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Rabé Andersson and Niclas Björsell
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Over the past 20 years, the therapies available in rehabilitation clinics have improved
substantially, aided by robotic rehabilitation systems, which have seen rapid progress
and increased performance. This progress has contributed to the diversification of the
applications of exoskeleton robotic systems, namely, to provide assistance: in climbing up
and down stairs, to workers in various activities (carrying weights, working with raised
arms or in a bent position), and even in executing sit-to-stand movements. Exoskeleton
robotic systems are used in a wide range of fields, both medical (rehabilitation, paraplegics,
and amputees) or non-medical (rescue operations, construction work).

The progress of exoskeleton robotic systems is notable, and is visible in both lower-
limb and upper-limb exoskeletons. However, there remain challenges, such as optimizing
control systems and human–machine interaction.

This Special Issue presents a collection of articles highlighting recent achievements,
applications, studies, and review articles within the field of exoskeleton robotic systems.
These contributions cover a wide range of the applications of these systems, from the
rehabilitation of the upper and lower limbs to assisting human gait when ascending and
descending stairs, actuator selection criteria, and the implementation of actuation moment
control algorithms.

The topics addressed within this Special Issue—“Exoskeleton Robotic Systems”—are
varied. One such topic is the investigation of daily variations in the physical effects of
using exoskeletons with the upper limbs [1]. The study aimed to evaluate the long-term
biomechanics of wearing an exoskeleton at work to assist the upper limbs. Four activities
are proposed for assistance, namely, lifting and lowering a box, moving while holding
a box, moving without the box, and static bending during mechanical work. The data
collected from the wearer while performing these activities are kinematic (movements
using a full-body inertial motion capture system) and electromyographic (with sEMG
sensors placed on the subject).

Review articles such as [2] aim to study the impact of COVID-19 on the evolution
of patent proposals for lower limb exoskeleton robotic systems. The authors conducted
a comparative analysis of the situation during the pandemic compared to the previous
decade. The main purpose of the study was to provide a comprehensive overview of the
efforts to innovate exoskeleton robotic systems during the pandemic. The results of the
study confirm the trend of a decreasing number of patent proposals during the pandemic.

Another review study [3] provides a summary and overview of the use of the Hybrid
Assistive Limb (HAL) robotic system in patients with spinal cord injuries. The conclusion of
this study is that the use of this robotic system demonstrates a wide variety of applications,
in both acute to chronic patients. Its use is generally safe, with no serious user injuries
reported. Additionally, the vast majority of users experienced functional improvements,
showing increased walking distances, gait speeds, and pain reduction.

Recent developments in exoskeleton robotic systems are presented in [4]. Namely,
an exoskeleton robotic system has been developed which provides support for all three
joints of the human lower limb. In order to design the motion laws of the drive motors, an
experimental analysis of human gait with the Vicon equipment was used as a starting point,
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and a database of joint angle variation laws for a group of 30 people was created. A dynamic
study of the exoskeleton was carried out using the Newton Euler method supplemented
with Lagrange multipliers, in conjunction with a dynamic study of the virtual model using
the ADAMS software for dynamic analysis of multibody systems. Experimental tests of the
physical model were also carried out, demonstrating the feasibility of the prototype.

In this collection of Special Issue articles, there is also one [5] which proposes a
new selection criterion for linear pneumatic motors used to drive wearable assistive de-
vices, namely, the energy-to-mass ratio. The requirements for a wearable assistive device
are compactness, lightweightness, and energy efficiency. The authors propose a crite-
rion for choosing an actuator that meets the above-mentioned requirements, namely, the
energy-to-mass ratio.

In the field of locomotor rehabilitation, prostheses are commonly required by people
with trans tibial amputations. The authors of [6] propose the constructive solution of an
ankle prosthesis based on an intelligent fluid joint (magneto rheological). Additionally, the
sole of the prosthesis is equipped with eight pressure sensors which register the pressure
between the sole and the ground, which is necessary to determine the kinematic and
dynamic parameters of the person’s gait.

Robotic rehabilitation systems also involve the upper limbs. Upper limb exoskeletons
are used for two types of activity: as an assistive system that provides physical support
and reduces the wearer’s strain at work, and as a robotic system for the rehabilitation of
stroke patients.

Thus, in [7], a dynamic analysis of a mechanism in the structure of an upper limb
rehabilitation robot, called ParReEx, is presented. The dynamic analysis was performed
in the first phase, considering the rigid kinematic elements, and later, the elasticity of
the elements, as well as the friction in the kinematic couplings. A method of structural
optimization of the constructive shape of the mechanism’s elements is also presented, with
the aim of reducing mechanical stress concentrators as well as minimizing the mass of the
rehabilitation device.

A similar system designed for upper limb rehabilitation is the ASPIRE robot, a dynamic
study of which is presented in [8]. The purpose of this system is the rehabilitation of
brachial monoparesis. The dynamic analysis was performed using MSC.ADAMS software,
a powerful tool for the study of mobile multibody systems. The robot is composed of
three modules: the first providing the flexion/extension movement for the shoulder, the
second providing the adduction/abduction movement, and the third providing forearm
pronation/supination. The results obtained from the ADAMS simulation computed torque
for the flexion/extension module and the adduction/abduction module are compared with
those obtained experimentally. The similarity of these results validates the dynamic model,
confirming that the connection forces determined from the dynamic simulation are valid.
These data are used to study the mechanical strength of the flexion/extension modulus
using the finite element method.

The outstanding performance of exoskeleton robotic systems is evidenced by their use
as assistive systems for stair ascent/descent, as presented in [9]. Stair climbing involves
slow movements within the joints but with greater amplitudes than in normal walking.
The objective of this study was to evaluate the biomechanics of a new robotic exoskeleton
system intended for stair climbing. The results of the study show that an individual
application of assistive force is required for adequate assistance when climbing stairs.

Exoskeletons have also been developed that provide rehabilitation of a specific joint of
the human lower limb. Thus, in [10], the energy consumption and torque control of such
an exoskeleton are studied. The study focuses on sit-to-stand and walking activities. The
constructive design of the exoskeleton hip robot was performed using Autodesk Inventor
software, and the kinematic analysis was based on Denavit–Hartenberg parameters in-
putted into Matlab computational software. The Linear Quadratic Regulator (LQR) method
was considered in order to obtain the optimum controller for energy consumption and
walking activity.
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Abstract: Exoskeletons potentially reduce physical strain on workers. However, studies investigating
the long-term effects of exoskeletons in the workplace are rare, not least because demonstrating
physical long-term impacts faces several challenges, including the collection of reliable biomechanical
data with the exoskeleton. By examining the potential impact of using an exoskeleton on inter-day
measurements, we can provide valuable insights into the suitability of long-term studies. Therefore,
this study aims to investigate the inter-day variation in muscle activity (MA) and kinematics of the
trunk and legs during lifting, carrying, walking, and static bending with and without a passive
back exoskeleton. The majority of results show no significant differences in inter-day variation.
However, we found minor significant unilateral variation in knee and ankle kinematics when using
the BSE during the lifting, carrying, and walking tasks, as well as in MA of M. biceps femoris when
measuring without the BSE during the lifting tasks. Cohen’s d showed small effect sizes, ranging
from −0.0045 ≤ d ≤ 0.384 for all significant p-values. While we classify the observed significant
differences as minor, it is still crucial to consider day-to-day variations in long-term studies. However,
by implementing high levels of standardization in study designs, including precise exoskeleton fitting,
consistent assistance level, familiarization with measurement systems, and standardized working
tasks, the impact of the exoskeleton on inter-day measurements can be minimized. Additional field
studies are necessary to validate our findings in real work conditions.

Keywords: occupational health; reproducibility of results; statistical parametric mapping; muscle
activity; kinematics

1. Introduction

Exoskeletons provide physical support and potentially reduce strain while performing
tasks in the workplace [1]. In addition to the benefits of exoskeleton use in terms of
reduced muscle activity (MA) and improved endurance [2], studies to date also confirm
their potential negative effects on kinematics and MA, including a limited range of joint
motion and a higher load on muscle groups [3–5]. As such, it is not yet possible to predict
the long-term consequences of movement changes and altered MA patterns caused by
using exoskeleton in the workplace [6].

Studies addressing the long-term effects of wearing an exoskeleton at work are scarce,
not least because demonstrating long-term relief or strain on the musculoskeletal system
from wearing exoskeletons faces several prerequisites [7]. The collection of reliable day-to-
day biomechanical data is particularly challenging, because the signals can be affected by
intrinsic and extrinsic factors, such as sensor position or fluctuating movement patterns of
the target group of workers [8,9].

Appl. Sci. 2023, 13, 6483. https://doi.org/10.3390/app13116483 https://www.mdpi.com/journal/applsci4
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The most important prerequisite for conducting a biomechanical long-term study is
the use of measurement parameters and systems, which can provide comparable results
at different points in time. In addition to others, the measurement of MA using surface
electromyography (sEMG) and the assessment of movement patterns using wearable
sensors, such as inertial measurement units (IMUs), are suitable for this purpose [10].
Both measurement systems enable the comparison of workloads and movement patterns
between different individuals and days [11,12] and are reported as being reliable during
static [9,13,14] and dynamic conditions [9,15,16].

In order to ensure inter-day reliability of measurement with the described systems, a
high degree of execution standardization is required, e.g., consistent fitting and support of
the exoskeleton, familiarization with the work task, as well as the normalization task of
sEMG measurements [17], and accurate placement of sEMG and IMU sensors [18]. How-
ever, even with high standardization, we cannot exclude the exoskeleton-user interaction
as a factor influencing the measurements reliability. An exoskeleton, as a rigid mechan-
ical system, has the same effect on the user’s body at all times during standardized use.
However, we cannot rule out the possibility that the interaction between the user and the
exoskeleton may vary on inter-day measurement due to intrinsic factors, which would skew
the results. Results of biomechanical studies using exoskeletons vary widely even when
using similar or the same exoskeletons [19], which can also be explained by individual user
characteristics [10].

Several investigations have already demonstrated significant biomechanical inter-day
variation in dynamic and static work tasks without an exoskeleton [16,20–22] using methods
such as interclass correlation coefficient (ICC), coefficient of variation (CV) and standard
error of measurement (SEM). However, these methods do not enable such a detailed
analysis, as required for clinical inference, or the determination of reliability at different
stages of a work movement, because they are pooling discrete time points (e.g., peaks) or
the entire time series (e.g., root mean square or mean frequency). Previous studies applying
exoskeletons in inter-day measurements have only used subjective evaluation criteria to
assess the exoskeletons effect [23–26]. To date, only one study by Kozinc et al. [27] has
addressed inter-day repeatability and found good reliability in the repeated administration
of a test battery for functional assessment of a back supporting exoskeleton. However, they
did not measure any biomechanical parameters.

Whether the interaction between exoskeletons and user influences the reliability of the
measurements of kinematics and MA on consecutive days has not yet been determined in
any study. The objective of this study is therefore to investigate the inter-day variation for
MA and kinematics of trunk and leg, in lifting, carrying, walking, and static bending, and
examine whether the utilization of a passive back exoskeleton may have an impact on day-
to-day results comparability. In order to assess potential inter-day differences throughout
the entire duration of the motor tasks, we utilized statistical parametric mapping (SPM) to
compare the parameters of each task between day one and day two, both with and without
the exoskeleton.

2. Materials and Methods

2.1. Passive Back Exoskeletons

To ensure that any results were related to the use of a specific exoskeleton model, we
decided to select two different back exoskeletons with similar mechanisms for this study,
the V2.5 (Laevo) and the PaexoBack (Otto Bock). Both models are attached to the user’s hip
and secured to the upper body with a chest pad. The leg shells of both models are attached
to the thighs in a similar position. Both exoskeletons transfer forces from the lower back
to the chest and leg pads. A feature of both exoskeletons was that the support could be
switched on and off manually while wearing them.

5
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2.2. Subjects

Twenty subjects participated in the study, representing an average user population
for the occupational sciences. We therefore recruited the participants from a subject list of
the Federal Institute for Occupational Safety and Health including individuals of working
age, mostly with either recreational or with no previous sport experience. They were,
respectively, ten healthy men and women aged 26 to 49 years (age 34 ± 7 years, height:
174.7 ± 8.2 cm, weight: 74.4 ± 11.6 kg, BMI: 24.2 ± 2.4 kg/m2), mostly with either recre-
ational or no previous sport experience. Subjects were asked to abstain from physical
activity the day before and the days of the tests, to avoid the effects of cumulative muscle
fatigue. All subjects signed an informed consent form before the test. Ethical approval was
obtained from the local institutional ethics committee.

2.3. Procedure

Subjects performed four different tasks (lifting, carrying, walking, and static bending
task), with and without wearing an exoskeleton on two consecutive days. All subjects
started with the lifting task, followed by the carrying, walking, and static bending tasks.
The order of the two conditions (with and without exoskeleton) within the tasks was
systematically varied across subjects. The subjects were randomly assigned to one of two
exoskeleton groups, PaexoBack and V2.5, by drawing a number. The number 1 represented
the PaexoBack group, while the number 2 represented the V2.5 group. This randomization
process ensured an unbiased distribution of participants across the two exoskeleton groups.
The time interval between the two examinations was 24 h to 48 h.

In order to familiarize the subjects with the exoskeleton and to minimize any training
effect during the measurements, the entire study procedure was performed over two
additional training days. On each of the two training days, the entire study protocol was
conducted. This included both the testing of MVIC normalization contractions and the
complete procedure of the work tasks with and without the exoskeleton, as described in
Sections 2.3.1–2.3.4.

On the first training day, the exoskeleton was adjusted to the participants’ body
dimensions according to the manufacturer’s instructions, and these same settings were
used for all subsequent days.

2.3.1. Task 1—Lifting and Lowering a Box

The first task was a repetitive box-lifting and lowering task with a load of 10 kg for
male subjects and 5 kg for female subjects (Figure 1). The subjects stood in front of the box
and performed six lifting and lowering cycles using their own technique: The lift started
in an upright position. The subjects lifted the box and straightened up into an upright
position. After a two-second standing phase with the box in the hand, the lowering phase
began. The box was returned to the ground position and the subjects straightened up again.
After standing upright without the box, the next cycle started.

Figure 1. Task 1: lifting and lowering a box with the exoskeleton PaexoBack.

6
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2.3.2. Task 2—Carrying a Box

The subjects were instructed to carry a box with a load of 10 kg for male and 5 kg for
female over a distance of 20 m at their own pace (Figure 2). The subjects lifted the box at
the marked starting point and straightened up into an upright position to start walking. At
the end of the walk, the box was placed back on the ground in a marked position.

Figure 2. Tasks 2 and 3: carrying a box (left) and walking without load (right) with the exoskeleton
PaexoBack.

2.3.3. Task 3—Walking without Load

The same distance as when carrying the box was completed by the subjects without the
box at their own pace (Figure 2). As we wanted the study to represent realistic use scenarios
of the exoskeleton and in working conditions, the support function of the exoskeleton was
switched off for the walking distance.

2.3.4. Task 4—Static Bending Task

Subjects were instructed to stand at a marked position in front of an engine block
(Figure 3). They assumed a forward bending trunk posture (30–40◦) and removed spark
plugs from the engine block. The total duration of the task was 60 s.

Figure 3. Task 4: Static bending task with the exoskeleton PaexoBack.

2.4. Measurements
2.4.1. Kinematics

The movements were recorded using a full body inertial motion capture system
(MTw Awinda, Xsens Technologies, Enschede, Netherlands). The 17MTx sensors were
placed directly on the skin using skin adhesive, to achieve the most accurate measurement
result possible (Figure 4) and position standardized via procedural instructions. Prior to the
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experiment, participants’ body dimensions and calibration poses were measured according
to Xsens calibration protocol with the MVN software (MVN Analyse Pro 2021.0.1), to fit
and scale the MVN biomechanical model to the subject. The kinematic data was collected
at a sample rate of 60 Hz and exported in an excel format.

Figure 4. Sensor placement of sEMG and Xsens sensors.

2.4.2. Electromyography

We equipped the subjects with sEMG sensors, connected to a mobile sEMG system
(Ultium, Noraxon). Beforehand, skin was prepared to achieve stable electrode contact and
high skin conductance by lowering the impedance. For this purpose, hair was removed
from the skin positions to be covered with a disposable razor. The skin was cleaned with
alcohol and treated with an abrasive gel. This method is suggested for clinical use [28].
Adhesive gel dual disposable electrodes served as sEMG electrodes; we placed these on
dominant body side on the M. erector spinae thoracic (EST) and lumbar (ESL), M. obliquus
externus abdominis (OE), M. vastus medialis (VM), M. biceps femoris (BF), M. tibialis
anterior (TA), and M. gastrocnemius medialis (GM) according to SENIAM guidelines
(Figure 4). We took care to place the electrodes on the midline of the abdominal area,
perpendicular to the length of the muscle fibers between the muscle tendon junction and
the nearest innervation zone. The muscles were chosen and the electrodes were attached,
standardized in such a way that they did not come into contact with the exoskeleton.

An MVIC was performed for all muscles prior to the test. Based on the results of a
previous study [17], the performance of the MVICs was also trained on the two previous
days, in order to achieve the highest possible level of standardization.

The rectified sEMG signal was set to a sampling rate of 2.000 Hz per channel and
filtered using a fourth-order Butterworth filter with a bandpass of 20–500 Hz for GM and
TA. To remove heart artefacts in OE and RA signals, a hampel filter was applied, which is a
useful method to remove sEMG signal outliers [29]. SEMG signal was root mean squared
(RMS) with a window size of 250 ms and normalized using MVICs.

2.5. Data Processing

For tasks 2 (carrying a box) and 3 (walking without load), the gait cycles were con-
sidered as follows: A step of a gait cycle started with the right foot terminal contact and
its subsequent terminal contact (toe off to toe off). The first and last step of a gait cycle
were not considered. A total of eight steps per subject were included in the further analysis.
The lifting cycles were divided into lifting and lowering, as described in Section 2.3.1. Five
lifting and lowering cycles per subject were included in the analysis. For the bending task,
the middle 50 s were selected and divided into 2 s segments. The first and last 2 s segments
were selected for further analysis.

The joint angles and muscle signals acquired during each measurement were normal-
ized to a standardized time scale of 101 points. Subsequently, all time-normalized data was
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averaged per measurement day, comprising the eight gait cycles and five lifting/lowering
cycles for each subject. This resulted in a single time-normalized dataset per measurement
day for each individual, which was utilized for further comparative analysis using SPM.
All data processing steps were programmed and executed in R (R Core Team) [30].

Statistical Parametric Mapping

To assess the reliability of the measurements, we employed statistical parametric
mapping (SPM) to compare the parameters of each task between day one and day two.
SPM offers a comprehensive statistical analysis framework that enables the identification of
significant differences across the entire duration of the motor task. All SPM analyses were
conducted in MATLAB Version: 9.13.0 (R2022b), using the open-source software package
from spm1D 0.4 [31]. Prior to the analysis, all data were tested for normal distribution.
Paired t-tests were then used to compare the paired conditions of day one and day two.

The entire time series data representing the lifting, carrying, and walking cycles, as
well as the static holding sections, were compared for both kinematic and sEMG data
of day one and day two. At each time point, a scalar output statistic called SPM{t} was
computed and evaluated by determining the critical threshold at α = 0.05 significance
level. If the trajectory of SPM{t} crosses this critical threshold at any time point, they were
marked as statistically significant. For significant areas, the effect size Cohen’s d (d) was
also determined.

3. Results

All subjects completed the training sessions and both measurement days. One subject’s
gait data could not be used for further analysis because the gait pattern was too abnormal.
Therefore, this subject was excluded from the analysis of tasks 2—carrying a box—and
3—walking without load. For the other tasks, all the data collected were used. The results
for each task are presented below. The blue plots represent the comparison of day 1 and
day 2 with the exoskeleton, and the red plots the comparison without the exoskeleton.
Regions of significant difference from the SPM results are indicated with background
shading (Figures 5–9).

In combination with the shaded regions indicating significant differences, the SPM {t}
value plots directly below each plot can be used as an indicator of practical significance. If
a significant difference can be detected in a region, Cohen’s d is also shown in the plot next
to the corresponding p-value, as representation of the effect size. For the kinematic data,
we present the variables that are particularly relevant to the exoskeleton and have been
used in previous studies [1]. These include ankle, hip, knee and spine flexion.

The first task we analyzed was the lifting and lowering (task 1). In the kinematic data,
there was no significant difference between the measured joint angles on day 1 and day
2 for lifting. However, for lowering the box, a significant difference in knee flexion was
measured with the exoskeleton, as seen in Figure 5. The joint angle at the start of weaning
is significantly greater on day 1 (p = 0.038, d = 0.384) than on day 2. The difference is also
visible on the left side of the body at the same point, but is not significant. This section
may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can
be drawn.

For the sEMG data, there is a significant difference in MA of the BF in the downward
movement on day 1 and day 2 for both lifting and lowering in Figures 6 and 7 (lifting:
p = 0.001, d = −0.243; lowering: p = 0.040, d = −0.268) without the exoskeleton. For the
other muscles there were no measurable significant differences in MA from day 1 to day 2.
For the task of carrying a box, we found a significant difference in knee flexion for the
exoskeleton measurement in the kinematic data (Figure 8). There was significantly higher
knee flexion in the terminal contact area for the right knee on day 2 (p = 0.037, d = −0.14).
For the left body side, we could not confirm this effect.
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Figure 5. SPM t–test results and profile plots of kinematic data in lowering a box, comparing joint
angles (◦) of the right body side in knee flexion on day 1 (blue resp. red lines) and day 2 (black lines).
The blue plot represents the comparison of the measurements with exoskeleton, and the red plot
shows the measurements without exoskeleton (n = 20).

 

Figure 6. SPM t–test results and profile plots of MA in lifting a box, comparing normalized sEMG
(%) of leg muscles BF on day 1 (blue resp. red lines) and day 2 (black lines). The blue plot represents
the comparison of the measurements with exoskeleton, and the red plot shows the measurements
without exoskeleton (n = 20).
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Figure 7. SPM t–test results and profile plots of MA in lowering a box, comparing normalized sEMG
(%) of leg muscles BF on day 1 (blue resp. red lines) and day 2 (black lines). The blue plot represents
the comparison of the measurements with exoskeleton, and the red plot shows the measurements
without exoskeleton (n = 20).

 
Figure 8. SPM t–test results and profile plots of kinematic data in carrying a box, comparing joint
angles (◦) of the right body side in knee flexion on day 1 (blue resp. red lines) and day 2 (black lines).
The blue plot represents the comparison of the measurements with exoskeleton, and the red plot
shows the measurements without exoskeleton (n = 19).
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Figure 9. SPM t–test results and profile plots of kinematic data in walking without load, comparing
joint angles (◦) of the right body side in ankle flexion on day 1 (blue resp. red lines) and day 2 (black
lines). The blue plot represents the comparison of the measurements with exoskeleton, and the red
plot shows the measurements without exoskeleton (n = 19).

We found similar results to those in walking without load. The difference was signifi-
cant in the kinematic data with the exoskeleton in the area of terminal contact, but this time
in the joint angle of right ankle flexion (Figure 9). It was significantly greater on day 2 than
on day 1, when the exoskeleton was worn during the measurement (p = 0.038, d = −0.261).

In contrast, the measured MA was comparable for all muscles on day 1 and day 2
detected in the carrying and walking tasks.

For the static bending task, no significant differences were found in either the kinematic
data or the MA data. This was true for both the baseline (the first 2 s after the start of
the measurement) and the end of the measurement (the last 2 s of the measurement).
Here, all differences between day 1 and day 2, with and without exoskeleton, were in a
non-significant range with p ≥ 0.05.

4. Discussion

This study was designed as a preliminary study for a long-term biomechanical eval-
uation of exoskeletons in the workplace. We investigated the inter-day variation for MA
and kinematics of trunk and leg, in lifting, carrying, walking, and static bending, with and
without a passive back exoskeleton and examined whether the utilization of a passive back
exoskeleton may have an impact on the day-to-day results comparability.

When biomechanical methods are obtained on different measurement days in a long-
term study, we need to be sure that these effects are not due to fundamental measurement
variations caused by confounding factors. We therefore based our study design on previ-
ous research and considered several factors that can improve the reliability of inter-day
biomechanical measurements [10].

Firstly, we emphasized the importance of standardized setup and use of the exoskele-
ton so it was adapted to the individual requirements of each subject according to the
manufacturer’s specifications and the optimal, most comfortable support performance.
Over the course of two familiarization days, any discomfort in using the exoskeleton was
identified and appropriate adjustments were made. This is important because several
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studies have reported discomfort with the exoskeleton [23,32], which could affect the
exoskeleton–user interaction. We established a high level of standardization in the exoskele-
ton’s assistance performance, which has been a critical issue in previous studies. At the
same time, the two training days were designed to counteract any training effects.

In addition to the use of validated measurement systems [9,15], we included stan-
dardized sensor placement via procedural instructions [15] as well as sufficient two-day
familiarization with the working tasks. As a previous study we conducted suggests that
two days of familiarization may provide a high degree of standardization to ensure reli-
able MVIC normalization for an occupational target group [17], we also included MVIC
normalization tasks in the two training days.

The results show minor but significant differences between the measurements of day 1
and day 2. Regarding the IMU measurements, we found differences especially in the
day-to-day measurements with the exoskeleton. For example, we measure significant
unilateral differences during the lifting tasks in the area of knee flexion (p = 0.038), as well
as in the carrying and walking task, in the area of initial contact in knee and ankle flexion
(p = 0.037 & p = 0.036). For the muscle activation, we found significant differences in the
measurements without exoskeleton, in the M. biceps femoris, during lifting (p = 0.001), and
also during lowering a box (p = 0.040).

In order to quantify our resulting significant differences, we also determined the effect
size Cohen’s d. It ranged from −0.0045 ≤ d ≤ 0.384 for all significant p-values. After
analyzing relevant publications, we assume that our d values < 0.3 can be classified as
small effects [33–35], with exception of the measurement of M. biceps femoris when lifting
a box (p = 0.001), where the effect size is d = 0.384. In this context, Button et al. [34] also
discuss the influence of sample size on the effect size. They report that a decrease in the
effect size is to be expected as the sample size increases. In our case, this means that the
measured effect size of M. biceps femoris > 0.3 can also be regarded as low, as our sample
is a small number of subjects (n = 20) according to ibid.

The minor yet significant differences, with small effect sizes, affirm that the impact of
the exoskeleton on the user’s body remains relatively consistent from day to day. However,
considering the context of previous studies, it is crucial to take into account the measured
differences for long-term investigations. This is particularly important as earlier studies
predominantly report unfavorable outcomes when assessing the reliability of biomechan-
ical parameters in inter-day measurements, especially in dynamic tasks. For example,
Sood et al. [36] found poor day-to-day reliability of muscle activity in the shoulder mus-
cles in a laboratory-based simulation of overhead work at different working heights.
Van Helden et al. [16] performed dynamic voluntary movements of the trunk during
functional reaching tasks and measured moderate to poor reliability of the back muscles.
Brandt et al. [22] also found moderate results when assessing the muscle activity of the
back muscles during box lifts with different weights and lifting tasks. Ghofrani et al. [37]
also confirmed these results regarding the muscle activity. In terms of kinematic day-
to-day reliability, Graham et al. [38] revealed significant differences when evaluating a
repetitive dynamic trunk flexion/extension task in automotive manufacturing. Howarth
and Graham [21] also found poor to moderate results in the evaluation of joint angles
during a repetitive pipetting task on three different days. In this context, they also highlight
the importance of standardized sensor placement. Koumantakis et al. [20] found poor
repeatability in the repetition of predefined joint angles during trunk flexion exercises.
Certainly, when comparing our findings to previous studies, it is important to consider
that we compared the parameters of each task between days one and two across their
entire duration. By using statistical parametric mapping (SPM) and analyzing the entire
time series data, we were able to avoid potential limitations that may arise from reducing
movement phases to discrete points in time or summarizing time series, as done in previous
research. Instead of focusing solely on specific points or summary statistics, SPM allows
for a comprehensive analysis of the complete temporal profile of the measurements. This
approach provides a more detailed and accurate representation of the data, ensuring that
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potential impairments or biases resulting from data reduction methods are minimized. The
ability to detect significant differences in the temporal profile of the movement allows for
a more nuanced understanding of the data. However, it also means that drawing gener-
alized conclusions becomes more difficult in terms of comparing our results to those of
previous studies.

