing the flexible pressure-sensing insole with his/her lesser toe.

(4) The success rate represents the rate at which each step in the whole action process
was completed, and the average success rate was 91.63% for the scenario of automatic
recognition and sensing by the system. The success rate was similar in the different
scenarios, and the recognition rate was 98% for the scenario that relied on active human-
computer interaction only, which demonstrates that the system designed in this paper has
a high degree of feasibility and universal applicability.

(5) Due to the close cooperation of many sensors in the scene of automatic recognition
and perception, the final success rate was not higher than the lowest success rate in each
link, and at the same time, the target recognition was affected by the variety of complex
environments, and the recognition rate was generally the lowest success rate in each link,
which could be improved by adapting more point cloud scenes and increasing the number
of picture training sets. This will be improved in future research.

6. Conclusions

In this study, we proposed a new method for recognizing the intention of upper limb
movements: detecting the scale information of a grasped object based on the visual fusion
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of information from a miniature Lidar and pinhole camera, so as to automatically control
the grasping posture of the manipulator; controlling the flow of grasping movements based
on arm motion and toe haptic information. The hardware device in this paper is suitable for
integrated mounting on the finger and also does not need to be in contact with the human
skin, a feature that provides a great improvement in comfort and aesthetics compared to
myoelectric- and electroencephalographic-controlled manipulators; the grasp and release
commands of the manipulator used a human-in-the-loop decision-making method, which
provides better interference immunity and reliability compared to manipulators controlled
by signals from myoelectrics, EEGs, and speech. In our future research, we plan to more
finely classify object shapes and grasping postures, and further delve into the stability and
smoothness of the grasping behavior of the prosthetic hand. In addition, in the course of
our research, we found that the comfort of the prosthetic hand was very important, all
the current robotic hand for upper limb disabled people must be installed on the disabled
person’s residual limb skin through the prosthetic limb, which will cause discomfort such
as sweating, skin inflammation, and will also cause pain in the skin due to the friction,
and the implantable prosthesis of the upper limb may be a fundamental way to solve
this problem.
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Abstract: Stroke often causes neuromotor disabilities, impacting index finger function in daily activi-
ties. Due to the role of repetitive, even passive, finger movements in neuromuscular re-education
and spasticity control, this study aims to design a rehabilitation exoskeleton based on the pulp pinch
movement. The exoskeleton uses an underactuated RML topology with a single degree of mobility,
customized from 3D scans of the patient’s hand. It consists of eight links, incorporating two consecu-
tive four-bar mechanisms and the third inversion of a crank–slider. A two-stage genetic optimization
was applied, first to the location of the intermediate joint between the two four-bar mechanisms and
later to the remaining dimensions. A targeted genetic optimization process monitored two quality
metrics: average mechanical advantage from extension to flexion, and its variability. By analyzing the
relationship between these metrics and key parameters at different synthesis stages, the population
evaluated is reduced by up to 96.2%, compared to previous studies for the same problem. This
custom-fit exoskeleton uses a small linear actuator to deliver a stable 12.45 N force to the fingertip
with near-constant mechanical advantage during flexion. It enables repetitive pulp pinch movements
in a flaccid finger, improving rehabilitation consistency and facilitating home-based therapy.

Keywords: exoskeleton; optimization; rehabilitation

1. Introduction

In the last 20 years, the number of stroke cases among people aged 20 to 64 years
has increased by 25%. Stroke often leads to neuromotor disabilities that can impair finger
movement. Since finger movement is crucial for basic activities of daily life (ADL), there is
significant motivation to prioritize finger rehabilitation following injury or stroke [1]. It is
well established that repetitive flexion and extension movements of the fingers, even when
performed passively, can promote neuromuscular re-education, help prevent spasticity, and
manage pain associated with hand paralysis resulting from acquired brain damage [2,3].

In view of the consequences and to help with post-stroke recovery, autonomous
solutions focused on the functional rehabilitation of the hand’s prehensile capabilities
are being developed, among which are hand exoskeletons. Exoskeletons may offer a
more effective option than end-effector robot-assisted devices for treating finger motor
impairment in stroke patients [4]. These exoskeletons are structures that totally or partially
cover the affected hand, and according to the functions they can perform, a distinction
can be made between augmentative or assistive (improving capabilities for the execution
of specific tasks) for teleoperation (haptic devices oriented to virtual models) and hand
exoskeletons for rehabilitation (RHEx) [5]. The RHEx try to recover the motor abilities of
patients by forcing repetitive actions on the affected joints: the most common ones are
opening and closing the fingers. In this way, it is possible to lengthen the sessions and
reduce the physicians’ permanent need for assistance. RHEx are not necessarily portable or
lightweight; they can be fixed in a certain position. Even so, they are more versatile if they
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are portable because the patient can take them home to continue rehabilitation on their
own. Moreover, the rapid progress of flexible electronics aligns with the growing demand
for portable smart exoskeletons embedded with skin-interfacing flexible electronics (e-
skin) [2,6,7] provide fine-grained control and feedback RHEx, allowing for continuous
and real-time monitoring of physiological signals. This helps users regain movement
and improve strength in affected extremities. Still, the lightness and pragmatism of the
exoskeleton topology must be optimized.

The goal population largely conditions the suitability of an RHEx design. The move-
ments allowed by the RHEx should follow patients’ behavior naturally and without gener-
ating discomfort. The literature [5] compiles characteristics and criteria that should guide
the design of RHEx. However, the evaluations presented in RHEx proposals only include
partial aspects, on a few subjects, and rarely patients [2]. In this sense, the collaboration
with rehabilitators in the context of the present research (DERAPPI project [8]) has made
clear the characteristics of the patient that are suitable for therapy with RHEx:

• Plegic hand (MRC 0 [9,10] in all muscle groups of the hand).
• Flaccid hand (spasticity up to MAS 1 [11] would be admitted).
• Absence of rigidity in the fingers. In case of some rigidity, it cannot interfere with

normal intelligent grasping movement.
• Skin is intact and there is no edema at the level of the hand.
• Cognitive status enough to follow simple instructions.
• Behaviorally stable.

For certain patients, it is essential to restrict the range of motion of specific joints to
prevent articular degeneration. This goal is difficult to achieve with some RHEx designs
inspired by soft robotics. Additionally, there is a lack of devices on the market that simulta-
neously target the mobilization of the index finger and are easy for either the physician
or the patient to place on the hand [12]. Focusing on the recovery of the index finger is
crucial since it plays a key role in many grasps and ADL. Regarding RHEx control, devices
operated by a pushbutton activated by the healthy hand or programmed to function in
a loop are highly suitable for stroke rehabilitation. Applying the concepts of robustness
and simplicity makes it desirable to be able to use a simple control rather than having
to command and coordinate several actions. The idea behind underactuation in robotics
is to use an ingenious mechanical system that can adapt to the requirements of a grasp
or a trajectory with one actuator [13]. This mechanical intelligence is commonly found
in mechanical linkages where the different link lengths and joint types are determined
at the design stage to follow a particular trajectory or adopt a particular posture. If this
trajectory is entirely predetermined, then only one DOF suffices to follow it. Moreover,
using a single actuator contributes to maintaining the lightweight and compact design of
the device, which is desirable in a portable RHEx; therefore, the concept of using a single
actuator for underactuation also merits consideration.

Several RHEx topologies can be discerned [12,14]:

(i) Those restraining each phalanx (Figure 1a–c), using mechanisms to match the axes of
rotation with those of the phalanges. They strictly limit spasticity during rehabilitation.
However, the complexity of the design increases as higher finger mobility is sought.

(ii) Those that hold only the fingertip (base-to-distal topology, Figure 1d), with the ad-
vantage that their design is simpler, as they do not have the restriction of matching
the axes of rotation, so they can be lighter as well. Note that the three degrees of
freedom that position and orient the distal phalange (DP) within the plane of flexion
of the finger univocally condition the three degrees of freedom provided by the three
joints: metacarpophalangeal (MCP), proximal, and distal interphalangeal (PIP, and
DIP). However, the movement of the finger is less controlled, regarding the variety of
exercises that can be performed by acting on the individual joints.

(iii) Those that fit over the entire finger, glove type (Figure 1e), using flexible and lightweight
materials that adapt to the hand (soft robotics). They are less cumbersome and less
expensive, but care must be taken in the forces applied.
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Figure 1. Schematics of various RHEx topologies for transmitting motion to the patient’s fingers:
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pliant [12,14].

The choice between these approaches depends on the specific goals of the device and
the patient’s needs in terms of rehabilitation. In the case of soft robotics (iii), having no
rigid joints to guide torques and forces, the user’s skeleton becomes the guiding structure,
and it may not be an appropriate choice in dealing with the patient’s spasticity. The RHEx
based on articulated mechanisms guide the movement based on a guiding structure (an
articulated linkage that performs the function of guiding the movement) and a guiding
chain (a system that transmits the actuation, usually a Bowden cable, electrical, pneumatic,
or a system of additional links to the first ones [15]).

Control for RHEx can be relatively simple if they are aimed at task-specific training,
allowing for passive control that overlooks the patient. For case (i), if independent control
is desired for each degree of mobility of the hand, individual actuators will be required to
adjust and control the movements of each finger independently. However, the design of the
exoskeleton can be greatly simplified, and the cost of the device can be reduced by using
sub-actuated designs, especially in case (ii), which makes them very economical and easy
to transport. In this case, the RHEx may actuate on some degrees of freedom, leaving the
others to move passively, i.e., allowing certain joints to freely adopt the position that best
suits them, within their anatomical ranges of motion, to achieve the posture demanded by
the exoskeleton.

In cases (i) and (ii), the location of the mechanism can be either dorsal (located on
the dorsal part of the fingers, Figure 1b–d), palmar (on the palmar part of the fingers,
hardly used because they interfere with interacting with objects [16]), or lateral (Figure 1a).
Lateral devices leave the palm of the hand free and therefore allow objects to be grasped. In
addition, they allow patients to see their hands, which is important for visualizing progress
during rehabilitation. In any of the three arrangements, the mechanism is attached to the
hand via Velcro®, flexible straps, or thimbles.

In recent years, different RHEx designs have been proposed in the literature [2,14,15,17],
and there are already some commercial designs for diverse purposes [16,18]. There are very few
RHEx reported in the literature that reach TRL level 9 [19,20], and, even though much research
is being carried out on them, they are still far from being a practical solution. In a recent
extensive literature search on the design and optimization of exoskeletons (over 722 studies
from 2017 to 2023), it was shown that evolutionary computation (EC) methods are the most
frequently used (genetic algorithms, particle swarm optimization, differential evolution, and
evolutionary strategies) compared to other non-EC [21]. This outcome is anticipated given EC
methods’ numerous attributes, such as the ability to update multiple solutions simultaneously
(population-based), their independence from gradient information, rapid convergence, and
their capacity to tackle mixed optimization problems, including multimodal and multi-objective
scenarios, to optimize different metrics (mainly force transmission (FT), workspace, weight,
and size). However, this research found only two studies in which EC techniques were used
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for hand exoskeletons: one with an assistive application [22] and another for rehabilitation
(RHEx) [23]. Close to these dates, we also found other four studies using EC for improving an
RHEx [24–27]. Table 1 summarizes the studies related to the optimization of hand exoskeletons
from 2014 to 2024.

Table 1. Hand exoskeletons optimized with evolutionary (EC) or non-evolutionary (nEC) computa-
tion techniques in terms of application (assistance (AHEx), rehabilitation (RHEx), or haptic (HHEx)),
optimization metrics, and optimization method (2014–2023).

Authors Application Metrics 1 Method

Li et al. [22] AHEx FT Elitist Non-Dominated Sorting Genetic Algorithm (EC) [28,29]
Du et al. [23] RHEx FT Single-Objective Genetic Algorithm (EC) [30]

Iqbal et al. [24] RHEx KM, CA, GI, FT Weight-Based Genetic Algorithm (EC) [21]
Vanteddu et al. [25] AHEx AC Weight-Based Genetic Algorithm (EC) [21]

Li et al. [26] RHEx M Elitist Non-Dominated Sorting Genetic Algorithm (EC) [28,29]
Sarac et al. [27] AHEx FT Single-Objective Genetic Algorithm (EC) [30]

Amirpour et al. [31] HHEx W, AC Levenberg–Marquardt Algorithm (nEC) [32,33]
Bianchi et al. [34] RHEx FT, S Levenberg–Marquardt Algorithm (nEC) [32,33]
Liang et al. [35] AHEx, RHEx W Geometric differentiation (nEC) [36]

Xu et al. [37] RHEx W Interior point algorithm (nEC) [38]
Qin et al. [39] RHEx AC Goal attainment method (nEC) [40]

Secciani et al. [41] AHEx AC Interior point algorithm (nEC) [38]
1 FT: force transmission; W: workspace; S: size; AC: adjustability/calibration; KM: kinematic mapping; CA:
collision avoidance; GI: global isotropy index; MI: manipulability index.

Du et al. [23], and Sarac et al. [27], used the Single-Objective Genetic Algorithm [30]
to optimize the FT, whereas Iqbal et al. [24] used a Weight-Based Genetic Algorithm
(WBGA) [21], the simplest classical method of solving multi-objective optimization prob-
lems, which considered factors like kinematic mapping, collision avoidance, and a global
isotropy index, and FT. Vanteddu et al. [25] also used WBGA, the cost function being the
weighted sum of errors for the end position of the grasp trajectory between the kinematic
model and the HUST (Huazhong University of Science and Technology) dataset concern-
ing the joint angles of a natural human finger. Li et al. [26] proposed a multi-parameter
multi-objective optimization method (namely, the Elitist Non-Dominated Sorting Genetic
Algorithm (NSGA–II) [28,29]) to enhance the three global manipulability measures simulta-
neously in a wearable index finger rehabilitation exoskeleton.

In those works, which used FT as the metric to observe in EC methods, the improve-
ments achieved in either the method or the results are poorly described: Li et al. [22] worked
with two functions, one to obtain the three contact forces via three phalanges to the object,
distributed as evenly as possible, and another to maximize the sum of the forces exerted on
the index finger phalanges by the proposed assistive exoskeleton. It is important to note
that it only focuses on the objective in the final grasping, not on the entire finger travel as
required in rehabilitation therapy. Their EC worked with a population of only 100 individu-
als, with a stall generation limit set to 500. Du et al. [23] focused on the transmission angle,
a geometrical concept related to FT and mechanism geometry, but they do not detail the
improvements achieved after 1000 generations (without detailing the population). Since
the objective is to improve FT, it would be much more logical to work on concepts such as
mechanical advantage. Iqbal et al. [24] do not describe their Overall Impact Factor used
as a weighted optimization function, and how the FT is included. Sarac et al. [27] used an
optimization function based on the sum of the squared torques applied to the MCP and
PIP joints in their design. However, it is unclear how this function accounted for the full
range of motion and the characteristics of the population studied. No studies were found
using multi-parameter multi-objective optimization methods targeting metrics directly
related to optimal FT for RHEx, in which the mechanical advantage is highly variable,
and it is important to maintain a proper value for the entire range of motion, not only the
final posture.
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The goal of this work is to design a six-bar linkage intended for implementation in
a hand-held RHEx, which can drive the DP from its initial to its final position, mirroring
a pulp pinch grasp movement (aka. tip pinch [42]). This grasp has been documented as
the most frequent in ADL [43,44]. The study focuses on six-bar mechanisms because this
topology is of interest for the conception of RHEx to be placed either on the lateral or on
the dorsal side of the index finger, partially mimicking the movement of the phalanges.
Extending the design to other fingers would cause a single dorsal four-bar mechanism to
interfere with the finger’s dorsum. In the authors’ previous works [45,46], a structured
exploration of the design space for this linkage was performed to obtain good initial values
for subsequent genetic optimization, following a methodology similar to that proposed
in [47]. In those works, the design space for this linkage considered 10 free parameters.
Three different values were selected for each of these variables, resulting in 59,049 different
versions of the six-bar linkage. All these combinations were explored, and only 11,533
were regarded as valid. The maximum mechanical advantage was calculated for each valid
solution, which was then used to sort and select the optimal design based on it.

In the present work, and for the optimization, we propose a targeted genetic scheme
that reduces the number of generational calculations until an optimal solution is found.
This scheme consists of two stages with two different targets, namely: first, the optimal
location of a specific joint, and then the optimal dimensions of the linkage. Each one of the
stages observed two quality metrics: averaged mechanical advantage along the travel, and
its variability. These metrics are often conflicting, meaning improving one may worsen
another. The solutions to multi-objective problems are frequently expressed as a set of
Pareto optimal solutions, where no solution can be said to be better than another without
considering trade-offs. The methodology here proposed lies in the field of ranking-based
selection strategies with hierarchical objective prioritization. While it does not directly
correspond to a widely recognized standard technique, it can be considered a variation of
methods like NSGA-II or SPEA2 (Strength Pareto Evolutionary Algorithm 2) [48], where
objectives are given relative importance instead of being treated entirely equally. According
to our knowledge, it has never been applied to optimize the design of RHEx with such
metrics, both the mechanical advantage and its variability, both related to FT.

The following section lists the design requirements from the scope of rehabilitation.
Section 2, after meeting the specific requirements of the patient (dimensions and range
of movement of the DP) to customize the proposed solution, delves into the mechanism
topology selected for the design of the RHEx, as well as the methodology followed for
its dimensional synthesis and optimization. Section 3 shows the results obtained in the
current research. The final model is proposed at the end of Section 3. The last two sections
are devoted to discussion and conclusions.

1.1. Design Requirements

In the context of the DERAPPI project [8], rehabilitators from the Brain Injury Unit
of the Hospital La Magdalena (Castellón, Spain) made a detailed list of clinical needs for
an RHEx to be integrated into the routine of clinical practice, for the rehabilitation of pulp
pinch in subacute stroke patients:

• The thumb should be able to perform the opposition movement, or, if in its defect,
keep it in opposition to the index finger, to be able to perform the bidigital pulp pinch.

• The RHEx should leave the palmar side of the hand and fingers clear so as not to
interfere with the sensory stimuli generated when grasping an object and not to
excessively favor the flexor pattern of the plegic hand.

• The RHEx should leave the wrist joint free to allow for the tenodesis effect in case it is
present in the patient, namely, when finger movement involves passive wrist movement.

• Leave the pulp of the thumb and index finger free to allow tactile feedback dur-
ing movement.

• The RHEx design must be accessible to different hand sizes.
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For the RHEx to be safe in stroke patients, some biomechanical restrictions must also be
verified in relation to the forces applied by the device: the use of linear actuators is justified
compared to a more economical hydraulic system, since they allow for more detailed
control of the movement, joint ranges, and pressure exerted in the pulp pinch movement.

From the observations made, it was concluded that the minimum force required to
guide the distal phalanx of the index finger should be approximately (not less than) 5 N
(≈0.5 kgf) in a closing sequence of 1 s duration.

As listed above, thumb abduction is required to perform the pulp pinch. In the
abducted position, the thumb can oppose the fingertips [42]. Since including this movement
would add complexity and therefore weight and cost to the exoskeleton, it was decided
that the exoskeleton structure itself would keep the thumb permanently in opposition to
allow the pinch without any specific actuators for it, thus reducing the number of actuators
needed without compromising the rehabilitation movement.

2. Materials and Methods
2.1. Characterization of the Two-Finger Gripper Motion

The present RHEx is intended for patients with reduced hand mobility. In relation
to the functional range of motion, there are differences among patients, reaching up to
40 degrees of difference in some cases at the MCP, PIP, and DIP joints’ flexion angles [49] due
to the different anthropometry between subjects. It can be settled that the most appropriate
approach is a customization of the dimensions of the mechanism to allow for a movement
as close as possible to the natural movement of each patient. In this context, the use of
contact measurement instruments (instrumented gloves, dimensional measurements) is not
feasible for this type of patient [50]. Instead, 3D scanning has been shown to be the least
invasive with the nature of the patient, as well as providing adequate detail of the anatomy
and dimensions of the hand for subsequent adaptation of the mechanism, compared to
other abovementioned methods.