In addition our chosen analytical method, it should be noted that the high degree
of measurement standardization in our study influences the comparability of our results
to those of previous studies. By executing two familiarization days, we counteracted
habituation affecting the inter-day measurement sEMG and kinematic results. During
the familiarization phase, we placed special emphasis on acclimating the participants to
the measurement systems with their calibration and the MVIC normalization procedures,
which are essential for the standardized execution of measurements. We have endeavored
to achieve consistent and highly standardized MVC measures for sEMG normalization as
important prerequisite for inter-day reliability, because we expected our subjects to possible
lack of experience in producing high muscle forces limits the ability to reproduce a rela-
tively constant MVIC [39]. It is therefore reasonable to assume that our normalized sEMG
data additional value to a high level of reliability. Appropriately, Van Helden et al. [16]
report in their study, in which such MVIC-familiarization was not performed, that the
relative inter-day reliability was higher for absolute sEMG amplitudes compared to nor-
malized sEMG amplitudes. This finding underscores the importance of familiarization in
MVIC normalization.

However, other previous studies do not describe any familiarization approaches
when measuring inter-day reliability of muscle activity [16,37] or kinematics [20,21]. Ibid
counteracted day-to-day changes through habituation effects by performing a sufficient
number of repetitive tasks during the measurement, but no separate training was performed
prior to the measurements for movement familiarization. Therefore, we assume that the
extensive measures for familiarization contribute to a minor inter-day variance in our study,
whereas habituation occurring during the day-to-day measurements may possibly explain
the moderate to poor results in reliability of previous studies.

The results demonstrate that the interaction between the user and exoskeleton during
inter-day measurements can result in significant differences. While we classify the observed
significant differences as minor, we conclude that achieving consistent inter-day measure-
ments is possible, despite minor variations in measurements obtained using exoskeletons.
Still, our results strongly indicate that high standards of measurement are mandatory in a
long-term study with exoskeletons. It is necessary to carry out further studies in this field,
optimally under field conditions with a large sample size, to enable a generalizability of
the results.

5. Conclusions

We show the feasibility of reliable biomechanical measurements over repeated days
with and without a back-supporting exoskeleton. To ensure reliable measurements, a high
degree of standardization is required, including standardized placement of sEMG and IMU
sensors and sufficient familiarization with the work tasks and the exoskeleton. Despite
potential non-significant differences through a relatively large standard deviation in our
sEMG results, we offer an approach to achieve a high degree of day-to-day reliability in
measuring long-term biomechanical effects.

By using an ergonomically relevant subject population, we are able to transfer the
results to further field evaluations. At the same time, by using two different exoskeleton
models, we can assume that the interaction of the passive back exoskeletons with the users
is independent of the model. Due to the unique characteristics of our study, further studies
under field conditions are necessary to confirm our findings.
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Abstract: In recent decades, the field of physical rehabilitation, with the help of robotic systems
that aid the population of any age with locomotor difficulties, has been evolving rapidly. Several
robotic exoskeleton systems of the lower limbs have been proposed in the patent literature and
some are even commercially available. Given the above, we are asking ourselves at the end of the
COVID-19 pandemic: how much has this pandemic affected both the publication of patents and
the application of new ones? How has new patents’ publication volume or application in robotic
exoskeleton systems changed? We hypothesize that this pandemic has caused a reduction in the
volume of new applications and possibly publications. We compare pandemic analysis and the
last decade’s analysis to answer these questions. In this study, we used a set of statistical tests
to see if there were any statistically significant changes. Our results show that the pandemic had
at least one effect on applying for new patents based on the information analyzed from the three
databases examined.

Keywords: exoskeleton; lower limb; rehabilitation robotics

1. Introduction

According to the literature, exoskeleton systems can be classified into two broad cate-
gories: medical and non-medical systems, depending on the field of applicability. Medical
ones include the exoskeleton systems used for rehabilitation, compensation, paraplegics,
and amputees. In contrast, the type of non-medical ones consists of those used in the army
(help soldiers transport heavy equipment on rough roads, improving mobility), rescue
operations (rescuers can use it to transport supplies or firefighters can use it to transport
firefighting equipment), construction (workers can use it to transport construction materi-
als), and support (for healthy older adults). Although the study of the exoskeleton of the
lower limbs came from the military, in recent years, the medical field has become a priority.
In the following, we will focus on the systems of the exoskeletons of the lower limbs mainly,
and only the patents of the exoskeletons that treat the whole leg or certain parts of the
lower limb are considered. Exoskeletal patents involving the upper body, although vital
in themselves, do not significantly contribute to mobility and are therefore omitted from
this study.

The oldest exoskeleton patent was probably registered by Nicholas Yagn from Russia
in 1890 [1] under the name “Apparatus for facilitating walking, running and jumping”
(Figure 1a). As it stands in the original request, this patent aims to increase the efficiency of
walking, running, and jumping, thus reducing the inherent fatigue that arises as a result
of these actions. Such a “device”, which acts parallel with the human body to aid human
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locomotion, is now called the exoskeleton and can be considered a starting point for modern
exoskeleton systems [2,3].

Exoskeleton lower-limb rehabilitation robots constitute a significant class of robotic
rehabilitation systems. Rehabilitation of the lower limbs with the help of robotic exoskele-
tons appeared over 40 years ago as an alternative to conventional manual gait training [4,5].
These exoskeletal systems connect to the human body in a portable way. Compared to
traditional therapy, walking rehabilitation using a robotic exoskeletal system can provide
highly controlled training (being able to control the movement of all joints in the training
and recovery process), repetitive and intensive [6], and can reduce the physical load on
the therapist and provide accurate and fast progress of patients [7,8]. Among the latest
patents applied for and published in 2021 (according to the Google Patents platform), it
is registered in South Korea. It is entitled “Lower extremity exoskeleton robotic device”
(Figure 1b). The patent application states that the present invention relates to a robot device
with a lower exoskeleton used for rehabilitation exercises. The exoskeleton robotic system
is a device mainly used for rehabilitation by supporting the muscular strength of the wearer
when the lower extremities are paralyzed by accident or when the muscular strength of the
lower extremities is insufficient due to old age. This device can also be used for industrial
or military purposes, such as running [9].

Figure 1. (a) US420179—Apparatus for facilitating walking, running and jumping (see the refer-
ence [1]); (b) KR102292983B1—Lower extremity exoskeleton robotic device (see the reference [9]).

Several revisions have emerged over the last decade that address various aspects of
lower extremity rehabilitation and support devices. For example, in 2013, Chen et al. [4]
focused on robotic lower extremity care exoskeletons used in rehabilitation therapy. In 2015,
Yan et al. [10] presented a comprehensive analysis of all lower-limb exoskeletons developed
after the 1990s; all devices analyzed were classified based on four criteria: mechanical struc-
ture, robot control system, user validation, and sensory devices used. Moreover, in 2015,
Meng et al. [11] analyzed the recent evolution of control mechanisms and strategies for
robotic lower-limb rehabilitation devices. Then, in 2016, Rupal et al. [12] conducted a review
of exoskeleton robots’ construction and technological features for existing lower extremities,
classifying them based on amplifying and rehabilitating human power into commercial
or prototype versions. Moreover, in 2016, Chen et al. [13] described the evolution of the
exoskeletons of the lower limbs in terms of their structure, the control algorithms used,
the detection technology to determine the wearer’s intention to move, and the detection
technology, the remaining challenges in this area. The walking rehabilitation exoskeletons
presented in this review were classified as treadmill and ground training/assistance ex-
oskeletons. Then, Shi et al. [14] published a comprehensive study in 2019 summarising
the current state of exoskeleton robots for lower limbs, focusing on human gait analy-
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sis and the design of the drive system and control of these devices. Moreover, in 2019,
Sanchez-Villamañan et al. [15] analyzed 52 wearable exoskeletons of the lower limbs in
their review, focusing on three main aspects of compliance: drive, structure, and interface
attachment components. The authors highlighted the disadvantages and advantages of
different solutions and suggested several promising lines of research. In 2021, Koch and
Font-Llagunes [16] conducted a review in which the primary purpose was to provide a
comprehensive overview of the technological status of exosuits and the clinical results
obtained when applied to users with reduced mobility based on 19 studies identified by the
authors as relevant. Finally, in March 2022, Kian et al. [17] published a study that provides a
comprehensive review of how portable sensor technology has contributed to the activation
and control of motorized ankle exoskeletons developed over the past two decades. The
authors also investigated the control schemes and operating principles used in the revised
motorised ankle exoskeletons and their interaction with the integrated sensor systems.
Other reviews have focused on reviewing the technological aspects of exoskeletons from
a general perspective [2], while others have concentrated on bipedal locomotion [18,19]
or designing specific joints [20]. This review provides an overview of robotic lower-limb
exoskeletal systems for rehabilitation that are intended primarily for use by people with
gait disorders.

Compared to other studies, we set out to analyze the effect of the COVID-19 pandemic
on the publication and application of new patents. According to the World Health Organi-
zation, the year 2020 began with the extremely rapid spread of the COVID-19 pandemic
and, by 2022, has already reached multiple peaks. This pandemic has affected almost
every aspect of life, from industry, economics, and tourism to politics, arts, sports, and
in particular health, and yet there has been a global union and effort, especially from
the scientific research community, to find ways to deal with it. As such, the patterns of
innovative research have also been severely affected by this crisis. Therefore, this sys-
tematic review was conducted to answer the following questions: (1) how much has this
pandemic affected the publication of patents and the application of new ones? (2) how has
new patents’ publication volume or application in robotic exoskeleton systems changed?
According to our literature analysis, scientometric analysis has not been performed on
research involving robotic exoskeleton patents for lower limbs. Thus, our study is the first
evaluation analysis of this field of research using this method. We aim to provide an objec-
tive picture of the development of science and the productivity of researchers, as well as to
evaluate the topicality of this field of research on the following aspects: (1) a historical map
of the subject; (2) a ranking of countries in terms of patent application/publication; (3) the
distribution between exoskeletons dealing with the whole of the respective lower system,
which deals in part with segments; (4) the time elapsed between the filing and publication
of the patent; (5) type of exoskeleton structure: rigid or suit, and mode of wearing: portable
or non-portable; (6) patents applied/published during the COVID-19 pandemic. We hope
that this study could provide a guide for researchers when they want to file a new patent on
robotic exoskeleton rehabilitation for lower limbs, and, at the same time, encourage them
in the sense that whenever a situation arises—a crisis (even worldwide) or any impediment
of any kind—solutions will be found to help continue their research work. Although work
information (patents) collected from public platforms are known and can be accessed by the
general public, this paper seeks to generate debate focused on improving current systems
and also on how to cover the shortcomings of other identifiable solutions.

2. Review Methodology

2.1. Search Strategy
2.1.1. Inclusion Criteria

All patterns must be:

Filter 1: published in or translated to English and directly related to rehabilitation of
lower-limb exoskeletons robot systems.
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Filter 2: related to the International Patent Classification (IPC) A61H3/00—appliances
for aiding patients or disabled persons to walk about; A61F 5/0102—orthopedic devices
for correcting deformities of, or supporting, limbs; A61F 5/0106—for the knees, A61F
5/0111—for the feet or ankles.
Filter 3: describing the design, manufacturing method, and control of an exoskeleton.
Filter 4: able to be registered in any patent office in any country.
Filter 5: granted.
Filter 6: in the COVID-19 pandemic period 12 March 2020–12 March 2022.

2.1.2. Exclusion Criteria

All patterns must not be:

Filter 7: patent application or limited patent.
Filter 8: inactive, discontinued or pending legal status.
Filter 9: related to upper rehabilitation limb (hand or arm) exoskeletons robot systems.
Filter 10: published in a non-English language and those whose translations to English
were very inadequate.
Filter 11: with an application date before 2012.

2.1.3. Information Databases and Search Methodology

We considered that portable exoskeletons are all those that have a rigid external struc-
ture, but also soft exoskeletons or exosuits were included in the present study. Exoskeletons
that have used bodyweight support or a treadmill have been excluded to focus only on
patents with the effect of wearable technology.

We searched for pattern publications in three online databases: Google Patents,
PatentScope, and Lens, from 1 March 2012 until 31 March 2022, using the following search
terms: (exoskeleton) AND (robot) AND (walk OR gait) AND ((leg OR lower) AND (limb OR
extremity)) AND (rehabilitation).

With the above keywords and filters: 1, 2, 4, and 9, we initially retrieved 1021 patents
on Google Patents, 128 patents on PatentScope and 161 patents on Lens. After applying
filters 5, 7, and 8, we get the following: 281 patents on Google Patents, 128 patents on
PatentScope, and 74 patents on Lens.

An example of the application of the search methodology presented above can be
seen in Figure 2 for the Lens platform. Initially, we obtained 161 patents that fulfilled
the respective filters: of which 84 appear as patent applications, and the remaining 77 are
published patents. Moreover, out of the 161 patents, 120 complied with the requirement of
filter 8. After applying filters 5 and 7, we obtained a number of 74 patents. Further, using
filters 6 and 12, we get 74 patents. The numerical distribution of these patents by year of
publication and by inventors can be seen in Figure 2.

Figure 2. (a) Publications in COVID-19 pandemic period—highlight a selection to filter 6;
(b) Inventors—patents count.
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2.2. Data Collection

The data obtained from the queries of the three patent platforms are presented in the
tables in Appendix A (Tables A1–A3). Moreover, in the tables in Appendix A, a classification
of the exoskeletons was made according to the area of the lower limb that treats it (in whole
or part), the type of rigid or suit structure and the portability mode: portable, portable
with wheels (which also contain a set of auxiliary wheels for locomotion) and non-portable
(which are fixed and can only be used in the spaces where they were placed).

2.3. Analysis Method

We used both a short-term analysis technique, focusing on the pandemic period
13 March 2020–13 March 2022, and an analysis technique in the longer term by which we
compared the publication patterns of the last decade (2012–2022). Our study used a set of
statistical tests to find statistically significant changes. These tests were performed both
short-term and longitudinally on each of the three platforms, Google Patents, PatentScope,
and Lens. At the short-term level, these tests indicate whether there are statistically signifi-
cant differences when comparing the number of patents applied with those published. At
the longitudinal level, these tests show whether there are statistically significant differences
when comparing patents published before the pandemic with those published during
the pandemic.

3. Results

To answer the two questions that were the main objectives (Section 1), we used
the method of analysis presented in Section 2.3. Following these tests, we obtained the
following results presented in the subsections below.

3.1. Google Patents Platform

In the first analysis of the data collected, one can see a particular concern for the
development of exoskeletons of Asian researchers. We studied the applications for granting
patents worldwide aimed at exoskeletons. We observed that out of 281 published patents
(for the period 2012–2022), researchers from Asia applied for a percentage of 70% of them.
We can see these data in Table 1 and Figure 3, respectively.

Table 1. The number of application patents by region.

Regions Number of Application Patents

Europe 27
Asia 197

SUA+Canada 57
Total 281

Figure 3. Percentage distribution by region after applying filters 5, 7 and 8.
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The distribution of these requests, divided by country, reveals, and reinforces the
fact that there is a concern in finding the best and most refined solutions to the problems
that exoskeletons can solve. Furthermore, Chinese researchers are very active, and an
extraordinary number of applications support this. Our statements are reinforced by the
data in Table 2 and the graphs in Figure 3.

Table 2. The number of application patents by country.

Country Code Number of Application Patents

CA 3
CN 129
DE 1
ES 16
EP 10
JP 13
KR 50
RU 4
TW 1
US 54

Once we have established the areas of interest, we can move on to data analysis.
An important aspect is the date on which the patent applications were filed. The period
analyzed in this study is from the year beginning 2005. It seems a timid beginning for what
this field can offer today. Still, the researchers of a US team started with gait rehabilitation
methods and apparatuses, the essential operation for the development of new techniques
and technologies. It was a timid start because the patent was validated after nine years.
From Table 3, it can be easily seen that when new roads are opened, a period of adaptation
and understanding of the proposed new techniques and technologies is needed. From here,
a series of waiting for the results appears. From our study, the period in which nothing
was published is quite long (applications submitted in the period 2005–2011 began to be
approved only in 2012), strengthening the abovementioned beliefs.

Table 3. The number of patent applications and publications distributed per year.

Year Application Date Publication Date

2005 1 0
2006 1 0
2007 1 0
2008 2 0
2009 9 0
2010 2 0
2011 2 0
2012 6 3
2013 17 5
2014 16 10
2015 23 9
2016 59 9
2017 42 22
2018 51 40
2019 34 48
2020 12 65
2021 4 58
2022 0 13

What we found earlier entitles us to refine our study further, and we will take for
analysis the last decade, i.e., the period 2012–2022. In 2012, there were more patent
applications in North America and Asia.

We now consider only patent applications. At the beginning of the analyzed period, a
typical trajectory of things can be observed in Table 3. We can say that the ascending trend
was set in terms of research in exoskeletons and filing patent applications. However, we
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see that starting in 2020, the presence of the pandemic is starting to make itself felt. For
example, if in 2018, 51 applications were submitted, and in 2019 they decreased to 34 (i.e.,
the applications decreased by more than 30%), then in 2020 and 2021 they were likely to
be drastically reduced. One of the ideas that emerges from the analysis of the above data
would be the one that affected entire areas during the pandemic, namely the limitation of
the interaction between the members of the research teams.

The analyzed phenomenon has two components (the patent filing component and
the one for their approval); the second one must be investigated. If we examine the above,
we can conclude that the pandemic was a disaster on all levels, but there is still a positive
aspect. Analyzing Table 3 and the data collected on granting patents, we can observe an
increasing trend even during the pandemic. We can say that we tried to help put into
practice as many scientific ideas as possible used by all humanity during this period.

Another interesting issue is the problem that these exoskeletons deal with of exoskele-
tons. Here are two approaches:

− Treatment of the entire lower system
− Partial treatment of the lower system (its different subsystems).

During the analysis period (2012–2022), out of the 264 patents applied in the Google
Patents platform, 82% treated the entire lower system, and another part focused on different
subsystems. This aspect can also be seen in Figure 4.

Figure 4. Distribution of patents by design (Complete Exoskeleton versus Exoskeleton Subsystems).

Another aspect can be observed by analyzing Tables 4 and 5, namely that the pandemic,
in a way, prevented the development of things. Until 2018, we follow an increasing trend
in the analysis and implementation of complete exoskeletons and the performance and
improvement of research in subsystems. From 2019 we can see, unfortunately, a downward
trend. This trend is seen to have affected subsystem research more strongly. From the
analyzed patents, the research teams focused on updating entire exoskeleton structures to
help patients move in conditions where they could no longer move to specialized centers.

Table 4. Distribution by year of the number of patents according to the time elapsed between
application and publication conforms with the Google Patents platform.

Application Date
The Time Elapsed between the Application and Publication of the Patent

Number of PExo_t Number of PExo_p
Minimum Period Maximum Period

2012 1 year 5 years 5 1
2013 1 year 7 years 15 2
2014 1 year 7 years 11 5
2015 2 years 7 years 20 3
2016 1 year 5 years 50 9
2017 1 year 5 years 32 10
2018 1 year 4 years 41 8
2019 1 year 3 years 29 4
2020 4 months 2 years 9 5
2021 7 months 1 year 4 1
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Table 5. Distribution of patents by year of publication.

Year PExo_c.t PExo_c.p

2012 3 0
2013 2 3
2014 9 1
2015 9 0
2016 5 4
2017 19 2
2018 34 6
2019 37 10
2020 55 11
2021 48 11
2022 11 2

Regarding publishing patents, we can say that an increasing trend is observed, as
shown in Table 4. The data analysis makes us say that this trend was ensured by the
conditions imposed by the appearance of the COVID-19 pandemic.

Furthermore, we will resume a previously mentioned aspect, namely that the research,
during the pandemic, was directed towards ensuring the movement of patients and, there-
fore, this research was focused on the entire lower system and not only on its subsystems.
It is also easy to see that more patents deal with the total lower exoskeleton than those
dealing with the exoskeleton that treats the same leg parts.

The subject of interest is the time interval between the date of application of a patent
and the date of its publication. The patents analyzed by us in this platform reveal a
fascinating fact. During the pandemic, the time elapsed between the moment of application
for a patent and the date when it was published was reduced. Therefore, we can say that
more attention has been paid to these patents to implement the obtained results faster.

Further, in Figure 5, you can see the numerical distribution of patent types based on
the year of publication. Figure 5 shows two peaks of a substantial increase in the number
of patents published on PExoRP in 2018 (32 patents) and 2020 (48 patents). The number of
patents published on PExoRNP follows a growth curve with the maximum growth peak
in 2021 (12 patents). Patents published on PExoPR have gained more interest since 2019.
There has also been an interest in PEoxS since 2013 (one patent) continuing to grow timidly
in 2021 (three patents). We can say that patents published on PEoxRP, compared to other
types, predominate throughout the period.

Figure 5. Distribution by year of the number of published patents according to the type of structure
and portable mode.
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3.2. PatentScope Platform

As we did in the previous case, we analyzed the number of applications and the
number of patent publications on this platform. The distribution by region according to the
year of application of the patent after the use of the filters 5 and 7 can be seen in Figure 6.
The highest percentage of patent applications is registered in South America.

Figure 6. Distribution of patent applications by region after applying filters 5 and 7.

As can be seen from Table 6, the period in which we find information is longer. It
includes requests since the early 2000s. As in the case of the analysis in the previous
subsection, due to the minimal number of applications/publications, we can conclude that
the valuable research period can be considered as starting with the year 2012. Hence, in
this case, the data distribution confirms that the period in which we did the analysis is
correct and fair.

Table 6. The number of patent applications and publications distributed per year.

Year Application Date Publication Date

2000 3 0
2001 0 2
2002 0 0
2003 1 1
2004 0 1
2005 1 0
2006 2 3
2007 0 0
2008 6 3
2009 4 1
2010 0 3
2011 0 2
2012 4 1
2013 16 7
2014 12 6
2015 15 13
2016 14 21
2017 20 10
2018 10 15
2019 7 14
2020 5 9
2021 6 16
2022 0 0

Going further with the data analysis, for the period considered in our study to be
the reference period, we find some ideas previously stated in Section 3.1. In Figure 7, we
can see the direction of declining patent applications as the pandemic begins. In terms of
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patent approval, an upward trend can be seen. Following these findings, we maintain the
idea stated at the beginning of the study, namely that the pandemic negatively affected the
research teams and their results. However, we can also say that the publishing process has
shown an upward trend.

Figure 7. Distribution of patents in the period 2012–2022.

From 2012 to 2022, 74% treated the total lower system, and 26% focused on different
subsystems of the lower limb. This aspect can also be seen in Figure 8.

Figure 8. Distribution of patents in the period 2012–2022.

Next, for a more in-depth study, we looked at the problem that these exoskeletons
treat. We found that most research that debates and applies issues of the entire lower
patient system has been preserved, as shown in Figures 9 and 10.

As we did in the case of the analysis of the Google Patents Platform, we also deter-
mined for this platform the time intervals between the date of filing the patent and the date
of its publication. The results obtained can be seen in Table 7 It is also observed that during
the COVID-19 pandemic, the maximum interval decreased.
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Figure 9. Distribution of patents by year of application and the problem that these exoskeletons
deal with.

Figure 10. Distribution of patents by year of publication and the problem that these exoskeletons
deal with.

Table 7. Distribution by year of the number of patents according to the time elapsed between
application and publication conforms with the PatentScope platform.

Application Date

The Time Elapsed between the Application and
Publication of the Patent Number of PExo_t Number of PExo_p

Minimum Period Maximum Period

2012 1 year 2 years 4 0
2013 7 months 8 years 15 1
2014 7 months 7 years 12 0
2015 8 months 3 years 9 5
2016 6 months 5 years 7 8
2017 6 months 4 years 11 9
2018 4 months 2 years 9 1
2019 6 months 2 years 6 1
2020 6 months 1 year 3 2
2021 7 months 10 months 5 1

Figure 11 shows the following: a fluctuation in the number of patents published on
PExoRP, in the sense that their number increased significantly in 2016, decreased in 2017,
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increased in 2018, and then fell and increased again in 2021. As for the number of patents
published on PExoRNP, it seems to keep the same trend of increase and decrease every
2 years (+/− 1) until 2018, and then there will be a more considerable difference in the
period 2019–2020 (+3), and 2021–2022 (−2). Patents published on PExoPR gain interest
only in 2019 and then decrease. There is also an interest in PEoxS since 2015, continuing
with growth peaks in 2019 and 2021. Overall, we can say that patents published on PEoxRP
predominate throughout the period compared to other types.

Figure 11. Distribution by year of the number of published patents according to the type of structure
and portable mode.

3.3. Lens Platform

Our analysis on this platform is presented in Section 2.1.3 and presented in Figure 12.
However, due to the small number of patents obtained because of the consequences of
filter use, we consider it unnecessary to detail further. Here, it should be mentioned that no
patents have been found on this platform with the application date being 2020–2022 and
complying with the filtering criteria considered.

Figure 12. Distribution of patents by year of publication and the problem that these exoskeletons
deal with.
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According to Figure 12, most published patents dealt with the total foot.
In Figure 13, you can see the numerical distribution of patent types based on the

year of publication. For example, according to Figure 13, there is a decrease in published
patents. Their distribution by structure and applicability is as follows: in 2020, eight
PExoRP, two PExoRP and one PExoS; in 2021, five PExoRP and one PExoRP, and in 2022 it
is completely absent.

Figure 13. Distribution of patents by year of publication, the type of structure, and portable mode.

4. Discussion

Lower-limb exoskeletal robotic systems integrate advanced mechanical structures,
materials, electronics, bionics, control, and even artificial intelligence. In the last decade,
the progress in their development has been remarkable. Significant improvements have
been made in performance and design. This thing is also clear from the reviews that have
been written on this topic. Over time, several studies have looked at the exoskeletons of the
lower limbs for rehabilitation. Some of these reviews have focused on reviewing general
aspects of exoskeleton technology [2,20–23]; others have focused on more specific issues,
such as control strategies [19,24] or joint design [25]. In [20], Meda-Gutiérrez and the team
aim to identify state of the art medical device designs, based on an analysis of patents and
literature. Although they encountered some difficulties in processing records due to a lack
of filters and standardization of names (discrepancies appearing between search engines),
the conclusion obtained from the study reflects a tendency to use the mechanical design of
exoskeletons based on rigid structures, joints, and elements that provide strength for the
movement of the system.

Based on our research in the literature at the time of this study, there have been no
reviews of the COVID-19 pandemic patent study results. The only review [26] found in the
literature studied the influence of the COVID-19 pandemic on publishing research articles.
In this paper, Aviv-Reuven and Rosenfeld analyzed changes in biomedical publication
patterns due to the pandemic.