Figure 2 shows the 3D-scanned hand of a stroke patient in the two boundary postures
of a pulp pinch grasp movement, with the starting posture being the functional resting
position [51]. Thumb motion during the pulp pinch has been measured by videogrammetry
in numerous studies, indicating that healthy subjects maintain the thumb in opposition
throughout the pinch [51,52]. Jahn et al. [53] identified three distinct phases that the
joints progress through during the execution of the pulp pinch: the initiation phase, the
preshaping phase, and the pinch phase. In the initiation phase, little to no movement
occurs. It is important to note that most rehabilitation exercises are designed to begin
from the functional resting position [51], as is assumed in this work (Figure 2): the wrist is
positioned between 10◦ and 30◦ of extension, the thumb is in opposition and abduction,
and the finger joints are in semiflexion [54]. This posture is often referenced by splints
designed to support the hand in such impairment conditions [55].

The preshaping phase accounts for the majority of the movement and begins with
the first noticeable increase in motion. The pinch phase starts when the slope decreases
as the movement comes to a stop. Thus, the preshaping phase is the focus of gesture
rehabilitation as it predisposes and defines the intended grasp. According to the physicians
involved in this study, with the exoskeleton’s goal being rehabilitation rather than assistance
with ADLs, it was observed that the thumb’s range of motion from the functional resting
position is minimal. In fact, the index is the first finger to have all joints actively engaged
during the preshaping phase, followed by the thumb. The preshaping phase ends in a
proximal-to-distal pattern for the index finger, while in the thumb, the last joint to become
actively involved is the MCP, which is primarily predisposed when in the functional resting
position [53]. Therefore, in this context, it is considered appropriate for rehabilitation to
focus initially on the movement of the index finger, with the thumb showing minimal
motion or being stabilized within a splint.
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The initial position of the DP of the index finger is defined by points Sini (DIP joint)
and Tini (tip of the finger), and the final position is defined by points S f in and T f in. Point O
is set at the MCP joint on the index as the connection of the first mobile link of the RHEx
with the palm (ground bar). Finally, a working plane is set as parallel to the one fitted
to {Sini, Tini, S f in, T f in} data, minimizing the sum of the squared distances between the
points and the plane through a least squares approach [56], at a distance so that it does not
interfere with the hand. In this plane, the RHEx will perform its motion. To proceed with
the design, we obtain orthogonal projections on this plane of the distal segment (ST) at the
initial and final positions and of the O point.

2.2. Linkage Topology

Multiple four-bar linkages, made up of a series of concatenated crossed four-bar
mechanisms, are complex assemblies where the motion is transferred through a sequence of
interconnected four-bar linkages, enabling the design of intricate mechanical systems with
sophisticated movement capabilities. This versatility has led to significant innovation and
a variety of designs. Our research group has experience in applying different topologies for
the design of prosthetic devices, such as the Toronto/Bloorview/MacMillan (TBM) [57,58],
consisting of two coupled four-bar mechanisms. The proximal one is coupled with a
crank–slider mechanism in its first inversion (cylinder being fixed), with the crank being
part of link 4 and the coupler being part of link 1 (see Figure 3a). This results in having
a linear actuator as input, and the proximal four-bar mechanism involves links 1-4-6-7.
This inversion of the crank–slider implies having the linear actuator integrated within the
ground bar (links 1 and 2 at the dorsum of the hand). The RML (Robotics and Mechatronics
Lab of the Virginia Tech University, Blacksburg, Virginia, United States) [59] has a similar
topology, although the crank–slider providing a linear input is in its third inversion (the
coupler link (1) of the crank–slider is fixed). In this mechanism, the proximal four-bar
mechanism also involves links 1-4-6-7, although link 1 is the ground at the dorsum of the
hand. The third inversion of the crank–slider gives the designer more freedom to optimize
the location of the actuator for improved performance (see Section 2.3.3). In addition, the
crank is an extension of link 6 (Figure 3c) instead of link 4 (Figure 3b), which becomes a
quaternary link. This last variation has the advantage of leaving more spare space at the
level of the hand, preventing any interaction and allowing the user better visual feedback.
For all these reasons, RML topology was used for the forthcoming RHEx design. All these
topologies have one degree of mobility for the 8 links involved.

As stated earlier, the RML, as the topology here studied, has been used for different
proposals of RHEx [37,59–61], although no optimization has been conducted under the
requirement of an optimal force transmission [25].
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Figure 3. TBM and RML mechanisms compared: (a) TBM consisting of two four-bar mechanisms and
a crank–slider in the first inversion; (b) change of the crank–slider to its third inversion; (c) resulting
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2.3. RHEx Design
2.3.1. Dimensional Synthesis

In the process of synthesizing the two four-bar mechanisms within the linkage, let us
consider a recurrent nomenclature for both, the proximal and distal ones concerning the
patient’s hand (see Figure 4). The segments of each four-bar mechanism are named from L1
to L4, indicating with the subscript p or d whether they belong to the proximal or distal
mechanism, respectively. Segments L2p (belonging to link 6) and L2d (belonging to link 7)
are articulated in B, where both four-bar mechanisms are concatenated through the relative
movement of segments L1d (also belonging to link 6) and L3p (also belonging to link 7).
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The synthesis to be performed involves two positions (initial and final) of the ST
segment corresponding to the pulp pinch grasp (Figure 4). As has been mentioned before,
let us designate Sini and Tini as the points that make up this segment in the initial position.
Analogously, S f in and T f in correspond to the final posture.

By the inherent nature of the flexion of the finger, the distance between Sini and O is
longer than the distance between S f in and O. Therefore, any point Bini that divides the line
SiniO into the two segments L2p and L2d, for the construction of the proximal and distal
four-bar mechanisms, guarantees the existence of two possible solutions for the flexed
finger posture, namely, B f in

high and B f in
low (see Figure 5a). Of these two, for mimicry with the

two-finger pincer movement, B f in
high will be considered to continue the synthesis procedure

(for the sake of brevity, B f in).

Biomimetics 2024, 9, x FOR PEER REVIEW 10 of 24 
 

 

In a graphical synthesis process, 𝐶ଵସ is determined by drawing the bisector of the 
segment that joins the representation joints 𝐶ଷସ  and 𝐶ଷସ (see Figure 5c). Consequently, 
the lengths of 𝐿ଵ and 𝐿ସ are also determined. 

We proceed in an analogous way to obtain the distal four-bar mechanism, being 𝜑ଶௗ 
defined with respect to the distal segment (𝑆𝑇). Previously, it was necessary to make a 
rotation of 𝜏 to superimpose the 𝐿ଶ bars of the mechanism in both postures (initial and 
final) and thus work with 𝐶ଷସௗᇱ (see Figure 5a,d). Results of 𝐿ଵௗ with a maximum value 
of 50 mm were considered valid. Again, this value is subjectively eligible to avoid invading 
the palmar space in excess during any grasp. 

 
Figure 5. (a) Location of 𝐵 and determination of the lengths 𝐿ଶ and 𝐿ଶௗ and of 𝐵. (b) Selec-
tion of the design parameters: 𝐿ଷ, 𝜑ଶ, 𝜑ଵ, 𝐿ଷௗ, 𝜑ଶௗ, 𝜑ଵௗ. (c) Determination of 𝐶ଵସ and therefore 
of 𝐿ଵ and 𝐿ସ. (d) Superimposition of 𝐿ଶ bars in both postures to obtain 𝐶ଵସௗ, 𝐿ଵௗ, and 𝐿ସௗ in 
an analogous procedure. 

2.3.2. Optimization Algorithm 
The synthesis procedure described in the previous section was programmed in 

Matlab® R2018b. This same platform was maintained for the subsequent programming of 
the optimization process, which requires recurrent repetitions of the synthesis process as 
well as the selection of solutions based on the metrics described below. No Matlab® opti-
mization library was used in order to have full control of the design of operations. 

A genetic scheme was adopted for the present study, in two stages (thus having two 
generations) with two different targets. The first step was to provide discretion to the op-
timization in order to reduce the study population. To this end, the relevance of the loca-
tion of the B-joint (𝐵,  Figure 5a) between the proximal and distal four-bar mechanisms 
was studied, resulting in a pre-selection. Next, the influence of the variation in the values 
(dimensions) of the different lengths and angles set for the synthesis of the mechanism 
was investigated. Figure 6 summarizes the two generations in which, in the first instance, 
the 𝐵  localization was optimized by studying a population of 24 mechanisms, on 
which a first selection was made. In the second generation, the mechanisms resulting from 
varying certain design parameters in the selected mechanisms were studied. 

As objective functions, the mean value of the mechanical advantage for the entire 
range of motion of the exoskeleton, as well as its level of variation with respect to this 

Figure 5. (a) Location of Bini and determination of the lengths L2p and L2d and of B f in. (b) Selection
of the design parameters: L3p, ϕ2p, ϕ1p, L3d, ϕ2d, ϕ1d. (c) Determination of C14p and therefore of
L1p and L4p. (d) Superimposition of L2p bars in both postures to obtain C14d, L1d, and L4d in an
analogous procedure.

Without loss of generality and for further optimization, we started considering a Bini

corresponding to the midpoint of the segment SiniO. With the lengths L2p and L2d known,
values can be proposed for the following design parameters: L3p, ϕ2p, ϕ1p, L3d, ϕ2d, ϕ1d
(see Figure 5b). Due to the functional purpose of the RHEx, maximum and minimum
values have been established for these parameters, as shown in Table 2. The first three
correspond to one length and two angles of the proximal four-bar mechanism: length L3p
and angle ϕ2p (the latter measured with respect to L2d) allow for the locating of the C34p

joint between bars L3p and L4p (in both positions corresponding to extended finger, Cini
34p,

and flexed, C f in
34p). The angle ϕ1p with respect to the ground bar stipulates the line on which

the joint C14p, between bars L1p and L4p, will be located. Figure 4 (right) shows the region
where point C14p should be located, delimited by the maximum and minimum values of
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ϕ1p and L1p chosen after observing the anatomical dimensions of the patient’s hand. More
specifically, the limit values of ϕ1p are specified in Table 2, while any value obtained after
the synthesis for L1p, with a maximum value of 50 mm, is considered valid. This value is
based on the subjectivity of not exceeding the margins of the first dorsal interosseous of the
patient’s hand in the pulp pinch posture.

Table 2. Parameters on which to perform variations across the different tests.

L3p ϕ2p ϕ1p L3d ϕ2d ϕ1d

Min. 10 mm 90◦ 230◦ 4 mm 90◦ 230◦

Max. 25 mm 170◦ 340◦ 8 mm 170◦ 340◦

In a graphical synthesis process, C14p is determined by drawing the bisector of the

segment that joins the representation joints Cini
34p and C f in

34p (see Figure 5c). Consequently,
the lengths of L1p and L4p are also determined.

We proceed in an analogous way to obtain the distal four-bar mechanism, being ϕ2d
defined with respect to the distal segment (ST). Previously, it was necessary to make a
rotation of τ to superimpose the L2p bars of the mechanism in both postures (initial and

final) and thus work with C f in′
34d (see Figure 5a,d). Results of L1d with a maximum value of

50 mm were considered valid. Again, this value is subjectively eligible to avoid invading
the palmar space in excess during any grasp.

2.3.2. Optimization Algorithm

The synthesis procedure described in the previous section was programmed in Matlab®

R2018b. This same platform was maintained for the subsequent programming of the
optimization process, which requires recurrent repetitions of the synthesis process as well
as the selection of solutions based on the metrics described below. No Matlab® optimization
library was used in order to have full control of the design of operations.

A genetic scheme was adopted for the present study, in two stages (thus having two
generations) with two different targets. The first step was to provide discretion to the
optimization in order to reduce the study population. To this end, the relevance of the
location of the B-joint (Bini, Figure 5a) between the proximal and distal four-bar mechanisms
was studied, resulting in a pre-selection. Next, the influence of the variation in the values
(dimensions) of the different lengths and angles set for the synthesis of the mechanism was
investigated. Figure 6 summarizes the two generations in which, in the first instance, the
Bini localization was optimized by studying a population of 24 mechanisms, on which a
first selection was made. In the second generation, the mechanisms resulting from varying
certain design parameters in the selected mechanisms were studied.

As objective functions, the mean value of the mechanical advantage for the entire
range of motion of the exoskeleton, as well as its level of variation with respect to this
mean value, were observed. Heuristic multi-objective approaches with dynamic objective
prioritization refer to optimization techniques where multiple objective functions are
optimized, not treating all objective functions equally (as in typical Pareto-based methods).
Instead, the algorithm prioritizes certain objectives over others (hierarchical preference or
dynamic prioritization), often in stages, or dynamically (where the objective importance
changes based on some conditions or measures). These hierarchical approaches have the
advantages of (i) flexibility, as they allow different treatment of objectives based on the
stage of optimization or problem-specific priorities; (ii) adaptability, as they help balance
exploration and exploitation in complex sceneries; and (iii) simplicity, as they provide an
intuitive way based on heuristics [62,63]. Both generations and their optimization details
reflected in Figure 6 are explained in detail hereunder.
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Figure 6. Two generations were studied, for a total of 2211 mechanisms.

1. First Generation: Optimization of the location of the joint B

In the first stage, the selection of point Bini was reconsidered. For this, and in the
posture corresponding to the extended finger (Figure 4-right), we could determine a series
of possible relocations of point Bini in polar coordinates, namely, describing a circumference
around the first Bini-hypothesis, at a radius R = 5 mm, and every 45◦. In any of these
other relocations of Bini, the initial posture is no longer undetermined, and it is easy to
observe that those options for point Bini that result in a configuration above the line SiniO
maintain that configuration throughout the movement of the mechanism. The same is true
for relocations of Bini that result in a configuration below the line SiniO. These solutions are
discarded because they offer final configurations (flexed finger) that could interfere with
some of the rehabilitation activities (see B f in

225◦ , B f in
270◦ , and B f in

315◦ in Figure 7a).
The initial synthesis process, explained in Section 2.3.1, is valid for any of these

relocations of Bini. Given the complexity of the mechanism, it was likely that any attempt to
select values between the limits of Table 2 would result in a non-existing solution in either
of the four-bar mechanisms. Instead, it was decided to generate random values between
these limits, guaranteeing the existence of solutions through the stages of the synthesis
(proximal four-bar, followed by the distal one) by performing iterative calculations until a
valid solution was found. Four simulations were run for each hypothesized Bini point to
have a sufficiently diverse population (see Figure 7b).

To assess the performance of each design, two quality metrics were evaluated: the
averaged mechanical advantage (MAavg) over the entire RHEx travel, and the degree of
irregularity of the mechanical advantage (δMA) over the same travel, defined as

MAavg =
1

θ
f in
12p − θini

12p

·
∫ θ

f in
12

θini
12

MA
(
θ12p

)
· dθ12p, (1)

δMA(%) =
MAmax −MAmin

MAavg
· 100. (2)
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Figure 7. (a) The figure illustrates how some initial re-locations of Bini around the initial hypothesis
(Bini

center) lead to configurations where B f in ends up above (accepted solutions, in green) or below
(rejected solutions, in red) the line SiniO. In grey in the background, two additional mechanisms
generated under the Bini

90◦ and Bini
135◦ hypotheses are exemplified. (b) Four proposals generated after

dimensional synthesis for the same Bini
center, with random values for the parameters of Table 2.

For each mechanism, and for the calculation of the MAavg, the mechanical advantage
(MA) was evaluated at four equidistant positions along the θ12p travel (see Figure 5a),
including the initial and final postures. This allowed for the interpolating of a third-
degree polynomial function MA

(
θ12p

)
for each mechanism. The evaluation of the MA

at each of the four postures was performed using approximate methods, namely (see
Figure 4-left): (i) without loss of generality, point A was considered at a distance of 10 mm
from O; (ii) concerning the posture being studied at a θ12p value, displacements of point
A (∆sA) and point T (∆sT) were evaluated (these displacements were measured from the
posture resulting from a decrease ∆θ12p to the posture resulting from an increase ∆θ12p

(∆θ12p = 10−5 rad)); and (iii) MA for the referred posture was calculated as

FT ·
.

sT = NAC ·
.

sA → MA =
FT

NAC
≈ ∆sA

∆sT
. (3)

For the calculation of Equation (3), we assume an ideal mechanism so the power
developed at point A by the linear actuator (NAC) must coincide with the power developed
at point T.

When evaluating the mechanical advantage, it should be noted that all the dimensions
of the mechanism were already known, after the synthesis of the previous section. Therefore,
the displacement ∆sT was estimated from the variation undergone by the concatenated four-
bar mechanisms, caused by the rotation of A around O, here approximated to ∆sA. Without
loss of generality, for the proximal mechanism depicted in Figure 4-left, it follows that

→
OB +

→
OC34p +

→
C34pC14p −

→
OC14p =

→
0 . (4)
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Projecting the vectors of the loop into a local coordinate system with the abscissa axis
along L2p we have

L4p · cosγp = L2p − L3p · cosβp − L1p · cosαp, (5)

L4p · sinγp = L3p · sinβp + L1p · sinαp. (6)

By squaring the Equations (5) and (6), adding them, and using the fundamental
trigonometric identities, the dependence on the angle γp is removed. This allows obtaining
the value of βp as a function of αp. The distal four-bar mechanism can be solved analogously.
Thus, for each value of θ12p and its variation (∆θ12p), the values of αp, βp and their variations
(∆αp = −∆θ12p, ∆βp) are known univocally. It allowed us to find the displacement required
in Equation (3).

With all this, in the first generation, a total of 24 simulations were performed, which
comprised the random synthesis of four RHEx proposals for each point Bini.

From the number of resulting proposals, the coefficient of variation (CV) of the above
quality metrics, Equations (1) and (2), were studied. The CV shows the extent of variability
concerning the mean of the population. It is defined as the ratio of the standard deviation
(σ) to the mean (x), namely:

CV(%) =
σ

x
· 100, (7)

where x denotes the values of the metrics whose CV is evaluated. From the metric with
the higher CV, i.e., the higher relative variability in that metric, the first quartile of the
population with better values (lower δMA or higher MAavg) was pre-selected. Half of the
pre-selected cases with the best values for the other evaluated metric was selected for
further optimization.

2. Second Generation: Optimization of the Design Parameters

To assess the influence that the parameters in Table 2 have on the design, the influence
of an incremental, null, or decremental variation of each of them was considered (±2 mm for
the lengths, ±5◦ for the angles, in case there was variation). Considering the 6 parameters,
it gave a total of 36 = 729 possible combinations for each of the mechanisms selected in the
previous section. The dimensional synthesis of each of them was performed as described
in Section 2.3.1.

From the total amount of resulting proposals, we observed again the metric with
higher CV to pre-select the first quartile of the population with better values (lower δMA or
higher MAavg). Finally, the one with better value in the remaining quality metric has been
chosen for further development of the RHEx.

In summary, this algorithm can be seen as a hierarchical multi-objective selection
approach, where objectives (δMA or MAavg) are prioritized based on their relative variability
(CV), followed by selection based on the other objective. This step involves prioritizing
one metric over the other based on its variability, introducing a hierarchy in the selection
process. The algorithm reinforces the idea that both metrics are important, but with a
differential emphasis depending on the variability. Not being a standard method, it can be
classified as a heuristic multi-objective approach with dynamic objective prioritization.

2.3.3. Linear Actuator Positioning

Point A depicted in Figure 4-left, where the linear actuator is anchored observes the
following design conditions: (i) it performs a rotation around point O; (ii) the rotation
covers a circumferential arc whose central angle is the same as the angle τ traveled by the
bar L2p in the movement of the RHEx from extension to flexion (Figure 5a); and (iii) the
radius of the circumference (OA) is such that the length of the chord (Lchord) joining the
two endpoints of the arc matches with the stroke length of the linear actuator. At the
prolongation of this chord, the attachment of the other end of the linear actuator (point C
in Figure 4-left) must be found. Also, the chord and the radii joined to the two endpoints of
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the described arc constitute an isosceles triangle from the resolution of which the value of
the radius is determined univocally, namely:

OA =
Lchord

2 · sin(τ/2)
. (8)

By observing these three conditions, it is guaranteed that the transmission angle [64]
remains as close to the optimum as possible, i.e., moderately close to perpendicular to the
radius OA, during the entire stroke. The solutions can still be infinite, and it is necessary to
decide the solution to suit the design of the dorsal support of the hand on which the other
end of the actuator will articulate.