4.1. The Context of the Main Objective Analysis

The COVID-19 pandemic posed an unprecedented challenge to humanity and science.
As a result of the new outbreaks of Coronavirus, a state of emergency was declared
in almost all countries on 13 March 2020. At the same time, all national institutions
closed their activities with the public, with employees being forced to work from home
through video conferencing, telephone, or online platforms. This has also happened with
national and international patent or trademark registration offices. Moreover, starting on 13
March, these offices announced some different forms of exemption available to patent and
trademark applicants. These exemption forms can be divided into two broad categories:
term extensions and tax exemptions. For example, in the US, extensions were not granted
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automatically but were conditional on the actual existence of the COVID-19 outbreak. In
addition, for an extension to be valid, the party requesting the exemption had to submit
a statement that the delay in filing or payment was due to the COVID-19 outbreak. The
applicant also had to be a micro or small institution that was in the process of processing or
paying pre-examination maintenance fees.

4.2. General Discussion on the Results of the Analysis of the Patent Platforms

A pertinent observation, we would say, would be that the pre-pandemic period was
a perfect time for researchers/research teams. They have been able to develop different
relationships and have been able to carry out their activity without limitations. Therefore,
the results obtained have led to many patent applications. However, this large volume
of applications probably hindered the approval process and hence the time differences
between the application and approval periods (a statement from our study). With the
onset of the COVID-19 pandemic, research teams have been limited in their interactions
physically (at least) and hence there have been fewer patent applications. However, this was
a “plus” (if we can say so) for the patent application evaluation teams having, on the one
hand, a small number of applications to analyze and sufficiently thorough time. Another
aspect that we noticed was that during the pandemic, the difference between the date of
the filing of the patent application and its publication decreased a lot. Despite introducing
tax exemptions, the number of patents granted is not high due to the introduction of term
extensions for regions with a COVID-19 outbreak.

If we analyze the data in Table 7 versus the data in Table 6 that deal with the same
issue, we can see the effects of processing a large volume of data. The publication period
on the PatentScope platform is significantly shorter in most cases; this may be due to
prioritizing patent applications.

Another predominant general idea that emerged from the analysis of the mentioned
platforms is that the number of patents published during the entire analyzed period (as
well as during the pandemic) on rigid and portable structured exoskeletons is much higher
than the rest of the types. This fact is essential and beneficial in gaining the independence of
users from hospital spaces in particular and the physical presence of specialists specialized
in recovery, especially during the pandemic.

Another interesting aspect that emerges from the Google Patents platform is that
although the COVID-19 pandemic had as its starting point in China, the most patent
applications have been filed in this country. On the other hand, according to data extracted
from the PatentScope platform, the country with the most patent applications during the
pandemic was the US. According to Lens platform, no patent application has been filed
during this period.

Over the last decade, research on real-life exoskeletons has grown significantly; this
can be estimated from the number of patents reported in Section 3. The main reason would
be that the lifestyle of modern society is constantly growing and developing rapidly, and
people always want to stay active, independent, and live a quality life. Portable exoskeleton
technology (whether rigid or suitable) is the key to providing individualized mobility
recovery solutions for millions of people immobilized from various causes (injuries, trauma,
disabilities, or ageing) to continue their desired activities. Despite the above, the technology
is in its infancy. There are still factors that are not/are less addressed about obtaining a
fully efficient exoskeleton, in terms of performance and cost.

To see the chronological evolution of the development of this technology, we arbitrarily
analyzed some of the patents on the PatentScope platform, selecting the patents published
at the beginning, middle, and end of the analyzed period.

The first patents published since 2013, as presented, are designed to reinforce joints.
After that, the patents designed for this specific domain gradually became more complex
and complementary. From this point forward, several improvements regarding gait rehabil-
itation have been made, focusing on enhancing previous studies and patents. For example,
suppose the first patent focused on knee joint reinforcement. In that case, the following
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patent is designed to adjust pelvic movement with the same objective: gait training to help
people have a more natural walk movement.

The first patent focuses on knee joint reinforcement, followed by concepts designed to
adjust pelvic movement with the same objective: gait training to help people have a more
natural walk movement.

The Active Knee Rehabilitation Orthotic System (ANdROS) [27] is intended to assist
everyday tasks rather than gait retraining. The invention describes wearable and portable
assistive equipment for gait neuro-rehabilitation that addresses primary gait abnormalities
by reinforcing around the knee joint a preferred gait pattern via correcting torque fields
applied. The patent is a wearable assistive device for gait rehabilitation in patients who
have lost motor control due to a neurological condition, such as a stroke.

A motorized footplate with force feedback and an exoskeleton to regulate pelvic move-
ment during gait training [28] makes this innovation perfect for implementing ecologically
sound procedures that accurately simulate real-life settings and maximize motor improve-
ments in stroke patients. In addition, to optimize rehabilitation effects, an active pelvic
prosthesis with a non-treadmill pedal system is necessary.

The following published patents were born from ideas intended to improve mobility
further. Therefore, exosuit-based systems with actuators were developed to provide active
support for the ankle. Fixed in three points on the leg and created from a lightweight
material, it shows comfort for the user and improves torque.

This patent [29] discusses three-point contact with the leg and a series of elastic
elements for improved torque control. Apart from their small size (0.88 kg), these devices
can monitor joint angle and torque. A combination of proportional feedback and suspension
injection is employed during walking trials to modulate torque. The closed-loop torque
control of the exoskeleton devices was evaluated by controlling 50 N-m and 20 N-m linear
chirps in intended torque while using exoskeletons and measuring bandwidths more
significant than 16 Hz and 21 Hz, respectively. There was a maximum torque of 120 N-m
and a tracking error of 2.0 N-m. These testbeds demonstrate how exoskeletons may be
employed to study a variety of control and support paradigms rapidly. The document
provides an exoskeleton system that comprises a cable, a lever attached to the cable, a
frame having a strut directing the cable to the lever, and a motor coupled to the cable and
adapted to cause the cable to deliver torque around the rotating joint.

In addition to previous innovations, it was considered the proper time to introduce
smart materials that will block or even actuate joints to expand the possibilities of im-
plementation for wearable robotic devices. However, smart material-based exoskeleton
publications are found in a minimal number and provide a substantial implementation
complexity; therefore, such a type of patent is to be considered.

The work [30] aims to offer an exoskeletal device with semi-active joints that can lower
articular tensions caused by limb weight, reduce physical labor load, and promote physical
workouts for motor ability rehabilitation following cerebral or orthopedic accidents. In
addition, other objectives are realized via a mechanism, namely, an exoskeleton with at
minimum two links joined by an electro- or magneto-rheological fluid joint.

Further improvements of the exoskeletons are being developed concerning the user’s
biological skeleton and flexible materials to deliver improved customized mobility accord-
ing to the user’s needs.

With a soft exosuit system and an actuator system, the concept [31] provides active
support for natural actions, such as normal leg movement. The soft exosuit uses flexible
materials and actuators and depends on the user’s biological skeleton to aid in applying
forces and transferring loads, unlike previous art-rigid exoskeletons.

It has lower mechanical impedance and kinematic constraints than rigid exoskeletons
and does not considerably limit or restrict the user’s flexibility. Furthermore, by adding
regulated energy impulses rather than the direct command of limb position(s), this system
can help improve locomotion and minimize the metabolic cost of movement without
limiting mobility.
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Other powered devices and control methods [32] can greatly aid ambulation, especially
in youngsters with cerebral palsy (CP). Less complex knee extension help was tested in the
stance and late swing phase. Compared to the baseline condition, the tested gadget reduced
crouching. Moreover, it considerably changed lower extremity kinematics, increasing
maximal knee extension in both the left and right legs during the stance phase.

4.3. Limitations of This Study

The main limitation of this study is that these platforms do not declare patent applica-
tions unless they have been approved and published. Thus, for the period of the COVID-19
pandemic, the analysis of the number of patent applications was performed only on the
data extracted from these platforms. However, the primary purpose of this review was to
provide a comprehensive overview of the effort to innovate the lower-limb exoskeletons
even during this pandemic.

5. Conclusions

This study looked at how the COVID-19 pandemic affected the publication and
application of new patents based on data extracted from three platforms: Google Patents,
PatentScope and Lens. We used two types of analysis to address our research questions:
short-term analysis (pandemic period 2020–2022) and longer-term analysis (2012–2022).
Following the analysis made, the hypothesis issued by us at the beginning of the study that
the pandemic has caused a reduction in the volume of new applications and, possibly, the
publications, is valid. However, only on the data extracted from these platforms did the
number of new patent applications drop dramatically. The number of published patents
has been much higher than the number of applications. Therefore, we can say that the
COVID-19 pandemic has negatively affected the number of applications for new patents in
the field of exoskeletal robotic systems of the lower limbs and in a positive sense (at least
kept the trend of recent years) affected the number of patents published (granted).

The main challenge of the paper was to conduct an in-depth analysis of the systems
and current patents to summarize their need for development in terms of the benefits
of exoskeletal rehabilitation technology. In addition, through its scientometric analysis
of patents, this paper wanted to be state of the art and offer/act as a reference point for
scientists and researchers. Who wants to develop systems to meet the needs of millions of
people with locomotor problems?

In the future, we want to carry out new analysis in which we will use delimiters related
to the materials of the components and the actuation and control systems of the exoskeleton
robots. Moreover, following the research conducted in the literature, there is a need to
perform a qualitative comparative study on the ease of using these robotic exoskeleton
systems by patients. The lack of such a study could lead to some biases, especially related
to the clinical efficacy of lower-limb exoskeletons for rehabilitation.

Another interesting study that we would like to do is analysis, such as the one made
in this review, but post-pandemic.
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The following abbreviations used by us in this manuscript are:

PExo_t Patent of the total (treats the whole leg) exoskeleton robot system of the lower limb
PExo_p Patent of the partial (treats a specific part of the foot) exoskeleton robot system of the lower limb
PExoRP Patent involving exoskeleton with rigid structure and is portable
PExoRPW Patent involving rigid structure exoskeleton, is portable and has a pair/pairs of auxiliary wheels
PExoRNP Patent involving exoskeleton with rigid structure and is non-portable
PexoS Patent involving exoskeleton suit
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Abstract: To provide a summary and overview of the use of Hybrid Assistive Limb in spinal cord
injured patients over the past 10 years. A review of the literature was performed via Web of Science
and PubMed using the search terms “Hybrid assistive limb” or “HAL“ or “wearable robot“ or
“exoskeleton” and “SCI” or “spinal cord injury” by two of the authors. Relevant articles were then
studied in full text. Our review of the literature found 21 articles that met the inclusion criteria of
this narrative review including 344 participants. Articles were sorted into two general categories:
(1) clinical trials, and (2) single-case or two-case reports. The vast majority of patients improved
functionally, showing increased walking distances, walking speeds, and endurance. In addition, a
variety of other advances were described, such as temporary decrease in spasticity, improvement in
bladder and bowel management, pain reduction, and change in muscle activity. Even though there is
no uniform application of HAL training in people living with SCI the current study situation suggests
that many patients could benefit from this innovative training within their means.

Keywords: spinal cord injury; exoskeleton; Hybrid Assistive Limb; rehabilitation; review

1. Introduction

In 2016, globally, there were 0.93 million new cases of spinal cord injury (SCI) with
age-standardized incidence rates of 13 per 100,000 [1]. The number of prevalent cases of
SCI was 27.04 million [1] and thus represents a substantial portion of the global injury
burden. Individuals who have experienced SCI find themselves in a situation where even
previously simple things become insuperable barriers. Fortunately, a lot has happened in
the treatment of SCI in recent years. Robotic therapy approaches and exoskeletons have
increasingly found their way into SCI centers around the world. Most exoskeletons have a
similar appearance from the outside. There is an external support frame along the lower
extremities, a type of hip belt or attachment to the hip, and a shoe device, either for use
with the patient’s own shoes or over shoes belonging to the system. However, the systems
differ in their application and clinical objective. Some systems are assistive, and some are
rehabilitative. There is also a difference in the control mechanism. Here there is joystick
control or posture control and in one case, electromyography (EMG) based support. Our
narrative review focuses on this EMG controlled system, the Hybrid Assistive Limb (HAL;
Cyberdyne, Inc., Tsukuba, Japan). The HAL is a wearable robot suit that senses a patient’s
voluntary actions, such as real-time myoelectric potential, foot pressure, and joint angle,
and assists hip and knee joint movement [2]. Figure 1 shows the HAL. Initially, HAL was
developed in order to physically support a wearer’s daily activities and heavy work [3]
but it has also been used from the earliest times for welfare and patient training. The HAL
was used in the rehabilitation of acute [4] and chronic [5] stroke patients, patients with
neuromuscular diseases [6], and SCI [7–27]. To the best of our knowledge, there is currently
no paper that concisely presents the previous studies in patients with SCI and helps to
provide an overview of the different training approaches, patient collectives and the results
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achieved. Therefore, the purpose of this paper is to summarize and present a review of
previous studies on HAL training in patients with SCI.

 

Figure 1. HAL®—Hybrid assistive limb exoskeleton (Cyberdyne Inc.).

2. Materials and Methods

A narrative review of the literature was conducted with electronic searches for eligible
studies using the databases Web of Science, PubMed, and Scopus on 15 September 2022
and 6 January 2023 using the following search term combinations in the titles: “Hybrid
assistive limb” or “HAL“ AND “SCI”, “Hybrid assistive limb” or “HAL“ AND “spinal cord
injury”, “Hybrid assistive limb” or “wearable robot“ AND “SCI”, “Hybrid assistive limb”
or “wearable robot” AND “spinal cord injury”, “Hybrid assistive limb” or “exoskeleton“
AND “SCI”, “Hybrid assistive limb” or “exoskeleton” AND “spinal cord injury”, “HAL”
or “wearable robot“ AND “SCI”, “HAL” or “wearable robot” AND “spinal cord injury”,
“HAL” or “exoskeleton“ AND “SCI”, “HAL” or “exoskeleton” AND “spinal cord injury”.
The search was limited to articles that were published in (or subsequently translated to)
English or German. No restriction on date published was enforced. All study designs
were included. Two of the authors screened the titles and then abstracts independently
and studies were considered relevant if they addressed any clinical application of the HAL
system in people living with SCI. In case of disagreement, a discussion was held to reach
consensus on which studies should be reviewed in full text. If necessary, a third author was
consulted to make the final decision. Studies reporting the use of HAL in other conditions,
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such as post-stroke or multiple sclerosis, were excluded as well as studies reporting use of
other exoskeleton systems. Reference lists of the involved studies were manually searched
for further articles. A narrative review rather than a systematic review was undertaken
to report a broad overview of the use of the HAL system in the field of rehabilitative SCI
treatment. Although the system has been available for a long time, there are currently
no randomized controlled trials, which the authors believe are essential for a systematic
review. Articles were sorted into 2 general categories for discussion: (1) clinical trials, and
(2) single-case or two-case reports.

3. Results

In their paper from 2005 Suzuki et al. [7] proposed for the first time an algorithm to
estimate human intentions related with walking in order to comfortably and safely support a
paraplegia patient’s walk with the HAL robot suit. This work presents mainly technical data of
algorithm development and therefore was not considered further in this review. Nevertheless,
it should be mentioned here, as it has set the stage for further application studies.

A total of 1940 studies were found using the search criteria described above. After
excluding studies that had a completely different topic but were still listed, either used
exoskeletons other than the HAL system, or used the HAL device for other conditions, and
after removing all duplicates, 27 published articles were identified. Studies only reporting
technology data (3) and reviews on general HAL application (3) were excluded. Twenty-one
relevant articles, as deemed so by the authors, were then studied in full text (Figure 2).
Overall, the studies discuss results from 344 participants, with some of the same subjects
included in different studies.

Figure 2. Presentation of the results of the literature search.

Of these 21 articles, 13 are reports about clinical trials using HAL [8–20] and eight
are single-case [2,22–25] or two-case reports [21,26,27]. Ten articles originate from Ger-
many [9–13,16,17,20–22], ten from Japan [2,8,14,15,18,19,23,24,26,27], and one from the
USA [25]. Years of publication of these articles range from 2013 to 2021. The underlying
experimental series started in part as early as 2012, which means that we present a survey
of the last ten years in this review. To the best of our knowledge this is the first ever review
summarizing experiences with HAL in people living with SCI.
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Study protocols differed in terms of training type (treadmill or walker), training time
(20 to 40 min of net HAL walking training), time period over which training was performed
(2 to 52 weeks), number of training sessions per week (2 to 5), resulting total training
sessions (8 to approximately 180), and assessments performed. The patients included
in these studies represent the full range of spinal cord injuries. There are traumatic and
non-traumatic injuries, chronic and acute patients, complete and incomplete paralysis,
lesion levels from C2 to L4, American spinal injury association impairment scale (AIS) A to
D, and patients with and without spastic motor behavior. The age of the participants varies
from 16 to 74 years. Some studies conducted by the same research groups (Ruhr-University
Bochum Group [9–13,16,17,20–22], Keio University School of Medicine Group [15,18,19],
University of Tsukuba and University of Tsukuba Hospital Group [8,14,23,24,26,27]) have
partial overlap in their study populations.

3.1. Clinical Trials

In 2013, Kubota et al. [8] published a paper summarizing findings of previous studies
on robotic devices used in clinical settings with the conclusion that robot-assisted rehabili-
tation is controversial. They introduced the newly developed HAL and had the intention to
investigate the feasibility of HAL rehabilitation training for patients with limited mobility.
The study collective consisted of 12 stroke patients, four patients with musculoskeletal
diseases, eight SCI patients, and 14 other diseases. The SCI patients were all in a chronic
stage (1–6 years since SCI) and included four paraplegia as well as four tetraplegia. Four
of them were incomplete, one complete, one had spina bifida, one central cervical cord
injury, and one spinal dural arteriovenous fistula. Patients performed 16 HAL sessions in
eight weeks using a walking device or treadmill for 90 min (net walking time 20 min). One
of these patients dropped out in course of the study due to neuropathic pain and for one
patient the baseline measurement was not assessed, as he was unable to ambulate with any
assistance. Therefore, only six SCI patients were included in the statistical analysis. In this
study, the functional ambulation results were presented for the whole group of participants
included in the statistical analysis (n = 27). Since the informative value about this diverse
patient collective, in the view of the authors of the review, is very limited, we refrain from
presenting it here in detail. However, significant improvements in gait speed, number
of steps, and cadence were observed, as assessed by the 10-Meter-walking-test (10MWT).
Improved Timed-Up-and-Go test (TUG) and Berg balance scale (BBS) results were also
observed, but they were not statistically significant [8]. The only SCI specific result that
was given is a large effect size in gait speed (Cohan d = 0.78), which leads the authors to
conclude that training effectiveness in SCI patients can be expected. The conclusion of
this study states that HAL training is feasible, safe and effective in patients with limited
mobility [8].

Results that are more detailed are provided by a study from Aach et al. [9] involving
eight patients in chronic stage (1–19 years since SCI) after traumatic SCI. Included patients
had incomplete paraplegia (AIS B/C/D, n = 4) or complete paraplegia (AIS A, n = 4) with
zones of partial preservation (ZPP) and performed treadmill training using HAL five times
per week for 90 days (mean number of sessions 51.75 ± 5.6). Treadmill associated results
improved over all patients for walking speed and walking time, but no information was
provided on the statistical significance except for ambulated distance, which increased from
195.88 ± 166.71 m to 954.13 ± 380.35 m (p < 0.05). Functional assessments were the 10MWT,
TUG, 6-Minute-Walk-Test (6MWT), walking index for SCI II (WISCI II) score, and lower
extremity motor score (LEMS). The authors state that although the WISCI II score did not
improve statistically, three patients showed functional improvements in gait abilities. For
the 10MWT a significant increase in gait speed similar to Kubota et al. [8] and decrease in
number of steps were found as well as a decreased time for the TUG and increased LEMS.
Similarly, they reported significant improvement for the 6MWT, although it should be
noted that only three participants were able to take part in the baseline measurement (with
an average walking distance of 187 ± 162.2 m) and the five others who did not participate
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(scored as 0 m) decimated the total baseline data to 70.1 ± 130 m. However, the subgroup
who performed the 6MWT at baseline improved their walking distance to 287.3 ± 229.4 [9].
In this study, information on statistical significance was not given in detail, it was only
stated that the p value is <0.05. Thus, it remains unknown whether the improvements
were highly significant or whether the results were just at the threshold of significance. In
addition to these results, the authors reported on seven participants with increased muscle
volume as measured by the circumferences 10/20 cm cranial of the inner knee joint gap
and 15 cm distal of it. One patient lost muscle volume. Furthermore, one participant with
spinal spasticity was able to reduce Ashworth scale from four to two for a few hours after
training. One patient switched from AIS B to C after treatment.

Seven of these eight patients from the Aach et al. [9] study were also part of a study
by Sczesny-Kaiser et al. [10] to investigate whether body weight supported treadmill
training with HAL affects cortical excitability in the primary somatosensory cortex (S1)
in SCI patients, as measured by paired-pulse somatosensory evoked potentials (ppSEP)
stimulated above the level of injury. These seven patients were supplemented by four
additional patients (8.5 months to 17 years since SCI) performing the same intervention
protocol as described for a total of eleven participants. No electrophysiological results
of these eleven patients were published until then. Nerve stimulation was conducted
successively on both sides with a block electrode placed on the wrist. ppSEP was assessed
before and after the HAL training period and compared with a healthy control group
(n = 11). Additionally, electroneurography (ENG), somatosensory evoked potentials (SEP)
of the tibial nerves, and motor evoked potentials (MEP) of anterior tibial muscles were
performed before and after the training period. The authors present a statistical differ-
ence between SCI patients and healthy control group at baseline. After intervention, this
difference was no longer present. Comparison of patient’s data pre- and post-training
showed a significant statistical training effect. ENG, SEP of tibial nerves and MEP showed
no significant differences after training. Functional outcomes consequently to the previous
study from Aach et al. [9] were statistical significance for 10MWT-speed, 6MWT, TUG,
LEMS. These results show that SCI patients had increased cortical excitability in the hand
area of S1 prior to training and that this was normalized following 12 weeks HAL training
accompanied by significant improvements in walking abilities [10]. However, a correlation
analysis revealed no relationship between the extent of changes in excitability and time
since injury, functional walking parameters, or LEMS. The authors, anyway, conclude
that walking improvements may be related to a renewed S1 and M1 representation of
impaired lower extremities likely related to the recruitment and more effective use of
remaining somatosensory afferent pathways and corticospinal tracts [10]. The missing
correlation between functional abilities and changes of excitability in S1 might indicate that
either other cortical areas or even a complex supraspinal network is required for walking
rehabilitation [10].

In 2017, Jansen et al. [11] published a proof of concept to the pilot study from
Aach et al. [9] and expanded the collective to 21 chronic SCI (1–19 years since SCI) patients.
All of them improved significantly in respect to treadmill associated data (walking distance,
speed) and in functional tests assessed by standardized over-ground walking tests (10MWT,
TUG, 6MWT) without HAL, which therefore confirms findings of the pilot study [9,11].
In addition to these results, this study revisits the issue of spasticity and states that in
eight subjects with spastic motor behavior intervention led to a temporary relief. This was
already discussed for one patient in the pilot study [9]. Furthermore, the authors indicate
that 18 of 21 patients reported improvements of their bowel and bladder dysfunctions
after the training period with two of them able to discontinue self-catheterization [11].
However, both spasticity and bowel and bladder improvements were not supported by
statistical data.

A question often discussed in the SCI literature is in which patient population improve-
ments are most likely to occur and in which less so. According to Grasmücke et al. [12]
it is mainly postulated that the neurological and ambulatory recovery depends on a pa-
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tient’s lesion level and age, as well as their initial AIS grade whereby low AIS grade and
age ≥ 50 years seem to be negative predictors for functional recovery following SCI. In
order to investigate this in relation to HAL training a study was set up with the aim to
compare the functional outcomes of patients with chronic SCI (1 to 20 years since SCI) in
four injury-level groups and additionally analyze results as a function of age (<50 years vs.
≥50 years) [12]. The four groups were classified as (1) incomplete tetraplegia (n = 13, C2–8,
AIS C and D), (2) incomplete paraplegia with spastic motor behavior (n = 15, T2–12, AIS C
and D), (3) complete paraplegia with an absence of spastic motor behavior (n = 18, T11–L4,
AIS A and ZPP from L3 to S1), and (4) incomplete paraplegia with an absence of spastic
motor behavior (n = 9, T12–L3, AIS C and D) [12]. A total of 55 participants were involved.
As part of the Ruhr-University Bochum group, the same training program (12 weeks,
5 units/week) was completed and the results of the initial eight patients from Aach et al. [9]
and in part from Jansen et at. [11] were also included. As seen in the other studies [9–11],
the cohort improved in treadmill related and functional parameters. In contrast, however,
to the assumptions made in the literature, the lesion level and patients’ age were not signifi-
cantly associated with training-related functional improvements. No significant differences
between subgroups were found. Subgroup 2 showed slightly less improvement in treadmill
walking speed, treadmill distance and 6MWT, but these differences were statistically not
significant [12]. Concerning patients’ age only 10MWT-speed showed a significantly larger
improvement in the younger group compared to the older group. Another interesting
finding of this study was that most improvements occurred during the 4th and 10th week
of the training period [12]. From the results demonstrated here, the authors conclude that
older age or lesion level seem to be less important in terms of the extent of functional
improvement following HAL training. Nevertheless, incomplete SCI lesions of the thoracic
spine, including spastic motor behavior, appear to be a non-significant negative predictor
for training-related improvements [12].

To examine long-term data of variable-frequency HAL training after the initial training
period, it was again Jansen et al. [13] who followed up the pilot study of Aach et al. [9]
with one year of HAL training. All eight chronic SCI participants continued HAL training
after their initial training period of 12 weeks and were divided into two groups. Group 1
(n = 4) continued with 3–5 training sessions per week for a further 40 weeks and group 2
(n = 4) continued with one session per week. In the first 12 weeks, the participants had
51.75 ± 5.6 training sessions on average. During the second training period, the mean
number of training sessions in group 1 was 126.8 ± 7.9 and 32.3 ± 3.3 in group 2. Results
were given both for the first training period (repetition of Aach et al. [9] results) and after
one year of treatment. In order not to be redundant, we here only discuss new results
after one year. Concerning treadmill related parameters (speed, walking time, and dis-
tance) no significant improvements were demonstrated between 12 and 52 weeks results
for evaluation as a total group (n = 8), as individual groups (n = 4/4), and for compar-
ison between subgroups. The same was seen in the functional testing. Considering all
eight patients together, irrespective of continuous training frequency during the following
40 weeks, there were no significant changes for 10MWT, cadence, number of steps, step
length, TUG, 6MWT, or WISCI II. Taking into consideration the two subgroups separately,
there was no difference between 12 and 52 weeks and no difference between the groups.
These certainly surprising results indicate that the initial functional gain after 3 months of
daily HAL training was stable and consistent over a 1-year period [13].

A completely new approach to HAL therapy was described by Shimizu et al. [14] in
their 2017 study. HAL support is predominantly based on EMG signals from the lower
extremity or weight shift over the sensor shoes. Since such muscle signals are usually
undetectable in patients with complete paraplegia or tetraplegia and controlled loading
of the feet is rare, the researchers decided to use upper extremity muscle activity as a
trigger of lower extremity movement. This is based on the assumption that the lower
extremities move synchronously and almost simultaneously with the contralateral upper
extremities during natural locomotion [14]. The authors hypothesized that triggering lower
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limb motion by upper limb muscle activity was feasible to generate voluntary gait and
furthermore, that this may activate paralyzed lower limb muscles. Muscle activities from
the anterior and posterior deltoid were used for contralateral hip flexion and extension and
activities from the biceps and triceps brachii for contralateral knee flexion and extension [14].
Patients underwent ten sessions of walker assisted HAL training protocol for 60–90 min
(net HAL training time 30 min) once or twice a month (n = 2) or twice a week (n = 2). In two
patients who were able to flex their hips (before or along the intervention) a knee extension
training using hip flexor activation was performed additionally in order to regain active
knee extension. EMG was used to evaluate muscle activity of the tensor fasciae latae (TFL)
and quadriceps femoris (Quad) [14]. Prior to intervention none of the participants showed
apparent activation in Quad and only one in TFL. However, gait phase dependent activity of
the lower limb muscles was seen during voluntarily triggered ambulation driven by upper
limb muscle activities and in some cases active contraction in Quad was observed after
knee extension session using the hip flexor as trigger [14]. Therefore, the authors conclude
that this method is a feasible option for patients with severe paraplegia or tetraplegia.
Although these results are certainly exciting, it is difficult to generalize. In this study, only
four patients were examined and they had different training frequencies. Furthermore,
in two of the four patients, the upper body controlled training was started after three
and five sessions, respectively, and another mode of the HAL accompanied with heavy
assistance from three therapists was used beforehand to familiarize the patients with the
use of such a device. One of the four patients received additional physiotherapy during the
training phase. Nevertheless, with this study the authors contribute to the understanding
of possible applications of the HAL even in severely injured patients. In addition to the
results already mentioned, the patients improved their walking distance and three out of
four patients showed improvements in Ashworth score, which is in line with the results of
other studies [9,11].

A question similar in approach to Grasmücke et al. [12] was pursued by Okawara et al. [15],
who asked whether HAL training is appropriate for all severities of SCI. They stated that
in most of the preliminary studies patients already had a certain walking function before
the treatment participated. They set out to investigate the effect of training in relation to
the severity of SCI. For this purpose, 20 chronic patients were recruited and divided into a
low walking ability group (n = 8) and a high walking ability group (n = 12) based on their
WISCI II scores at baseline. Twenty training sessions with a frequency of 2–5 per week
were performed on the treadmill. Gait performance on treadmill (speed, distance, and time)
was significantly lower in the low walking ability group while perceived exertion was
higher. Functional testings’ (10MWT time, 10MWT-speed, 10MWT number of steps, TUG)
improved in the higher walking ability group significantly while in the low walking ability
group none of the participants were able to complete the assessments at either point. BBS
score improved significantly following training in the high walking ability group but not in
the low walking ability group. Barthel Index (BI) and Functional Independence Measure
(FIM) as assessment of activities of daily living (ADL) were unchanged for both groups,
indicating that there was no effect of training regardless of baseline walking ability [15].
The authors summed up the results such that patients with a WISCI II score below six
barely benefited from training. They contrast these results with Jansen et al. [11] in whose
collective, which improved significantly, there was also one patient with a WISCI II score
of one. In Jansen’s study, however, individual results were not reported, so it is not clear
whether this patient also improved. Interestingly, despite the sparse results in the slow
walking ability group, 19 of the 20 patients reported subjective improvement after training
and all patients were either fully or slightly satisfied.

The issue of bladder and bowel dysfunctions raised by Jansen et al. [11] is revisited
by Brinkemper et al. [16] in a retrospective study. Here, 35 patients with acute (n = 13)
or chronic (n = 22) SCI completed two standardized and established gastroenterological
questionnaires (Cleveland Clinic Constipation Scoring System (CCCS), Wexner Score) and
a self-developed questionnaire asking for bladder function before and after completing
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the training. The study protocol corresponds to that of the other Ruhr-University Bochum
studies and functional results of the patients were already published. Comparisons were
made for all patients and the group was divided into subgroups of acute and chronic
patients. Within these subgroups, further subgroups were formed according to high or low
baseline scores. Wexner Score, a questionnaire to assess the severity of fecal incontinence,
over all patients and for the group of chronic patients decreased significantly. For the group
of acute patients Wexner Score decreased insignificantly. Patients from both groups with
higher baseline scores could decrease significantly. CCCS, a questionnaire to assess the
severity of constipation, reduced non-significantly for all patients, the group of acute, and
the group of chronic patients. For the subgroup of chronic patients with higher baseline
scores, CCCS decreased missing out significance. The self-developed questionnaire showed
an improvement in bladder function in 28.24% of all patients, 31.43% of chronic patients,
and 23.08% of acute patients. The authors conclude that there is a trend toward improve-
ment in bladder and bowel function after HAL training, with patients with higher baseline
scores in Wexner Score and CCCS seeming to benefit more and see this as confirming the
results of studies [28–31] using other exoskeletons. However, the mixed population of acute
and chronic patients and different injury levels as well as the retrospective study approach
remains a limitation of this study.

Another study based on the Ruhr-University Bochum protocol was published by
Brinkemper et al. [17]. This time, however, the focus was not on functional improvements
of the patients but on whether the functional improvements were accompanied by phys-
iological improvements in gait. For this purpose, a 3D gait analysis was performed on
15 patients (acute n = 5, chronic n = 10) using an inertial measurement unit sensor system.
While all functional parameters improved as expected, physiological differences were
also found in some phases of gait cycle showing improved knee extension during initial
contact and increased maximum hip extension prior to swing phase. Furthermore, all
joint angles showed a larger range of motion and those findings were accompanied by
significant improvement in all spatiotemporal and gait phase parameters. Thus, according
to the authors, this study was the first to demonstrate improved gait physiology after HAL
training in SCI patients.

In addition to the frequently addressed ability to walk in patients with SCI, the ability
to maintain a seated position for an extended period of time also plays an important
role. To evaluate the effect of HAL training on trunk muscle strength, Okawara et al. [18]
conducted a study in nine chronic (1–10 years since SCI) patients. The HAL intervention
consisted of 20 training sessions of approximately 40 min net HAL training time each. Trunk
muscle strength was defined as the ability to maintain a seated posture in four directions
(anterior, posterior, left lateral, and right lateral) and measured pre- and post-training [18].
An examiner pushed the participant’s torso using a dynamometer until the participant
could no longer maintain the seated posture. The patients were part of the collective from
Okawara et al. [15] where the functional recovery results have already been published.
Trunk muscle strengths from baseline to after 20 training sessions improved in all directions,
however, statistical significance was only shown in the change of lateral trunk muscle
strength. Surprisingly for the authors, the changes in anterior, posterior, and lateral trunk
muscle strength showed significant positive correlations with age at baseline, indicating that
older adult subjects with chronic SCI experienced greater improvements in trunk muscle
strength [18]. This contrasts somewhat with the results of Grasmücke et al. [12] who induced
a lower level of improvement in gait function (10MWT-speed) in older adult patients than
in younger patients during the chronic phase of SCI.

A study by Sawada et al. [19], which is based on the same study population as
Okawara et al. [15], deals with the influence of HAL training on quality of life (QOL). Since
paraplegia affects one’s entire life, QOL suffers from it and requires follow-up in the course
of rehabilitation. Patients performed the already known 20 sessions HAL protocol and
were assessed by short Form−36 questionnaire Japanese version (SF-36v2), WISCI II, FIM
motor score, and the Neuropathic Pain Symptom Inventory (NPSI) self-questionnaire. As
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with Okawara et al. [15] patients were divided into a low walking ability group and a high
walking ability group. Baseline values in SF-36v2 of the participants were lower compared
to healthy individuals and were not improved in the course of the training. Likewise, WISCI
II, FIM motor score, and NPSI did not show significant differences, irrespective of baseline
walking abilities. However, a correlation analysis showed positive correlation between
FIM motor score and some subscales of SF-36v2 and a negative correlation between NPSI
and the change in subscale Vitality and Mental Health, leading the authors to conclude
that in their protocol those with higher functional independence and lower pain at pre
intervention were more likely to improve [19]. The authors see an explanation for the
generally low improvement in QOL in the unchanged pain score, which in turn can be
explained by an already low pain prevalence at baseline.

The largest study population in a clinical trial with HAL to date is provided by the study
of Zieriacks et al. [20]. This involved 121 patients with acute (n = 47) and chronic (n = 74) SCI.
Partial results of this collective have been published previously [9–13,16,17]. The aim was
to assess whether HAL training is advantageous for acute and chronic participants and
if length of time post injury affects the outcome. Significant improvements in treadmill-
related parameters (time, distance) and all functional parameters (10MWT, 6MWT, WISCI
II, LEMS) were reported for the whole group as well as for the subgroups of acute and
chronic patients. However, significant differences between acute and chronic participants’
outcomes were found in 6MWT, LEMS, and WISCI II, showing that chronic participants
improved significantly less than acute participants did. Nevertheless, since both subgroups
showed significant improvements individually, the authors concluded that HAL training is
advantageous for both acute and chronic patients and that there is no time related cut-off
threshold following SCI for effectiveness [20]. Table 1 summarizes the clinical trials studies
details and results.
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3.2. Single-Case or Two-Case Reports

In addition to clinical trials in more or less large collectives, there are some publications
that are single case or two case reports on selected issues.

For example, Cruciger et al. [21] published the pain-related data of two subjects from
the collective of the Aach et al. [9] study individually. Those chronic patients (both AIS
A with ZPP, 10 and 19 years since SCI) had therapy-resistant chronical neuropathic pain.
During the course of HAL training, pain symptoms improved in both patients to the extent
that medication could be reduced. A brief increase in pain in response to the lower dosage
was followed by a renewed reduction in pain during training. Patients changed from a
permanent medication to an on-demand medication. The average pain intensity, measured
by numerical pain rating scale (NRS-11; 0 = no pain, 10 = worst pain possible), decreased
from 4.3 at the first training week to 0.6 after 12 weeks. Furthermore, an improvement
on health related QOL in the SF-36 questionnaire was found reflecting the impact of the
intervention. According to the authors in a one-year follow up, both patients reported
neither recurrence of pain nor need for medication [21]. These results are in contrast to
those of Sawada et al. [19] who found no changes in pain and QOL in their study. However,
the collective in Sawada et al. [19] also showed no motor functional improvements while
in the study by Cruciger et al. [21], two patients improved in terms of 10MWT and LEMS.
This could potentially have had an impact on the QOL data.

It was also Cruciger et al. [22] who first reported the use of HAL training in an acutely
injured SCI patient in a single case report. The patient had an incomplete motor T10 lesion
(AIS C) and began training 77 days after the accident. After 12 weeks HAL training there
was recovery of motor functions and walking abilities as shown by increase in WISCI II
from 8 to 18 and conversion to AIS D.

Ikumi et al. [23] wanted to find out if HAL application was possible in a severely
affected chronic complete tetraplegic patient and subjected him to 10 HAL trainings in
5 weeks. To perform the treadmill training, two physicians and one therapist were needed.
Walking distance and time increased from 25.2 m and 7.6 min to 148.3 m and 15 min and
the modified Ashworth scale decreased from 15.3 to 5.75 points after HAL training and
lasted for up to 30 min [23]. Therefore, the authors conclude feasibility and efficiency of
HAL rehabilitation for tetraplegic patients.

Another special case is reported by Shimizu et al. [24] in their presentation of a man
whose condition deteriorated due to a spinal dural arteriovenous fistula 19 years after the
initial SCI. He underwent surgery and his neurological as well as motor status improved
again. Six months post-operatively his improvement had plateaued. This was the point
where HAL training started for ten sessions during three months. The patient improved in
terms of gait speed and cadence in 10MWT, International Standards for Neurological and
Functional Classification of Spinal Cord Injury (ISNSCI) motor score (14 to 16), WISCI II (7
to 12), manual muscle testing and to some extent in muscle activities measured via EMG.
Even though the improvements shown here are not enormous, they do show a further
development after the performance increase had initially reached a plateau.

The very first application of HAL in the USA is described by Yilmaz et al. [25]. This
involved six patients with neurologic motor deficits of various etiologies who underwent
60 HAL sessions in 12 weeks. Among others, one patient was post spinal cord infarction
following pulmonary embolism. The aim of this study was to investigate the impact of
HAL training on QOL. The spinal cord infarction patient showed improvements in distance
on treadmill and in a physical function mobility score. However, she showed a worse QOL
after training in a six months follow up. The authors note that this is probably due to the
very high expectations for the novel therapy, which is an extremely interesting point that
has not been mentioned in previous studies. In the other patients of the collective, there
was no noteworthy improvement in QOL despite good mobility improvements, which
suggests that QOL is determined by more diverse factors [25]. This result contrasts with
that of Cruciger et al. [21], whose two patients improved in health related QOL, but is
confirmed by the study of Sawada et al. [19].
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HAL training was completed as a contiguous training phase in most studies.
Kanazawa et al. [2], however, chose an alternating design of conventional gait training (A)
and HAL training (B) in their single-case study of a patient with chronic thoracic SCI. A
similar protocol has already been practiced in stroke patients. The patient completed a
total 25-week program with a switch from conventional gait training to HAL training every
5 weeks. In total, 15 weeks of conventional gait training and 10 weeks of HAL (A1-B1-
A2-B2-A3) were performed, with three sessions per week. Accompanying physiotherapy
took place permanently. Global parameters such as 2-min-walk-test, WISCI II, and BBS
improved from the beginning to 25 weeks while spasticity did not. Walking speed, stride
length, and cadence improved after phase A but not B [2]. During phase B a decrease in
speed was seen, which could, according to the authors, reflect fatigue and changes in lower
limb spasticity after using HAL. However, the alternating training program is considered
potentially successful, although it remains unclear which phases have which share in the
overall result.

As in Yilmaz et al. [25] a two-case study by Watanabe et al. [26] included patients
after spinal cord infarction. Both patients were in a very early acute phase (14 and
7 days after infarction) at the start of training. In addition to conventional physical therapy,
they received 7–8 HAL sessions 3–4 times per week. Improvements in LEMS, WISCI II,
comfortable gait speed, stride, cadence, BI, FIM, and further assessments were observed in
both study participants [26]. Therefore, the authors state that gait treatment using HAL in
people with acute spinal cord infarction is possible and may be beneficial.

Soma et al. [27] presents in their study a severely affected case with a patient who was
diagnosed with cervical spondylotic myelopathy, underwent surgery, and was rediagnosed
with traumatic cervical SCI (incomplete tetraplegic, AIS C) after a fall. He received HAL
training 2–3 times per week for 13 sessions and additional physical therapy. Improvements
were observed in gait speed, step length, and cadence based on a 10MWT, ISNCSCI motor
score, and WISCI II score [27]. The authors state, as Okawara et al. [15] did before, that
in other studies, such as that of Aach et al. [9], only patients who were already able to
perform high-performance testing at baseline, such as the 6MWT, participated and it can
be seen from their results that even severely affected patients benefit from HAL training.
However, it must be noted that also in the mentioned Aach et al. [9] study only three out
of eight patients were able to perform the 6MWT at baseline. After the training, all eight
were able to do so. Regardless of this, a notable improvement of a severely affected patient
is reported here, who, beyond the functional tests, also showed kinematic improvements,
e.g., in hip extension, which is consistent with the results of Brinkemper et al. [17]. Table 2
summarizes single-case or two-case reports studies details and results.
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4. Discussion

The studies shown in this review on the use of HAL in patients with SCI demonstrate
a wide range of use from acute patients to chronic patients and from patients with well-
preserved residual functionality to severely affected patients. With the exception of skin
reddening at the site of the electrodes, leg cuffs or shoes, no other adverse events or injuries
were reported. The vast majority of patients improved functionally, showing increased
walking distances, walking speeds, and endurance. In addition, a variety of other advances
were described, such as temporary decrease in spasticity, improvement in bladder and
bowel management, pain reduction, and change in muscle activity. Nevertheless, no clear
recommendation can be made as to which patient population is most likely to benefit from
this innovative training. It seems that in principle its application is feasible and effective
in many types of SCI, but whether it is superior to other training and therapies remains
unclear. To date, there are no published controlled randomized trials with firstly, other
similar exoskeleton systems and secondly, conventional therapy of the same extent and
frequency. This is imperative to differentiate the potential benefits of HAL therapy from
others and should be done in the future.

Accessibility to HAL training is mentioned in only a few studies. Okawara et al. [18]
states that in Germany, HAL training is only funded for patients within the scope of the
employers’ liability insurance association, and in Japan, government support is provided
for patients with neuromuscular diseases. Thus, access to training for a wide range of
patients still seems to be a problem which should be solved. In addition to the insurance
and thus financial hurdle, the availability for people of different constitutions must also
be mentioned. Limitations for the application of this exoskeletal system, as with other
manufacturers, are restrictions on patient’s height and weight, contractures, insufficient
cardiopulmonary capacity, and spasticity that does not decrease with the use of the system.

The following limitations of the present work should be considered. The underlying
selective literature search remains incomplete, and a possible bias cannot be excluded with
certainty. Some of the authors of the review are also authors of included studies. The
studies found are partly limited in their methodological quality. HAL was developed in
Japan and is most widely used there. There might be studies published in Japanese journals
that were not included in this review. Seven of the included studies [8,9,14,23,24,26,27]
list Professor Yoshiyuki Sankai, the inventor of HAL and CEO of Cyberdyne Inc. as a
co-author. However, most state that Professor Sankai and Cyberdyne were not involved
in conducting the study, data collection and analysis, writing, or submission. Different
versions of HAL may have been used in the early studies than in the later studies. It was not
always documented which other therapies were made and if medication was changed in
the course of the training. Many of the studies presented have mixed collectives including
chronic, acute, incomplete, and complete SCI.

5. Conclusions

Currently, there is no uniform application regarding the appropriate collective, as well
as the type and frequency of training. Nevertheless, the current study situation suggests
that many patients with paraplegia could benefit from qualified use within their means.
Although exoskeletal training in SCI patients is still controversial, it offers unprecedented
opportunities for patients and therapists. Future studies should focus on a comparison
of HAL with other therapies as mentioned above and develop an optimal standardized
therapy in terms of training weeks, training units per week, and training duration per unit.
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Abstract: This paper addresses a design for an exoskeleton used for human locomotion purposes
in cases of people with neuromotor disorders. The reason for starting this research was given
by the development of some intelligent systems for walking recovery involved in a new therapy
called stationary walking therapy. This therapy type will be used in this research case, through a
robotic system specially designed for functional walking recovery. Thus, the designed robotic system
structure will have a patient lifting/positioning mechanism, a special exoskeleton equipped with
sensors and actuators, a treadmill for walking, and a command and control unit. The exoskeleton’s
lower limbs will have six orthotic devices. Thus, the exoskeleton’s lower limbs’ motions and orthoses
angle variations will be generated by healthy human subjects on the treadmill with the possibility of
memorizing these specific motions for obtaining one complete gait cycle. After this, the memorized
motions will be performed to a patient with neuromotor disorders for walking recovery programs.
The design core is focused on two planar-parallel mechanisms implemented at the knee and ankle
joints of each leg’s exoskeleton. Thus, numerical simulations for the design process were carried out
to validate the engineering feasibility of the proposed leg exoskeleton.

Keywords: exoskeleton; robotic system; dynamic analysis; neuromotor disorders; planar-parallel
mechanisms

1. Introduction

Nowadays, exoskeletons have become popular in medical rehabilitation programs
and extended their applications as power augmentation systems used in different domains,
such as industry or defense.

Considering exoskeletons specially designed for human locomotion system recovery,
these can be divided into two major categories: one category consists of exoskeletons
that serve as robotic systems in an assistive mode for restoring gait patterns for persons
who have partial mobility; the other category is represented by exoskeletons specially
designed to help elderly persons perform daily activities. The exoskeletons from the
first category were specially designed for people with neuromotor disorders or stroke
accidents [1–8]. Others exoskeletons [9–15] were specially designed to fulfill human walking
temporal recovery programs dedicated to persons who were exposed to orthopedic surgical
interventions. In both mentioned categories, there are fully actuated exoskeletons [3,6] for
all human lower-limb joints under rehabilitation programs. Considering the exoskeletons
used on temporal recovery programs [11,13], these can have actuated individual joints
from the patient locomotion system (one joint actuated, a pair of joints or a group of human
lower limb joints). In addition, these are characterized by personalized therapy protocols
that can recover a single joint, namely the one that was involved in a surgical intervention.

Thus, most of the existing exoskeletons have imposed several design conditions, such
comfort during rehabilitation programs, complex actuations, low- or high-cost principles,
easy operation features, and user-friendly interfaces.
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In order to accomplish the aforementioned conditions, some exoskeletons [3,6] can
fulfill a few of them, while other solutions [11,14] can cover the rest. The latest ones [11,14]
recharacterized by a complex structure, leading to expensive rehabilitation programs
for patients.

Most of the designed exoskeletons require a qualified rehabilitation team made from a
proper physician, a medical engineer, a technician and some medical rehabilitation assistants.

By referring to the beginning of an exoskeleton system design, and taking into account
the physician-specific requirements, it can be remarked that human exoskeletons are
characterized by a complex actuation system that involves mechanisms with a minimum
number of actuators [2,8,9,15].

There are also complex rehabilitation systems especially designed for human walking
recovery [16,17] and these have in their structure an exoskeleton with a simplified me-
chanical structure, but all equivalent human locomotion joints are fully actuated through
complex command and control protocols.

The criteria imposed by physician requirements in cases of persons disabled due to
neuromotor disorders during walking activities must be considered as a starting research
point in designing an exoskeleton, as it can be remarked in [18], and it can be observed
that there are persons who need to recover some joints from the entire locomotion system.
In this case, it is necessary to have an exoskeleton that can perform isolated motions for
the affected joints or to have a complete exoskeleton that involves all human locomotion
joints for neuromotor rehabilitation processes. Thus, this represents a research challenge
for designing an exoskeleton used in both cases.

Another argument is the one that the existing exoskeletons [1,3–5] need to have a
database characterized by locomotion motion law patterns acquired from persons with
different anthropometric data, and the therapist needs to choose and adapt these motion
patterns for the targeted patient. For accomplishing this argument, most of the exoskeletons
were designed in a parameterized form and have segments with variable length and width.
These segments can be adjusted through locking/unlocking mechanical devices. In some
cases, the motion patterns cannot correspond to the patient’s anthropometric data and, in
this case, raise the idea of generating the motion pattern in a manual mode, namely an
exoskeleton teaching mode function. This function will be accomplished by the therapist
moving the exoskeleton segments manually while these segments are connected with the
patient’s legs. This function lets the therapist set up the motion limits during walking
training for the analyzed patient. Moreover, this will allow operation with sensitive patients
which have pains during movement. Thus, it is necessary to apply progressive therapy
programs in their motion limits without pains.

In addition, the elaborated robotic system allows the physician to adapt alternative
recovery therapies such as TENS (Transcutaneous Electrical Nerve Stimulation). The
elaborated robotic system will permit manual motions of the exoskeleton limbs together
with the patient’s lower limbs in a controlled mode, and the robotic system command and
control unit will memorize these motions under a special function called teaching mode.
Similar procedures are mentioned in [19–21].

The research aim of this paper is to develop a new robotic system based on an ex-
oskeleton structure. For this, it is necessary to elaborate a conceptual solution, experimental
analyses with healthy persons and neuromotor-disabled persons, which are considered
input data for the mathematical models specially developed for dynamic analysis and ex-
perimental tests. Thus, the experimental tests, which represent the purpose of this research,
will be defined as preliminary ones, which do not involve any human volunteers and will
be performed only for checking the exoskeleton’s functionality.

In the proposed research, two major objectives can be identified for the proposed
exoskeleton. One objective is to have a fully actuated test bed with a proper exoskeleton
specially designed for walking activities and, in some particular cases, to permit motions
on individual joints. The second objective is to have a teaching function application, as
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previously described, which can be applied to patients whose anthropometric data cannot
be identified from a motion pattern database.

The mentioned objectives can be considered as starting point for a feasibility study in
designing an exoskeleton for persons with neuromotor disorders. Thus, in the Section 1,
several exoskeleton construction solutions which can partially fulfill the proposed objectives
were analyzed.

The Section 2 is allocated to create a database by performing experimental analy-
ses of human locomotion system motions during walking. This allows the generation
of gait patterns implemented in command and control programs for controlling the
designed exoskeleton.

Once we had an idea of the analyzed exoskeleton, in the third part of the research the
conceptual exoskeleton design was elaborated. This will be eligible to perform an adequate
dynamic analysis based on modern design techniques, which is presented in the fourth
section for obtaining the reaction forces during ground contact and joints connection forces
which will be further used as input data for virtual simulations. Through the performed
dynamic analysis, the proposed exoskeleton conceptual solution is validated and in the last
section, there is presented the elaborated prototype together with an experimental analysis
performed in laboratory conditions.

2. Human Walking Database

In order to create the desired database used in exoskeleton design and programing
and control protocols, it is necessary to perform experimental analyses on a set of 30 healthy
persons during walking activity. This database consists of gait patterns and anthropometric
data of the analyzed human healthy subjects.

The proposed group comprised 15 male and 15 female human subjects with ages
between 30 to 58 years old, weights between 55 kg and 95 kg, heights from 1.55 m to 1.90 m.

These experimental analyses were performed in laboratory conditions with the aid
of VICON equipment from the University of Craiova Research Centre—Biomechanical
laboratories [22,23]. In the case of each analyzed human subject, a protocol based on the
workflow was applied, as schematized in Figure 1.

Figure 1. VICON equipment workflow for creating the proposed database.

Each protocol consists of preparing the person for experimental tests, motion analysis
equipment setup, camera calibration and global reference system definition, numerical
data processing, and obtaining the filtered angular data and exporting these as a report of
each experimental analysis.
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Each person’s experimental analysis was developed in about 30 min and the acquired
filtered angular data were obtained for a complete gait. A complete gait of the analyzed
persons was developed in a time limit interval between 1.40 to 1.82 s.

This motion video analysis equipment has 14 high-speed cameras that can simul-
taneously track and record the attached markers, and these cameras work in IR-mode
characterized by a frame rate of 1000 frames/s.

A snapshot of modeling the human walking during an experimental test is shown in
Figure 2. In this case, a female human subject was analyzed, as an example, with known
anthropometric data (age 31 years, dimensional leg parameters known, 61 kg weight,
1.75 m height). This person performed a complete gait in a time interval between 0 to 1.45 s.
This time interval is essential for dynamic analyses of the proposed exoskeleton, but also
virtual simulations of this. The acquired data were considered for a complete gait when
the human subject’s heel enters in contact with the ground and finalizes this act at the next
contact with the same heel. Moreover, during a complete gait, the ankle joint performs two
motions as referring to a horizontal line, namely plantar and dorsal flexion. Thus, dorsal
flexion is the one when the ankle moves above the horizontal line and the other motion is
below the horizontal line [23,24].

Figure 2. Video capture during an experimental test: (a) print screen during video motion analysis;
(b) snapshot during experimental analysis.

The important processed data were represented by each joint angular variation from
the human subject locomotion system. The analyzed human joints were hips, knees, and
ankles, according to angular data variations presented in Figures 3–6.

From Figure 3, it can be remarked that the angular variation for human hip joints
has an interval between −23.6575 degrees to 19.537 degrees. In particular, from Figure 4,
the angular variation of a human knee for a complete gait was developed between 0 to
51.261 degrees. In the case of Figure 5, the angular variation for analyzed human ankle
joints during a complete gait is situated in an interval of −33.237 degrees to 32.428 degrees.
Moreover, these numerical values are very important due to the use of these as reference
data and input data for numerical simulations, as well as implementing them as input data
for planar-parallel mechanisms on knee and ankle actuation.

The obtained result will be useful for accomplishing comparative analyses between the
numerical computation of the designed exoskeleton and also to validate the proposed proto-
type. These results were validated by considering data from the specialty literature [23–27]
and at some points during this research, especially in the case of virtual simulations, these
were converted in radians as measuring units.
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Figure 3. Hip joints angular variations during one gait vs. time.

Figure 4. Knee joints angular variations during one gait vs. time.

Figure 5. Ankle joints angular variations during one gait vs. time.
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Figure 6. Exoskeleton functional principle design.

3. Exoskeleton Functional Principle

Considering similar existing state-of-the-art exoskeleton models, the designed proto-
type should have 6 actuators for the main joints of the human locomotion system. Moreover,
these actuators must be placed outside the exoskeleton structure, on a special frame, by
assuring them an optimal functionality. In order to transmit energy parameters (power,
torque, angular speed), mechanical transmissions and planar mechanisms must be used.