3. Results
3.1. Preliminary Designs from the Optimization of the Location of the Joint B

Figure 8 shows the wide spectrum of dimensions, within the ranges of the problem
(Table 2), that has been addressed by generating and simulating 24 proposals of mechanisms
for the different possible Bini locations. They are the result of simulating four mechanisms of
varied dimensions based on each of the six possible Bini locations announced in Figure 7a.
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is shown. The grey background represents the wide spectrum of possible linkages studied, achieved
by generating and simulating four mechanisms with varied dimensions for each of the six possible
Bini locations detailed in Figure 7a.

The CV of the δMA had a value of 52.8%, higher than the CV of the MAavg (12.6%).
Therefore, according to the procedure explained in Section 2.3.2-(1), the quartile with the
lowest δMA amongst the 24 cases was considered first. It corresponds to cases represented
in Figure 9, namely, one Bini

90◦ subcase, one Bini
180◦ , and two subcases of Bini

45◦ and Bini
135◦ (see

Figure 7a). Figure 10 depicts, from the abovementioned cases, the three with the highest
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MAavg. In the figures, these variations are grouped after their Bini for the sake of brevity,
the subcases from the same Bini being tagged with a and b sub-indexes.
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Figure 10. Selection for the optimal Bini locations, as explained in Section 2.3.2-(1), was conducted
based on MAavg over the previous pre-selection of 6 cases. The colored region highlights the half of
the pre-selected cases with the best MAavg, that is, the three cases selected for further optimization.

Table 3 shows in detail the results of the dimensional synthesis for the six pre-selected
cases and the three finally selected for further study, named Bini

135◦a, Bini
135◦b, and Bini

90◦ .

Table 3. Dimensions and values of δMA(%) and MAavg for the six preselected cases from the
optimization of the location of the joint Bini. Lengths (L) in mm, angles (ϕ) in deg, δMA in %.

L1p L2p L3p L4p ϕ1p ϕ2p L1d L2d L3d L4d ϕ1d ϕ2d δMA MAavg

Bini
135◦a 8.995 38.290 17.755 42.741 250.575 98.641 21.534 31.256 4.018 45.738 334.882 134.750 1.881 0.056
Bini

90◦ 8.406 34.950 15.141 42.827 292.691 109.698 15.831 34.950 4.537 21.696 247.841 156.550 4.292 0.057
Bini

180◦ 13.169 39.591 11.140 35.899 266.028 122.145 6.838 29.591 4.736 30.169 285.022 99.866 10.005 0.048
Bini

45◦a 8.620 31.256 15.084 37.617 273.232 104.319 14.883 38.290 5.563 30.328 248.439 98.123 18.783 0.052
Bini

45◦b 8.076 31.256 14.555 33.955 236.341 94.383 39.015 38.290 6.881 70.426 334.430 105.638 25.161 0.052
Bini

135◦b 9.819 38.290 14.746 51.646 313.820 90.096 18.820 31.256 4.493 40.292 321.311 141.643 30.965 0.057
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3.2. Designs from the Subsequent Optimization of the Design Parameters

Figure 11 summarizes the three best mechanisms over the different locations of Bini

and the 3 · 729 = 2187 mechanisms resulting from varying the parameters of Table 2, as
explained in Section 2.3.2-(2). The CV observed across this whole population showed very
uneven results for the δMA (71.2%) and the MAavg (0.8%).
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Figure 11. (a–c) In black, the representation of the three mechanisms selected from Table 3 (after
optimization for the location of joint Bini, following Section 2.3.2-(1)). The corresponding sets of
mechanisms resulting from parameter variations are shown in grey in the background. (d) In black, the
selected best mechanism after the optimization of the design parameters (following Section 2.3.2-(2)),
overlapping with the preliminary design (in red).

Figure 12 summarizes the dispersion of the different δMA. The region containing
the first quartile of the population arranged in increasing order of δMA is highlighted,
i.e., 547 versions of the mechanism with the lower δMA. In the figure, these populations
are grouped after their Bini for the sake of brevity. Basically, they include versions of the
original mechanisms documented in Table 2 as Bini

90◦ and Bini
135◦a.

Among those pre-selected and ordered by their MAavg, the Bini
90◦ versions ranked the

best 218 proposals. It is noteworthy that the very low CV shown by the MAavg implied an
improvement of only 8.5 · 10−5 in that metric when choosing the mechanism with better
MAavg instead the one with better δMA. However, this change would imply a worsening of
δMA of 6.7%. For that reason, the version of Bini

90◦ which ranked better at the pre-selection
based on the δMA was the one selected to achieve the RHEx (Figure 11d). Values for this
mechanism are shown in Table 4.

Table 4. Best mechanism after the optimization of the design parameters. The values shown for the
version of Bini

90◦ were taken for the design of the RHEx. Lengths (L) in mm, angles (ϕ) in deg, δMA in %.

L1p L2p L3p L4p ϕ1p ϕ2p L1d L2d L3d L4d ϕ1d ϕ2d δMA MAavg

Bini
90◦ 8.796 34.950 17.141 45.379 292.691 104.698 15.247 34.950 4.537 23.158 252.841 156.550 0.884 0.057
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Figure 12. Dispersion of the different δMA of the 3 · 36 = 2187 mechanisms resulting from an
incremental, null, or decremental variation of the six parameters of Table 2 in those three selected
cases which resulted from the optimization of the location of the joint Bini (resumed in Table 3). The
colored region highlights the quartile of the population with the lowest δMA, resulting in 547 proposals
of RHEx.

3.3. Study of Correlations
3.3.1. Study of Correlations in the Location of the Joint B

In Section 2.3.2-(1), a first location of Bini was proposed as the midpoint of the segment
SiniO and then repositioned to five different locations, shown in Figure 7a. For each
hypothesis, four mechanisms were generated. In total, 20 mechanisms were available at the
various Bini locations, whose quality metrics (MAavg and δMA) could be contrasted with
those of the 4 mechanisms at the first Bini location. This resulted in 80 possible combinations
on which to perform a correlation study between the variation of the quality metrics and
the relocation of Bini.

Overall, no correlation was observed between Bini location and the variation in the
value of δMA (−0.125 correlation coefficient). However, it is presumed that the location of
Bini can be correlated with the variation in the value of MAavg (0.732 correlation coefficient).

The average observed variation of the MAavg, for each possible direction for the
relocation of Bini, was as described in the Table 5, with the largest increases for the 135◦

and 90◦ directions. The results are consistent with the preselection made in Section 3.1.

Table 5. Average variation in the MAavg for each of the directions of the displacement of Bini depicted
in Figure 7.

Dir. Displacement Bini ∆MAavg

0◦ −0.0046
45◦ 0.0079
90◦ 0.0131

135◦ 0.0117
180◦ 0.0038

3.3.2. Study of Correlations in the Design Parameters

With the 2187 mechanisms explained in Section 3.2., a correlation study was carried
out between each of the variables in Table 2 and the quality metrics used, MAavg and
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δMA. Specifically, we studied the correlation between the variation in each of the varied
parameters with respect to those in the original mechanism (resulting from the calculations
in Section 2.3.2-(1)) and the variations in the metrics concerning the metric values in that
same mechanism.

Positive values, in general, might indicate a direct relationship, i.e., when the parame-
ter increases, the metric also tends to increase. This was the case with L3p concerning MAavg
and δMA but the relationship was negligible. Also, L3d had a weak positive correlation with
δMA. However, L3d had a weak negative correlation with MAavg. Regarding the angular
parameters, ϕ2p had a very weak negative correlation with MAavg and with δMA. On the
other hand, ϕ2d had correlations very close to 0 with both metrics, thus dismissing any
linear relationship between ϕ2d and these metrics.

In summary, all correlations summarized in Table 6 were weak, suggesting that there
was no linear relationship between the parameters L3p, ϕ2p, L3d, and ϕ2d with the quality
metrics MAavg and δMA.

Table 6. Correlation coefficients between the design parameters varied and the quality metrics.

L3p ϕ2p L3d ϕ2d

MAavg 0.0634 −0.0155 −0.1893 0.0024
δMA 0.0808 −0.0137 0.1650 −0.0148

3.4. Final Model

Taking into account that the MAavg values did show a correlation with the relocation
of Bini in the 90◦ direction (see Figure 7a), a new simulation was performed in which the
distance (radius) with respect to the first location of Bini was increased to 10 mm. We simu-
lated not only the mechanism resulting from maintaining the parameters L3p, ϕ2p, ϕ1p, L3d,
ϕ2d, and ϕ1d of the mechanism selected in Section 3.2 (values shown in Table 4) but also
the 729 mechanisms resulting from variations of these variables. The mechanism directly
obtained by displacing the Bini point had a MAavg of 0.0634 (δMA = 4.919). For the 729 vari-
ations, the MAavg had a mean value of 0.102 (0.063 min, 0.898 max, CV = 123.11) and the
δMA had a mean value of 109.94 (1.554 min, 741.190 max, CV = 171.895). Note that the
best MAavg had the highest δMA values associated with them. In the end, after a screening
performed according to the procedure described in Section 3.2, the dimensions of the
mechanism described in Table 7 were adopted for the design of the RHEx.

Table 7. Dimensions taken for the final design of the RHEx. Lengths (L) in mm, angles (ϕ) in deg,
δMA in %.

L1p L2p L3p L4p ϕ1p ϕ2p L1d L2d L3d L4d ϕ1d ϕ2d δMA MAavg

Bini
90◦ 3.650 36.007 15.141 46.176 286.665 99.698 25.122 36.007 4.537 19.513 252.522 156.550 1.554 0.063

After the dimensional synthesis of the RHEx adapted to the patient’s anatomy, there is
still room for the choice and location of the actuator. The basis for its installation has already
been discussed in Section 2.3.3. With the assumption of distance OA = 10 mm with which
the mechanical advantage has been calculated, observing Equation (8), with τ = 29.308◦ in
the final design, it is found that the stroke length required in the linear actuator would be
Lchord = 5.059 mm. These calculations must be confronted with the reality of the actuators
available on the market. For this purpose, the duration of the pulp pinch closing sequence
was first estimated to be 1 s, applying a force of 5 N (see Section 1.1). Approximating the
distance traveled by T to be about 40 mm, measured as the distance between the patient’s
index fingertip and the end of the thumb, this implied a power requirement (HT) of

HT = 5 N · 40 · 10−3 m
1 s

= 0.2 W. (9)
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The actuator selected should not provide less power than that of Equation (9): the
model chosen for the development was the Actuonix® PQ12 (maximum load of 50 N,
20 mm stroke length (i.e., available Lchord), 10 mm/s max speed [65]).

Furthermore, recalling Equation (3), it is observed that if the distance OA is multiplied
by a factor k, the overall mechanical advantage of the mechanism varies by the same factor:

∆s′A = k · ∆sA → MA′ ≈ k · ∆sA
∆sT

= k · MA. (10)

Recalling Equation (8), the radius OA taking benefit from the stroke length of the above-
mentioned actuator is OA = 39.528 mm, and, following Equation (10) with k ≈ 39.528/10,
the averaged mechanical advantage for the final design of RHEx is MA′avg = 0.249. All
requirements were met:

HA = 50 N · 0.010
m
s
= 0.5 W > 0.2 W, (11)

FT= NAC · MA′avg = 50 N · 0.249 = 12.45 N > 5 N. (12)

In Equation (12), the value of MA has been considered as that of MAavg, given the low
value of δMA. Figure 13 shows the final RHEx design with the dimensions resulting from
the optimization process and with the selected linear actuator. The RHEx was modeled
in SolidWorks® 2025 with the dimensions obtained after optimization in Matlab®R2018b,
and later, it was printed in Acrylonitrile Butadiene Styrene (ABS) via Fused Deposition
Modeling (FDM) on a 3D printer, namely, a CoLiDo® mod. X3045 (CoLiDo Ibérica, Va-
lencia, Spain) with Repetier-Host v2.3.2 (www.repetier.com accessed on 10 June 2024)
software. The proposed assembly is grounded on the dorsum of the palm, and it avoids
any interference with it during the movement.
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4. Discussion

The focus on improving the quality of life and rehabilitation prospects for post-stroke
patients has become increasingly significant in recent years. Hand exoskeletons, including
assistive ones, should be as compact and lightweight as possible to enhance wearability.
Underactuated designs, like the one examined in this study, are well-suited for this goal,
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as they aim for compact actuator sizes while delivering high output forces (relative to
the actuator’s size) and ensuring efficient power transmission through the links. Despite
progress, research on exoskeletons with enhanced mechanical advantages and ergonomics
still requires revisions and refinements to meet these specific needs. The scanning process,
along with the mechanism optimization presented here, are essential tools for developing
custom-made, optimal mechanisms tailored to each patient.

The results of this research have focused on a 6-bar topology which is versatile for
the design of exoskeletons both for the whole hand (in the case of a dorsal layout) and for
index finger rehabilitation, as has been the case (with a more compact lateral layout).

The integration of design and optimization techniques raises an important question:
how do engineers determine the most suitable method or algorithm for optimizing different
design criteria. To address these challenges, alternative optimization approaches have
been developed, including nature-inspired methods from evolutionary computation (EC).
The strategy followed in this research provides design procedures applicable to similar
exoskeletons. First, the search for the optimal location for the concatenation joint of the four-
bar mechanisms (B-joint), and second, the search for correlations on the design variables
(the location coordinates of the B-joint included). We have worked with quality metrics
that are of interest for the performance of the task, such as MAavg and δMA. It should be
noted that the lack of correlations between the variation of the design parameters and the
quality metrics evidenced the high non-linearity of the system. Only the coordinates of the
B-joint showed some significance. All things considered, these metrics have allowed us
to obtain a mechanism with a quasi-constant MA value across its travel, with an average
value (MAavg) higher than the result of our previous studies [45,46] mentioned earlier (this
former design had values of MA = 0.064 at the final posture and MA = 0.051 at the initial
posture, calculated according to Equation (3), with δMA = 22.6%).

By targeting genetic optimization schemes, we reduced the number of iterative or
generational calculations required to reach an optimal solution. In this case, compared to
a previous optimization for the same problem [45,46], we only evaluated 2211 different
mechanisms, instead of 59,049. This signifies the elimination of 96.2% of the cases that were
randomly generated in those studies.

5. Conclusions

The selection and design of the best topologies for the design of collaborative or
rehabilitative exoskeletons is a growing field because their applications in modern life have
been boosted in parallel to the explosion of control techniques and skin-interfacing flexible
electronics (e-skin). Moreover, the integration of artificial intelligence in these systems
could further enhance their functionality, enabling predictive diagnostics and personalized
rehabilitation strategies based on real-time data analysis. This would make rehabilitation
more efficient and accessible to patients both in clinical settings and at home. However,
the optimization of the topologies to be used in the kinematic chain is crucial; therefore,
the choice of good optimization functions must ensure that they evaluate the mechanism
throughout its functional range.

The targeted genetic optimization scheme here exposed, by observing the MAavg and
δMA and their relationship with specific parameters identified in the different stages of the
mechanism synthesis, allows us to arrive at designs that improve the overall behavior of
the RHEx. On the one hand, this has made it possible to reduce the computational cost
which can be abused with current means but would not justify a good selection process.
On the other hand, this optimization can be easily applied to any other exoskeleton after
studying its functionality.

The following conclusions can be made on the resulting prototype of RHEx:

• The movement of the RHEx is custom-made and adequate for the patient’s require-
ments. Being an underactuated mechanism, it can be actuated by one small linear
actuator. The power supply of the prototype is a low-voltage battery (up to 12 Volts)
which poses no risk to the user.
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• It is verified that the RHEx has a low weight and that the fastening system to the hand
is not uncomfortable.

• Regarding the safety of the prototype and future work, the following can be taken
into account:

• To leave the fingertip free, designs that adhere the final segment of the RHEx to the
nail and sides of the patient’s distal phalanx may be considered.

• The same procedure can be adapted and replicated for an RHEx design allowing
flexion of the thumb, which now remains fixed in opposition.

The RHEx design protocol here presented, from conception to optimization, is adapt-
able to any hand size, ensuring that institutions can effectively serve a wide range of
patients during rehabilitation. By utilizing 3D printing technology based on a precise scan
of the patient’s hand, it becomes possible to create exoskeletons that are perfectly tailored
to individual hand dimensions. This level of customization enhances both fit and comfort,
which is challenging to achieve with conventional, one-size-fits-all devices [66].

Additionally, 3D printing allows healthcare facilities to produce these devices in-
house at a very low cost, using materials like PLA or ABS, which are both affordable
and recyclable [67,68]. This approach not only ensures that the developed technology is
accessible to patients with different hand sizes but also reduces costs and delivery times by
enabling on-site production.
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Abstract: (1) Exoskeletons offer potential benefits for overhead working tasks, but gender effects or
differences are unclear. This study aimed to compare the performance as well as subjective body
strain and comfort of men and women using an upper-body exoskeleton. (2) n = 20 female and
n = 16 male participants performed an overhead drilling task with and without a passive upper-body
exoskeleton in a randomized cross-over study. The task performance of different movement phases,
perceived exertion, and ease of use were measured to compare gender differences. One- and two-way
analyses were used to compare genders in the different conditions. The body mass index (BMI) was
included as a covariate. (3) Gender differences in task performance were found for error integrals
(p < 0.001) with higher values in male participants. Moreover, there was a significant interaction
effect for gender x exoskeleton use. While females showed performance decrements in aiming with
exoskeleton use, the males’ performance increased (p = 0.025). No other gender differences were
observed. (4) Gender differences in task performance using an upper-body industrial exoskeleton
were less detectable than expected, indicating that body composition and anthropometrics might be
valuable indicators for performance including assisting devices. Moreover, future studies should also
integrate the examination of muscle activity to gain more insights into potential gender movement
control patterns.

Keywords: supportive systems; gender comparison; over-shoulder working task

1. Introduction

Exoskeletons have emerged as innovative tools to augment human physical capabil-
ities, offering promising applications across various fields, including rehabilitation and
industrial work [1]. Among these, upper-body shoulder exoskeletons are designed to assist
with tasks that involve repetitive lifting, holding, or overhead activities, aiming to reduce
the physical strain and the risk of musculoskeletal disorders [2,3].

Despite the growing body of research on exoskeleton efficacy, there remains a critical
gap in understanding how these devices affect diverse user groups, particularly between
genders. Men and women often exhibit physiological and biomechanical differences, which
can influence the performance and effectiveness of assistive devices like exoskeletons [4].
Factors such as muscle strength or range of motion according to body dimensions vary
between genders and may lead to differing interactions with the exoskeleton [5].

Men generally have higher absolute muscle strength, particularly in the upper body,
compared to women [6–8]. This can affect how men utilize the exoskeleton’s support in
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tasks requiring high-force output [9]. Women may have comparable muscle endurance,
but their lower muscle mass can influence how the exoskeleton’s torque distribution and
load bearing are perceived, potentially affecting long-term use and fatigue rates [8,10,11].

Men and women differ in body proportions, including differences in shoulder width,
arm length, and torso dimensions. Dissimilarities in body composition, such as a higher
percentage of body fat in women and greater muscle mass in men [12], can affect the
anthropometric fit and therefore the functionality of exoskeletons. These differences may
influence how body weight and the additional weight of the exoskeleton are distributed
and how the exoskeleton stabilizes the body during use. In addition, women might adopt
different postural adjustments due to their wider pelvis and different center of gravity,
which can further impact the exoskeleton’s fit and function [13].