The proposed conceptual solution is shown in Figure 6 and it has, in its own structure,
the following components: Md—servomotor for right ankle and foot segment actuation;
MTd—servomotor for right tibia equivalent segment and right knee actuation; Ms1—
servomotor for direct actuation of right hip; MPd—planar mechanism for right ankle
joint actuation; MTd—planar mechanism for actuating the right tibia equivalent segment;
FMd—right femur equivalent segment; TBd—right tibia equivalent segment; Pd—right
foot equivalent segment; Ms2—servomotor for left ankle and foot segment actuation; MTs—
servomotor for left tibia equivalent segment and left knee actuation; Ms2—servomotor
for direct actuation of left hip; Ms—servomotor for left ankle and foot segment actuation;
MTs—planar mechanism for actuating the left tibia equivalent segment; MPs—planar
mechanism for left ankle joint actuation; FMs—left femur equivalent segment; TBs—left
tibia equivalent segment; Ps—left foot equivalent segment.

Starting from this conceptual solution, the first model of the proposed exoskeleton
prototype was developed, which is presented in Figure 7. This is structured by four planar-
parallel mechanisms equivalent to the lower limbs of the human locomotion system and
two major actuation groups equipped with servomotors for actuating hip, knee, and ankle
joints. These servomotor groups are placed near the pelvic zone on a special frame specially
designed with size adjustment mechanical devices. All four planar-parallel mechanisms
are deployed in a mirror form, i.e., a pair for the left lower limb and a pair for the right
one. These mechanisms are actuated through chain transmissions which assure the energy
parameters transfer from the servomotors to the planar-parallel mechanisms drive links.
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Figure 7. Exoskeleton structural scheme.

Considering the structural scheme from Figure 7, the whole designed robotic system
has the following components: ASD—right hip servomotor; APD—right ankle servomotor;
AGD—right knee servomotor; ASS—left hip servomotor; APS—left ankle servomotor;
AGS—left knee servomotor.

The mechanical system for exoskeleton width adjustment situated near the patient
pelvic zone was designed with power screws, which can be actuated manually and move
inside or outside the exoskeleton lower limbs, depending on the patient pelvic zone width.
This can be performed by actuating the elements 16, respectively 16’. The power screw
was designed with two thread sectors made in opposite directions, namely P1 and P1’.
These will move two nuts 17 and 17’ which are connected with the exoskeleton lower limbs
through translational joints T1 and T1’, respectively. The power screws are articulated
without the frame 15 through ball bearings R5, R3, and R5’. The role of component 19 is to
maintain the patient body in an orthostatic position during walking recovery procedures.

The whole assembly is articulated onto main support by connection elements 12, 13,
and 14 through proper articulations (revolute joints R1, R2, R3, R4, and R1’, R2’, R4’) which
allows the whole structure to oscillate in a vertical plane during walking recovery activities.
Component 13 has a dumping system for shock-absorbing during walking motion when
the patient body will modify the mass center in a vertical direction due to the foot and
ground contact.

In the case of exoskeleton right lower limb, the following revolute joints can be seen in
Figure 7: O—right hip revolute joint; E—right knee revolute joint; M—right ankle and foot
revolute joint. The right link equivalent to femur was labeled with 6 and for the right tibia
can be found the link labeled with 5. For the right foot equivalent link, this can be found
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labeled with 11. Thus, these links are actuated through two planar-parallel mechanisms,
namely one for the right knee joint E and the other for the right ankle joint and foot M.
Right hip joint is actuated directly through a chain transmission, respectively TLSD, by
the ASD servomotor unit. Regarding the right knee joint actuation, this can be done by
AGD servomotor unit through a second chain transmission labeled with TLGD, towards
planar-parallel drive link mechanism situated at the femur level 6. Thus, the motion from
the drive chain wheel connected with the drive link 1 is transmitted through a revolute joint
A to connecting rod 2. This connecting rod 2 is articulated through the B revolute joint and
will transmit motion to the support plate 3. The support plate 3 is articulated onto the right
femur equivalent segment by revolute joint C. Practically support plate 3 will perform an
oscillating motion imposed to the connection link 4, which is articulated through revolute
joints D and F. This connection link 4 will actuate the right tibia equivalent segment 5 for a
proper flexion motion.

The second right planar-parallel mechanism is situated at the right tibia segment 5 and
it will actuate the right ankle joint M. This mechanism will receive motion from the APD

servomotor unit through a third chain transmission TLPD straight to drive link 7 situated
at the right knee joint level. This drive link 7 motion will be imposed to another support
plate 9 through connecting rod 8 articulated with revolute joints G and J. The support plate
9 will perform an oscillating motion towards the right tibia equivalent segment through
revolute joint K. This motion is transmitted through connection link 10 to the right ankle
and foot segment 11, for performing the dorsal/plantar flexion during walking activity
recovery. The connection link 10 is articulated by the whole planar-parallel mechanism
through revolute joints L and N. In this mode the exoskeleton right lower limb will be
actuated and the in case of the left limb, the motions are the same, only the difference is
the exoskeleton architecture, where left lower limb is mirrored by a vertical plane from the
right one. For this reason, the exoskeleton left lower limb functionality is similar to the
right one, except for some small peculiarities, namely: O’—left hip revolute joint; E’—left
knee revolute joint; M’—left ankle and foot revolute joint. The left link is equivalent to the
femur was labeled with 6’ and for the left tibia can be found the link labeled with 5’. For
the left foot equivalent link, this can be found labeled with 11’. These links are actuated by
another pair of planar-parallel mechanisms, one for the left knee joint E’ and the other for
the left ankle joint M’.

The left hip joint is actuated directly through a chain transmission, TLSS, by the
ASS servomotor unit. Regarding the left knee joint actuation, this can be done by AGS

servomotor unit through a second chain transmission labeled with TLGS, towards the
planar-parallel drive link mechanism situated at the femur level 6’. Thus, the motion from
the drive chain wheel connected with the drive link 1’ is transmitted through a revolute
joint A’ to connecting rod 2’. This connecting rod 2’ is articulated through B’ revolute
joint and will transmit motion to the support plate 3’. The support plate 3’ is articulated
onto the left femur equivalent segment by revolute joint C’. Practically the support plate 3’

will perform an oscillating motion imposed to the connection link 4’, which is articulated
through revolute joints D’ and F’. This connection link 4’ will actuate the left tibia equivalent
segment 5’ for a proper flexion motion.

The second right planar-parallel mechanism is situated at the left tibia segment 5’

and will actuate the left ankle joint M’. This mechanism will receive motion from the APS

servomotor unit through a third chain transmission TLPS straight to drive link 7’ situated
at the left knee joint level. This drive link 7’ motion will be imposed to another support
plate 9’ through connecting rod 8’ articulated with revolute joints G’ and J’. The support
plate 9’ will perform an oscillating motion towards the left tibia equivalent segment through
revolute joint K’. This motion is transmitted through connection link 10’ to the left ankle
and foot segment 11’, for performing the dorsal/plantar flexion during walking activity
recovery. The connection link 10’ is articulated by the whole planar-parallel mechanism
through revolute joints L’ and N’.
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At the end, an exoskeleton lower limb has on its base two planar-parallel mechanisms,
three servomotors for actuating the main joints, namely hip, knee, and ankle joints (revolute
joints O, E, and M).

4. Dynamic Analysis of the Proposed Exoskeleton

4.1. Exoskeleton Mathematical Modeling for Dynamic Analysis

To accomplish a dynamic analysis of the proposed exoskeleton concept, a kinematic
scheme for both mechanisms that were to actuate knee and ankle joints was elaborated,
as can be seen in Figure 8. This was performed in accordance with [28–30]. From this
kinematic scheme, the following components can be identified: O—hip revolute joint, a
direct motor joint; E—knee revolute joint which also assures support for the knee and
foot actuated mechanism; M—knee revolute joint; A, B, C, D, F—revolute joints for knee
mechanism actuation; G, J, L, N, K—revolute joints for ankle mechanism actuation. Link
no. 1 represents the drive link for knee mechanism actuation and this mechanism is made
from the connecting rod no. 2, support link no. 3 articulated in CBD revolute joints, and
connection link no. 4 which actuates the tibia equivalent link no. 5 through revolute joint
F. The equivalent link of the femur will assure the entire support for the knee actuation
mechanism and this can be identified as link no. 6.

Figure 8. Kinematic scheme of the exoskeleton lower limb.

By having insight into the experimental analysis database, we considered a case
subject with the proper motion laws of hip, knee, and joints which will serve as input data
through φ06, φ65, φ57 variation angles. This will be used also as input data for an inverse
kinematic analysis presented in [31] and the aim of this is to identify the drive joints’ proper
angular speeds.

For this dynamic analysis, the Newton–Euler method completed with Lagrange mul-
tipliers will be used. Thus, the kinematic constraints equations for a mobile mechanical
system are:

ϕ(q, t) = 0 (1)
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where: t is time and q represents the generalized coordinates.
By differentiating the Equation (1) depending on time, we will obtain:

•
ϕ(q, t) = Jq

•
q +

∂ϕi
∂t

(2)

••
ϕ(q, t) = Jq

••
q +

(
Jq
•
q
)

q

•
q + 2

∂2 ϕi
∂t ∂qj

•
q +

∂2 ϕi
∂t2 (3)

(
Jq
•
q
)

q
=

nc

∑
k=1

∂2 ϕi
∂qj ∂qk

•
qk (4)

where: i = 1, nh represents the kinematic constraints equations number and j = 1, nc
represents the generalized coordinates number.

The following notation will be performed:

Jq
•
q = ν = −∂ϕ

∂t
(5)

Jq
••
q = −

(
Jq
•
q
)

q

•
q − 2

∂2 ϕi
∂t ∂qj

•
q − ∂2 ϕi

∂t2 = a (6)

The Newton–Euler formalism motion equations, completed with Lagrange multipliers
method, are: [

M JT
q

Jq O

][ •
q
a

]
=

[
Qa

a

]
(7)

where: M is the mass matrix, λ—Lagrange multipliers,
..
q—accelerations, Qa—active gener-

alized forces vector, a—is a term from Equation (6).
From Equation (7), it can be written:

M
••
q + JT

q · λ = Qa (8)

The Lagrange multipliers will be determined as:

λ = J−1
q

[
Qa − M

••
q
]

(9)

The connection forces from the k kinematic joint, depending on the axis global coordi-
nates system can be determined with:

Fk = λk (10)

Thus, the knee actuating mechanism is made from 1 to 6 kinematic links according to
Figure 8. For these links, the proper generalized coordinates are:

q1 = {XE, YE, φ06, XF, YF, φ65, XB, YB, φ63, XA, YA, φ01, φ32}T (11)

For an inverse dynamic analysis, the kinematic constraint equations in the case of knee
actuating mechanism are:
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φ1(q1, t) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

XE − X6
E cos φ06 + Y6

E sin φ06 − X0

YE − X6
E sin φ06 − Y6

E cos φ06 − Y0

XF − X5
F cos φ65 + Y5

F sin φ65 − XE

YF − X5
F sin φ65 − Y5

F cos φ65 − YE

XD − X4
D cos φ54 + Y4

D sin φ54 − X5
F cos φ65 + Y5

F sin φ65 − X6
E cos φ06 + Y6

E sin φ06 − X0

YD − X4
Dc sin φ54 − Y4

D cos φ54 − X5
F sin φ65 − Y5

F cos φ65 − X6
E sin φ06 − Y6

E cos φ06 − Y0

XB − X3
B cos φ63 + Y3

B sin φ63 − XC

YB − X3
B sin φ63 + Y3

B cos φ63 − YC

XA − X1
A cos φ01 + Y1

A sin φ01 − X0

YA − X1
A sin φ01 − Y1

A cos φ01 − Y0

X4
D cos φ54 − Y4

D sin φ54 + XF − X3
D cos φ63 + Y3

D sin φ65 − XC

X4
D sin φ54 + Y4

D cos φ54 + YF − X3
D sin φ63 − Y3

D cos φ65 − YC

X2
A cos φ32 − Y2

A sin φ32 + XB − X1
A cos φ01 + Y1

A sin φ01 − X0

X2
A sin φ32 + Y2

A cos φ32 + yB − X1
A sin φ01 − Y1

A cos φ01 − Y0

φ06 − 0.05436169159 + 1.049144646 · t − 3.528717373 · t2 − 4.459178549 · t3+
16.81669021 · t4 − 12.95743095 · t5 + 3.037974275 · t6

φ65 − 0.05572857950 + 3.917643736 · t − 46.09421696 · t2 + 142.2026539 · t3−
183.2410652 · t4 + 106.6799384 · t5 − 23.24793765 · t6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(12)

The corresponding Jacoby for q1 generalized coordinates, according with Equation (9) is:

Jq1 =
∂ϕ1i
∂q1j

; i, j = 1, 16 (13)

The proper mass matrix is:

M1 = diag
[

m6 m6 J6 m5 m5 J5 m4 m4 J4 m3 m3 J3 m1 m1 J1 J2
]

(14)

where: mi—link mass i; Ji—mechanical inertia momentum corresponding to i link.
The generalized forces matrix:

Qa
1 =

[
0 −m6g 0 0 −m5g 0 0 −m4g 0 0 −m3g 0 0 −m1g 0 − 1

2 m2g · lAB
]T (15)

The matrix made from linear and angular accelerations, corresponding to generalized
coordinates from Equation (11) is:

aq1 =
••
q1 =

[
aXE aYE ε6 aXF aYF ε5 aXD aYD ε4 aXB aYB ε3 aXA aYA ε1 ε2

]T (16)

The Lagrange multipliers matrix is:

λ1
l = J−1

q1

[
Q1

a − M1
••
aq1

]
(17)
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Thus, the kinematic joints connection forces are:

Fk
l1 = λ1k

l (18)

In the case of the ankle actuation mechanism, by having insight to Figure 8, this
consists of 7 to 11 links. Thus, the proper generalized coordinate vector is:

q2 =
{

XM, YM, φ65, XN , YN , φ511, XL, YL, φ1110, XJ , YJ , φ59, XG, YG, φ57, φ98
}T (19)

For this, the kinematic constraint equations in the case of ankle actuation mechanism are:

ϕ2(q2, t) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

XM − cos φ65X5
M + sin φ65Y5

M − XE

YM − sin φ65X5
M − cos φ65Y5

M − YE

XN − cos φ5 11X11
N + sin φ5 11Y11

N − XM

YN − sin φ5 11X11
N − cos φ5 11Y11

N − YM

XL − cos φ11 10X10
L + sin φ11 10Y10

L − XN

YL − sin φ11 10X10
L − cos φ11 10Y10

L − YN

XJ − cos φ59X9
J + sin φ59Y9

J − XK

YJ − sin φ59X9
J − cos φ59Y9

J − YK

XG − cos φ57X7
G + sin φ57Y7

G − XE

YG − cos φ57X7
G + sin φ57Y7

g − XE

cos φ11 10X10
L − sin φ11 10Y10

L + XN − cos φ59X9
L + sin φ59Y9

L − XK

sin φ11 10X10
L + cos φ11 10Y10

L + YN − sin φ59X9
L − cos φ59Y9

L − YK

cos φ98X8
G − sin φ98Y8

G + XJ − cos φ57X7
G + sin φ57Y7

G − cos φ06X6
E − X0

cos φ98X8
G − sin φ98Y8

G + XJ − cos φ57X7
G + sin φ57Y7

G − cos φ06X6
E − X0

φ65 − 0.05572857950 + 3.917643736 · t − 46.09421696 · t2 + 142.2026539 · t3−
183.2410652 · t4 + 106.6799384 · t5 − 23.24793765 · t6

φ5 11 − 0.07468922928 − 4.125887507 · t + 46.18350162 · t2 − 139.7502390 · t3+
185.4096885 · t4 − 113.2636093 · t5 + 25.99845833 · t6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(20)

The corresponding Jacoby for generalized coordinates that satisfy Equation (20) is:

Jq2 =
∂ϕ2i
∂q2j

; i, j = 1, 16 (21)

The mass matrix, which corresponds to the ankle actuation mechanism, is:

M2 = diag
[

m5 m5 J5 m11 m11 J11 m10 m10 J10 m9 m9 J9 m7 m7 J7 J8
]

(22)
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For this, the linear and angular accelerations matrix corresponding to generalized
coordinates given by Equation (19):

aq2 =
••
q2 =

[
aXM aYM ε5 aXN aYN ε11 aXL aYL ε10 aXJ aYJ ε9 aXG aYG ε7 ε8

]T (23)

Qa
2 =

[
0 −m5g 0 0 −m11g 0 0 −m10g 0 0 −m9g 0 0 −m7g 0 − 1

2 m8g · lAB
]T (24)

The Lagrange multipliers matrix is:

λ2
l = J−1

q2

[
Q2

a − M2
••
aq2

]
(25)

The kinematic joints connection forces, in a global coordinates system, will be:

Fk
l2 = λ2k

l (26)

4.2. Numerical Processing

For the numerical processing of the presented mathematical models numerical pro-
cessing, a program under MAPLE environment was created, which allows computing
a kinematic and dynamic calculus through a direct and inverse method. This program
was elaborated for the entire mechanism presented in Figure 8. The computing sequence
was processed for a complete predefined gait. This program has on its base the Newton–
Raphson method.

The input data for numerical processing, were represented by the positions, speeds,
and accelerations of some characteristic points of the kinematic linkage shown in Figure 8.
Moreover, the generalized coordinates’ variation laws depending on time [31], links mass
and inertia properties were considered, and the contact force between foot and ground is
represented by the following equation:

Ft = 16.1241335150856 + 856.883813681185 · t − 407.327793973914 · t2 + 10389.4221994136 · t3−
31172.2612478359 · t4 + 29652.5101430907 · t5 − 9228.95270543672 · t6 (27)

For the output data, the kinematic joints connection forces will be obtained. These
forces helped to choose the proper bearings for the exoskeleton structure prototype.

4.3. Exoskeleton Virtual Prototyping with the Aid of MSC Adams Software

By considering the kinematic scheme from Figure 8, an exoskeleton virtual prototype
was built with the aid of SolidWorks program. This was a parameterized model and it was
imported into the MSC Adams software environment. For this model were defined the
mass properties and material characteristics (longitudinal elasticity module: E = 7.1 × 1010

Pa, density: 2770 kg/m3 and Poisson ratio: 0.33), respectively, as well as kinematic links
mobile reference systems and 15 kinematic joints. The virtual prototyping was performed
in accordance with specific instructions provided by [32]. Moreover, 6 motor joints for
hips, knees, and ankles were identified. By knowing the motion angle variations for hips,
knees, and ankle joints, the drive joints angle variation laws ϕ01 and ϕ07 were obtained,
according to Figure 8. These joints, as in the case of the mathematical model, actuate these
two actuation mechanisms for the ankle and for knee joints, respectively.

The angle variations for hips, knees, and ankle joints were established for a case study,
through experimental analysis, as was shown in Figures 3–5. The imported exoskeleton
prototype with proper revolute joints is shown in Figure 9. These drive joints, as in the case
of the mathematical model, will actuate two mechanisms, one for the knee joint and other
for ankle joint. Additionally, the contact force between ground and foot and the patient
weight were introduced through the parameterized mannequin weighing 61.7 kg.
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Figure 9. Exoskeleton parametrized virtual model with proper joints prepared for virtual simulations
in a dynamic mode.

Thus, an inverse dynamic analysis was processed with the aid of MSC Adams software,
in order to obtain the proper connection forces variation over time of the analyzed kinematic
joints. The obtained results were materialized through diagrams presented in a comparative
analysis between computed mathematical models and the ones obtained through numerical
simulations with MSC Adams software.

For the proposed exoskeleton prototype, a parameterized mannequin was introduced,
with anthropometric data similar to the healthy human subject used in the experimental
analysis section. Thus, four sequences during virtual simulations processed under the MSC
Adams environment are presented in Figure 10.

In Figure 11, the connection force component in X-axis of the knee joint is represented,
which corresponds to a complete gait sequence. This component has a high value when
the analyzed models start walking and this reaches a value of 23. This component has
a high value when the analyzed models start walking and this reaches a value of 23.567
Newton. This value was obtained when the contact between ground and foot occurs, for
both analysed models (mathematical model and Adams model).

It can be observed that the obtained trajectories for both models are appropriate,
recording values between −10 Newton and 11.875 Newton. The time interval also was
appropriate, namely 0 to 1.425 s, respectively. An error of 2.25% was obtained, which is
quite small.
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Figure 10. A snapshot during virtual simulations in dynamic mode for a complete gait.

The desired results, in order to validate this model, were given by the connection
forces’ variations over time; a comparative analysis can be seen in Figures 11–16.

Figure 11. Connection forces component on x-axis for knee joint vs. time (without ground contact).

Figure 12. Connection forces component on y-axis for knee joint vs. time (without ground contact).
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Figure 13. Connection forces component on x-axis for ankle joint vs. time (without ground contact).

Figure 14. Connection forces component on y-axis for ankle joint vs. time (without ground contact).

Figure 15. Connection forces component on x-axis for knee joint vs. time (with ground contact).

107



Appl. Sci. 2022, 12, 3952

Figure 16. Connection forces component on y-axis for knee joint vs. time (with ground contact).

In the case of the connection force component on y-axis, for the same joint, high values
can be observed in Figure 12 when gait starts and at the end of a complete gait. These values
are recorded between an interval of −22.5 Newton and −16.74 Newton. Moreover, this
analyzed diagram has appropriate trajectory paths with an error of approximately 1.87%.

Analyzing the ankle joint diagram, the connection forces are shown in Figures 13 and 14.
For these, values between −4.27 Newton and 4.37 Newton were recorded during a complete
gait for the x-axis component. Both analyzed models have similar trajectories and the error
between the analyzed paths records a value of 2.58%. Similar to the knee joint, high values
were recorded when gait starts and when gait ends. By having insight into the y-axis con-
nection force component, the analyzed trajectories are almost identical and an error of 0.86%
was obtained. Thus, forces between 4.75 Newton and 14.68 Newton were noted. Another
important argument was given by the fact that the processed models are valid only when the
contact between foot and ground was neglected.

By taking into account the contact force between foot and ground, the connection
forces’ values will differ. Thus, Figures 15 and 16 present the connection force components
in the case of the knee joint. Thus, the connection force component on x-axis in the case of
the knee joint records values between −65 Newton and 300 Newton. These values were
obtained for a complete gait cycle and the presented trajectories shown in Figure 15 are
similar for both analyzed models, and the obtained error for this case reaches 0.92%.

Regarding the connection force component on the y-axis represented in the diagram
from Figure 16, the recorded values are between −34.46 Newton and −2.57 Newton.
Furthermore, in this case, the recorded trajectories for both models have smooth paths with
an error of 1.68%.

5. Exoskeleton 3D Modeling

Considering the structural scheme presented in Figure 7, a virtual model was created
for the entire exoskeleton in a constructive form with the aid of SolidWorks. This is shown
in Figures 17 and 18. In these figures, the correspondence between virtual model, structural
scheme, and kinematic scheme shown in Figures 7 and 8 can be identified.

Thus, the exoskeleton’s lower limb has, in its structure, 15 kinematic joints and 11
kinematic elements (links). Each lower limb will be actuated through three servomotor
groups and the energetic parameters will be transmitted to planar-parallel mechanism
drive links through chain transmissions with 1:1 ratio.
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Figure 17. Left leg exoskeleton virtual model.

Figure 18. 3D model of the NeuRob exoskeleton with actuation unit.

From Figure 18, the following components are identified: 1—frame; 2—servomotors
unit for left exoskeleton lower limb; 3—exoskeleton left lower limb with proper segments
equivalent to femur, tibia, and foot; 4—servomotors unit for right exoskeleton lower limb;
5—exoskeleton right lower limb with proper segments equivalent to femur, tibia, and foot.
Each exoskeleton lower limb was designed with proper modular mechanical systems for
dimensional parameters adjustments, as can be seen in Figure 19.
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Figure 19. Femur segment with variable length.

As regarding the exoskeleton limbs’ adjustment, for adapting them to different anthro-
pometrics, both lower limbs are fixed in a console type through a specific frame specially
designed with a mechanical transmission nut-screw type as it can be seen in Figure 20.

Figure 20. Detailed view of the exoskeleton actuation system.

This mechanical transmission can be actuated manually by the user through 1 and
2 rotational elements. These will rotate the powered screw designed with two threaded
sectors (left and right thread sense). In this manner, the actuation platforms will move
closer to or further from each other, to adapt the width of the exoskeleton pelvic segment.
Regarding the patient lifting and positioning system on the specific treadmill, the following
design data were considered:

- a patient weight should be between 50 to 120 kg;
- a patient height will be between 1.55 to 1.85 m.

The entire robotic system design was made by having insight into specific kinetother-
apy protocols adapted to this system, which need to assure the schematized functions
represented in Figure 21.
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Figure 21. Desired functions procedure which will be assured by the desired exoskeleton prototype.

By having insight into the mentioned functions in Figure 21, and keeping in the
background previous research developed for this robotic system, the entire robotic system
was designed, as shown in Figure 22. The designed robotic system presented in Figure 22 is
characterized by the following main parts: (A)—command and control system; (B)—patient
lifting/positioning on the treadmill zone; (C, C’)—proper exoskeleton which models,
under mechanical viewpoints, the left and right lower limbs; (D)—mechanical system for
adjusting the exoskeleton width to patient anthropometric data.

Figure 22. Robotic system virtual prototype with proper parts.

To accomplish the mentioned functions schematized in Figure 21, (B)—patient lift-
ing/positioning on the treadmill zone—needs to be activated. The entire structure is placed
on an aluminum frame in a cubic shape with L × l × h = 1700 × 1400 × 2940 mm.

On this frame, the mobile subassembly (B) is placed, made of a metallic cassette, where
two electric winches can be found. These winches are controlled by the human operator
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in order to place the patient into a neuromotor recovery workspace. Both winches are the
same and can lift a maximum weight of 250 kg. One electric winch will lift the patient up
from the wheelchair and the other will move the suspended patient into the neurmotor
recovery workspace (under the treadmill).

The mobile subassembly consists of a metallic cassette and the mentioned electric
winches can move on a specific rail with a V shape through four metallic rollers. This
mobile subassembly was designed with mechanical limitations and electronic sensors in
order to move precisely the patient in or out of the neuromotor recovery workspace in
safety conditions.

6. Exoskeleton Experimental Tests

The performed experimental tests were done in laboratory conditions, using a similar
protocol to the one presented at the human experimental analysis for creating the desired
database. Thus, the time interval for performing a complete gait cycle was considered
as equal with 1.45 s. This time interval is the same as the one for mathematical models
processing and virtual simulations environment. Also this interval was setup in a closed-
loop for achieving four complete steps in a total time of 5.8 s.

For the experimental evaluations, motion video analysis equipment called CONTEM-
PLAS was used, which is similar to VICON Equipment, except for the fact that it uses
only two cameras and has the advantages of being mobile equipment. Thus, by having a
similar working principle, a total of 10 reflexive markers were attached to the exoskeleton
prototype limbs, respectively in the main joint centers of the desired characteristic points
(hip, knee, and ankle joints for each lower limb), as can be seen in Figure 23.

Figure 23. Markers’ positions for the exoskeleton prototype experimental tests: (a)—right lower limb;
(b)—left lower limb.

Thus, several snapshots during these tests were presented in Figures 24–26. Informed
consent was obtained from all subjects involved in the study.
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Figure 24. Snapshots during exoskeleton left ankle joints without foot and ground contact.

Figure 25. Snapshots during exoskeleton left knee joint without foot and ground contact.
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Figure 26. Snapshots during exoskeleton left ankle joint without foot and ground contact.

These tests were performed without foot and ground contact to observe the exoskele-
ton behavior during walking exercises. This experimental evaluation process was not used
by any human volunteers to test this and other experimental tests will be presented in
future research.

After processing the video sequences, the desired results were obtained for both
exoskeleton lower limbs. These are shown in Figures 27–29.

Figure 27. Exoskeleton hip joints angular variation for a complete gait without foot and
ground contact.
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Figure 28. Exoskeleton knee joints angular variation for a complete gait without foot and
ground contact.

Figure 29. Exoskeleton ankle joints angular variation for a complete gait without foot and
ground contact.

Analyzing the presented diagrams in Figures 27–29, it can be seen that the obtained
angular variations have similar trajectories with the ones obtained in the case of mathemat-
ical models’ processing and virtual simulations, but also in the case of the experimental
analysis of a healthy human subject. Thus, in the case of the hip joints, values between
−26.785 and 16.238 degrees were recorded, and the angular amplitude in the case of the
analyzed exoskeleton’s hips was 44.023 degrees.

By having insight into the previous experimental database and also the existent spe-
cialty literature data [23,27], this angular amplitude is correct from a numerical viewpoint
and it corresponds to a normal gait in the case of a healthy subject. On the other hand, the
introduced data inside of the robotic system’s command and control program contained
data acquired in the previous experimental analysis of a healthy human subject case study.

Regarding the exoskeleton knee joints, it can be observed in Figure 28 that an angular
amplitude of 47.753 degrees was recorded, which is higher than a normal angular amplitude
obtained in the case of a healthy subject. This high value was obtained due to the high
inertia momentums of the exoskeleton segments corroborated with high angular speeds.
In future experimental test protocols, this will not affect the patient recovery behaviour
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due to fact that these high values were recorded in knee flexion moments during the swing
phase of a complete gait. It is possible that the use of a patient together with the designed
robotic system prototype will increase the stiffness and this angular amplitude will record
lower values.

In the case of ankle joints’ experimental evaluations, from the presented results in
Figure 29, it can be remarked that the angular amplitude records a value of 48.589 degrees
and this value is the correct one, by having insight the specialty literature data limits and
the previous experimental analysis.

7. Results Analysis and Discussions

We developed a flexible program that allows the processing of the created mathemati-
cal models, according to the virtual prototyping of the elaborated robotic system under an
Adams environment correlated with experimental analyses in an integrated system.

Thus, a comparative analysis was performed between the experimental results of the
analysed human subject and the ones obtained during experimental tests of the elaborated
prototype. Through this analysis, the error of the acquired results will be identified.

To be able to compare the results of the analysed human subject during experimental
analysis characterized by numerical processing with the ones obtained from the exoskeleton
prototype experimental analysis, the kinematic response of the desired exoskeleton joints
versus human subject joints was monitored, namely hips, knees, and ankles. The obtained
results are represented by diagrams reported in Figures 30–35.

Figure 30. Left hip angular variation exoskeleton vs. human subject during a complete gait.

Figure 31. Right hip angular variation exoskeleton vs. human subject during a complete gait.
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Figure 32. Right knee angular variation exoskeleton vs. human subject during a complete gait.

Figure 33. Left knee angular variation exoskeleton vs. human subject during a complete gait.

Figure 34. Left ankle angular variation exoskeleton vs. human subject during a complete gait.

Figure 35. Right ankle angular variation exoskeleton vs. human subject during a complete gait.

Considering the comparative results reported in the diagram from Figure 30, it can be
seen that the left hip angular variation has an appropriate path, and the maximum value
was obtained in the case of the left human hip, namely 19.537 degrees. In the case of the
exoskeleton’s left hip, the maximum value was equal to 16.238 degrees. Thus, the error of
the reported results presented in this graph was equal to 2.943%.

By having insight into the right hip, it can be remarked a maximum value of 23.6775
degrees was reported for the healthy human subject and in the case of exoskeleton’s right
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hip, this records a value of 26.785. Both reported curves from Figure 31 have similar paths
and the error was equal to 2.875%.

Regarding the knee joints, the reported results as a comparative analysis can be found
in Figures 32 and 33. In fact, for the left knee joint in the case of the healthy human subject, a
value of 38.273 degrees was recorded, and for the left knee joint of the analyzed exoskeleton
this variation reached a value of 33.583 degrees. In this case, the error increases and reaches
a value of 4.993%. In the case of right knee joints for both models, it reached high values,
namely 51.261 degrees for healthy human subject analysis and 47.753 degrees in the case of
the knee exoskeleton joint. Thus, an error of 4.211% was observed, and the paths of the
reported curves were similar.

In the case of the ankle joints, the obtained results through the reported comparative
analysis are shown in Figures 34 and 35. For the left ankle joint, a maximum angular value
of 32.428 degrees in the case of the human subject was recorded, and for the exoskeleton left
ankle joint this reached a value of 27.105 degrees. The obtained error was around 4.878%
and the paths of both analyzed cases have appropriate trajectories.

Similar results were obtained also for the right ankle joints analysis and, as can be seen
in Figure 35, for the human subject a maximum value of 33.237 degrees was obtained. In
the case of the exoskeleton ankle joint, this reached a value of 37.584 degrees. Thus, the
acquired error was around 4.34%.

This comparative analysis validates the exoskeleton functionality. As a major remark,
these experimental tests in the case of exoskeleton prototype experimental analysis were
performed in laboratory conditions without the involvement of any humans. It can be
remarked that the obtained curves reported in Figures 30–35 have similar paths and the
computed error does not exceed 5%. This error depends mostly on the video analysis
equipment’s accuracy but also, in the case of identifying the joint center positions of the
analyzed human subject. In the experimental setup of human subject motion evaluation
during walking, a crucial role in the analyzed joints’ angular variation is represented by
identifying the joint center position, which was performed by hand palpation.

8. Conclusions

In this study, the motions variations depending on time for a complete gait in case of
the hips, knees, and ankles, for different interest points from lower limbs structure were
obtained, which were considered as a mandatory group for walking activity.

Through this research, the following objective was accomplished: obtaining a database
after experimental analyses of 30 healthy human subjects and 5 subjects with neuromotor
deficiencies. This analysis consists of angle variations motion laws of the main joints of
human locomotion (hips, knees, and ankles).

By having insight into the kinematic functions established through motion experi-
mental analysis, an exoskeleton mechanism made from kinematic linkages that allows the
actuating of the desired joints from human lower limb structure, namely hip, knee, and
ankle joints, was conceived.

The developed structural analysis allows us to identify the motor joints for different
sequences from a complete gait cycle and to design the kinematic schemes compatible with
kinematic functions established experimentally with the aid of video analysis equipment.

We performed a dynamic analysis of the exoskeleton mechanism where the input
data for motor joints were established through an inverse kinematic analysis based on the
experimental motion laws of hips, knees, and ankles.

The dynamic analysis consists of elaborating the mathematical models for direct and
inverse methods. The direct method allows the generalized coordinate variation laws to
be established by having insight, as input data, into the geometrical characteristics, mass,
inertia, and contact force with the ground. The inverse method (dynamic synthesis), allows
the connection forces variation (depending on time) from kinematic joints to be established,
having the generalized coordinates variations, mechanism geometry, mass and inertia
characteristics, and generalized forces as inputs.

118



Appl. Sci. 2022, 12, 3952

We created a program under the MAPLE software environment, which allowed us
to perform a numerical process of the elaborated mathematical models for both methods
used in dynamic analysis. The obtained numerical results were compared via two meth-
ods, computed mathematical modeling and numerical simulation, with the aid of MSC
Adams software.

Thus, connection forces variation laws that occur at the exoskeleton joints during
motions were established, and these were used for design and manufacturing phases.

There were performed experimental tests of the entire robotic system and, for these
tests, servomotor motions were considered as input data. These motions were verified
analytically and numerically with MSC Adams software.

We presented numerical results, namely, connection forces’ variations over time in
the case of knee and ankle joints, obtained through two methods: analytical method and
numerical simulations, respectively, both with MSC Adams. The obtained results were
considered as input data for a comparative analysis developed with LS Dyna software. The
obtained results through this comparative analysis present small accuracy errors under 3%
which confirms that the mathematical models and numerical simulation developed in the
virtual environment are correct.

We performed preliminary experimental tests, in laboratory conditions, and the ob-
tained results validated the exoskeleton prototype.

The developed software, which was implemented at the level of the exoskeleton
command and control unit, allowed us to implement motion laws for the drive joints to
actuate 6 servomotors from the exoskeleton prototype structure.

Moreover, the obtained robotic system is characterized by a function called ”teaching
mode” which permits users to manually move the hip, knee, and ankle joints with the
possibility to record each position and establish the maximum and minimum angular
variation limits. Thus, the entire robotic system experimental tests, performed in labora-
tory conditions without a human subject, permit this research to verify the exoskeleton’s
kinematic functions and compare these with the ones obtained experimentally on a healthy
human subject.

An exoskeleton robotic system with a compact structure in a modular concept was
obtained, with a high adaptability level due to its structural–kinematic adjustments. This
was done by having insight into the kinematic linkages equivalent to human lower limbs,
with four planar-parallel mechanisms for actuating the hips, knees, and ankle joints. This
is also characterized by its necessary support to sustain 6 servomotors, and its specific
adjustment possibilities in two directions (horizontal and vertical).

A comparative analysis between experimental motion laws versus experimental
motions developed by the exoskeleton for each main joint (hips, knees, and ankles)
was accomplished.

The experimental tests performed with the entire robotic system were done without a
patient and the evaluated motions were not entered in contact with the ground.

We consider our objectives to have been accomplished by: the comparative results
through mathematical models processing; numerical and virtual simulations with MSC
Adams program; experimental analysis onto human subjects; and experimental tests of the
entire robotic system.

Through this research, we achieved all the proposed investigation objectives and the
conceptual solution was validated through a comparative analysis which certifies the use
of the prototype in future research.
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Abstract: The requirements to be met by a wearable assistive device are compactness, lightweight and
energy efficiency. While the literature discusses the construction and performance of such devices,
no information is provided as to the criteria to be applied in selecting such an actuator, capable of
satisfying the mentioned conditions. Ensuring the high autonomy of a wearable assistive device
requires actuators that can store a large quantity of energy in a small as possible volume, for example,
actuators with a high energy density. This paper presents a comparative study of the performance
of two types of pneumatic actuators: single-acting cylinders and pneumatic muscles, respectively,
and offers information that will enable users to select an optimum solution. The quality indicators
considered in conducting the comparative study are size, mass, the developed force and the energy-
to-mass ratio. A method is proposed to determine the energy developed by the motors over the entire
stroke; based on that, the energy-to-mass ratio is subsequently calculated. This indicator is a valuable
tool made available to designers of wearable assistive devices. The conclusion yielded by the study
asserts that while pneumatic muscles have larger radial and axial dimensions, they present benefits
as to the developed forces and the energy-to-mass ratios.

Keywords: pneumatic muscle; single-acting cylinder; wearable assistive device; energy-to-mass ratio

1. Introduction

Mobile robots are capable of moving in a predefined environment and can be au-
tonomous (AMR—autonomous mobile robots) or nonautonomous. The latter deploy
guiding devices allowing movement along a predefined navigation route. A significant
characteristic of mobile robots is that their moving structure includes all the components
that are required for achieving the proposed task, from the energy source to the effectors.

Due to its operational independence mobile robotics lends themselves to a practically
unlimited number of applications. In addition to utilization in industry, agriculture or road
traffic safety (self-driving motor vehicles), mobile robots can also perform tasks that are
potentially dangerous to humans (e.g., disaster control or military applications). Frequently,
mobile robots can be found in everyday household applications, such as, for example,
semi-autonomous vacuum cleaners [1]. Rehabilitation medicine is another growing field of
applicability, where mobile robotics is present in the form of wearable assistive devices.

Wearable assistive devices are designed to facilitate the performance of tasks by per-
sons who, for various reasons, have lost certain abilities. Such devices can be of passive type
(not powered) or can be powered by electrical, pneumatic or hydraulic actuation systems.

Orthotic and prosthetic devices fall into the passive category and are externally applied
wearable devices: the former being used to modify the structural and functional character-
istics of the neuromuscular and skeletal system, while the second is used to replace wholly,
or in part, an absent or deficient limb segment [1]. According to the International Society for
Prosthetics and Orthotics (ISPO), a prosthetic or orthotic device allows a person with motor
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deficiencies to remain active and independent, and to live a normal life without the need for
formal support services [2]. Orthotic and prosthetic devices are complex technical systems
that, depending on the patient’s needs, can be custom-made to exact measurements.

Powered exoskeletons are portable devices of higher complexity. They were developed
as augmentative devices to improve the bearer’s physical performance or as orthotic devices
for the rehabilitation of walking or locomotory assistance. Compared to stationary systems,
powered exoskeletons must be compact, lightweight, safe, reliable, intelligent and portable,
and can be potentially used at home [3,4].

The mechanical power needed for an exoskeleton is obtained by pneumatic, hydraulic,
and electrical actuators. Pneumatic and hydraulic actuation systems, while benefitting from
a good power-to-weight ratio, are unattractive from the viewpoint of positioning precision.
Electric motors, on the other hand, can be controlled with high precision, while having
an unfavorable power-to-weight ratio [5,6]. In [7], Asbeck et al. compare two wearable
assistive devices with different actuation systems, pneumatic and electro-mechanical,
respectively. The masses of the two systems are 7.1 kg for the pneumatic and 10.1 kg for the
electro-mechanical one. The conclusion reached by this study was to choose the pneumatic
actuation for wearable assistive suits.

Actuator positioning poses a challenge to designers of powered exoskeletons. Placing
the motors near the joints entails a simpler construction, but inertial forces are generated
that render the entire system more difficult to control. If the actuators are placed at a
distance from the joints, the weight of the mobile components is reduced, but power
transmission mechanisms are required that complicate the mechanical structure of the
entire assembly.

The growing use of compressed air in the construction of powered exoskeletons
is determined by its benefits, such as easy generation and storage, non-flammability,
minimum risk of explosion, minimal maintenance requirements of the pneumatic systems,
compliance, etc. By their generated motion, pneumatic motors are linear or rotary, and, as to
their construction, they are equipped with a piston, blades or membrane [8]. The literature
reveals the predominant deployment of pneumatic cylinders and pneumatic muscles in
the construction of powered exoskeletons. The main applications of such systems are the
rehabilitation and exercising of the upper and lower limbs.

Bae et al. present in [9] the construction of an exoskeleton device for active wrist
rehabilitation based on pneumatic cylinders. The flexion and extension of the wrist is
conducted by means of a bar system actuated by a pneumatic cylinder. In [10], Goergen
et al. put forward a simple and low-cost pneumatic robotic mechanism for lower limb
rehabilitation. Operational safety and force control are achieved by adequately adjusting
the pressures in the chambers of the pneumatic cylinders that drive the rehabilitation robot.
Other exoskeleton devices actuated by pneumatic cylinders are described in papers [11–14].

The utilization of pneumatic muscles is gaining terrain in the construction of wearable
assistive devices. This is due to the advantages offered by pneumatic muscles, such as
higher force-to-weight ratio and the capacity to generate larger forces than other pneumatic
motors. The low weight and flexibility of pneumatic muscles renders them easily integrated
into an exoskeleton device [15]. In [16], Bogue presents an overview of recent developments
in exoskeletons and robotic prosthetics that highlights the growing presence of pneumatic
muscles in this field.

Portable medical systems actuated by pneumatic muscles devised for the rehabilitation
of the upper and lower limb joints are presented in a number of publications. Balasub-
ramanian et al. propose in [17] a wearable upper extremity therapy robot, actuated by
pneumatic muscles. Abe et al. also use pneumatic muscles to build a soft power support
suit for the upper limb [18]. Other examples of deploying pneumatic muscles for the actu-
ation of exoskeletons designed for mobilizing upper and lower limb joints are discussed
in papers [19–24]. In [25,26], the authors present two patented applications of pneumatic
muscles in the field of medical rehabilitation equipment, designed for the wrist, and hip
and knee and ankle, respectively.
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In addition to characteristics such as compactness, low mass and portability, the pub-
lished studies revealed a further significant requirement to be met by a powered exoskele-
ton, namely the highest possible energy efficiency. While all analyzed papers available in
the literature describe the construction and performance of powered exoskeletons, the cri-
teria for selecting a certain type of pneumatic motor (pneumatic cylinder or pneumatic
muscle) are not explained.

As a novelty, this paper introduces an energy-related approach to selecting a certain
pneumatic actuator. In consideration of the global concern related to energy consumption,
the paper presents a method for determining the energy-to-mass ratio (gravimetric energy
density) of pneumatic actuators and puts forward this indicator to be used for their selection.
Gravimetric energy density is the amount of energy stored in a given system or region of
space per unit mass. The higher the gravimetric energy density of the air, the more energy
can be stored or transported for the same amount of mass [27].

The reviewed literature discusses this energy-related indicator as a criterion for select-
ing pneumatic motors only to a rather slight extent. Only in [28], Plettenburg proposes
the energy-to-mass ratio as a criterion for selecting a certain type of pneumatic actuator,
his calculations yielding the conclusion that the highly praised advantages of pneumatic
muscles are exaggerated. Other papers refer to the concept of power-to-weight ratio, with-
out, however, offering a corresponding calculation course [29–31]. Paper [32] presents a
comparison of a hydraulic and an electric motor as to their energy efficiency, based on the
power-to-mass ratio. The conclusion asserts a higher power density of hydraulic motors
compared to that of electric motors.

From all analyzed articles, it followed that regardless of the field of applicability,
a certain type of pneumatic actuator is selected generally strictly on economic or technical
grounds (dimensions, masses, efficiency, stroke, work pressures, etc.). Starting from these
considerations, the paper proposes a methodology for computing the energy-to-mass
ratio for two types of pneumatic motors (pneumatic cylinders and muscles, respectively).
The presented methodology is new and can be applied to other categories of actuators as
well. The comparative study conducted by the authors is also significant for analyzing
the possibility of using either type of pneumatic actuator in the construction of powered
exoskeletons. It is known that high energy density systems store a larger quantity of energy
that in, its turn, ensures the increased autonomy of the rehabilitation system.

For practical purposes pneumatic muscles and pneumatic cylinders of the same man-
ufacturer were selected for the comparative study. Actuators made by other manufacturers
have a behavior (performance) similar to those of the studied motors, slight differences
existing only in relation to the exterior design.

The aim of the study was to provide the necessary information for a correct selec-
tion based on quantifiable quality indicators of the optimum type of pneumatic actuator.
The quality indicators considered in the comparative study are size, mass, developed force
and the energy-to-mass ratio, meaning the specific energy or gravimetric energy density
of an actuator. All of these quantities are easily measured or calculated, thus yielding
reliable results.

The main contributions of this paper consist in (i) introducing a computational method
of the energy developed by the studied pneumatic actuators and (ii) conducting an energy-
to-mass ratio based comparative study of the performance of pneumatic cylinders and
pneumatic muscles, respectively.

The paper continues with a second section that describes the studied pneumatic
actuators. In the third section, the energy-to-mass ratio is defined, and its values determined
for the studied motors. The third section of the paper concludes with two concrete examples
of rehabilitation equipment for which the energy-to-mass ratios are calculated. The paper is
completed by the conclusions and recommendations resulting from the study. Depending
on the comparison criteria that are of interest to a particular user, one or the other variant
of pneumatic actuator can be selected.
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2. Pneumatic Muscles vs. Pneumatic Cylinders

The proposed working method consists of going through a number of steps with the
aim of obtaining the energy-to-mass ratio. The sequence of steps is as follows:

• Computation of the forces developed by the analyzed pneumatic actuators;
• Determining the required dimensional specifications of the analyzed actuators;
• Establishing the dependency of the actuators mass on the length of the stoke;
• Determining the dependency equations of the forces developed by the actuators versus stroke.

Based on these data, subsequently, the energy-to-mass ratio is calculated.

2.1. Computation of the Forces Developed by the Analyzed Pneumatic Actuators

A number of papers on applications of pneumatic muscle assert that this type of
actuator offers more advantages than pneumatic cylinders, without, however, following
up with concrete arguments in this respect. Some of the advantages of pneumatic muscles
enumerated in [33] are:

• The developed initial force is significantly larger at the same diameter;
• Small mass per unit force;
• Smaller consumption of compressed air;
• Superior energy density, etc.

In order to prove these assertions, further discussion on the authors present and a
comparison between single-acting pneumatic cylinders and pneumatic muscles manufac-
tured by Festo are presented (Figure 1). These specific actuators were selected for the study
because the forces developed by them have similar evolutions over the length of the stroke.
The maximum force is developed at the beginning and reaches its minimum by the end of
the stroke.

 

(a) (b) 

Figure 1. Types of studied pneumatic motors: (a) Single-acting cylinder; (b) Pneumatic muscle.

In the case of single-acting cylinders, compressed air is applied to a single face of
the piston and, consequently, motion is generated in a single direction. The piston is then
reversed automatically by means of a built-in spring. The force developed by a cylinder of
this type is calculated by Equation (1):

F = p × π·D2

4
− FFR − FSpr (1)

where p is the pressure of the compressed air, D—the piston diameter, FFR—the friction
forces, FSpr—the spring force.

The pneumatic muscle generates displacement by changing its geometrical form
when fed compressed air. As the air pressure increases, a traction force acting along the
muscle axis causes it to shorten. Such axial contraction represents the stroke of the motor.
The maximum axial contraction is of about 20% of the muscle’s initial length. The axial
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force is maximum at the onset of contraction and falls to zero as the end of the stroke is
reached. The force developed by a pneumatic muscle is calculated by Equation (2) [30]:

F = p × π

4
× d2 ×

[
3 × cos2 α − 1

1 − cos2 α

]
(2)

where p is the working pressure, d the diameter of the pneumatic muscle, and α is the
winding angle of the synthetic fiber tissue the envelopes the inner tube of the muscle.

The following models of the two types of pneumatic motors were selected for the
purpose of this comparative study:

• Round cylinders, single-acting, pushing, based on ISO 6432, manufactured by FESTO,
Esslingen, Germany, shown in Figure 2a [34];

• Pneumatic muscles, models DMSP-xx-N, manufactured by FESTO, Esslingen, Germany,
shown in Figure 2b [35].

  
(a) (b) 

Figure 2. Studied pneumatic motors: (a) Single-acting cylinder (ESNU) [34]; (b) Pneumatic muscle
(DMSP) [35].

2.2. Determining the Required Dimensional Specifications of the Analyzed Actuators

Three sizes of each motor type were selected and paired for comparison. For each pair
of compared motors, the active diameters and the strokes were the same. Table 1 presents
the characteristics of these pneumatic motors [34,35]:

Table 1. Characteristics of the studied pneumatic motors.

Motor Type Motor Code
Interior Diameter

[mm]
Stroke Length

[mm]

Round cylinders
ESNU-10-50-P-A 10 50
ESNU-20-50-P-A 20 50
ESNU-40-50-P-A 40 50

Pneumatic
muscles

DMSP-10-250N-RM-CM 10 50
DMSP-20-250N- RM-CM 20 50
DMSP-40-250N- RM-CM 40 50

A comparison of the two types of pneumatic motors used for the evaluation criteria
their dimensions, masses, developed forces and the energy-to-force ratio.

From the viewpoint of sizes, Table 2 features the main dimensions of the two types of
motors, as indicated in their technical specifications [34,35].

Notably, single-acting cylinders are of smaller axial and radial dimensions, which may
represent an advantage for building compact powered exoskeletons.
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Table 2. Dimensions of the studied pneumatic motors.

Motor Type Motor Code
Maximum Exterior Diameter

[mm]
Total Stroke
Length [mm]

Round
cylinders

ESNU-10-50-P-A 16 86
ESNU-20-50-P-A 30 132
ESNU-40-50-P-A 50 177.6

Pneumatic
muscles

DMSP-10-250N-RM-CM 30.1 318.2
DMSP-20-250N-RM-CM 45.6 335
DMSP-40-250N-RM-CM 65.5 361

2.3. Establishing the Dependency of the Actuators Mass on the Length of the Stoke

The masses of the pneumatic motors depend on the lengths of their strokes and their
axial and radial dimensions. In the case of single-acting cylinders based on their technical
specifications, the equations of mass versus stroke variations can be determined:

mESNU_10(s) = 0.27 × s + 0.0373 (3)

mESNU_20(s) = 0.72 × s + 0.1868 (4)

mESNU_40(s) = 2.4 × s + 0.661 (5)

In the three equations, the masses m are calculated in kg and the stroke length s is
entered in meters.

Equations (6)–(8) describe the variation in the mass of a pneumatic muscle (in kg) versus
the length l (in meters) of its active part (excluding the end connections). The equations re-
sulted from the information included in the technical specifications of the pneumatic muscles.

mDMSP_10(l) = 0.094 × l + 0.077 (6)

mDMSP_20(l) = 0.178 × l + 0.238 (7)

mDMSP_40(l) = 0.34 × l + 0.675 (8)

It is known that upon being fed compressed air, the pneumatic muscle contracts by up
to 20% of its initial length. The maximum stroke carried out by the free end of the muscle is
described by Equation (9):

s = Δl = 0.2 × l (9)

Thus, the equations describing the variation in the mass of the pneumatic muscles
versus the stroke s becomes:

mDMSP_10(s) = 0.47 × s + 0.077 (10)

mDMSP_20(s) = 0.89 × s + 0.238 (11)

mDMSP_40(s) = 1.7 × s + 0.675 (12)

Table 3 includes the masses of the six studied pneumatic motors, and Figure 3 shows
the variation lines of the masses of the two types of motors versus their strokes.

Table 3. Masses of the studied pneumatic motors.

Motor Dimension
[mm]

Mass Calculated for a 50 mm Stroke
[kg]

ESNU DMSP

10 0.0508 0.1005
20 0.2228 0.2825
40 0.795 0.76
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Figure 3. Dependency of the masses of the studied pneumatic motors on the stroke (m = f(s)).

The values in Table 3 and the lines in Figure 3 suggest that for the same diameter of
the motors, their masses do not differ significantly. For diameters of 10 mm and 20 mm,
single-acting cylinders have a slightly smaller mass, while at 40 mm diameter it is the
pneumatic muscle that has the smaller mass. In the case of 40 mm diameter actuators, both
cylinders and muscles, as the strokes required to be carried out and implicitly their lengths
increase, the difference between cylinder and muscle mass increases, i.e., the pneumatic
muscles become increasingly lighter than the cylinders.

2.4. Determining the Dependency Equations of the Forces Developed by the Actuators
Versus Stroke

Tables 4 and 5 feature the variability intervals of the forces developed by the six
pneumatic motors. All presented values were determined for a maximum pressure of 6 bar,
and the data were taken from the technical specifications of the pneumatic motors.

Table 4. Forces developed by the ESNU pneumatic cylinders.

Motor Code
Maximum Force

[N]
Minimum Force [N]

ESNU-10-50-P-A 41 4.8
ESNU-20-50-P-A 169 13.6
ESNU-40-50-P-A 688 30

Table 5. Forces developed by the DMSP pneumatic muscles.

Motor Code

Specific Axial Contraction ε = s/l

0 0.04 0.08 0.12 0.16 0.20

Stroke [m]

0 0.01 0.02 0.03 0.04 0.05

Developed Force [N]

DMSP-10-250N- RM-CM 397.4 318.8 226.6 154.4 90.9 32.1
DMSP-20-250N- RM-CM 1199.1 1175.5 910.8 691.5 498.1 310
DMSP-40-250N- RM-CM 3994.7 3852.3 3712.3 2852.3 2126.3 1489.6
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Based on the data in Tables 4 and 5, the lines and curves shown in Figures 4 and 5 were
plotted that describe the dependency of the forces developed by the pneumatic motors on
the stroke. The dependencies are expressed by Equations (13)–(18).