Moreover, women tend to have a greater range of motion in their shoulder joints
compared to men [14], which could affect how they interact with the exoskeleton. This
increased flexibility might allow for a greater range of overhead motion but could also
lead to other requirements from the exoskeleton regarding stabilization and support [15].
Women may also adopt distinct postural adjustments and kinematic strategies when using
an exoskeleton for overhead tasks and might therefore show distinct movement patterns
compared to men, which could be influenced by the exoskeleton’s assistance [16]. Addi-
tionally, women might excel in tasks requiring fine motor control and precision [17], which
could interact uniquely with the exoskeleton’s assistance. This might result in different task
performance metrics such as speed, accuracy, and coordination compared to men [16–19].

The study by Gräf et al. [19] has shown that when wearing an upper-body exoskeleton
while executing overhead tasks, errors in cognitive tasks, especially under fatigue con-
ditions, were significantly reduced. Furthermore, while muscle fatigue led to a general
decrease in movement time to finish a task, it did not alter the overall speed–accuracy
trade-off, indicating the motor system’s ability to compensate and adapt.

All these variations can impact the fit and comfort of the exoskeleton, potentially
affecting performance and ease of use. The poor fit of the exoskeleton caused by these
differences can lead to discomfort or suboptimal support during tasks, influencing motor
performance [20]. Therefore, women might report higher levels of discomfort or perceived
exertion when using an exoskeleton designed with a male anthropometry in mind. Females
might experience discomfort or suboptimal support if the exoskeleton is not designed
to accommodate their body proportions [21], potentially affecting precision and work
productivity [22–24].

Understanding the gender differences in wearing an upper-body exoskeleton is crucial
for the development of designs that are inclusive and effective for all users. Addressing
these differences involves considering physiological, biomechanical, and ergonomic factors
to optimize fit, comfort, and performance.

While general trends suggest that motor precision could differ between males and
females when using an exoskeleton, the extent and nature of these differences are highly
dependent on individual physiological and biomechanical factors, as well as the design
and adjustability of the exoskeleton itself. Tailoring exoskeletons to accommodate gender-
specific needs can help optimize assistance, work productivity, and precision motor preci-
sion for both males and females.

This study aims to compare the effects of wearing an upper-body shoulder exoskeleton
between women and men by assessing task performance of an overhead nailing task
including perceived exertion and comfort. We seek to determine if there are significant
gender-based differences in the use of the device.

Since the exoskeleton was designed and constructed for male users, we hypothesize
that women will perform worse during the drilling task and have a higher rating of
perceived exertion and lower usability score when using the exoskeleton in comparison to
male users.

The findings of this study could inform the design and development of more inclusive
exoskeletons, ensuring optimal performance and safety for all users, regardless of gender.
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2. Materials and Methods
2.1. Study Design

This study followed a 2 × 2 randomized balanced cross-over study design (cf.,
Figure 1).
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2.2. Participants
2.2.1. Sample Size Calculation

To compare male and female participants with and without exoskeleton support, a
power calculation with G*Power revealed a total sample size of 41 subjects (ANOVA; fixed
effects, main effects and interactions, ß-Power of 0.8, estimated effect size of 0.45, and alpha
of 0.05).

2.2.2. Inclusion and Exclusion Criteria

Biological females and males aged 18 and older, right-handed, and without a history
or current manifestation of musculoskeletal disorders or injuries in the upper extremity
within the past 12 months were included.

Participants were excluded if they had any injuries or health-related complaints. Only
right-handed participants were included.

2.2.3. Participant Description

Participants were recruited on or in the surroundings of the VUB campus in two
rounds. First, a number of n = 16 males were examined. Afterwards, a total number of
n = 21 females were incorporated into the experiment. n = 1 female needed to be excluded
due to poor data quality.

The mean age of the sample was 31.2 ± 14.5 years for the females and 31.9 ± 9.1 years
for the males.
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The anthropometrics naturally differed between female and male participants with
higher values for males (cf., Table 1). As the BMI also differed significantly, the performance
data had to be controlled for BMI.

Table 1. Overview of the participant data.

Anthropometrics Female n = 20
(MW ± SD)

Male n = 16
(MW ± SD)

F (1,34)
p

Body height (m) 1.65 ± 0.04 1.81 ± 0.06 93.592
<0.001

Body mass (kg) 61.3 ± 8.5 81.4 ± 7.6 54.495
<0.001

BMI 22.5 ± 2.7 24.8 ± 2.4 7.042
0.012

Fingertip height (m) 2.09 ± 6.9 2.35 ± 8.3 99.773
<0.001

Fingertip height (m) with
elbow at 90 degrees 1.73 ± 5.4 1.92 ± 4.1 126.463

<0.001

2.2.4. Restrictions and Prohibitions for the Subjects

Subjects were asked not to drink caffeine-containing beverages or alcohol and to
refrain from vigorous training 24 h before testing to avoid confounding influences on
cognitive and physical performance.

2.3. Measurements
2.3.1. Anthropometric Data

To unify the working situation, the height of the working position needed to be
adjusted to body height including the arm length and the hand/elbow position during
the drilling task. Therefore, next to common anthropometrics like body height and body
mass, the fingertip height and the fingertip height with the elbow at shoulder height with
90-degree flexion were also measured.

2.3.2. Drilling Performance

To quantify the working performance and facilitate segmentation of the acquired
signals, force sensors and accelerometers were attached to the overhead working set-up
and the weights that would be lifted. To determine the proper overhead height, the method
of Sood et al. [25] was used (hand height with the shoulder and elbow in a 90-degree angle
+ 0.4 × (hand height with the arm in full extension—hand height with the shoulder and
elbow in a 90-degree angle). To evaluate the precision performance in overhead work, a
custom task with high to moderate test–retest reliability (adapted from Kim et al. [26])
was developed. In this task, participants used an electric screwdriver (Black & Decker,
New Britain, CT, USA, 1.14 kg) to tighten 20 pre-inserted bolts in an aluminum plate
positioned at overhead height. We determined that a task was successfully completed until
all 20 bolts were tightened (mean task duration). The bolts were partially screwed into
the plate using self-fixing nuts, standardizing the distance between the bolt heads and the
plate. A plexiglass mask was placed over the bolts to interfere with the screwdriver tip if
the screwing trajectory deviated by more than ±2◦ from perpendicular to the plate [26].
Participants pressed a push button at pelvic crest height, tightened a bolt at overhead
height, and pressed the button again (cf., Figure 2), repeating this process for all bolts. They
were instructed to perform the task quickly and accurately, minimizing errors. Sensorized
aluminum and plexiglass plates tracked the contact between the screwdriver bit and the bolt,
as well as screwing errors. Pressing the push button marked the start of each movement.
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Figure 2. Laboratory setting with the execution of the industrial overhead task.

During the overhead drilling task, the exoskeleton’s encoder data and load cell data
of the sensorized overhead work bench were acquired at a frequency of 1000 Hz, using
Beckhoff components (Beckhoff, Verl, Germany) interconnected via an Ethercat communi-
cation protocol. Pressing the push button at hip-level indicated movement initiation. The
load cells connected to the bolts allowed tracking when the screwdriver bit was touching a
bolt. The encoder data were used to differentiate between lifting the arm from hip level
towards the bolts, and the slower aiming process before the bolts were reached. These data
allowed all acquired data to be segmented into a lifting and aiming phase, and operative
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phase. In the latter phase, the bolts were tightened. Data from the load cells connected
to the plexiglass surrounding the bolts documented the error. In order to encompass the
duration of the error, the error score was computed as the time-integrated output from the
force sensors connected to the plexiglass plates.

The Exo4Work’s right shoulder joint, fitted with an RM22 Rotary Magnetic Encoder,
tracked shoulder elevation angle (1 kHz; RLS, Komenda, Slovenia). All measurements
were recorded on the right side, so tasks were performed right-handed, with the left hand
at rest.

2.3.3. Perceived Exertion BORG Scale

For the male participants in this study, the 10-point Borg scale was used [27,28].
For the second part of this study, including female participants, the subjective assess-

ment of perceived exertion was carried out using the 100-point Borg scale [27–30], which
is more precise in accounting for the RPE. This scale allows participants to subjectively
assess the intensity of exertion after each drilling trial, with 0 representing no exertion and
100 indicating maximal effort. The assessment refers to the overall perceived exertion and
specific body regions, such as the neck, shoulders, arms, upper and lower back, and legs.
A chart was shown for this purpose. The rating of the perceived exertion was expressed
verbally by the participants.

The familiarization to the RPE scales was performed by verbal instructions in the
initial session. Familiarizing participants with the scale involved presenting the scale and
asking for their ratings during the experimental trial. This process helped participants
become accustomed to the task and measurement tools being used.

To compare both CR scales, we downscaled the female 100 CR scale to the
10-point scale.

2.3.4. System Usability Scale (SUS)

The System Usability Scale (SUS) provides a reliable tool for measuring usability, com-
prising ten questions with response options ranging from “Strongly Agree” to “Strongly
Disagree” [31]. This tool facilitates the assessment of diverse products and services, encom-
passing hardware, software, mobile devices, websites, and applications.

2.3.5. Passive Shoulder Exoskeleton Characteristics

The upper-body exoskeleton (Exo4Work) used in this study was developed by the
research group of the Vrije Universiteit Brussel and KU Leuven. This industrial exoskeleton
weighs 3.8 kg and features 6 degrees of freedom to ensure compatibility with the gleno-
humeral joint. The support offered by the exoskeleton can be modulated by adjusting
the pretension of the spring, an element of the passive remote actuation mechanism. The
exoskeleton can provide upper-body assistance of 0.5 Nm within a shoulder flexion range
of 0–35◦ with the support peaking at 3 Nm at 105◦. The set-up including pretension of the
spring was standardized and kept the same for each subject. The exoskeleton can be worn
on the body like a backpack with a hip belt, which ensures the transfer of the weight from
the back to the legs. The device was attached to the upper arms with Velcro straps, similar
to commercially available devices. For more information about the exoskeleton (kinematics,
torque distribution, and hysteresis), readers should refer to Rossini et al., 2021 [32].

2.4. Procedures

All tests took place at the laboratory of the Human Physiology and Sports Physiother-
apy Research Group (MFYS, U-Residence, campus Etterbeek). This study was conducted
by the standards of the Declaration of Helsinki and the local medical ethics committee (Vrije
Universiteit Brussel and Universitair Ziekenhuis Brussel, B.U.N.: 143201941463). Upon
initial arrival, the subject was informed about the protocol and signed an informed consent.

The experiment consisted of a total of three laboratory visits in which general par-
ticipant characteristics (e.g., body height and weight, measurements of body parts) were
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initially recorded (visit 1) and participants were introduced to the experimental protocol,
the laboratory environment, and the Exo4Work exoskeleton (familiarization)—a passive
upper-body exoskeleton (PSE). Over the following two visits, the participants completed
the experimental protocol, which followed a 2 × 2 randomized counterbalanced cross-over
approach (with and without an exoskeleton). Each trial lasted approximately 1.5 h. In
between the first and the second visit, at least 48 h was scheduled. In between the second
and the third laboratory visit, 6 to 9 days was foreseen.

Familiarization

The first visit to the lab included familiarization with the study protocol and the
exoskeleton to get to know the routine and reduce learning effects throughout the experi-
mental trials. This involved the execution of the overhead precision task with the Exo4Work
with a duration up to, 12 times including with a 3 min break in between each repetition.
The session was terminated when the participants became physically very tired.

After completing the task, participants rated their physical fatigue on the 10-point or
100-point Borg Scale and completed the SUS questionnaire to assess system usability.

2.5. Statistics

To analyze the data, one-way ANOVA was performed to compare demographic
variables (body weight and height, BMI, fingertip height, and fingertip height with elbow
at 90 degrees) to detect gender differences. Moreover, a two-way ANOVA was conducted
to compare male and female data in terms of performance, perceived exertion, and scoring
of the SUS. The BMI was included as a covariate to control for its potential influence on
the outcomes. A Bonferroni correction was applied to adjust the alpha level for multiple
comparisons. For all statistical tests, the significance level was set at α = 0.05. Statistical
analysis was conducted with SPSS 29.0.

3. Results
3.1. Drilling Performance

As shown in Table 2, there were no gender differences for the mean task duration;
however, the task duration changed with exoskeleton use and increased for females and
decreased for males (F(1,33) = 0.954; p = 0.327; eta2 = 0.030). Nevertheless, this difference
failed to be significant if the data were controlled for BMI (cf., Table 2 and Figure 3).
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Table 2. Task performance data of both genders (with and without exoskeleton use).

Performance Female noExo
(M ± SD)

Female Exo
(M ± SD)

Male noExo
(M ± SD)

Male Exo
(M ± SD)

Gender
Differences

F
p

eta2

Interactions
no Exo/Exo and

Gender
F
p

eta2

mean task
duration (s) 2253.7 ± 246 2295.1 ± 307.2 2194.9 ± 467.1 2104 ± 455.3

0.954
0.327
0.030

3.492
0.071
0.098

mean
duration aiming 1443 ± 120.7 1435.5 ± 138.7 1465 ± 305.8 1405 ± 336.8

0.142
0.709
0.005

1.257
0.271
0.038

mean
duration drilling 810.5 ± 200.8 859.6 ± 275.8 708.6 ± 191.2 678.5 ± 146.5

2.149
0.152
0.063

1.609
0.214
0.048

mean error
integral aiming 0.133 ± 0.031 0.165± 0.043 0.313 ± 0.137 0.279 ± 0.120

25.153
<0.001
0.440

5.509
0.025
0.147

mean error
integral drilling 0.102 ± 0.034 0.144 ± 0.163 0.274 ± 0.151 0.264 ± 0.133

16.766
<0.001
0.344

1.717
0.199
0.051

Note: M = mean, SD = standard deviation.

However, there were gender differences for the mean error integral for aiming
(F(1,33) = 25.153; p < 0.001; eta2 = 0.440), even when controlling for BMI (F(1,33) = 5.509;
p < 0.001; eta2 = 0.147). Furthermore, there were differences in the mean error integral for
drilling with overall higher errors for the males (F(1,33) = 16.766; p < 0.001; eta2 = 0.344).
Moreover, for the mean errors of aiming, the error rate increased significantly with ex-
oskeleton use for the aiming phase, while the errors of males decreased (cf., Table 2 and
Figure 4).

Biomimetics 2024, 9, x FOR PEER REVIEW 8 of 13 
 

 

0.063 0.048 

mean error 

integral aiming 
0.133 ± 0.031 0.165± 0.043 0.313 ± 0.137 0.279 ± 0.120 

25.153 

<0.001 

0.440 

5.509 

0.025 

0.147 

mean error 

integral drilling 
0.102 ± 0.034 0.144 ± 0.163 0.274 ± 0.151 0.264 ± 0.133 

16.766 

<0.001 

0.344 

1.717 

0.199 

0.051 

Note: M = mean, SD = standard deviation. 

 

Figure 3. Results of the task duration for the different conditions. 

However, there were gender differences for the mean error integral for aiming 

(F(1,33) = 25.153; p < 0.001; eta2 = 0.440), even when controlling for BMI (F(1,33) = 5.509; p 

< 0.001; eta2 = 0.147). Furthermore, there were differences in the mean error integral for 

drilling with overall higher errors for the males (F(1,33)=16.766; p < 0.001; eta2 = 0.344). 

Moreover, for the mean errors of aiming, the error rate increased significantly with exo-

skeleton use for the aiming phase, while the errors of males decreased (cf., Table 2 and 

Figure 4). 

 

500

1000

1500

2000

2500

3000

female (no exo) females (exo) males (no exo) males (exo)

Ta
sk

 d
u

ra
ti

o
n

 in
 s

e
co

n
d

s

mean task duration (sec) mean duration aiming mean duration drilling
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3.2. Perceived Exertion

The RPE analysis did not show any differences in the main effect of condition (with
and without exoskeleton) and gender. Both genders had a score of 4.0 ± 1 for working
without an exoskeleton and 3.8 ± 1.5 for working with an exoskeleton (F(1,33) = 0.472;
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p = 0.397, eta2 = 0.014). There was a between-subject effect for the BMI (F = 11.985; p = 0.033;
eta2 = 0.131).

3.3. System Usability

The evaluation of the system usability did not lead to significant gender differences for
the SUS score (female score: 31.3 ± 16.7; male score 22.8 ± 11.1; F(1,30) = 2.825; p = 0.103;
eta2 = 0.086).

4. Discussion

Motor precision, or the ability to execute movements with accuracy and control,
varies between males and females when using occupational exoskeletons, influenced by
a multitude of factors. While specific studies on motor precision differences in gender,
regarding exoskeleton use, are limited, general trends in motor control and biomechanical
differences may provide valuable insights. Females tend to have superior fine motor control
and precision in certain tasks including overhead work, which could influence how they
use an exoskeleton for precision-dependent activities. Males have greater gross motor
control, which could impact tasks requiring strength and broad movements more than those
requiring fine precision. The movement patterns are determined by the muscle activation
patterns [17,33]. These patterns can influence how the exoskeleton assists with precision
tasks, potentially making it more effective for one gender over the other depending on
the design. Therefore, this study aimed to compare the performance of an overhead
precision drilling task between males and females with and without exoskeleton use. We
hypothesized that females would exhibit slower task performance, especially when using
the exoskeleton, potentially attributed to greater discomfort.

4.1. Performance

Surprisingly, the results of the mean duration of the task performance during the
drilling task showed no significant differences for females and males. We supposed this
in line with previous research, suggesting that females generally take more time in tasks
requiring fine motor control due to differences in muscle strength and endurance [34].
However, controlling the analysis by the covariate BMI, these expected differences were
not observed.

Next to this, for the main duration of the task performance as well as for the drilling
part, the values worsened for the females and improved for the males (cf., Table 2), but this
difference failed to be significant (p = 0.071). These findings were also not expected. We
assumed that the use of an upper-body exoskeleton might mitigate potential differences,
reducing the task duration for both genders, and that exoskeletons can be effective in
equalizing performance between genders by compensating for physiological differences,
particularly in tasks requiring sustained muscle engagement [35]. However, the exoskeleton
support did not alter drilling times across genders, implying that drilling efficiency is less
influenced by exoskeleton support and more dependent on individual skill or strength,
which aligns with previous findings that highlight gender differences in tasks requiring
upper-body strength [6]. Moreover, women typically have a greater range of motion in
the shoulder joints, which can affect how they interact with the exoskeleton [33]. This
increased flexibility might require adjustments in the exoskeleton’s design to accommodate
a wider range of movement without causing discomfort or reducing effectiveness. It has to
be noted that these results were observed including the BMI as a control variable in the
measurements following the results of a systematic review by Cote [17]. As performance
differences in movement patterns might also be explained by strength and endurance, and
not by gender itself, these aspects should be integrated into future study designs to avoid a
potential bias in the data [17].

Regarding the errors, the mean error integral for aiming and drilling was higher
in males, which might be attributed to a more aggressive or less precise approach often
observed in male participants in similar tasks [36]. Men and women often exhibit different
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movement patterns and strategies for performing tasks. Men rely more on strength, while
women might utilize more coordinated and precise movements. These differences can
influence how effectively each gender uses the exoskeleton to enhance performance and
reduce strain. Interestingly, the use of an exoskeleton increased the error rate for aiming
in females, while it decreased for males. This could indicate that while the exoskeleton
provides stabilization that benefitted males, it could have imposed constraints on females,
potentially due to differences in body mechanics and anthropometrics or how each gender
interacts with assistive devices [37,38]. The observed increased errors for females suggest
that exoskeletons might need to be tailored differently for each gender to optimize perfor-
mance, aligning with previous research indicating that assistive technologies often need
gender-specific adjustments [39].