FESNU_10(s) = −724 × s + 41 (13)

FESNU_20(s) = −3108 × s + 169 (14)

FESNU_40(s) = −97656 × s + 6372.4 (15)

FDMSP_10(s) = 5.3333 × 105 × s3 − 1821.4286 × s2 − 8556.5476 × s + 398.95 (16)

FDMSP_20(s) = 1.0866 × 107 × s3 − 9.1088 × 105 × s2 + 549.1005 × s + 1211.2778 (17)

FDMSP_40(s) = 2.7745 × 107 × s3 − 2.9408 × 106 × s2 + 2.7968 × 104 × s + 3960.6746 (18)

Figure 4. Variation of the forces developed by the studied pneumatic cylinders.

Figure 5. Variation of the forces developed by the studied pneumatic muscles.
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Figures 4 and 5 show that the forces developed by pneumatic muscles are about 5 to
10 times greater than those developed by single-acting cylinders.

3. Determination of the Energy-to-Mass Ratio

The energy-to-mass (RE/m) ratio is a quantity devised for comparing the energy ef-
ficiency of different types of actuators. In [26], Plettenburg proposes the computational
relationship of this indicator:

R E
m
=

∫
F(s)·ds
m(s)

(19)

where F(s) is the force developed by the pneumatic motor, s is the stroke and m is the mass
of the motor.

For pneumatic muscles, Equation (19) is adapted by taking into account the specific
axial contraction ε = s/l:

R E
m
=

l· ∫ F(ε)·dε

m(s)
=

∫
F(s)·ds
m(s)

(20)

The numerator in Equations (19) and (20) represents the energy developed by the
motors over the entire stroke and is obtained by the integration of the force Equations
(13)–(18). The integrals in the numerator represent the surfaces between the variation
curves of the forces, the abscissa of the graphs and the maximum and minimum limits of
the motors’ displacements. Figure 6 highlights these surfaces for the ESNU cylinders and
the DMSP pneumatic muscles.

Equations (21)–(23) represent the calculation formulae of the energy-to-mass ratios for
the three studied pneumatic cylinders:

R E
m , ESNU_10 =

1.145
0.27 × s + 0.0373

(21)

R E
m , ESNU_20 =

4.565
0.72 × s + 0.1868

(22)

R E
m , ESNU_40 =

17.95
2.4 × s + 0.661

(23)

For the pneumatic muscles, first the equations of the energies developed over the
working interval are determined. Figure 6b shows the surface that materializes the integrals
in Equation (20).

EDMSP_10(s) =
0.05∫
0

FDMSP_10(s)·ds = 10.0093 (24)

EDMSP_20(s) =
0.05∫
0

FDMSP_20(s)·ds = 40.2748 (25)

EDMSP_40(s) =
0.05∫
0

FDMSP_40(s)·ds = 153.8121 (26)

The energy-to-mass ratios of the three pneumatic muscles will be:

R E
m , DMSP_10 =

EDMSP_10(s)
mDMSP_10(s)

=
10.0093

0.47 × s + 0.077
(27)

R E
m ,DMSP_20 =

EDMSP_20(s)
mDMSP_20(s)

=
40.2748

0.89 × s + 0.238
(28)

R E
m , DMSP_40 =

EDMSP_40(s)
mDMSP_40(s)

=
153.8121

1.7 × s + 0.675
(29)
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(a) (b) 

Figure 6. Energy developed by: (a) ESNU pneumatic cylinders; (b) DMSP pneumatic muscles.

Figure 7 shows the variation in the energy-to-mass ratios versus stroke for the six
pneumatic motors and Table 6 presents the values of these ratios for a 50 mm stroke.

Table 6. Energy-to-mass ratios of the studied pneumatic motors.

Motor Dimension
[mm]

Energy-to-Mass Ratio for a 50 mm Stroke
[Nm/kg]

ESNU DMSP

10 22.5394 99.595
20 20.4892 142.5657
40 22.9834 202.3843
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Figure 7. Variation of the energy-to-mass ratios versus strokes of the pneumatic motors.

Figure 7 reveals that in the case of single-acting cylinders, the values of the energy-
to-mass ratios are approximately the same regardless of their diameters. This observation
does not apply in the case of pneumatic muscles, where the energy-to-mass ratio in a 40 mm
diameter muscle is about two-times larger than that in a 10 mm diameter one.

The above table shows that for the studied pneumatic actuators with a 50 mm stroke,
the energy-to-mass ratios of the pneumatic muscles are about 4- to 9-times larger than
those of single-acting cylinders. Consequently, from the viewpoint of energy efficiency,
pneumatic muscles are recommended for applications that require the development of a
large force while ensuring maximum energy efficiency.

Table 7 presents an overview of the results obtained by the comparative study of the
two types of linear pneumatic motors. The (+) sign indicates a favorable characteristic
while (−) indicates a disadvantage.

Table 7. Overview of the results obtained by the comparative study of the two types of pneumatic motors.

Motor Type
Maximum

Exterior
Diameter

Total
Length

Mass Force
Energy-to-Mass

Ratio

Round cylinders ESNU + + = − −
Pneumatic muscles
DMSP

− − = + +

In articles [25,26], the authors have presented and discussed two pieces of medical
rehabilitation equipment, one designed for the recovery of the lower limb (Figure 8), and the
other for the recovery of the wrist (Figure 9). Both devices are actuated by pneumatic
muscles, a technical solution selected due to the favorable energy-to-mass ratio.

For these devices, Table 8 features a comparison of the computational results obtained
by the method proposed in this paper. The values of the energy-to-mass ratios of the
utilized pneumatic muscles were compared to those of the single-acting cylinders that
could have been used alternatively as actuators of the two devices. Table 8 includes the
dimensions of the compared actuators.
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Figure 8. Assistive rehabilitation device for the joints of the lower limb.

 

Figure 9. Pneumatic muscle actuated wrist rehabilitation equipment.

Table 8. Comparison of the energy-to-mass ratios computed for the two types of actuators.

Energy-to-Mass Ratio [Nm/kg]

Assistive rehabilitation device for the joints of the lower limb

Pneumatic muscle
L = 750 mm; d = 20 mm; s = 150 mm 108.4113

Single-acting cylinder
D = 20 mm; s = 150 mm 15.4851

Wrist rehabilitation equipment

Pneumatic muscle
L = 300 mm; d = 10 mm; s = 60 mm 95.1454

Single-acting cylinder
D = 10 mm; s = 60 mm 21.4019

It needs be pointed out that in the case of the assistive rehabilitation device for the
joints of the lower limb, the value of the energy-to-mass ratio a of the pneumatic muscle is
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7-times greater than that of the equivalent single-acting cylinder, while in the case of the
wrist rehabilitation equipment, the proportion is of 4.45. These two examples confirm the
superior behavior of pneumatic muscles from the energy point of view.

4. Conclusions

Thus, the methodology for determining the energy-to-mass ratio entails a sequence of
steps consisting of (i) computing the actuator’s mass; (ii) determining the evolution of the
force developed over the entire working stroke; (iii) computing the developed energy and
(iv) computing the energy-to-mass ratio. Given its short running time, the computational
methodology of the energy-to-mass ratio put forward in the paper also lends itself to other
types of actuators.

The following conclusions resulted in relation to the quality characteristics used and
analyzed for the comparison of the two types of pneumatic actuators:

• From the viewpoint of axial and radial dimensions, single-acting cylinders are more
compact than pneumatic muscles;

• The masses of the two types of pneumatic motors of the same diameter do not differ
significantly. Nevertheless, in the case of 40 mm diameter actuators, as the strokes
required to be carried out and implicitly their lengths increase, the difference be-
tween the mass of the cylinder and that of the muscle increases, in the sense that the
pneumatic muscles become increasingly lighter than the cylinders.

• The forces developed by pneumatic muscles are about 5- to 10-times greater than those
developed by single-acting cylinders;

• The energy-to-mass ratios of the pneumatic muscles are about 4- to 9-times larger than
those of single-acting cylinders.

The results of the study prove that despite their radial and axial larger sizes, pneumatic
muscles offer benefits from the viewpoint of developed forces and energy-to-mass ratios.
In applications that require large forces and high energy efficiency, replacing single-acting
cylinders with pneumatic muscles has become a necessity.

The analysis of the energy-to-mass ratios confirm the assertions found in the literature
related to pneumatic muscles that motors have an energy efficiency superior to that of
single-acting pneumatic cylinders.

The flexibility of pneumatic muscles, the large, developed forces and a high energy-
to-mass ratio render these actuators an optimum solution for manufacturing exoskeleton
devices. In addition, their light weight, portability, safe operation, reliability, compliance
and easy integration in wearable assistive devices render pneumatic muscles a viable
actuation alternative to such rehabilitation systems.
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Abstract: For people with amputated lower limbs, it is imperative to make high-performance pros-
theses that reproduce, as accurately as possible, the functions of the amputated limb. In this case, a
preliminary study of the lower limbs from a kinematic and dynamic point of view is necessary. This
paper proposes a prosthesis design and a system for acquiring the information needed to determine
the stepping phase kinematic and dynamic parameters of the legs. This system consists of a sensory
system attached to the legs and a acquisition data unit built around a microcontroller. The sensory
system is based on a sensory system for determining the weight distribution on the sole, made of
resistive pressure sensors. The sensory system will be subjected to measurement repeatability and
homogeneity tests to evaluate and validate the accuracy and error of the proposed solution. The
data obtained by the sensory system is transmitted in real-time, via wi-fi, to a computer system for
interpretation. After processing and interpreting the data using standard data sets for comparison, the
position of the legs, the type of gait and the phase of movement can be determined. Constructively,
the system is configurable and can be adapted to any person, male or female, regardless of shoe size.

Keywords: prosthesis; resistive pressure sensors; acquisition system

1. Introduction

Amputation of the limb or extremity of a limb, either from the upper extremity
amputation (UEA) or lower extremity amputation (LEA) of the human body, affects people’s
quality of life. Globally in 2017, the highest number of trauma amputations was in East
and South Asia, followed by Western Europe, North Africa and the Middle East, increasing
in North America and Eastern Europe [1].

In a 28-year study (1990–2017) on the incidence of lower extremity amputations in
19 countries (EU15+) by Hughes et al. [2], significant geographic and temporal variability
was observed. According to this study, Australia had the highest incidence of LEA in
women and men during the study period. However, this incidence decreased steadily in
the Netherlands and the USA, and a higher percentage reduction is found in the USA.
Another recent study examined Germany’s LEA incidence from 2015 to 2019 [3]. According
to this study, in 2019, compared to 2015, the incidence of major amputations decreased by
7.3%, while the incidence of minor amputations increased by 11.8%, and there was also a
decrease in the incidence of women to men.

In terms of the causes that led to the amputation of the lower limbs, demographically,
there are many differences between developed and developing countries. For example,
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compared to developed countries where most amputations are due to disease processes
such as diabetes, the causes of amputations are more related to environmental factors,
living conditions, or wars in developing countries [4].

Individuals who have had lower limb amputations face many other physical chal-
lenges that can compromise their health and mobility. Hence the need for a technical
replacement (prosthesis) that restores the biomechanical function of the amputated element
and the body’s integrity. Management of lower limb prostheses for these individuals is a
complicated issue. Unfortunately, the candidates who want to benefit from the usefulness
of a prosthesis are a heterogeneous group with distinct ages and needs. In addition, the
choice of the perfect candidate depends on the following factors: the aetiology of limb
loss, the level of amputation, comorbidities and health, the postoperative stage, and the
state of rehabilitation. Lower limb prostheses can be classified into three types of devices:
passive, semi-powered or powered. For example, individuals with transtibial amputation
(the term transtibial indicates that the amputation occurred between the knee and the
ankle) are usually prescribed a prosthesis for storage and return of passive elastic energy,
made of carbon fibre and works as an arc without the ability to generate energy again
or to articulate. Most ankle and foot prostheses available on the market until the early
2000s were completely passive. The simplest solution for transtibial amputations is a solid
prosthesis of the foot without an ankle joint [5]. As a result, the mechanical properties
did not adapt to the user’s walking speed and terrain type. Individuals with transtibial
amputation often adopt compensatory gait strategies. These can lead to significant changes
in gait dynamics, the joints loading and working, and the muscular activity of the affected
and unaffected leg [6]. In the last three decades, approaches in prosthetic technology have
led to significant advances, especially regarding biomechanical and user comfort [7] and
in walking symmetry and energy cost [8]. An excellent example of a marketable passive
prosthetic foot is the C-Walk [9], equipped only with passive components but combined
suitably. As a result, it is more effective from an energy point of view compared to other
prostheses in this category.

The first electrically powered ankle-foot prosthesis was built in 1998 and was pneumat-
ically operated [10]. Subsequently, from 2005 until now, studies have focused on designing
and developing autonomous energy supply systems [11–18]. The main factors considered
for the design of prostheses are both the mechanical properties [19,20] and the length of the
prosthesis [21]. Another factor that should not be overlooked is the weight of the prosthetic
components [22]. A higher weight also increases the stress on the socket—the residual
connection of the limbs, which is one of the most critical elements in the prosthesis [23]. In
addition, most studies in the literature have been conducted on the evaluation of kinematic
and kinetic gait [24] and foot plantar pressure [25,26].

Magnetorheological fluids (MR) were successfully introduced into prosthetic devices
after 2000. In 2001, a patent was published [27] for a variable torque magnetorheological
knee prosthesis produced by Ossur Inc, Los Angeles, CA, USA [28]. Herr and Wilken-
feld [29], in 2003, presented a magnetorheological knee prosthesis that automatically adjusts
the cushioning of the knee to walking amputated using only local detection of the knee,
torque and strength position. In 2006, a study related to [27] was carried out, which was
intended to be part of a project to create models with finite elements of the knee [30].
Another invention patent [31] was published in 2012 generally relating to powered human
augmentation devices, such as lower-extremity prosthetic, orthotic, or exoskeleton appara-
tus, and/or humanoid robotic devices designed to emulate human biomechanics. Among
the most current studies is [32], which analyzes the energy consumption of a magnetorheo-
logical active knee actuator that has been designed for transfemoral prostheses. The system
was developed as an operational motor unit consisting of an EC motor, a harmonic drive,
and a magnetorheological clutch (MR) parallel with an MR brake.

By analyzing the above literature, it can be said that significant advances have been
made in the research and development of prostheses for the lower limbs, which has led to
an increase in the function and quality of life for many people with amputations of the lower
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limbs living in developed countries. However, one downside of this new research and
development is that many potential users live in developing countries and cannot benefit
from this new technology. This fact is due to multiple causes: cost, durability, maintenance
or access to these prostheses. Under these conditions, research needs to focus on designing
and developing cost-effective foot prostheses that meet economic, environmental and
physical standards to cope with unfavourable climates and working conditions. So far,
many cheap prosthesis projects have been done to support the lower limbs, such as [33–35].
Our team aims to design and implement a low-cost prosthesis to support people with
lower limb amputation (especially transtibial amputation). In the first phase, two goals
were set: to design the smart ankle prosthesis and implement a solution to determine the
weight distribution on the sole. The smart ankle prosthesis is intended to be developed as
a passive one (from the articulation actuation point of view) and controllable (by using a
magnetorheological fluid and controlling its properties to obtain a controllable damping
effect inside the articulation). For the weight distribution on the sole, in this stage of our
research, we will propose an alone sandal with eight pressure sensors. The first objective
we set for the current study is to propose a smart ankle prosthesis design; the second
objective is to design, develop, and validate a solution to determine the weight distribution
on the sole; the third objective is to conduct a series of measurements which allow us to test
the data acquisition system firstly and to compare the acquired data against other systems
presented in the literature, and secondly to create a dataset which will be used to design a
future algorithm which to detect the gait phases. With these parameters determined, it is
possible to control the optimal position of the prosthesis joints, depending on the phase
and the type of movement. The determinations were made for people without amputated
limbs. The appropriate values for an amputated limb can be determined by mediating their
values. This simplified and optimized system can be integrated into a prosthesis for its
configuration in real-time, regardless of the phase or type of movement.

Our Prosthesis Design

The research effort in this field focuses on improving the characteristics of the artificial
ankle to closely simulate the human ankle’s functionality. The design of an artificial ankle
involves many scientific and technical areas such as medicine, robotics and mechatronics,
biomechanics, material science, mechanical engineering, electronics, and others. The
challenge of the ankle prosthesis design is to find the means to achieve the functions of an
intact ankle, especially the role of power generation.

This study presents an innovative solution for a smart ankle prosthesis based on
smart fluids that will simulate the functionality of the human ankle for both walking and
running activities.

The mechanical structure consists of the mechanical elements of a standard prosthesis
(Figure 1). The innovative element will be a spherical joint based on smart fluids (class 4),
which replaces the human ankle joint. The spherical joint allows two rotations, correspond-
ing to the up and down movement and the lateral rotation of the foot. For each rotation,
the spherical joint consists of two concentric hemispherical shells between which there is a
magnetorheological fluid. The volume between the two spherical shells is divided in two
by a fixed belt. Also, a spherical cap rotates between the two spheres. It is rigidly attached
to the prosthesis elements, rotating with them and generating the rotational movement of
the ankle. Angle 0 divides the fluid into two equal volumes for the relaxation position.
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Figure 1. Ankle prosthesis with smart fluid joint.

At the rotation between the two hemispheres, the fluid is circulated from one space
to another through a magnetorheological stop valve (outside the joint). Due to the incom-
pressibility of the fluid through the control of the stop valve, the control of the rotation
of the spherical cap between the two hemispheres is obtained, so implicitly, the control
of the rotation of the joint. For the second axis of rotation, proceed similarly. The joint is
shown in Figure 2. Its detailed description is presented in the works [36]. Also, the mechan-
ical system contains the reconstruction of the leg components that have been amputated
(ankle, leg, etc.).

Figure 2. Spherical joint based on smart fluids (magnetorheological fluid).

The actuator system: The prosthesis uses elastic elements that maintain the foot’s
position in the relaxation position. Also, the ankle joint allows rotation (lateral and vertical)
under the action of body weight (support on foot, walking, running). A stop-valve controls
both movements of the joint with rheological fluid. After the cessation of the effort (due to
the move), the elastic elements bring the paw to the position of relaxation.

The sensorial system: The sensory system provides information about the position of
the articulation of the prosthesis and the force exerted on it due to the body’s movement
(size, direction). The information is provided to the control system. It consists of incremental
rotation sensors (associated with the spherical joint) and force sensors (associated with the
foot paw). In addition, the value of the working pressures for the stop valve is given by
pressure sensors.
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The control system: Prosthesis control systems must accomplish multiple tasks, such as
recognizing the amputee’s intended movements (high-level control), applying an appropri-
ate control law based on the amputee’s intent (mid-level control), and using local feedback
to command the actuation systems within the prosthesis (low-level control). The control
system will be capable of controlling the ankle joint across various ambulation modes
(level-ground walking, ramp ascent/descent, stair ascent/descent, running); however,
these control strategies are highly sophisticated.

There is a known ankle prosthesis that solves this problem through two constructive
solutions, namely:

(1) The most used solution is the prosthetics leg for normal daily activities (upright
position, walking, etc.). Generally, they are designed strictly for one person (weight,
dimensional) and a spherical joint of class 5 that allows vertical movements of the
foot. Most of these prostheses are passive, and the movement control is performed
(strictly mechanical) by elastic elements or hydraulic/pneumatic cylinders. These
have the disadvantage of the need for design strictly reported to a beneficiary. They
also allow only one type of activity (e.g., walking) [37].

(2) Another solution is the prosthetic for particular activities (sports activities: running,
jumping). They are generally built from a single elastic body without containing the
rotating joint. Therefore, they are dedicated only to sports activities, designed only
for certain types of requests, strictly for one person. To switch to daily activities, it is
necessary for this person to change the prosthesis [38].

The classical spherical joints do not control the movement of interconnected elements,
having only the role of a passive kinematic couple.

Our spherical joint based on smart fluids was proposed in a national patent application:
Spherical joint based on intelligent fluids—A/00213/2019 [39] and was a gold medalist at
Euro Invent 2019.

The rest of the paper is structured as follows: Section 2 presents the design of the
prosthesis and the sensory system, as well as the data validation of the sensory system;
Section 3 shows the results obtained from the simulations; Section 4 presents the challenges
associated with the development of such systems and their potential solutions, as well as a
discussion about the future research perspectives are given; finally, Section 5 is devoted to
the conclusions.

2. Materials and Methods

2.1. Acquisition System for Determining the Phase of Passing and Walking Characteristics

The proposed sensorial system includes force sensors, which to provide a reliable
plantar pressure measurement.

Plantar pressure measurement systems, including low-cost insole sensors, are trendy
instruments used in diagnosing foot disorders [40] and for monitoring the rehabilitation
process. We consider that the plantar pressure measurement can be used as an input for
our active prosthesis control system. Currently, there are many commercial systems with a
high density/large number of pressure sensors, having a limited charging time. From a
transtibial active prosthesis control point of view, there is not a need for such a high density
of plantar pressure measurement points. Also, the above-mentioned commercial solutions
are designed to help determine the mode of complex information, i.e., the deviations of the
spine and determinations made at rest. They are rigid systems of the type of pressure plates
or flexible for the kind of insoles with insertion of pressure elements. Neither of the two
systems satisfies the objective proposed in the paper—to provide reliable data about the
plantar pressure to be used by the control system. There is also no integrated system that
simultaneously reads the sole load and the kinematics or dynamics of the foot. Therefore,
the first objective of the authors of this paper was to develop a low-cost insole prototype
composed of an adequate, small number of sensors, which offer the optimum data about
the plantar pressure.
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A special shoe, like a sandal, with a rigid sole, was made for this. On its sole are
mounted eight resistive pressure sensors in the three areas of interest. In addition, the
foot straps are mounted on the top. The sandal is made modularly and, with minimal
modifications, can be adapted to any size of shoes 36–41 women and 41–46 men. This
implies the design of a highly customizable sandal sole, the manufacture of it using a 3D
printer/ABS filament, identifying the optimal placement for the sensorial units, and the
design and manufacture of an accurate and reliable data acquisition system.

2.1.1. Mechanical Component

This part consists of two main parts (heel and tip parts), joined by a rotating joint
(Figure 3). The tip and the heel have two subcomponents: the common element (Figure 3,
elements 1 and 3) and the frame (Figures 3 and 4, elements 2 and 4).

a b c

Figure 3. Sandal sole—Solidworks design: (a) inside view of the sole; (b) exterior view sole; (c) the
elements of the sole: 1—heel sole; 2—heel sole frame; 3—toe sole; 4—toe sole frame.

3

4

a b

2

Figure 4. Sandal sole—3D printer prototyping: (a) inside view of the sole; (b) the elements of the sole:
1—heel sole; 2—heel sole frame; 3—toe sole; 4—toe sole frame; 5, 6 and 7: rotating joint components:
5—bearing support, 6—bearing, 7—screw.

The pressure sensors are mounted on the back of the sole, which supports the foot. The
pressure sensors can be mounted anywhere and in any configuration on the sole because it
is perforated (on the back) with a matrix network of threaded holes in which the sensors
are mounted.

The system is obtained by assembling these elements, depending on the requirements.
First, sensory elements and common elements are used for all models (woman/man, sizes
36–41). Then, the frame type elements are changed depending on the characteristics, and
the sensors are repositioned according to the predetermined model. Our research team
manufactured all the components forming the system using a 3D printer and ABS filament
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as raw material. The cost of a custom sandal sole, manufactured according to with user’s
particular specifications and needs, is around 5 Euro.

The components are assembled with screws. The fastening of the sandal straps is
done on the sandal frame and allows any configuration of them due to a similar system
with perforations. For different foot or lady/man sizes, change the frame, re-realizing the
desired size of the shoes. This system is ergonomically minimizing the elements used. The
straps have a VELCRO closure system, allowing a perfect fit.

2.1.2. Sensorial System

The sensory system comprises eight resistive pressure sensors mounted on the back of
the sole. Sensors are positioned according to the pressure zones of the sole, having a proper
positioning for each sandal size, made with a template. (Figure 5). The optimal positions
were established by studying the existing insole models in trade, by studies performed on a
group of people (male/female, different sizes) using pressure plates (for orthopaedical use),
and by experimental positioning on the prototype obtained. As a result, an eight-sensor
configuration was chosen to cover the sole’s essential pressure areas.

a

b

Figure 5. (a) Distribution of pressure sensors on the sole; (b) one-legged stepping cycle.

Each sensor is mounted in mechanical support fixed by a screw on the sandal’s sole.
This bracket consists of a cylindrical housing that supports the sensor. It is attached to the
sole using an eccentric piece. When the sensor cannot be mounted precisely in the desired
position, the eccentric part can reposition the cylindrical housing in the prescribed position.
A sliding cylinder ending in a spherical cap represents the moving part and the contact
with the ground. By pressing the sandal on the ground, this cap performs a translational
movement in the cylindrical housing by pressing the pressure sensor. Thus the sensory
network measures the distribution of body weight.

Figure 6 shows the conceptual photograph of the pressure sensor and an image of the
sensor placed on the sole.
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Figure 6. Sensor mounted on the sole of the sandal—prototype 3D printer, ABS—positioning detail
using eccentric, sensor mounting detail in the housing.

All the components were designed using Solidworks and ANSYS, simulating accurate
materials and stresses corresponding to the load with a body weight of 120 kg (Figure 7).

ba

Figure 7. (a) Sensor support components—Solidworks design—cylindrical housing, eccentric support
mounting, sensor support base, pressure sensor, ground contact cylinder (finished with spherical
part); (b) Sensor simulation details using ANSYS.

The aim is to use pressure (weight) sensors to determine the main points where the
pressure exerted by each step is high. Given many sensors, an ATMEGA2560 controller
was adopted because 8 sensors will be used for each sole, and the number of inputs held
by the controller must be significant.

An FSR sensor is made of a piezoresistive material that can modify its resistance
depending on the weight it measures. These sensors are resistors that vary linearly, con-
sidering conductance vs. resistance under an applied weight. The proposed application’s
advantages include the operation with low energy consumption and the fact that the
implementation, as a thin film, allows mounting in very narrow and tight places.

The sensors are read using the electronic current-to-voltage converter circuit to obtain
precise values of the measured weight. Such circuitry is required because the evolution
of the signal provided by the sensor, depending on the weight, is recorded as current
values (mA). The electronic circuit in Figure 8 takes the current as an input, providing a
voltage value as output that can be read with the microcontroller. The MCP6004 operational
amplifier is part of this design because it was necessary to obtain a linear signal compared
to a classic voltage divider, and the current bias input is minimal. In addition, compared to
a simple divider, this design keeps the same voltage applied to the FSR sensor even if other
resistors or other sensors are connected in parallel.

The cost of the data acquisition system (sensors, circuits, processing unit) is around
200 Euro.

In addition, the theoretical principle of having a virtual ground between the termi-
nals of the FSR sensor is applied. Finally, the formula determines the output voltage of
the circuit:

VOUT =
−VDRIVE

RFSR
× RF

where VOUT represents the output voltage, −VDRIVE represents the supply voltage, and RF
is the load resistance.
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Acquisition system

Figure 8. The hardware diagram.

It was decided to use the physical property. Namely, the conductance is obtained
mathematically by the inverse of the resistance. The conductor’s advantage is that the
sensor has a linear evolution in weight detection based on this property. First, the conductor
helps obtain the force, and then the force is transformed into mass.