4.2. Perceived Exertion

Contrary to the performance metrics, the analysis of perceived exertion (RPE) revealed
no significant differences between genders, either with or without the exoskeleton. Both
genders reported similar exertion levels, suggesting that the exoskeleton’s support did not
differentially impact the subjective workload of the task. This finding contrasts with studies
that have reported higher perceived exertion in females during physically demanding tasks,
possibly due to different muscle fatigue rates [34,40]. However, the absence of a significant
difference in this study may be due to the relatively moderate intensity of the task.

The notable effect of BMI on perceived exertion (with a higher BMI associated with
increased exertion) underscores the importance of considering individual physical charac-
teristics in the design and use of exoskeletons. This finding aligns with the literature that
highlights the influence of body composition on task performance and perceived exertion,
especially in tasks requiring sustained upper-body engagement [35].

4.3. System Usability

The evaluation of system usability while executing tasks with the upper-body exoskele-
ton, using the System Usability Scale (SUS), revealed no significant gender differences,
though the scores were marginally higher for females. Despite the observed gender-specific
differences in performance, both genders reported similar levels of usability for the ex-
oskeleton, suggesting that the device is generally well suited for both males and females
in terms of usability. The lack of significant differences in SUS scores could imply that
the perceived usability of the exoskeleton was not strongly affected by the actual perfor-
mance outcomes. This is consistent with studies suggesting that usability perceptions are
often more influenced by the subjective experience of ease of use rather than objective
performance metrics [31,41,42]. Moreover, there is some evidence that exoskeleton accep-
tance combined with training on self-efficacy to use the device was associated with the
willingness to continue using the device [43].

The slightly higher SUS scores for females, though not statistically significant, might
indicate a tendency for females to rate the usability of assistive devices more positively.
However, given the small effect size, this observation warrants further investigation with
larger sample sizes or diverse usability measures and setting options to determine if
there is a meaningful difference in usability perceptions between genders. This could
provide a more comprehensive understanding of any subtle gender-related perceptions or
preferences, e.g., adaptations to physical requirements, especially for female users regarding
system usability.

4.4. Strength and Limitations

One strength of this study is the age- and gender-balanced cohort of this study, securing
comparability of the task performance. Moreover, the experiments were conducted in a
highly standardized environment mimicking a real industrial environment and controlling
for external factors that could have influenced performance.
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However, there are also some potential limitations. We found a significant influence
of BMI on the performance data. We suppose that the individual upper-extremity maxi-
mal strength might have gained more insights into the performance differences between
the participants. Therefore, we suggest controlling for maximum strength and strength
endurance for future gender comparisons.

Next to this aspect, the experimental set-up was designed and restricted for right-
handed persons. Therefore, the results do not represent potential differences in the perfor-
mance of left-handed individuals and could not be generalized for left-handed persons.

We have to address the fact that the individuals´ shoulder angle might differ from
the exoskeleton shoulder support angle. We only measured the angle of the exoskeleton
shoulder joint.

Moreover, the participants were not recruited in industrial settings and were therefore
not familiar with the task performance. On the other hand, as our analysis integrated
in-between subject comparisons for the task conditions with and without exoskeletons as
well as a randomized order within the experiment, this disadvantage of the participant
group might be relatively small.

Additionally, the use of a specific drilling platform in this study might limit replica-
tion in future studies. Nevertheless, future studies should also use real-world industrial
scenarios to confirm whether there are differences in lab versus real-world studies.

In summary, further research is needed to develop exoskeletons that can be easily
adjusted to accommodate a wide range of body types and movement patterns, ensuring
that both men and women can benefit equally from these advanced assistive technologies.

5. Conclusions

The analysis showed significant gender-related variations in task performance, partic-
ularly in the error rates during aiming and drilling.

The effectiveness of the exoskeleton in assisting with specific tasks vary between
genders due to differences in strength, endurance, and movement patterns. Women might
benefit more from exoskeletons that enhance precision and fine motor control, while men
might see greater benefits from those that augment brute strength and load-bearing capacity.
However, some of these effects are reduced if the performance data are controlled for BMI.

Nevertheless, these differences did not translate into changes in perceived exertion
or system usability, indicating that while performance metrics may vary, the subjective
experience of using the exoskeleton remains similar across genders.

Ensuring that the exoskeleton is anthropometrically designed to fit both male and
female body types is crucial. An ill-fitting exoskeleton can lead to decreased performance,
discomfort, and even injury. Adjustability in key areas, such as shoulder straps, torso
supports, and arm cuffs, can help accommodate different body shapes and sizes.

Author Contributions: Conceptualization, S.D.B. and K.D.P.; methodology, S.D.B., K.D.P., B.W. and
J.G.; software, S.D.B.; validation, S.D.B., K.D.P. and B.W.; formal analysis, S.D.B., J.G., B.W., M.A.D.
and E.A.; investigation, S.D.B., M.A.D. and B.W.; resources, K.D.P.; data curation, S.D.B., M.A.D.,
E.A., B.W. and J.G.; writing—original draft preparation, B.W. and J.G.; writing—review and editing,
B.W., J.G., S.D.B., M.A.D., E.A. and K.D.P.; visualization, J.G., B.W. and S.D.B.; supervision, B.W. and
K.D.P.; project administration, S.D.B. and K.D.P.; funding acquisition, K.D.P. and B.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Brussels Institute of Advanced Studies (Grant: BrIAS2024).
Maria Alejandra Diaz and Eligia Alfio are funded by the Federal Public Service for Policy and Support
(AidWear project).

Institutional Review Board Statement: This study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Medical Ethics Committee of the VUB and UZ Brussel
(B.U.N. 143201941463).

Data Availability Statement: The data set can be requested via the corresponding author.

148



Biomimetics 2024, 9, 601

Acknowledgments: We would like to thank Nina Heijens and Alessandra Clara Preckher for their
assistance in gathering data.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Reid, C.R.; Nussbaum, M.A.; Gregorczyk, K.; Harris-Adamson, C.; Kyte, K.; Lowe, B.; Smets, M.; Zmijewski, R. Industrial

exoskeletons: Are we ready for prime time yet? Proc. Hum. Factors Ergon. Soc. Annu. Meet. 2017, 61, 1000–1004. [CrossRef]
2. McFarland, T.; Fischer, S. Considerations for industrial use: A systematic review of the impact of active and passive upper limb

exoskeletons on physical exposures. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 322–347. [CrossRef]
3. Theurel, J.; Desbrosses, K. Occupational Exoskeletons: Overview of Their Benefits and Limitations in Preventing Work-Related

Musculoskeletal Disorders. IISE Trans. Occup. Ergon. Hum. Factors 2019, 7, 264–280. [CrossRef]
4. Crea, S.; Beckerle, P.; de Looze, M.; de Pauw, K.; Grazi, L.; Kermavnar, T.; Masood, J.; O’Sullivan, L.W.; Pacifico, I.; Rodriguez-

Guerrero, C. Occupational exoskeletons: A roadmap toward large-scale adoption. Methodology and challenges of bringing
exoskeletons to workplaces. Wearable Technol. 2021, 2, e11. [CrossRef] [PubMed]

5. Leibman, D.; Choi, H. Individual Differences in Body Mass, Biological Sex, and Physical Fitness Affecting Human-Exoskeleton
Interactions. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 2023, 67, 1794–1800. [CrossRef]

6. Miller, A.E.J.; MacDougall, J.D.; Tarnopolsky, M.A.; Sale, D.G. Gender differences in strength and muscle fiber characteristics. Eur.
J. Appl. Physiol. Occup. Physiol. 1993, 66, 254–262. [CrossRef] [PubMed]

7. Maughan, R.J.; Watson, J.S.; Weir, J. Strength and cross-sectional area of human skeletal muscle. J. Physiol. 1983, 338, 37–49.
[CrossRef]

8. Ryman Augustsson, S.; Bersås, E.; Magnusson Thomas, E.; Sahlberg, M.; Augustsson, J.; Svantesson, U. Gender differences and
reliability of selected physical performance tests in young women and men. Adv. Physiother. 2009, 11, 64–70. [CrossRef]

9. Ojelade, A.; Morris, W.; Kim, S.; Kelson, D.; Srinivasan, D.; Smets, M.; Nussbaum, M.A. Three passive arm-support exoskeletons
have inconsistent effects on muscle activity, posture, and perceived exertion during diverse simulated pseudo-static overhead
nutrunning tasks. Appl. Ergon. 2023, 110, 104015. [CrossRef]

10. de Bock, S.; Ampe, T.; Rossini, M.; Tassignon, B.; Lefeber, D.; Rodriguez-Guerrero, C.; Roelands, B.; Geeroms, J.; Meeusen, R.; de
Pauw, K. Passive shoulder exoskeleton support partially mitigates fatigue-induced effects in overhead work. Appl. Ergon. 2023,
106, 103903. [CrossRef]

11. Srinivasan, D.; Sinden, K.E.; Mathiassen, S.E.; Côté, J.N. Gender differences in fatigability and muscle activity responses to a
short-cycle repetitive task. Eur. J. Appl. Physiol. 2016, 116, 2357–2365. [CrossRef] [PubMed]

12. Janssen, I.; Heymsfield, S.B.; Wang, Z.; Ross, R. Skeletal muscle mass and distribution in 468 men and women aged 18–88 yr. J.
Appl. Physiol. 2000, 89, 81–88. [CrossRef] [PubMed]

13. Lamers, E.P.; Soltys, J.C.; Scherpereel, K.L.; Yang, A.J.; Zelik, K.E. Low-profile elastic exosuit reduces back muscle fatigue. Sci. Rep.
2020, 10, 15958. [CrossRef] [PubMed]

14. Barnes, C.J.; Van Steyn, S.J.; Fischer, R.A. The effects of age, sex, and shoulder dominance on range of motion of the shoulder. J.
Shoulder Elb. Surg. 2001, 10, 242–246. [CrossRef]

15. Kibler, W.B.; Sciascia, A.D.; Uhl, T.L.; Tambay, N.; Cunningham, T. Electromyographic analysis of specific exercises for scapular
control in early phases of shoulder rehabilitation. Am. J. Sports Med. 2008, 36, 1789–1798. [CrossRef]

16. Schmalz, T.; Schändlinger, J.; Schuler, M.; Bornmann, J.; Schirrmeister, B.; Kannenberg, A.; Ernst, M. Biomechanical and metabolic
effectiveness of an industrial exoskeleton for overhead work. Int. J. Environ. Res. Public Health 2019, 16, 4792. [CrossRef]

17. Côté, J.N. A critical review on physical factors and functional characteristics that may explain a sex/gender difference in
work-related neck/shoulder disorders. Ergonomics 2012, 55, 173–182. [CrossRef]

18. Ashta, G.; Finco, S.; Battini, D.; Persona, A. Passive Exoskeletons to Enhance Workforce Sustainability: Literature Review and
Future Research Agenda. Sustainability 2023, 15, 7339. [CrossRef]

19. Gräf, J.; Grospretre, S.; Argubi-Wollesen, A.; Wollesen, B. Impact of a passive upper-body exoskeleton on muscular activity
and precision in overhead single and dual tasks: An explorative randomized crossover study. Front. Neurol. 2024, 15, 1405473.
[CrossRef]

20. Kranenborg, S.E.; Greve, C.; Reneman, M.F.; Roossien, C.C. Side-effects and adverse events of a shoulder-and back-support
exoskeleton in workers: A systematic review. Appl. Ergon. 2023, 111, 104042. [CrossRef]

21. Gutierrez, N.; Ojelade, A.; Kim, S.; Barr, A.; Akanmu, A.; Nussbaum, M.A.; Harris-Adamson, C. Perceived benefits, barriers,
perceptions, and readiness to use exoskeletons in the construction industry: Differences by demographic characteristics. Appl.
Ergon. 2024, 116, 104199. [CrossRef] [PubMed]

22. Cardoso, A.; Colim, A.; Sousa, N. The effects of a passive exoskeleton on muscle activity and discomfort in industrial tasks. In
Occupational and Environmental Safety and Health II; Springer: Cham, Switzerland, 2020; pp. 237–245.

23. Luger, T.; Bosch, T.; Hoozemans, M.; de Looze, M.; Veeger, D. Task variation during simulated, repetitive, low-intensity work–
influence on manifestation of shoulder muscle fatigue, perceived discomfort and upper-body postures. Ergonomics 2015, 58,
1851–1867. [CrossRef] [PubMed]

149



Biomimetics 2024, 9, 601

24. Luger, T.; Bär, M.; Seibt, R.; Rieger, M.A.; Steinhilber, B. Using a back exoskeleton during industrial and functional tasks—Effects
on muscle activity, posture, performance, usability, and wearer discomfort in a laboratory trial. Hum. Factors 2023, 65, 5–21.
[CrossRef]

25. Sood, D.; Nussbaum, M.A.; Hager, K. Fatigue during prolonged intermittent overhead work: Reliability of measures and effects
of working height. Ergonomics 2007, 50, 497–513. [CrossRef]

26. Kim, S.; Nussbaum, M.A.; Esfahani, M.I.M.; Alemi, M.M.; Alabdulkarim, S.; Rashedi, E. Assessing the influence of a passive,
upper extremity exoskeletal vest for tasks requiring arm elevation: Part I–“Expected” effects on discomfort, shoulder muscle
activity, and work task performance. Appl. Ergon. 2018, 70, 315–322. [CrossRef] [PubMed]

27. Borg, G. Borg’s Perceived Exertion and Pain Scales; Human Kinetics: Champaign, IL, USA, 1998.
28. Borg, G.A.V. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 1982, 14, 377–381. [CrossRef] [PubMed]
29. Borg, E.; Borg, G. A comparison of AME and CR100 for scaling perceived exertion. Acta Psychol. 2002, 109, 157–175. [CrossRef]
30. Borg, G.; Borg, E. A new generation of scaling methods: Level-anchored ratio scaling. Psychologica 2001, 28, 15–45.
31. Brooke, J. SUS: A “quick and dirty” Usability Scale. Usability Eval. Ind./Taylor Fr. 1996, 189, 4–7.
32. Rossini, M.; De Bock, S.; van der Have, A.; Flynn, L.; Rodriguez-Cianca, D.; De Pauw, K.; Lefeber, D.; Geeroms, J.; Rodriguez-

Guerrero, C. Design and evaluation of a passive cable-driven occupational shoulder exoskeleton. IEEE Trans. Med. Robot. Bionics
2021, 3, 1020–1031. [CrossRef]

33. Renda, E.; Lamanuzzi, S.; Dal Maso, F.; Côté, J.N. The effects of hand dominance, fatigue, and sex on muscle activation during a
repetitive overhead fatiguing task. Hum. Mov. Sci. 2023, 92, 103149. [CrossRef] [PubMed]

34. Hunter, S.K. Sex differences in human fatigability: Mechanisms and insight to physiological responses. Acta Physiol. 2014, 210,
768–789. [CrossRef] [PubMed]

35. Schwartz, M.; Desbrosses, K.; Theurel, J.; Mornieux, G. Biomechanical consequences of using passive and active back-support
exoskeletons during different manual handling tasks. Int. J. Environ. Res. Public Health 2023, 20, 6468. [CrossRef] [PubMed]

36. Liutsko, L.; Muiños, R.; Tous Ral, J.M.; Contreras, M.J. Fine motor precision tasks: Sex differences in performance with and
without visual guidance across different age groups. Behav. Sci. 2020, 10, 36. [CrossRef]

37. Raghuraman, R.N.; Barbieri, D.F.; Aviles, J.; Srinivasan, D. Age and gender differences in the perception and use of soft vs. rigid
exoskeletons for manual material handling. Ergonomics 2024, 1–18. [CrossRef]

38. Roda-Sales, A.; Vergara, M.; Sancho-Bru, J.L.; Gracia-Ibáñez, V.; Jarque-Bou, N.J. Effect of assistive devices on hand and arm
posture during activities of daily living. Appl. Ergon. 2019, 76, 64–72. [CrossRef]

39. Perry, J.C.; Rosen, J.; Burns, S. Upper-limb powered exoskeleton design. IEEE/ASME Trans. Mechatron. 2007, 12, 408–417.
[CrossRef]

40. Hunter, S.K. Sex differences and mechanisms of task-specific muscle fatigue. Exerc. Sport Sci. Rev. 2009, 37, 113–122. [CrossRef]
[PubMed]

41. Sauer, J.; Sonderegger, A.; Schmutz, S. Usability, user experience and accessibility: Towards an integrative model. Ergonomics
2020, 63, 1207–1220. [CrossRef]

42. Sonderegger, A.; Sauer, J. The influence of design aesthetics in usability testing: Effects on user performance and perceived
usability. Appl. Ergon. 2010, 41, 403–410. [CrossRef]

43. Siedl, S.M.; Mara, M. Exoskeleton acceptance and its relationship to self-efficacy enhancement, perceived usefulness, and physical
relief: A field study among logistics workers. Wearable Technol. 2021, 2, e10. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

150



Citation: Filius, S.J.; van der Burgh,

B.J.; Harlaar, J. The Design of the

Dummy Arm: A Verification Tool for

Arm Exoskeleton Development.

Biomimetics 2024, 9, 579. https://

doi.org/10.3390/biomimetics9100579

Academic Editors: Rafhael Milanezi de

Andrade and Stanislav N. Gorb

Received: 30 July 2024

Revised: 4 September 2024

Accepted: 20 September 2024

Published: 24 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomimetics

Article

The Design of the Dummy Arm: A Verification Tool for Arm
Exoskeleton Development
Suzanne J. Filius 1,*,† , Bas J. van der Burgh 2,† and Jaap Harlaar 1,3

1 Department of BioMechanical Engineering, Delft University of Technology,
2628 CD Delft, The Netherlands; j.harlaar@tudelft.nl

2 Department of Precision and Microsystems Engineering, Delft University of Technology,
2628 CD Delft, The Netherlands

3 Department of Orthopedics and Sports Medicine, Erasmus MC University Medical Center,
3015 GD Rotterdam, The Netherlands

* Correspondence: s.j.filius@tudelft.nl
† These authors contributed equally to this work.

Abstract: Motorised arm supports for individuals with severe arm muscle weakness require precise
compensation for arm weight and elevated passive joint impedance (e.g., joint stiffness as a result
of muscle atrophy and fibrosis). Estimating these parameters in vivo, along with the arm’s centre
of mass, is challenging, and human evaluations of assistance can be subjective. To address this,
a dummy arm was designed to replicate the human arm’s anthropometrics, degrees of freedom,
adjustable segment masses, and passive elbow joint impedance (eJimp). This study presents the
design, anthropometrics, and verification of the dummy arm. It successfully mimics the human
arm’s range of motion, mass, and centre of mass. The dummy arm also demonstrates the ability to
replicate various eJimp torque-angle profiles. Additionally, it allows for the tuning of the segment
masses, centres of mass, and eJimp to match a representative desired target population. This simple,
cost-effective tool has proven valuable for the development and verification of the Duchenne ARm
ORthosis (DAROR), a motorised arm support, or ‘exoskeleton’. This study includes recommendations
for practical applications and provides insights into optimising design specifications based on the
final design. It supplements the CAD design, enhancing the dummy arm’s application for future
arm-assistive devices.

Keywords: dummy limb; mechanical phantom limb; exoskeleton evaluation; arm replica; upper
extremity; joint impedance

1. Introduction

Assistive wearable technologies, such as motorised orthosis or exoskeletons, work in
parallel to the human skeleton to support or augment human motion in terms of strength,
endurance, or function [1–4]. The application of such devices varies [5], from industrial [4,6]
to military [7] to medical (e.g., rehabilitative [8], or daily assistive [9]) use. Developing such
devices requires extensive human testing and evaluation, which brings several challenges.

The first challenge with human testing relates to safety, especially at the beginning
of the development cycle, as it is difficult to predict how new sensors or software systems
behave when interacting with humans. For instance, failure in safety limits or unexpected
behaviour might result in fast, unexpected movements of the limb or even extend the limb
beyond its natural joint limits, potentially resulting in dangerous situations. Moreover,
when developing exoskeletons for a vulnerable population, such as people with severe
muscle weakness or children, obtaining (medical) ethical approval and recruiting subjects
that are willing to be exposed to the potential risks are time-consuming processes and
are therefore not feasible for every phase of development [1]. In addition to safety issues,
developing an exoskeleton is time-consuming, labour-intensive, and, therefore, costly.
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Furthermore, for exoskeletons that aim to compensate for the weight of the human
limb, it is essential to accurately know the properties of the limb to verify the controller’s
performance. However, the properties of human limb, such as their weight and centre of
mass (CoM), can only be estimated indirectly (e.g., using tables from the literature [10,11]).
Especially in the case of populations with neuromuscular disorders, the anthropometrics
might deviate from the available tables due to, for instance, muscle atrophy, bone density
reductions, joint contractures, or deformations.

Moreover, it is difficult for humans to objectively quantify the amount of assistance
provided or distinguish between small changes in controller settings, leading to subjective
or even biased evaluations of the controller’s performance.

During the development of the Duchenne ARm ORthosis (DAROR), as described
in [12], these challenges led to the need for a mechanical phantom. Such a phantom, like a
Dummy Arm, with similar human-limb characteristics, can serve as a tool for verification
for various compensation strategies, and enhances the fast iteration of exoskeleton con-
trol development [1]. The DAROR is an investigational motorised arm exoskeleton that
enhances arm function. It is intended to provide assistance in daily activities for people
with neuromuscular diseases such as Duchenne Muscular Dystrophy (DMD) that cope
with severe muscle weakness and elevated joint stiffness, or, more accurately, ‘passive joint
impedance’ (pJimp). The impedance controller of the DAROR aims to compensate for the
weight of the user’s arm and the elbow pJimp (denoted as eJimp for the remainder of this
work). The term pJimp describes the passive mechanical impedance against motion [13]
resulting from the passive tissue around the joint and limb inertia. For instance, in people
with DMD, this pJimp is elevated, presumably resulting from muscle atrophy, higher levels
of connective tissue, and the development of joint contractures [14].

In the literature, few examples of dummy limbs were found, describing mannequins
with a primary focus on mimicking the outer dimensions of the human limb [15–17]. Others,
described rather complex and costly designs which equipped with sensors and actuators or
soft tissues [1,5,18,19]. For the development of the DAROR, an upper-extremity phantom
limb that is cost-effective, simple in design, and mimics the characteristics of the human arm,
including eJimp, was required to serve as a verification tool for the compensation models.

This work presents the design and verification of a relatively simple, reproducible,
cost-effective dummy arm that mimics human arm characteristics. The novelty of this
design is that it allows us to replicate (elevated) eJimp and is easily adjustable in mass and
CoM to fit various exoskeleton target populations. By sharing our design, we promote the
development of future arm exoskeletons and facilitate the rapid iteration and objective
evaluation of exoskeleton controllers.

2. Materials and Methods
2.1. Dummy Arm Design Requirements

The dummy arm was required to have the following properties:

• A representative and adjustable segment mass and CoM [10,11,20–22];
• A representative forearm anthropometric to fit the DAROR interface sleeve(s);
• A similar DAROR range of motion; see Table 1;
• An attachment at the base of the frame at the shoulder joint;
• An adjustable (linear) eJimp;
• An interface to attach additional objects at the wrist location.
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Table 1. DAROR shoulder range of motion.

Joint Rotation Target

GH elevation 11◦ to 137◦

GH horizontal −46◦ to 138◦

GH axial −113◦ to 65◦

El flexion/extension 2◦ to 120◦

Abbreviation: GH, glenohumeral joint; El, elbow.

2.2. Dummy Arm Design

The design of the dummy arm can be divided into several sub-design problems: the
shoulder joint, the elbow joint, the elbow joint impedance, the connection frame, and the
mass of the upper and lower arm. The design of the dummy arm, with its components
together with the DAROR, is shown in Figure 1.

Figure 1. Picture of the (a) DAROR exoskeleton, the (b) dummy arm design with its components,
and (c) the dummy arm placed inside the DAROR exoskeleton.

2.2.1. Shoulder Joint

The shoulder joint is a complex joint due to its high number of degrees of freedom
(e.g., glenohumeral elevation and horizontal and axial rotation, according to the ISB recom-
mendations [23–25]), as well as its large range of motion. A serial chain of three revolute
joints was used to mimic the three degrees of freedom of the shoulder. However, with
three revolute joints, several configurations are possible. Each has its advantages and
disadvantages with respect to its range of motion and the possible occurrence of gimbal
locking. As the range of motion is primarily restricted by the exoskeleton, which consists of
three actuators mounted in series at an inclination of approximately 60◦ with respect to each
other [12], a similar configuration for the dummy arm is used. Each of the three revolute
joints consists of a set of two ball bearings (MR95-2Z) to minimise friction and provide
support to possible bending moments. The joints are connected through 3D-printed or
milled aluminium brackets (for the final design milled aluminium brackets were used).

2.2.2. Elbow Joint

The elbow joint can be considered a hinge joint. Therefore, the design of the elbow
joint is relatively straightforward, consisting of two ball bearings (625ZZ) mounted to the
upper arm frame on either side of an axis and attached to the forearm frame.

2.2.3. Passive Elbow Joint Impedance

The impedance of the dummy arm elbow joint is created using a wrapping cam
mechanism. This mechanism consists of a spring attached to a belt, which wraps around a
cam attached to the forearm. Upon rotation of the forearm, the belt wraps/unwraps around
the cam, stretching/relaxing the spring. This is shown schematically in Figure 2. A cam is
attached on either side of the elbow with the belt either wrapping the cam in a clockwise or
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counterclockwise direction to simulate impedance during both the flexion and extension of
the elbow. The current design aimed to mimic the linearised torque profile of the passive
eJimp similar to [26], which is achieved using a circular cam. However, different torque
profiles can be generated depending on the shape of the cam. The torque-angle profile can
be further tuned by changing the spring stiffness (ks) or the spring’s pretension (x0). An
additional advantage of the wrapping cam mechanism is that the springs can be mounted
parallel to the upper arm frame, resulting in a compact design.

Figure 2. Schematic of the wrapping cam mechanism to generate the desired joint stiffness. Here, ks

is the spring stiffness, θ the angle of the elbow, r is a function of θ, defining the cam shape (for the
current prototype, r is constant, resulting in a circular cam), and x0 is the pretension applied to the
spring. The torque T can be expressed as T = T(θ, ks, x0). A detailed discussion on deriving the cam
shape for a given torque profile can be found in [27,28].

2.2.4. Connection Frame

To connect the different components (joints, springs, and weights), a skeleton for
the upper and lower arm is made of aluminium extrusion beams (20 × 20 mm), which
allows the various components to be attached freely along the beam’s length. As a result,
the system is modular, allowing for easy adjustment of different parts. Additionally, the
dummy arm can mimic different human arm sizes using various lengths of beams. A rigid
3D-printed PLA shell is attached to the frame, which mimics the forearm [29] for interfacing
with the exoskeleton sleeve.

2.2.5. Mass and Centre of Mass of the Upper and Lower Arm

Steel plates are mounted to the aluminium beams to mimic the overall mass and
the CoM of the human forearm and upper arm. The location for the mounting of the steel
plates is based on a CAD model, which is used to estimate the CoM. The dimensions of
the dummy arm are based on the biometric data from [10], resulting in an approximate
length of 250 mm for the lower arm and 300 mm for the upper arm. The segment mass
parameters are based on the work of [10,11,20,22], with a mass of approximately 1.6 to
2 kg for the upper arm and 0.9–1.1 kg for the forearm. The mass of the hand (ca. 400 g)
is not included, but it can be attached separately alongside additional weights to mimic
lifted objects in the hand if deemed necessary. The advantage of using a modular system
consisting of aluminium extrusion profiles is that properties such as its mass and CoM can
be easily adjusted to the desired application by removing or adding weights and shifting
their position. As such, the dummy arm can be adjusted to simulate different arms.
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2.2.6. Verification of Design

The verification of the dummy arm consists of two parts. First, the direct measurement
of the segment properties of the dummy arm is performed by weighing the segment mass
and estimating the CoM in the direction of the limb with respect to the proximal joint. This
latter property was measured by hanging the upper and forearm individually to a rod with
two ropes connected to the endpoints of the limb segments. The location on the rod where
it needed to be held fixed to keep the rod in balance (level) was taken as the CoM location.
The second part verifies the realised eJimp with four different spring-type configurations.
This is done using the DAROR set-up. The DAROR moves the dummy arm elbow joint
(position-controlled) through a range-of-motion cycle (either ca. 10–109◦ or 40–116◦) with
approximately 8 static intervals, while the shoulder joint remained in a neutral position (ca.
GH elevation: 10◦, horizontal 10◦, axial 0◦). A video showing this procedure is available in
the Supplementary Materials. The joint torque is measured by the deflection of the series
elastic element in the actuators (torque accuracy 0.5 Nm, torque precision 0.4 Nm, ref. [12])
in the elbow actuator. The range-of-motion cycle is repeated with and without springs
attached to the dummy arm elbow joint. First, these torque-angle profiles are fitted to
a 5th-order polynomial (polyfit, polyval) using MATLAB (version 2021b). Then, these
torque-angle profiles measured with and without the attached springs were subtracted to
receive the measured eJimp of the dummy arm. Additionally, a first-order fit of this eJimp
was created to compare the realised Jimp slope, offset, and equilibrium (zero-crossing) to
the average human eJimp measured in twelve non-disabled male individuals in the study
of Filius et al. [26].

3. Results

The dummy arm was developed and fabricated based on the design requirements.
Table 2 summarizes the realised characteristics of the dummy arm in terms of its mass,
CoM, and eJimp characteristics, and compares it to the intended human model and the
CAD design parameters. The table shows that the mass and CoM of the realised dummy
arm is comparable to the human arm model, but is tunable by adjusting the position and
number of steel plates, as mentioned in Section 2.2.5.

Table 2. Comparison of the mass and centre of mass (CoM) based on CAD with real-life measurements.

Human Model Dummy Arm CAD

Mass a CoM b Mass CoM Mass CoM c

kg mm kg mm kg mm

U
A 1.6–2 137 1.8 140 1.7




2.5
−140.2
−2.0




FA 0.9–1.1 106 1.0 110 1.0



−0.2
−112.7

2.6




Abbreviations: UA: Upper arm; FA: Forearm; CoM, centre of mass; eJimp, passive elbow joint impedance; z,
zero-crossing (equilibrium point); M, mean; SD, standard deviation. All CoM values are expressed with respect
to the proximal joint centre. a Retrieved from [10,11]. b Based on average locations of COM as ratio of segment
length of dummy arm, retrieved from Table 4 of [10]. c The second element (y-axis) is aligned with the limb in a
proximal direction, and the first element (x-axis) points laterally.

3.1. Joint Impedance Realisation

The realised eJimp in the dummy arm is compared to the measured human eJimp from
our previous work [26] and presented in Figure 3. This previous work used an active elbow
support set-up to identify the human eJimp in twelve non-disabled male individuals. The
actuator placed at the elbow joint rotated the participant’s forearm over the elbow’s range
of motion in the horizontal plane. In this plane, the gravitational component of the passive
forces exerted on the elbow joint remains constant. A six-degrees-of-freedom force/torque
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sensor on the forearm interface sleeve measured the elbow joint moments, representing
the human eJimp [26]. Figure 3 shows the human eJimp model as a group average and
standard error of the mean of the identified human eJimp and compares this to the realised
eJimp of the four spring types.

Depending on the selected spring type and pre-tension of the springs, different eJimp
characteristics were realised; see Table 3. Spring type 4 has the most representative equi-
librium point (i.e., where the torque-angle curve crosses the zero-line) compared to the
human model. The slope of type 2 is more representative of the slope of the non-disabled
eJimp, whereas the slope of spring type 4 could represent an elevated eJimp.

Figure 3. The realised passive eJimp using different spring types compared to the average human
eJimp model of 12 non-disabled male individuals, with data retrieved from [26]. The solid grey line
represents the group average, and the shaded area shows the standard error of the mean.

Table 3. Passive eJimp characteristics of different spring types compared to human model.

1st-Order Fit z (M ± SD)
Nm/rad x + Nm deg

Human model 1.14x− 1.29 66 ± 11
Spring type 1 4.31x− 2.46 74
Spring type 2 1.29x + 1.45 -
Spring type 3 3.04x− 0.03 48
Spring type 4 3.67x− 1.24 63

Abbreviations: z, zero-crossing (equilibrium point); M, mean; SD, standard deviation.

3.2. Activities of Daily Living

The achieved range of motion of the shoulder joints is larger than the shoulder range
of motion of the DAROR set-up, and the elbow joint is similar to the range of motion of a
human arm in the DAROR set-up [12]. This achieved range of motion is sufficient to reach
the desired activities that are considered relevant for daily living for this application. To
illustrate the sufficient range of motion of the dummy arm in the DAROR set-up, some
static poses of the relevant activities of daily living are displayed in Table 4. Moreover, the
dummy arm design allows for the attachment of an additional object at the wrist location,
which is illustrated in the third column (c), where a 200 g mass is attached to the attachment
point to simulate a lifted object in hand.
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Table 4. Illustration of the range of motion of the dummy arm for a set of activities of daily living.

a. Tabletop Activities b. Feeding Activities c. Lifted Object (200 g)

3.3. Cost-Analysis

The material costs for the various components of the dummy arm are listed in Table 5.
Here, labour costs are not included in this overview, as they are dependent on the available
facilities. Moreover, the costs of a 3D-printed shoulder joint are considered. However, a
milled aluminium shoulder joint will be more expensive, especially due to the involved
labour and equipment costs. The approximate fabrication time is around 5 h in the case of
a 3D-printed shoulder joint, and for milled aluminium joints, an additional 5–10 h should
be taken into account, depending on proficiency and the available equipment.

Table 5. Material costs of the various components. If the costs depend on the material properties, the
total weight or length is reported. Dimensions of the different sub-components can be retrieved from
the CAD files in Supplementary Materials S1. Costs are rounded to the nearest EUR 0.50.

Material Costs

Bearings EUR 13.50
Frame EUR 6.00 (550 mm)

Mounting materials EUR 15.00
Axes EUR 1.00 (200 mm)

Weights EUR 12.50 (1.9 kg)
Springs EUR 11.00

Belt and pulleys EUR 13.00
PLA filament EUR 6.50 (280 g)

Total EUR 78.50

4. Discussion

This work aims to present the design of a relatively simple, reproducible, and cost-
effective dummy arm that can be used as a verification and development tool for (motorised)
upper-extremity exoskeletons. The dummy arm mimics the human arm mechanics with
adjustable mass, CoM, and eJimp characteristics. The forearm design simulates the shape
of a human forearm and allows for the attachment of additional weights at the wrist to
simulate (objects lifted in) the hand.
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4.1. Limitations

Some simplifications are made when comparing the dummy arm with a human arm.
First of all, it is assumed that the joints are ‘ideal’ joints (e.g., having a fixed centre of
rotation), whereas, in reality, human joints have complex surface geometries and show
shifts in their joint axis of rotation during motion [30]. This is especially apparent for
the shoulder joint, as the elevation or suppression of the scapula occurs in most elevation
movements. Joint misalignment might exert excessive interaction forces on the dummy arm,
especially as the dummy arm joints give no slack. Therefore, there is little compensation
possible against misalignment. This has practical implications, as the 3D-printed parts
at the elbow joint may fatigue or fail when subjected to substantial joint misalignment.
However, as opposed to human joints, the dummy arm joint centres are more easily visually
aligned with the joints of the DAROR set-up.

Since the dummy arm is not instrumented with sensors like that in the work of [5,19],
no feedback on the possible effects of joint misalignment between the dummy arm and
exoskeleton could be obtained. Including sensors in the design would allow us to inves-
tigate influences of joint misalignment. However, adding sensors adds complexity and
costs to the design of the dummy arm. Therefore, depending on the research interest, it
must be considered whether it is worth including these components, or whether a simpler
version might suffice. Moreover, since human joints are not ‘ideal’ like the simplified joints
of the dummy arm, the measured interaction forces in a phantom limb might deviate from
real-world scenarios with a human limb.

The generalisability of the dummy arm design to other upper-extremity exoskele-
tons has not yet been investigated. However, by providing our CAD design in the
Supplementary Materials, we enable others to make the necessary adjustments for var-
ious exoskeleton applications.

4.2. Recommendations

Although beyond the scope of the current study, it is of interest to investigate whether
the realised eJimp characteristics of the dummy arm spring types are representative of
people with neuromuscular disorders who cope with elevated eJimp. Different spring
characteristics could approximate the human eJimp more closely. This requires more
investigation. Potentially, the torque-angle profile of people with DMD is less likely to
behave linearly. As mentioned above, the dummy arm eJimp profile can be further tuned
by adjusting the shape of a cam (wrapping cam mechanism). Examples of this can be found
in the work of [28], who used a serial wrapping cam mechanism to design an upper-limb
assistive device. A more general description of the design and use of a wrapping cam
mechanism can be found in the work of [27].

Although not of interest within the current application, several directions exist in
which to improve the dummy arm. For instance, the force transmission between the
dummy arm and the exoskeleton could be considered. In reality, due to the soft-tissue
deformation of the skin and subcutaneous tissue, the transmission of the forces to the arm
is different than when a rigid structure is used. A possible solution would be to use a soft
outer layer for the dummy arm, similar to what is done by the authors of [1]. Moreover,
since humans have no ideal joints, it might be worth investigating, depending on the
research interest, making the joints more human-like to allow for small shifts in the joint
axes of rotation. However, adding soft tissue, or more human-like joints, adds complexity
and costs to the design of the dummy arm.

To reduce the costs of the design, the shoulder brackets could also be 3D-printed.
Nevertheless, care should be taken with the load demands on the material in combination
with the material selection and manufacturing techniques. Otherwise, a redesign of the
brackets to strengthen these structures is recommended. After our initial PLA 3D-printed
shoulder bracket failed, we decided to mill the shoulder from aluminium.

The advantage of using a modular dummy arm is that it can be adjusted to the
anthropometrics for different populations, such as children or people with pathologies
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affecting the upper extremity (e.g., DMD, spinal muscular atrophy, amyotrophic lateral
sclerosis, stroke). By making use of a more patient-like dummy arm, the burden on patients
for the development of exoskeletons can be decreased, as the tests can be very exhaustive
and demanding for patients. Testing time with vulnerable patients is also limited, while a
dummy arm is always available. Therefore, using a patient-like dummy arm allows for
faster assistive or rehabilitative exoskeleton development. However, the translation of the
exoskeleton performance with the dummy arm to the intended target population should
be further investigated.

Lastly, it is challenging to objectively compare the performance of exoskeletons with
respect to each other, especially as the performance metric (e.g., perceived level of provided
support) can become very subjective and differ across the reachable workspace. Using
standardised dummy arm and objective evaluation methods allows for a more objective
comparison of exoskeleton performance, which is relevant for the patients as well for the
developers, as it can point to possible areas of improvement.

5. Conclusions

The current dummy arm successfully mimicked the characteristics of the human
arm and was proven to be a helpful development and verification tool for the developed
investigational DAROR exoskeleton. Since the design is relatively simple, reproducible,
and cost-effective, it promises to serve more arm exoskeleton applications, and is therefore
shared. The design allows for easy adjustment of the mechanical properties (e.g., mass,
CoM), outer dimensions, and eJimp torque-angle profiles to fit the specific characteristics
of a (vulnerable) intended target population. Using such dummy limbs, like the dummy
arm, enhances the fast iteration and objective evaluation of new control strategies, and can
save time, labour, and the burden of voluntary participants, who may be exposed to safety
risks in an early stage of exoskeleton development.

Supplementary Materials: The CAD design of the dummy arm can be downloaded at https://
doi.org/10.4121/3c4fa57d-3fc6-4e27-933c-00a02a6e5a33. A supporting video is available at https:
//www.mdpi.com/article/10.3390/biomimetics9100579/s1.
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The following abbreviations are used in this manuscript:

pJimp passive joint impedance
eJimp passive elbow joint impedance
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DAROR Duchenne ARm Orthosis
GH glenohumeral
CAD Computer Aided Design
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Abstract: Adapting grasp-specialized biomechanical structures into current research with 3D-printed
prostheses may improve robotic dexterity in grasping a wider variety of objects. Claw variations
across various bird species lend biomechanical advantages for grasping motions related to perching,
climbing, and hunting. Designs inspired by bird claws provide improvements beyond a human-
inspired structure for specific grasping applications to offer a solution for mitigating a cause of the
high rejection rate for upper-limb prostheses. This research focuses on the design and manufacturing
of two robotic test devices with different toe arrangements. The first, anisodactyl (three toes at the
front, one at the back), is commonly found in birds of prey such as falcons and hawks. The second,
zygodactyl (two toes at the front, two at the back), is commonly found in climbing birds such as
woodpeckers and parrots. The evaluation methods for these models included a qualitative variable-
object grasp assessment. The results highlighted design features that suggest an improved grasp:
a small and central palm, curved distal digit components, and a symmetrical digit arrangement.
A quantitative grip force test demonstrated that the single digit, the anisodactyl claw, and the
zygodactyl claw designs support loads up to 64.3 N, 86.1 N, and 74.1 N, respectively. These loads
exceed the minimum mechanical load capabilities for prosthetic devices. The developed designs
offer insights into how biomimicry can be harnessed to optimize the grasping functionality of
upper-limb prostheses.

Keywords: biomimicry; prostheses; 3D printing

1. Introduction
1.1. Motivation

A key area of development in the state of upper-limb prostheses is to improve pros-
thetic functionality [1]. A driving cause of high rejection or abandonment rates, estimated
to be between 20 and 40 percent in recent decades, is prosthetic users finding their devices
unreliable in interacting with objects in their day-to-day lives [1–3]. Issues with optimizing
functionality are also linked with other commonly cited discomforts. Reducing prosthetic
weight and retained socket heat typically requires designers to compromise on hardware
used to deliver more robust performance [4,5]. Functionality, as defined by Light et al. [6],
is the extent to which a device can adapt to perform certain tasks. Specifically for upper-
limb prostheses, functionality can be classified at various levels: reliable grasp at the level
of the hand, rotation at the level of the wrist and forearm, and movement in various heights
at the level of the elbow and shoulder [6]. This research focuses on discovering methods to
improve the most basic functionality, the grasp.

1.2. Background

Methods to address the issue of poor grasp prosthetic performance, without needing
heavier or energy-intensive hardware components, are a priority. This research broadened
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the lens utilizing animal-based biomimicry. In general, biomimicry is defined as “inno-
vation inspired by nature” [7–9]. This concept has been applied to several engineering
applications. One field where biomimicry is commonly applied is the development of
materials. Spider silk is known for its relatively high tensile strength and flexibility, which
has prompted research on synthetically mimicking the unique material properties for
mechanical testing [10–12]. The invention of Velcro® was inspired by Xanthium strumar-
ium (Cockleburr), which has spiky fruits called burrs that easily hook onto animal fur to
spread [13]. The designer mimicked the structure of these burrs to design a material with
hooks and loops that would securely latch onto itself while being easily removable [14,15].
Biomimicry also has applications in robotics [16,17]. To develop a robot suited for running
on irregular terrain, researchers Clark et al. [16] drew inspiration from the morphology
and material properties of a cockroach leg to design a robotic leg that would emulate a
similar behavior. Biomimicry inspired by amphibians, such as sea snakes and salamanders,
was applied to create robots that perform undulating motions to maneuver through the
water [17]. The use of birds specifically as biomimetic inspiration for robotics has also been
explored for a variety of applications. Robotics for flight is a popular topic of research. For
mechanical wing systems, the behavior of birds in adapting to their wing morphologies
has been mimicked to maximize aerodynamics under different flight conditions [18]. The
leg and claw structures of birds are also a common inspiration for designing landing and
takeoff mechanisms. Feliu-Talegon et al. [19] utilized bird-inspired structures to stabilize
and facilitate the takeoff action of flapping-wing robots.

The concept of biomimetic design has been applied to prostheses, with most upper-
limb prosthetic devices modeled after the human hand and arm. The research by
Varol et al. [20] describes different biomimetic approaches to designing a human-inspired
prosthetic. One approach follows the biomechanics of the human hand closely to model
the overall structure of the hand and designate the placement of the actuators [20]. A
second approach looks to modify certain characteristics to make aspects of the device more
practical for robotic systems. These changes include the placement of the actuators in the
hand rather than the forearm and setting the opening of the arm as the active motion [20].
Other examples of biomimicry aiding the development of upper-limb robotics include
inspiration for sensors. Stretchable sensors for soft robotics have been inspired by the
structure of mechanoreceptors in plant surfaces and the skin of humans and animals [21].
The structure of bird claws has also been used to design soft robotic grippers. The research
by Wang and Yu simulated air pressure-powered grasping devices modeled after features
in bird and human claws [22].

Applications of biomimicry also go beyond simple replication and rather utilize the
underlying mechanisms of that process [8,20,23–25]. For prosthetic design, improving the
ability of the device to reliably grasp different types of objects will be beneficial to the user.
This investigation aims to apply biomimicry, not exclusively human hands, specialized for
grasp-related purposes.

1.3. Applications

The biomimetic model in this research investigated specifically how bird claws are
suited for grasp-related applications and how they could improve the functionality of
upper-limb prostheses. Across the many species, different birds have evolved unique
adaptations to their claw structures that are suited for their environment and lifestyles.
In identifying natural processes suited for prostheses, this investigation highlighted the
claw structures of birds specialized for climbing or grasping. These structures are termed
anisodactyl and zygodactyl claws and are displayed in Figure 1. Anisodactyl represents
a configuration with three digits in the front and one at the back, and the zygodactyl
represents a configuration with two in the front and two at the back [26].

The anisodactyl claw is commonly found in birds that perch and hunt their prey, for
which the three digits in front offer greater shock absorption upon impact with structures
or prey when approaching them at high velocities [27,28]. The outer digits on the front
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three act as stabilizers and provide additional reach for these actions [26]. Examples of
birds exhibiting this pattern include birds of prey such as Falconiformes (falcons) and
Accipitriformes (eagles and hawks) [26,28]. The zygodactyl claw is commonly found in
birds that climb; the back two digits offer support and stability for a bird perched on vertical
surfaces and allow improved maneuverability in this axis [26,29]. Piciformes (woodpeckers)
and Psittaciformes (parrots) are among the many examples of birds exhibiting this claw
configuration and behavior [29]. The objective was to design a representation of these digit
patterns and to evaluate them for their grasping and mechanical abilities. To identify how
to construct and evaluate these models, this research reviewed existing applications in
the literature mimicking features from birds through computer-aided design (CAD) and
3D printing.

Figure 1. Representation of the two bird claw configurations found in nature: (a) anisodactyl;
(b) zygodactyl.

One such example is a study conducted at Stanford University, where researchers
Roderick et al. [27,30] created a 3D-printed drone modification based on the leg and claw
structures of birds of prey. The drones use these additions to land on irregular surfaces such
as tree branches and carry various payloads. This allows them to rest and conserve battery
during long-distance flights and to carry supplies for disaster responses. The mechanism
of the drone attachment also goes beyond a similar morphological mimic of the bird’s legs
and bases the features of actuation on a behavioral analysis of a bird performing a perching
motion. Additional examples in the literature applying structures and mechanisms from
bird claws in drone perching applications further corroborate the success of this aspect of
biomimicry and aim to build on the grasping ability [26,31,32]. A study by Zhu et al. [26]
tested some of the grasping and mechanical features of their developed claw model to
assess its performance reliability. The design aims to transition the specific tree branch
grasping application of the drone claw models to grasp a wider variety of objects. The
model by Zhu et al. [26] could then be implemented for other applications and industries.
This study tested two mechanisms of actuation of the claw: a standard model with the
flexor digitorum longus and the extensor digitorum longus tendons and the other with a
flexor digitorum longus tendon and torsion springs. Both types were evaluated based on
their ability to adapt their grip to objects of varying sizes and incrementing weights.

A similar study by Nabi et al. [31] explores the utility of designing a robotic hand
inspired by a pigeon claw, rather than a human hand, for industries that benefit from
robotic automation. Specific features identified to streamline mechanical design include
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fewer actuators, reduction in material via fewer digits and joints, and a smaller palm size
to improve the ability to maneuver smaller objects [31]. By expanding the initial scope of
3D-printed bird-inspired actuators, the literature supports how grasp-type devices modeled
after bird claws may serve as an ideal inspiration for improving grasping devices.

To evaluate these grasping advantages, this research aimed to develop similar bird-
inspired models for comparison with a traditional five-fingered prosthetic device. The
Limbitless Solutions® prosthetic hand was used as the model of comparison [33,34] and
built upon the Roderick et al. [27,30] research framework. The biomimetic models of this
design drew structural inspiration from the existing literature utilizing the biomechanical
features from bird claws along with certain parts from the Limbitless Solutions® five-
fingered hand to translate the model from drone landing to prosthetic testing application.
The design and assembly features of the biomimetic models and prosthetic hand were kept
comparable to allow the testing to be more standardized. The biomimetic models were
better standardized for evaluation alongside the five-fingered prosthetic. The Limbitless
Solutions® prosthetic hand was developed in the same lab as the bird-inspired models,
allowing all devices to be constructed with similar manufacturing techniques. The de-
veloped models were not intended to serve as functional prostheses; instead, these claw
models served as a framework to assess how biomimicry could offer insights into potential
improvements to the current state of upper-limb prostheses. The tests conducted on the
devices involved a mixture of the evaluations used for biomimetic models in the literature
along with existing biomechanical load testing standards for prostheses. The aim was
to better understand how the device would function under those conditions. Through
both qualitative and quantitative analyses, the grasp performance of the anisodactyl and
zygodactyl claws was compared to that of the transitional five-fingered prosthetic. The
results of these comparisons inform specific features that could be implemented in future
prosthetic design to improve grasp.

2. Materials and Methods
2.1. Design

This work focused on developing a configurable multi-fingered mechanical model
that mimics the anatomy and physiology of bird claws. Development primarily focused on
two models with four digits, the anisodactyl and zygodactyl bird claw, characterized by key
differences in digit arrangement. The anisodactyl and zygodactyl bird claw models are seen
in Figure 2. Each digit on the frontal portion of the anisodactyl claw has an approximate
angle of 45 degrees between the three digits, respectively. The outermost digits on the
frontal portion of the palm and the rear digit have an approximate angle of 135 degrees.

Development of the zygodactyl base design adopted a similar approach. With a two-in-
front and two-in-back configuration, each digit had a spacing of approximately 90 degrees.
This created a symmetrical bird claw as seen in Figure 2b. This research designed a fully
symmetrical bird claw design, a slight modification from a traditional zygodactyl bird claw
seen in nature. Zygodactyl claws in nature (Figure 1b) do not follow a symmetrical digit
arrangement compared to our zygodactyl model, which has equidistant digits. Biomimicry
does not require the exact replication of biological elements found in nature and rather
focuses on the functional aspects of the design [8,23,24]. This model was adapted to mimic
the more symmetrical quality of the zygodactyl claw to evenly support a grasped object on
all sides.

In nature, birds with these digit patterns often have differently sized digits on the
same claw similar to how the fingers on a human hand differ proportionally [28]. These
variations occur between different species exhibiting the same digit arrangement and even
between members of the same species. The designed models kept the sizes consistent for
digits by using the same phalanges and talons for each. The digit size variations may also
depend on the dexterity of an actual bird claw for full effect, which a robotic application
may not be able to truly replicate. Consistent digit sizes also facilitate the design and
prototyping processes.
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Figure 2. 2D depiction of the assembled bird claws and digit configuration angle: (a) anisodactyl
claw; (b) zygodactyl claw.

A preliminary digital model of the bird claw was designed in CAD software. This
software allows users to conduct motion studies that depict the ideal movement of 3D
structures moving in conjunction with one another. Ideally, the actuation of the claw will
result in the proximal phalanges moving first, followed by the distal phalanges and talons
relative to the claw base. The motion study feature was used to visualize the contraction of a
bird claw starting from the open claw position to a fully contracted grasp as seen in Figure 3.
Analysis of the motion study revealed crucial structural and alignment impediments with
the bird claw design, which were modified as needed to optimize claw functionality.
Following the completion of the digital CAD model, each component (base, phalanges,
and talon) of the bird claw was 3D-printed with acrylonitrile butadiene styrene (ABS)
plastic using fused deposition modeling (FDM) 3D printing. FDM 3D printing deposits
melt plastic layer-by-layer in the geometry of the defined shape until a full 3D model
is created [35,36]. In addition to printing the 3D model with the desired material (ABS
plastic), Supplementary Materials is applied to reinforce susceptible geometries against
warping during printing. These vulnerable geometries may encompass overhangs and
cavities within the 3D model. This study used soluble support material, Stratasys SR-30, to
facilitate the 3D printing process for each claw component. These models were 3D-printed
with the use of a Fortus 250mc 3D printer and post-processed in an SCA-1200HT support
cleaning apparatus. A support cleaning apparatus was used to dissolve any residual
support material that remained on the 3D model after the manual removal of supports.

The bird claw was designed in three components: anisodactyl/zygodactyl base, pha-
lange, and talon. Each component is shown in greater detail in Figure 4. A fully assembled
claw consists of 1 base (either the anisodactyl or zygodactyl), 8 phalanges, and 4 talons,
excluding the various joint and tendon parts that connect the components together.

Multiple design elements were derived from the Limbitless Solutions® five-fingered
prosthetic hand [33,34] and the Stanford drone model [27,30]. The foundational framework
of the bird claw drew inspiration from the Stanford drone model, which primarily influ-
enced the design of the phalange and talon [27]. This design provided a model of a tested
bird claw that was developed to assess bird claw functionality in grasp and perching-related
functions. These applications matched the goal of this investigation to assess the grasp
and grip functions of bird claws, which can be referenced to improve current upper-limb
prosthetic devices. Additional elements of the bird claw were modified in comparison to
the drone model such as the joints. The Stanford team 3D-printed each joint of the phalange
and talon as one unified digit. In contrast, this model created each phalange and talon
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separately, assembling the digit using finger posts and torsion springs as seen from the
top view in Figure 5a. The choice to use finger posts was derived from the Limbitless
Solutions® five-fingered prosthetic hand to improve cohesion between a previously tested
prosthetic hand and the bird claw model [33,34]. For mechanical testing purposes, develop-
ing a bird claw model that utilizes the same components found in a traditional prosthetic
is crucial for direct comparison of functionality. Torsion springs were implemented into
the joints of the digit to return the digit to its initial resting position after a full contraction
is achieved. The resting configuration of the bird claw is characterized by an open palm
structure, with all four digits in a relaxed position.

Figure 3. 3D representation of an ideal grasp for both claws using the motion study analysis:
(a) anisodactyl open claw; (b) anisodactyl closed claw; (c) zygodactyl open claw; (d) zygodactyl
closed claw.

Figure 4. 3D claw components used for assembly of a complete bird claw: (a) anisodactyl claw base;
(b) zygodactyl claw base; (c) talon; (d) phalange; (e) fully assembled digit.
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Figure 5. Single digit free body diagram: (a) top view; (b) side view.

During the digit assembly process, both target phalanges are aligned to ensure their
joints overlap. A torsion spring is secured between each joint to supply torsion force, and a
finger post is inserted into the central overlapping hole to connect the two parts. The use of
a finger post and torsion spring allows the digit to mimic the movement of a pin joint, which
allows each phalange to rotate about a central axis while being restricted to one degree of
freedom. A 0.61 mm stainless steel cable was used to mimic the tendons of the bird claw.
Creating a four-bar linkage by connecting the actuator to the talon with the intermediate
phalanges in between allows the digit to curl without interference [37]. Figure 5a displays
the junction point that comprises the four-bar linkage where all four digit cables meet
together. Once threaded through the digit, each cable was crimped at the distal portion
of the talon as well as the main cable in the bird claw base. The cables threaded through
each of the 4 digits were crimped together with the main cable, which was then coiled
around a spool attached to a MG996R servo motor. The main cable serves as the central
connection point for the four-digit cables at the base, ensuring consistent contraction of
each digit. The main cable was fed through the base and secured to the spool at the top
of the claw housing, controlled by the servo motor, which rotates to actuate the digits. To
create a grasping motion, the servo motor winds in a clockwise motion, reeling the cable in
to curl the digit inward. To release the grasp, the servo rotates counterclockwise to relax
the wound cables, and the torsion springs return the claw to its starting position. Figure 5b
highlights the maximum angular displacement of each digit component during actuation.
Maximum angular displacement represents how far each digit component can rotate before
parts of their body begin to interfere with one another. The talon and the second phalange
are capable of rotating 48.0 degrees relative to one another before a component of the talon
begins to contact the face of the second phalange. These exact values were determined with
the same motion analysis study used to analyze the ideal actuation of the fully assembled
claw. These values reflect the ideal actuation of a singular digit. The angular displacements
are significantly reduced during a grasp due to interference caused by other digits.

In addition to the components required to actuate the bird claw, various devices are
required to control the servo motor and house the various bird claw parts. The housing
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encloses the servo motor, cable spool, a two-button breadboard circuit, and a detachable
swivel base as seen in Figure 6. The two-button breadboard circuit consists of an Arduino
Nano programmed using the Arduino Integrated Development Environment to control
the rotation of the servo motor through two buttons. Pressing the first button would rotate
the servo motor 180 degrees clockwise to wind the cable in to curl the claw digits, and
pressing the other button would reset the motion by rotating the servo 180 degrees in the
other direction. The housing design also includes a custom swivel base which allows the
different claw configurations to be easily inserted and removed for mechanical testing
and repairs.

Figure 6. Fully assembled zygodactyl claw positioned within the prosthesis model housing, including
the MG996R servo motor and two-button breadboard circuit.

2.2. Testing Methods
2.2.1. Qualitative Assessment

With the constructed anisodactyl and zygodactyl models, physical evaluations were
executed to identify the biomechanical advantages of designing the grasping devices after
two different four-fingered bird claws versus the traditional five-fingered human hand. The
first phase involved a qualitative experiment assessing the grasp interactions of the three
different devices: the anisodactyl claw, zygodactyl claw, and Limbitless Solutions® pros-
thetic. This experiment utilized lightweight objects of various shapes and sizes to assess
how each device established a grip for grasping varying topologies. This experimental
procedure was modeled after the methods of Zhu et al. [26], who tested the efficacy of two
different anisodactyl claws adapted to objects establishing a secure grip. The objects chosen
for this experiment are displayed in Figure 7: plane, cubic, spherical, wide rectangular,
and irregular shapes. The first four shapes were created using StyrofoamTM to minimize
potential grasping differences due to object weight. The final irregular object, represented
by a rubber duck, was introduced to assess the device’s approach to a more complex
grasping of an uneven geometry. The procedure for this evaluation required the device
to pick up the object from a resting position, hold it for at least five seconds to ensure a
successful grasp, and then release the object. Evaluating device interactions with each of
these objects offered insights into whether the biomimicked designs held any advantages
in grasping specific shapes and sizes.
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Figure 7. Objects used in qualitative assessment, from left to right: thin (220 mm × 135.5 mm ×
48.5 mm), cubic (75.0 mm × 75.0 mm × 75.0 mm), spherical (75.0 mm diameter), wide rectangular
(225.0 mm× 135.5 mm× 48.5 mm), and irregular (Lmax 74.5 mm×Wmax 180.0 mm×Hmax 66.5 mm).

2.2.2. Quantitative Assessment

In addition to assessing object grasping, performance loading was evaluated. Specif-
ically, the biomimicry designs were evaluated under prosthetic testing conditions for
single-digit flexion and full grasp tests [38,39]. The results of tests under these conditions
indicated the biomechanical advantages or disadvantages of structuring a prosthetic device
with the bio-inspired designs. Modifications under consideration were the reduction in
number of digits, the display of digits relative to the palm, and the shape and sizes of
the phalanges and talon components [38,40]. The components under evaluation included
the 3D-printed parts of the base and digits and the assembly parts including the finger
posts, torsion springs, cable, and crimps. The circuit and motor driving the actuation were
omitted from the load testing since the focus of this assessment was to test the ability of the
plastic and connecting components to withstand the specified loads. The electromechanical
actuation system’s primary purpose was to drive the grasp and release of the claw for the
quantitative assessment, and the MG966R servo motor used is not necessarily reflective of
the actuator found in a functional prosthetic device.

The single-digit flexion test, informed by the testing procedure carried out by
Mio et al. [38], evaluated the load capacity for a single digit [38,39]. The digit extension
test conducted by Mio et al. follows guidelines outlined by the plastic testing standards
ISO 178 and ASTM 790 [41,42]. The existing standards for prosthetic devices typically have
the finger fully extended to apply a load at the most distal part of the digit, serving as a
correlate for the pinch force capacity of a single finger [38,39]. The minimum load to meet
this test’s requirement is 30N [38,39]. The test conducted on the biomimicry models was
modified to start with the digit in a curled position. The deviation was minor, due to the
geometric differences between the talon and prosthetic finger design. This modification was
made since the developed bird-inspired models do not use pinching as the primary grasp
method, whereas the original testing procedure was designed to measure the prosthesis’s
pinch ability [38,40]. The force applied to the digit in a curled starting position was more
similar to the type of force the digit would encounter when grasping an object. The single
digit was mounted to the testing platform and secured as shown in Figure 8. The cabling
running through the channels in the digit was pulled taut and crimped at the level of the
base and talon to retain the digit in its curled position. An upward force was applied to
the talon to represent the force encountered by a grasped object due to gravity. The loaded
cable was looped over the t-slot bar at the top of the testing platform and pulled vertically.
A handheld digital force gauge was used to simultaneously pull the cable and measure
the force in newtons until the digit failed. Failure in this case was defined as the inability
of the digit to retain its original position. The failure condition, defined as extreme digit
displacement, caused the cable, finger posts, or 3D-printed plastic to break or deform.

The full grasp test, following the prosthetic testing standards outlined in Mio et al. [38],
assesses the ability of the full hand to support a load. This portion of the work by Mio et al.
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follows the test procedures outlined in ISO 22523 [43]. The minimum requirement for this
standard is 60 N [38,39]. The device was supplied with an object, and a force was applied
to the object to represent the weight of a grasped object. The applied force was measured
until the device’s failure, similar to the failure criteria of the single-digit flexion test. For the
grasping object, a sphere was chosen due to its grasping reliability by both the zygodactyl
and anisodactyl claw patterns. The sphere was adapted by removing its lower half and
flattening the bottom so it would rest better on the base and mounting clamp. The object
was placed in the grasp of the four-fingered device and enveloped by a Velcro® band to
serve as an attachment point for the cable used for force application, depicted in Figure 9a.
For both devices, a consistent increase in load was applied to the object until the failure
of the device to retain the object within its grasp. The testing platform for the anisodactyl
claw is displayed in Figure 9b and the zygodactyl claw in Figure 9c.

Figure 8. Single-digit flexion testing apparatus displaying the secured digit and the force application
measured through the handheld force gauge.

Figure 9. Full-claw flexion testing apparatus: (a) close-up view of the test object placed in the grasp
of the anisodactyl claw; (b) load test conducted on the anisodactyl claw; (c) load test conducted on
the zygodactyl claw.
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3. Results and Discussion
3.1. Qualitative Grasp Test Results

In observing how each device interacted with the various objects as noted in Figure 10,
key features from each of the devices that allowed for an improved grasp were identified.
All three devices executed the intended function of contracting the more proximal joints
followed by the distal joints relative to the base when grasping [44]. This was evident by the
pattern in which the devices initiated contact with the objects. The phalanges closest to the
palm made contact with the object, allowing the other sections to wrap around the object to
establish more points of contact along the object. This enabled the digits to distribute the
force rather than rely on a pinch-type grasp where a greater amount of force is concentrated
at fewer points of contact.

A structure on both the biomimicry claws that emphasized this grasping method was
the smaller, more central palm size. This feature improved opportunities for the more
proximal portions of the digits to contact the object. Existing bird-inspired grasping devices
with small palm structures similarly experience increased contact points between the digits
and grasped objects [26]. The five-fingered hand, which has a much larger palm not located
as central to the device, relied on grasping with more distal portions of the fingers in
certain cases when not all of the proximal parts of the fingers could reach the object. As
seen in the sphere column of Figure 10, the more central palm in both the anisodactyl and
zygodactyl bird claw created a more secure grip around the object as opposed to the more
human hand. These differences in grip were due to fewer points of contact seen in the
Limbitless Solutions® hand. The primary grasp force is developed between the index and
middle fingers and thumb, leaving a large portion of the palm exposed during a grasping
motion. These factors led the grasp to be more pliable and the object easier to dislodge
in the five-fingered hand. Although the palm of an actual human hand is similarly large,
its composition allows it to deform and wrap securely around a grasped object. A similar
effect may not be feasible to achieve for a low-cost prosthetic comprising rigid materials.
Therefore, reducing the palm size to allow the digits more access to larger objects appears
to be one solution for improving the grasp while maintaining a simpler design.

Figure 10. Qualitative grasp test results displaying the grasp interaction between each device and
object type.
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Another feature of the biomimicry claws that supplemented a more secure grasp was
the structure of the most distal digital component: the talon. As the talon was curved, it
offered additional reach in the curled position of the digit to make contact with the sides
of wider objects. The five-fingered hand encountered difficulty in grasping all the way
across the wide object and instead relied on making contact with adjacent sides, leading to
a less stable grasp. Prosthesis with multi-positional thumbs may be able to change grip
configurations to mitigate these limitations. The curved talon also served as an enclosure
for smaller objects such as the sphere and irregular shapes by converging at the base of
the object. The talon encountered challenges when grasping the thin object where the
curved structure often forced the sharper digit tip to embed into the material to be able
to establish a grasp. Predatory birds often use their talons to puncture prey. Grasping in
this fashion may be problematic when handling fragile objects. In cases when the talon
tips did not embed into the object, the contact from the relatively thin sections of the talon
was precarious. The narrow contact afforded by talon-shaped digits is also observed in
the study by Zhu et al., where the bird-inspired models faced similar challenges with thin
geometries [26]. In comparison, the flatter, more linear fingertip of the five-fingered hand
performed well in establishing a better grip on the thin object with a better pinch grip
pattern. The pinch grip of the five-fingered hand offers a more reliable grasp for thin objects,
whereas the encompassing grip of the bird claw models is generally preferred for larger
objects [44]. A pinch grasp still demonstrates success in grasping larger objects; however,
the encapsulating grasp of the bird claw models may be better suited for grasping larger
objects in comparison to the five-fingered hand.

When comparing the two claw types, certain advantages exist between the anisodactyl
and zygodactyl structures. The anisodactyl claw with its separated front and back digits is
well suited to grasp objects that typically only require support on two sides. The rectangular
shape benefits from this grasp due to its different length and width proportions. This also
applies to cylindrical shapes, which corroborates why much of the literature focusing on
bird claws for drone applications mimics an anisodactyl structure perching on cylindrical
tree branches [27,30]. The zygodactyl claw, which was adapted to be radially symmetrical,
establishes a more secure grasp with objects with more uniform sides such as the sphere
and the block. The symmetrical display creates points of contact more evenly across the
faces of the object. The larger spaces between the front and back digits in the anisodactyl
claw create more of an opportunity for these types of objects to be dislodged from the
grasp. A similar grasp feature was observed in the five-fingered hand due to the digits
being positioned in the front and side of the palm, making it easier to grasp cylindrical
objects with more direct contact from the digits as opposed to the zygodactyl model.

3.2. Quantitative Grasp Test Results

For the single-finger digit flexion test, the force was applied by pulling on the cable
attached to the talon segment of the claw in its curled position. Recording the applied force
with the handheld digital force gauge, the single digit consistently supported loads past the
standard of 30 N for a mechanical prosthetic finger [38,39]. Across the five load assessments
conducted for the single digit, the average load was 61.0 N, with a tolerance of 2.2 N for one
standard deviation from the average. The maximum load the digit could support before
failure was measured at 64.3 N, with failure occurring due to the cable in the curled digit
snapping. Repeated testing indicated that the break generally occurred at the level of the
crimp at the talon preventing the cable from passing through this channel. Supporting
the cable at the talon crimp may help withstand further loads for a single digit. This test
indicated that a 3D-printed digit structured after the morphology of a bird claw matched
and even exceeded mechanical load requirements for prosthetic digits. The average load
and tolerance for the five trials also demonstrated that the results were fairly consistent
between trials. When observing the digit as it was being pulled, the curvature of the talon
allowed the phalanges to straighten while retaining the position established where the pull
cable was attached. Verification of the biomechanical load-bearing capacity of this specific
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structure is important in discovering whether it has any apparent weaknesses that would
disqualify it for adaptation into prosthetic design or whether it holds any novel advantages,
despite this current prototype not acting as a functional prosthetic.

For the full grasp test, separate tests were conducted for both the anisodactyl and
zygodactyl configurations, and results were compared to existing prosthetic standards to
determine whether the structure of either had advantages in supporting more load. The
expectation for a full grasp test is to support 60 N of pulling force [38,39].

The first test with the anisodactyl model demonstrated this configuration supported a
maximum of 86.1 N as an assembly. This result also exceeds the maximum load supported
by any single digit (64.3 N), which is expected as there are additional digits to distribute
the applied force [45]. However, the average for the five trials was lower at 76.8 N, with a
tolerance of 9.0 N. Compared to the values for the single digit test, the results were not as
consistent for the full anisodactyl grasp. The failure condition for this test occurred when
the outer sets of digits on the front three digits partially relaxed from the deformation of
the cable retaining the curled position of the claw. The digit relaxation allowed the object to
escape the grasp through the gap between the front and back sets of digits. An explanation
for the larger deviation in results may be in the difference in applying loads with an object
rather than directly to the fingertip. The specified failure condition of the object slipping
likely introduced some additional variability that may not occur when the load is applied
directly via a cable and not the objects for the single digit.

The zygodactyl grasp test took several attempts to reach a maximum load that sur-
passed the 60 N threshold for a full grasp test. In the first two pull tests, it was observed that
the cable adjacent to the crimp at the level of the talon tended to snap or deform, much like
the failure condition for the single-digit extension test and the anisodactyl full grasp test.
One possible explanation for the difference in performance between the two configurations
is the lack of digits aligned with their respective cables in the zygodactyl testing setup. This
may have caused the force to be applied at an angle to the digits and the cables holding
them in place, resulting in the force overcoming the crimp at the talon with more ease.
Tightening the cables in the claw to better position the crimps to avoid them adopting
an unnatural angle helped overcome this issue, with this trial meeting a maximum pull
force of 74.1 N to exceed the 60 N threshold. Repeat tests with this consideration for the
zygodactyl claw demonstrated more consistent results in meeting the 60 N threshold. The
average for the five trials was 58.0 N, with a tolerance of 10.2 N. Though the maximum
values exceeded the 60 N requirement, the average is lower due to the premature failures
observed in the first two tests. The results of each test are displayed in Table 1.

Table 1. Summary of the quantitative load testing results.

Test Type Source [38,41–43] Minimum Expected
Load Average Measured Load Maximum Measured

Load

Single-Digit Extension
Mio et al. (2019)

ISO 178, ASTM 790 30 N 61.0 N ± 2.2 N 64.3 N

Anisodactyl Claw Grip
Mio et al. (2019)

ISO 22523 60 N 76.8 N ± 9.0 N 86.1 N

Zygodactyl Claw Grip
Mio et al. (2019)

ISO 22523 60 N 58.0 N ± 10.2 N 74.1 N

In comparing the results of the three different tests, it is observed that the maximum
applied loads for the single digit significantly exceeded the minimum requirement. How-
ever, the maximum loads for the full claws were only higher by approximately 10–20 N.
The device’s assembly components, rather than the 3D-printed plastics, may have been
the driving factor in the load the design could support. Adding more digits did not pro-
portionally increase the supported load in comparison to the single digit since the failure
condition included the cable or crimp deforming or snapping. Therefore, even one digit
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failing for the anisodactyl and zygodactyl patterns would likely lead to the object escaping
the grasp. For the zygodactyl claw, the symmetrical arrangement of the digits may have
been a disadvantage in this aspect since the loss of a digit on one end leads to an imbalance
in the device’s support of the grasped object. This imbalance is also applicable for the single
digit in the rear of the anisodactyl claw. In contrast, the anisodactyl claw may still retain
an object if the digits in the front supplement the failure of a neighboring digit. This may
explain why the average and maximum measured loads for the anisodactyl evaluation
were higher than the zygodactyl.

3.3. Limitations

A key limitation in the qualitative grasp testing portion of the comparison between
the biomimicry and five-fingered models was that the five-fingered hand had a silicone
segment at the fingertip, whereas the talons of the biomimicry models did not. Talons are
often used by birds of prey when hunting for kinetic puncturing of objects. The purpose of
the use of silicone on the prosthesis is to create a larger surface area and higher friction force
between the object and the fingertip. Silicone was not included in the design of the talon tips
of the biomimicry claws to more closely mimic the biological structure of a talon, although
this difference between the three devices may contribute to the grasp performances.

While the reference quantitative testing method from Mio et al. [38] used a Zwick
Roell Z0.5 multi-test machine to apply a consistently increasing load to their models,
this study relied on a human to apply an increase in load. This may cause the results
to be more sensitive to inconsistencies in the rate applied. The average loads for the
full grasp test reflect this limitation, especially for the zygodactyl full grasp evaluation.
However, the testing procedure primarily evaluated whether the models were able to
handle the minimum load requirements rather than understanding the exact load that leads
to failure. Further development of this research may focus on the use of industrial load
testing equipment to corroborate the preliminary grip force results with a more sensitive
testing procedure.

4. Conclusions

To develop novel biomimetic solutions to address the issue of high prosthetic rejection,
a biomimetic grasping assembly was developed with inspiration from bird claws to test
for features that would be advantageous in improving grasping ability. The biomimetic
sources, the anisodactyl and zygodactyl configurations found in bird claws, were chosen
for their alignment in nature with grasp-related activities. Design inspiration was derived
from existing applications in the literature, adapting a 3D-printed bird claw for drone
landing attachments and upper-limb human-hand-based prosthetic design. A testing
platform was created for both claw configurations to emulate the structural and behavioral
characteristics of a bird claw in a 3D-printed device. The constructed devices were evaluated
both qualitatively for how they interact with various objects and quantitatively for how
much load they can support relative to the standards for upper-limb prosthetic devices.
These evaluations indicated certain features that improve the grasping ability without
compromising the mechanical load-bearing capabilities of the device.

1. The cable attachment points and torsion springs placement along the digits allowed
for rotation of the most proximal sections of the digits inward followed by the more
distal components. This pattern appeared more natural and was advantageous in
securely grasping larger objects by wrapping the digits around them rather than
pinching them by initiating contact with the fingertips.

2. The palm design of the bird-inspired device, with a smaller and more central palm
relative to the digits, compared to the human-hand prosthetic improved the ability of
both the biomimetic claws to grasp and hold the various objects. This design feature
enabled the proximal portions of the digits to have a better opportunity to establish
contact with the object to improve the overall grasp.
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3. The curved talon at the distal end of the digit held benefits in offering support for
wider objects. For objects small enough for the digits to wrap around them, the
curved talons also acted as an enclosure for the object by converging at the base to
reduce the chances of accidentally dropping it. A disadvantage of this feature was
the difficulty in securely holding thin objects because of the thin contact point and
reduced application of force due to the curved tip angle.

4. Although a pinch-type actuation for the five-fingered hand was observed to grasp
larger geometries with less security, it demonstrated greater success in holding thin
objects as observed in the object interactions with the five-fingered device. The flatter
fingertip shape of the human-inspired five-finger hand further contributes to handling
thin objects relative to the talon structure of the bird models by increasing surface
area at the points of contact.

5. In comparing the anisodactyl and zygodactyl configurations, each digit setup had
grasp advantages for certain object types. The anisodactyl’s 3 × 1 structure allows a
wider grasp for more cylindrical objects. The central front and back digits create the
primary grasp, the outer two digits in the front supply greater reach, and the greater
angle between the front and back digits allows for the object to not be obstructed
by another digit. The more symmetrical 2 × 2 feature of the zygodactyl allows
an advantage when grasping smaller, more symmetrical objects as it more evenly
supports the object on multiple sides and reduces the space between the digits for the
object to potentially slip out.

6. Mechanical load testing results indicate that the robustness of the assembly is vali-
dated by testing standards traditionally applied for upper-limb prostheses and plastic
properties. The maximum recorded load values were 64.3 N, 86.1 N, and 74.1 N for
the single digit, anisodactyl claw, and the zygodactyl claw models, respectively. These
values exceed the load metrics of 30 N for a single digit and 60 N for a full grasp set for
prosthetic testing. The low averages for the full grasp tests across five trials warrant
further testing with a mechanized force application procedure to further validate the
initial results.

Future Research in Upper-Limb Prostheses

These features have the potential to be implemented in the design of current prosthetic
devices to make them more functional and reliable. Models may benefit from a design
that strikes a balance between the features of the current human hand prosthetic and the
developed biomimetic features. On current prosthetic hands, examples of this design
approach may include resizing the palm to have it take up less space and positioning it
more central to the displayed digits. It is also important to consider the existing advantages
of the five-fingered hand, notably the pinch grip pattern that demonstrates improved
grasping ability for thin objects, and ensure that any design modifications preserve those
as well. Human-inspired hands are anticipated to be less task-specified and required to be
adaptable to a variety of situations.

Adding a slight curve to the curvature of the fingertips may allow the fingers to
establish a pinch-type grasp for thinner objects while still offering some additional reach.
This testing enabled an adaptable research platform to be designed, enabling a variety of
digit configurations to be feasible for testing. Modifications may be made to the current
base to allow the digit to rotate around the central palm structure and enable different
angular spacing between each digit.

In the effort to develop an optimized model to mitigate prosthetic rejection, future
work would also benefit from exploring techniques to create more lightweight devices. New
models with the mentioned modification may be constructed with different materials and
evaluated to determine the properties that allow for a durable yet lightweight device. These
mechanical evaluations may be assessed with finite element analysis (FEA), a simulation
study run on physical models to assess how a model behaves under certain stresses.
Next-generation models closer to a functional upper-limb prosthetic would also benefit
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from involving a wider variety of shapes in the qualitative evaluation; while the current
testing evaluated the grasping ability of relatively elementary shapes for the initial models,
updated designs would involve objects encountered in daily activities with more complex
geometries to better inform how the device may perform for a prosthetic user.

This research primarily focused on the assessment of the anisodactyl and zygodactyl
bird claw configurations; however, many different bird claw configurations exist in nature,
including the heterodactyl, syndactyl, and pamprodactyl, each with their unique digit
configurations and adaptations [26]. Future research investigating the utility of biomimicry
from further types of bird claws in prosthetic design would be of use to uncover the most
optimal digit arrangements and spacing angles for prosthetic use.

Further design modifications may also address a limitation between the existing
prosthetic hand model and the 3D-printed test devices. The inclusion of silicone along the
contact points may provide increased performance for all varieties. As observed in the
qualitative grasp tests, the increased friction between the silicone and the object’s surface
allowed the prosthetic hand to successfully grasp and hold objects even with fewer contact
points. Including silicone along the major contact points of the developed bird claw models,
notably at the interior side of the phalanges and the talon tip, may improve overall grip.
Further increases in the prosthesis contact patterns may translate to improved functionality
with limited weight increases. Further evaluating the performance, weight increase, and
complexity for assembly may offer insights into optimization for the prosthetic version and
the bird-claw biomimetic device.
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