2.2. Data Validation for the Sensorial System

Data validation is essential in any measurement process, mainly when the acquired
data will be used as input for a control system—in our case, the gait control system for the
lower limb prosthesis. We conducted a series of measurements to reveal the limits of the
proposed sensorial systems under the terms of repeatability for each sensor, homogeneity
among used sensors, and non-linearity. In this sense, the research team leased a calibration
test weight kit, from an accredited metrological laboratory. The calibration test weight
kit included several calibrated test weights, and the metrology laboratory presented the
calibration certificate for them. The heaviest calibrated test weights included in the kit
had the values of 1 kg, 5 kg and 10 kg, and they were used to test the repeatability of
the sensorial element under various loads. The results obtained were correlated with
determinations made with the pressure plate and were similar for several determinations.

2.2.1. General Testing Methodology

To obtain information as near as possible to the operation conditions, we conducted
individual measurements for each of the eight sensorial element assemblies, (as shown
in Figure 7, these are: the assembly formed by the cylindrical housing, eccentric sup-
port mounting, sensor support base, pressure sensor, and ground contact element). The
methodology to record one set of data is:

• The team checks that the evaluated sensorial element’s unique identifier is visible.
• The evaluated sensorial element is placed on a planar surface, with the cylindrical

housing downwards and the ground contact element upwards.
• The evaluated sensorial element is electrically connected to the data acquisition system.
• All the electrical connections are verified visually for compliance with the wiring diagram.
• The calibrated test weights are placed for an easy and safe access.
• Preliminary readings are conducted to validate that the sensorial element, the data

acquisition system and the data logging are working properly.
• The measurement protocol is conducted.
• The recorded data is verified for integrity.
• The recorded data is stored accordingly.
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2.2.2. Repeatability Test Methodology

The repeatability test was designed to check the repeatability of the sensorial element,
for three different calibrated test weights were used: 1 kg, 5 kg and 10 kg—thus also
observing the (non)linearity. The measurement protocol for repeatability using a specific
test weight is:

• The steps from the General methodology are conducted up until the conduction of the
measurement protocol.

• On the measurement file, one research team member notes the evaluated sensorial
element’s unique identifier, the environmental conditions (temperature and humidity),
and the value of the calibrated test weight used during the test.

• Another research team member places the calibrated test weight on the ground contact
element of sensorial element (placed upwards, in this stage), assuring that the whole
weight is supported only by the sensorial element.

• The weight is maintained on the sensorial element for 5 s.
• The research team member removes the weight from the sensorial element.
• The previous three steps are repeated ten times, respecting the repeatability conditions—

within a short time interval and by the same research team member, without any
recalibration or reinitialization of the data acquisition system. Each repetition is
carried out as a standalone measurement—another research team member moni-
tors the behaviour of the operator team member to be consistent and constant. The
measurement is discarded if the monitoring team member observes deviations from
those principles.

Following the data integrity check, the resulted dataset is subjected to validation and
verification to find and eliminate possible random errors.

2.2.3. Dataset Processing for Repeatability

Since we expect to observe some oscillations of the values on the recorded datasets, we
will determine the mean value for each repetition. In the computation of the mean value,
we will consider only the values through stable measurements. Ten average values will be
obtained for each repeatability dataset. Figure 9 shows an example of 5 recorded values.
One can observe the loading phase of the sensorial element (noted with 1 on the figure), the
stable measurement (noted 2) and the unloading stage (noted 3). The loading phase takes
longer because the operator team member acts cautiously, not heavily, to hit the sensorial
element. Unloading does not require such precautions.

Figure 9. Sample from a repeatability dataset for FSR_7 sensor, using a 10 kg weight.

To conclude the sensorial element repeatability for a certain weight, we will compute
the maximum recorded value, the minimum recorded value, the average and the standard
deviation using the ten values, resulting in stable measurements. For example, suppose
one sensorial element will exhibit a standard deviation higher than 10% of the mean value
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for any three recorded datasets (1 kg, 5 kg, 10 kg). In that case, the sensor will be rejected
and replaced.

2.2.4. Homogeneity Test Measurement

After determining the repeatability of each sensor, which guarantees its stable be-
haviour, the research team will compare the results obtained for each sensorial element. If
there will be differences among the mean values provided by different sensorial elements
for the same loading weight, then we will determine the highest mean value among the
eight sensorial elements.

For each of the other sensing elements, a gain factor will be determined as a propor-
tional ratio between the highest determined mean value and the mean value for the current
sensorial element.

The computed gain factor will be applied for all the future measurements.
Thus, all the sensorial element outputs will be normalized concerning the most re-

sponsive sensor.

2.3. Methodology for Measuring the Gait of Healthy Persons

The proposed lower limb prosthesis, on the one hand, will reproduce the gait of the
person using it. On the other hand, it will be adapted and synchronized to the instantaneous
gait of the person using it. To develop proper control algorithms for the lower limb
prosthesis is necessary first to observe the gait of a regular person. To conduct those
measurements, the following data recording methodology was established:

• The steps from the general methodology are completed up until the conduction of the
measurement protocol.

• The measurement protocol is presented and explained to the subject.
• The subject is shod with the sandal soles.
• One research team member notes the subject’s assigned ID (see Section 2.4).
• The subject is asked to walk several steps, gaiting as naturally as he can.
• The resulted dataset is subjected to a process of validation and verification to find and

eliminate possible random errors.

2.4. Ethical Considerations

Since the measurements which will be presented in this paper involved human sub-
jects, the proposed methodologies were designed, and the measures were conducted
considering the applicable statements from the Ethical Principles for Medical Research
Involving Human Subjects—Declaration of Helsinki developed by The World Medical
Association (WMA), and all the applicable national legislation–Law 95/2006 regarding the
health care system reform, Law 43/2003 regarding the patient rights, Ministry of Health
Order No. 1502/2016, national guidelines for ethical principles in medical research on
human subjects. Before conducting the measurements, the human subjects were informed
about the purpose of the measurements, the goals it proposes, the expected duration for
one measurement set, the procedures that will take place, the known risks and the possible
inconveniences that it may cause, the payable benefits, the anonymization procedure of
the data gathered during the measurements, how the recorded data it may be used it for
research activities and the scientific research publication of the research results. All the
human subjects were informed, and they understood and accepted that participation was
voluntary, without being paid. Consent forms were presented to the participants, contain-
ing all the information described above. The research team ensured that the participants
understood all the above information before signing the consent forms. Because the sensory
system was designed to be worn over ordinary shoes and clothing without the need for
medical drugs or invasive physical items, no requirements from the Ethics Commission for
research involving human subjects were violated. Data anonymization is done using an
alphanumeric code (ID) for each subject’s dataset.
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3. Results

Based on the methodologies presented in Section 2.3, the research team conducted the
according to measurements. The obtained results are presented as follows.

3.1. Repeatability Measurements

All the sensorial elements were tested according to the methodology presented in
Section 2.2.2 for repeatability. The research team conducted three repeatability tests—one
repeatability test for each of the test weights—1 kg, 5 kg and 10 kg, and in the first stage,
eight different sensorial elements were tested. The results are presented in Table 1.

Table 1. Repeatability test results.

Test
Weight

Sensorial
Element

ID
Value 1 Value 2 Value 3 Value 4 Value 5 Value 6 Value 7 Value 8 Value 9 Value 10 Avg SD (%)

1 kg

FSR_0 110 140 141 132 108 103 106 138 124 116 121.8 12.39
FSR_1 119 118 96 121 73 64 100 59 110 84 94.4 24.46
FSR_2 41 53 74 90 63 76 49 59 63 70 63.8 21.94
FSR_3 102 90 99 101 98 99 108 94 102 91 98.4 5.56
FSR_4 38 37 26 30 38 31 34 37 31 32 33.4 11.97
FSR_5 45 52 43 57 37 52 50 52 44 48 48 12.10
FSR_6 74 66 79 56 63 64 82 55 82 73 69.4 14.40
FSR_7 102 67 98 97 73 50 79 68 65 51 75 25.40

5 kg

FSR_0 154 170 174 187 190 157 188 167 144 146 167 10.17
FSR_1 204 186 157 147 165 197 189 199 193 228 186.5 12.93
FSR_2 211 201 197 217 228 222 221 214 234 207 215.2 5.40
FSR_3 200 210 204 196 201 181 198 197 214 193 199.4 4.56
FSR_4 180 189 192 170 187 190 172 191 183 187 184.1 4.23
FSR_5 55 60 52 72 60 60 68 56 61 61 60.5 9.73
FSR_6 213 192 186 194 191 194 216 220 192 217 201.5 6.55
FSR_7 214 222 227 219 207 220 196 222 212 211 215 4.20

10 kg

FSR_0 308 271 283 277 295 295 315 307 294 264 292 5.60
FSR_1 287 248 368 317 366 437 345 351 345 270 331.2 15.91
FSR_2 202 209 215 202 204 210 210 209 230 211 209.8 3.71
FSR_3 275 336 260 267 284 279 322 316 340 293 298.5 9.36
FSR_4 267 226 239 232 223 229 217 222 221 226 230.1 5.91
FSR_5 144 136 114 147 175 105 116 102 101 100 123.6 19.51
FSR_6 185 187 202 209 215 211 216 224 253 290 219.2 13.60
FSR_7 325 316 317 323 310 311 312 311 294 304 312 2.73

The maximum load of the sensors used in the sensorial element is, according to their
datasheet, 50 kg. The datasets were recorded as digital values, where 0 represents the
absence of the weight load on the sensor, and the maximum digital value is 1024. Value
1 to Value 10 represents the mean value recorded during the stable measurement phase,
presented in Section 2.2.2, Figure 10. Therefore, we considered it more beneficial to indicate
the standard deviation as a percentage related to its average value computed over the ten
measurements, under the SD (%) column.

Figure 10. The gait record for a healthy person’s left leg.
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We analyzed the data from Table 1 following the criteria enounced in Section 2.2.2,
especially the data obtained for measurements conducted for the 10 kg test weights. We
noted that the FSR_1, FSR_5 and FSR_6 exhibit a standard deviation (SD%) higher than
10% of the mean value. Therefore, we concluded that the sensors used on the sensorial
elements cannot provide reliable, repeatable data. Based on this analysis, the research team
decided to replace them with similar sensors, which passed a similar repeatability test.
Another conclusion regards the readings for the 1 kg load. Since the maximum load for a
sensor is 50 kg, and 1 kg represents 2% of its full load, one can observe that the standard
deviation exhibits high percentage values; thus, the repeatability is low. However, since
such low loads appear only in short, transitory moments between gait phases, we can
consider them acceptable.

Also, one can note that the output response of the sensors is powerful nonlinear.
Thus, in future work, we will consider using more test weight values to determine the
nonlinear characteristic.

3.2. Homogeneity Results

Another finding after concluding the repeatability tests is that the sensors’ output
response isn’t homogenous—different sensorial elements offer different output values
for the same load—still providing good repeatability for that output. Thus, the research
team determined a proportional ratio between the highest value offered by one of the
sensorial elements FSR_0 . . . FSR_7 and the value for a specific sensorial element. Finally,
the computed gain factors are applied for all the following presented measurements.

3.3. Records of the Gait of Healthy Persons

After the data validation for the sensorial system was concluded, the research team
recorded the gait of healthy persons according to the methodology described in Section 2.4.
The records were conducted for 10 healthy persons, chosen among the projects research
team members We were looking to have representatives of both genders, covering as wide
a range of age, weight and footwear size as possible. The measurements were conducted
for 4 females and 6 males. We tested EU footwear sizes of 35, 36, 37 (for females) and 41, 42,
43 and 44 (for males). The body weight varied between 46 to 57 kg (for females) and 70
to 85 kg (for males). The height varied between 1.65m to 1.75m (for females) and 1.71 to
1.84 (for males). All the ten participants were evaluated, from an orthopedic point of view,
by the specialist doctor also member the project—none exhibited orthopedic defficiencies.
Also, their gait was evaluated.

Then, we analyzed the pressure distribution evolution over time, as revealed by the
sensorial elements mounted on the sandal soles—Figure 11. Figure 11 represents the weight
distribution on the sole, in the stepping cycle, for one foot: 1—foot in balance-contact with
the heel, 2—contact with the heel plus the middle part of the sole, 3-4-5—firm contact with
the sole, support on one foot, the other foot in the balance, 6—lifting the heel off the ground,
7—support only on the front of the sole, 8—support on the toe (toes), lifting the foot off the
ground and entering the balance.

Each of the individual sensorial elements can sustain a load of up to 50 kg. The dataset
illustrated in Figure 11. is recorded for a person weighing approx. 60 kg. Thus, the loading
on each sensor does not reach high values, as one can observe.

The recorded data, displayed in Figures 10 and 11, are consistent with the plantar pres-
sure measurements recorded using other traditional plantar measurement devices [11,41].
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Phase 1 Phase 2 Phase 3 Phase 4

Phase 5 Phase 6 Phase 7 Phase 8

Figure 11. The eight-step phases are recorded data for one step, healthy person gait, right foot, and
loading on the sensorial elements.

4. Discussion

The design and development of functional prostheses with limited capabilities (passive
or quasi-passive protections) were considered. Then prostheses with more advanced
features (semi-active or active) appeared, allowing the control of gait adaptable to different
types of terrain with minimal difficulty.

There are several theoretical models proposed to be applied to the ankle-foot prosthesis.
For example, a quasi-passive ankle prosthesis was designed by Collins and Kuo [42].
This prosthesis recycles energy when touched with the heel and returns it to the user in
the terminal phase of the step. Another example of a prosthetic foot was developed by
Grabowski et al. [43]. Although it had some durability limitations, this prosthesis could
emulate the torques produced by the human ankle through cables, urethane springs, and
fiberglass elements. However, it also had some durability limitations. Finally, Hansen and
Nickel [44] proposed a passive ankle-foot prosthesis that operated in two states: standing
and walking, by incorporating a locking mechanism to separate these phases.

Subsequently, the main challenge in developing ankle-foot prostheses was implement-
ing active protections. In addition, these prostheses require considerable power and precise
control of the impedance torque. Hitt et al. [45] presented a model of the robotic transtibial
prosthesis called SPARKY to reduce the power demand. They used biomechanical energy
regeneration technology to reduce energy consumption by combining spring and a mechan-
ical tendon actuator. In 2012, Herr and Grabowski presented an ankle-foot prosthesis that
closely mimicked the function of the human ankle and provided a net-positive power while
walking. It is powered by a 200 W brushless DC motor and a series ball screw with a carbon
composite lamellar spring [46]. Bergelin and Voglewede propose an active prosthesis using
a four-bar mechanism and offering a range of motion similar to that of the human ankle,
according to the results obtained from the simulations [47]. Finally, Cherelle et al. have
a prosthesis that stores energy in the springs during the complete position phase, then
released on push, and can provide all the power needed for forwarding propulsion with a
low-power actuator [48].

There is currently a wide range of smart foot prostheses in which various sensors and
electromechanical devices are installed to reproduce a more biological aspect of the human
foot. In the case of prostheses, we should have a smart sole installed on the prosthetic
foot so that it accurately captures real-time contact information through plantar pressure
measurements. There are a variety of plantar pressure measuring systems, which can
generally be classified into platform systems and shoe systems.

The advantages and limitations of foot pressure equipment were some of the health
concerns of the subjects tested. The number of sensors for sufficient coverage of the foot
regions is the fundamental condition to opt either for the plantar platform or the footwear
system. In addition, a higher frequency sampling rate of the system can provide more
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accurate results. Variations in the morphology of the human foot depending on sex, age,
and body mass must also be considered. Problems with foot pressure sensitivity, external
load impact, and duration may occur during practical training. In most cases, qualitative
data must be systematically collected through an appropriate experimental design when
subjects perform a normal gait, considering those control variables, such as standard gait
time (gait cycle) and cadence. Potential future directions of exploration would include
different types of surface roughness to varying angles of inclination that affect the level of
sensitivity to foot pressure.

Among the systems for measuring plantar pressure for gait analysis, the plantar
insoles are widely used and cause many locomotion disorders. Although the soles of the
feet provide information only in the positional phase, they are sufficient for most gait
rehabilitation systems, posture control and balance [41]. For example, Razak et al. [49]
specified in their study that the location of the sensors was determined, taking into account
only the dominant pressure points of the plantar surface during walking. Most insoles
obtain the necessary information from a discrete number of sensors (the minimum number
varies from 2 to 16 or more, depending on the need).

5. Conclusions

This work presented a novel low-cost lower limb prosthesis based on sensors placed
in a plantar insole. The proposed platform has the following advantages:

- It can be used for any type or size of foot.
- It is designed modularly, allowing most components to be reused when reconfiguring

for another foot size.
- The soleplate allows you to reconfigure the number of sensors and their positioning.
- The sole allows you to adjust the position of the straps on the sandals.
- Clamping systems (sandals and gyroscopic sensors) allow an optimal adjustment.
- The system can be extended in terms of pressure and gyroscopic sensors.
- The purchasing system is light and similar to a regular pair of shoes, limiting errors as

it does not disturb the gait.
- Data acquisition accuracy far exceeds the needs of such a system.
- The simplified and optimized system can be integrated into a prosthesis, constantly

coordinating its configuration depending on the step phase and the type of movement.
- The cost of the data acquisition system is around 200 Euro, which can thus be consid-

ered low cost and high-efficiency.

6. Patents

Patent application—A/00213/2019: Spherical joint based on intelligent fluids [39].
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Abstract: This paper presents a dynamic analysis of the ParReEx multibody mechanism, which has
been designed for human wrist joint rehabilitation. The starting point of the research is a virtual
prototype of the ParReEx multibody mechanism. This model is used to simulate the dynamics of
the multibody mechanism using ADAMS in three simulation scenarios: (a) rigid kinematic elements
without friction in joints, (b) rigid kinematic elements with friction in joints, and (c) kinematic
elements as deformable solids with friction in joints. In all three cases, the robot is used by a virtual
patient in the form of a mannequin. Results such as the connecting forces in the kinematic joints and
the torques necessary to operate the ParReEx robot modules are obtained by dynamic simulation
in MSC.ADAMS. The torques obtained by numerical simulation are compared with those obtained
experimentally. Finite element structural optimization (FEA) of the flexion/extension multibody
mechanism module is performed. The results demonstrate the operational safety of the ParReEx
multibody mechanism, which is structurally capable of supporting the external loads to which it
is subjected.

Keywords: dynamic simulation; spherical parallel robot; joint friction; flexible links; rehabilitation;
wrist joint

1. Introduction

Although there has been an increasing emphasis on prevention in recent decades,
strokes are one of the leading causes of permanent disability worldwide [1]. In recent
decades, strokes have led to the disability and even death of a very large number of people;
in recent years, the number of people affected annually is about 13 million [2].

Globally, the leading causes of death are ischemic heart disease, with an incidence of
14.8%, and stroke, with an incidence of 11.8% [3].

Recent studies show that the number of stroke cases is increasing. Taking into account
the aging of the population worldwide, there are advanced fears regarding the increasingly
limited capacity of European and global medical systems to meet patient care require-
ments [4]. It is estimated that in the near future, strokes will affect an upper limb in over
85% of cases [5], and the success rate for arm rehabilitation will be only 10% [6] due to the
complexity of upper limb movement [7]. In less than 10 years, the annual medical cost
per stroke will increase rapidly; for example, in the USA, it will be 2.5 times higher than it
was in 2012 [8]. Currently, in developed countries, 3–4% of medical costs are allocated to
strokes [9]. Physical rehabilitation is becoming less and less effective as each patient has
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to work with a physical therapist [10], but the use of robotic exoskeletons allows for more
effective therapy through repetitive movements and adaptive training [11,12].

The use of rehabilitation technology and robotics optimizes the results, minimizes
costs by conserving labour and maximizing progressive repetitions, and improves the
outcome compared to the high costs of conventional therapy performed as one-on-one
training with a professional therapist [13–15].

Numerous articles have been dedicated to the study of robotic structures used for
upper limb rehabilitation. Robotic systems for upper limb rehabilitation are the subject of
much research. Thus, the design and performance evaluation of the RUPERT exoskeleton
for upper limbs is presented in [16]. An innovative robotic system with a spherical archi-
tecture is developed and presented in [17]. A parallel robotic system based on a spherical
architecture, ASPIRE, was designed for three degrees-of-freedom (DOFs) shoulder reha-
bilitation, as described in this study. In [18], a study of torque monitoring is performed
for the ASPIRE robotic system. Clinical trials based on the use of ASPIRE on post-stroke
patients are presented. Further, design optimization is studied based on therapist feedback
following clinical evaluation. A study of the ASPIRE robot for upper limb rehabilitation is
presented in [19], where, with the help of ADAMS software, the dynamic analysis of the
robotic system is performed. The study of hand joint movements is also presented in [20].
Classifications and analyses of these structures can be found in [21].

Over the past decade, many robotic devices have been designed to enhance the motor
rehabilitation process. In [22–25], the authors noted an improvement in quality of life and
concluded that robot-assisted therapy is beneficial for recovering the motor functions of
the upper limbs in patients with early-stage stroke. Neurorehabilitation therapy including
task-oriented training with the ARMin exoskeleton robot can enhance improvement of
motor function in a chronically impaired paretic arm after stroke more effectively than
conventional therapy [23].

A hybrid exoskeleton named EFW Exo II is developed for the motor function reha-
bilitation of elbow, forearm and wrist, and the ranges of motion meet the rehabilitation
demands of daily living [24]. For clinical trials, an acquisition data system based on wear-
able sensors was used; due to their advantages, these systems are often used in evaluating
biomechanical human data [25–31].

Several robotic devices have been developed to rehabilitate the wrist joint, which,
after the shoulder, is the second-most complex joint of the human upper limb. The authors
of [32] review the main wrist rehabilitation robots developed recently in terms of mechanical
design and aspects of control, and highlight aspects of experimental tests of these robots on
patients with neurological disorders.

Krebs et al. studied a wrist rehabilitation robot that offers three DOFs [33], which,
mounted on the accompanying robot, MIT-MANUS [34,35], has become a very suitable
tool for the rehabilitation of the shoulders and elbow. Another wrist robot [36] with
three active DOFs was developed with a similar structure and an additional passive
prismatic joint. RiceWrist [37], as an electrically operated forearm–wrist exoskeleton, uses a
serial RRR manipulator and cable transmissions to rehabilitate the wrist and radio–ulnar
joints. Robots presented in [38,39] allow the rehabilitation of two movements: forearm
supination/pronation and wrist flexion/extension, while in [40], the human wrist has
been simplified to a single DOF—namely flexion/extension. A parallel wrist rehabilitation
robot driven by two pneumatic actuators is developed in [41] to rehabilitate two DOFs:
flexion/extension and radial/ulnar deviation.

Patient safety is a critical milestone in the development of robotic systems for medical
applications to avoid any unwanted damage. In this case, it can be achieved by imple-
menting a dynamic model in the control system [42,43] using various principles such as:
the Lagrange–Euler formalism, the principle of virtual work [44] or the Newton–Euler
equations [45–47].

ADAMS View, software designed for the analysis of mobile systems dynamics, with an
increased accuracy of kinematic and dynamic results obtained from numerical simulations
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has been used in several studies of robotic systems for rehabilitation of human movements,
such as exoskeletons or flexible robotic structures for minimally invasive surgery [19,27,48,49].

For structural optimization of a kinematic element, one of the most powerful software
programs is ANSYS. In [19], we presented finite element analysis of a kinematic element in
the ASPIRE robot structure.

The aim of this study is to analyze from a kinematic, dynamic and experimental
point of view a robotic system designed for the rehabilitation of the human wrist joint of
post-stroke survivors. Numerical simulations are performed for the robot mounted on the
wrist of a virtual patient. For validation of the dynamic model built in ADAMS, the results
obtained by numerical simulation are compared with those obtained experimentally. Three
distinct situations will be studied:

• The kinematic elements are considered as rigid bodies, and the friction in the kinematic
joints is not considered;

• The kinematic elements are considered as rigid bodies, and the friction in the robot
joints is considered;

• The kinematic elements are considered as flexible bodies, and the friction in the robot
joints is considered.

The paper is structured as follows: after the introduction, a functional constructive
description of the ParReEx robot for wrist rehabilitation is presented. Dynamic analysis
is presented in ADAMS for the three considered operating hypotheses. Then, structural
optimization is performed for the circular guidance of the ParReEx robot. At the end,
experimental results, discussions, and conclusions are presented.

2. Constructive and Functional Description of the ParReEx-Wrist Robot

The ParReEx-wrist robotic system is designed for the rehabilitation of the wrist, namely
flexion and extension of the wrist and ulnar and radial deviation of the wrist [49]. The
robot has two degrees of freedom (DoF), one for each type of motion (Figure 1), namely:
the revolute joint q1 to perform flexion–extension and the revolute joint q2 to perform
radial–ulnar deviation. Each joint separately actuates a kinematic chain as follows: q1
actuates an RR chain consisting of the R1 and R3 revolute joints connected through link
d around the OZ axis; q2 actuates link e around the OY axis, fixed between two bearings.
Links d and e are connected via two revolute joints, namely R2 and R3, required to perform
the circumduction motion (which is a combination of flexion–extension and ulnar–radial
deviation motions). Notations used in Figure 1 represents: q1—flexion–extension motion;
q2—radial–ulnar deviation motion; R1, R2, R3, R4—revolute joints; e, d—mechanism links.

 

Figure 1. The ParReEx-wrist kinematic scheme [47].

The ParReEx-wrist CAD model is presented in Figure 2. Motor (1) achieves the flexion–
extension motion of the wrist through a set of bevel gears (3) and a custom-made circular
rail and sledge guiding (4). Motor (2) performs radial–ulnar deviation using a timing belt
and pulleys (5). The patient’s hand is supported using the wrist support (6), which acts as
active anchor, and the forearm support (7), which acts as passive anchor. Since the patient’s
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wrist is placed above the fixed coordinate system (Figure 1), as the intersection between
the flexion–extension and radial–ulnar deviation robot motion axis, an additional straight
rail-and-sledge mechanism (8) is required, as well as a spherical joint (9) to perform the
circumduction motion.

 

Figure 2. The ParReEx-wrist CAD model.

Notations used in Figure 2 represents: 1—motor for flexion–extension motion; 2—
motor for radial–ulnar deviation motion; 3—bevel gears; 4—sledge pulleys; 5—belt trans-
mission; 6—wrist support; 7—forearm support; 8—straight rail and sledge mechanism;
9—spherical joint.

The ParReEx-wrist experimental model is presented in Figure 3. Based on the virtual
prototype of the ParReEx robot, the execution drawings for the component parts of the
assembly were made. The housing of the robotic system and the component parts, such as
those numbered 6, 7 and 8 in Figure 2, are manufactured by additive manufacturing. For this
purpose, we used a 3D printer, which works on the fused deposit manufacturing principle.
For the execution of the printed parts, we used 3D models, and, using Cura Ultimaker
software, we made the G-code for 3D printing. The printer uses ABS (acrylonitrile butadiene
styrene) wire, which is melted by the print head, and successive layers are deposited to
achieve the shape of the parts. Thus, these parts are assembled to realize the prototype of
the robotic system, as shown in Figure 3, where the robotic system is shown in the situation
of its use by a patient.

 

Figure 3. The ParReEx-wrist experimental model.
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3. Dynamic Analysis in MSC.ADAMS of ParReEx-Wrist Robot

3.1. Dynamic Analysis in MSC.ADAMS of ParReEx-Wrist Robot, Considering the Kinematic
Elements as Rigid Solids without Considering Joint Friction

Based on the structural scheme of the ParReEx robot, a virtual prototype is designed
using Unigraphics NX software. The development of the virtual prototype is necessary
from two aspects: it will be used to simulate the dynamic behavior of the robot, as well
as for structural optimization with the finite element method. The development of the
dynamic model in ADAMS involves the following steps:

� Definition of the materials of the robot subassemblies.

Robot element materials can be selected from the ADAMS database, or new materials
can be defined by their properties. In this case, the materials of the component elements
are defined in the database, and their mechanical properties are further explained. For each
component element of the robot, we specify the material from which it is made. Thus, in
the robot component, we have parts that are made of aluminum alloy with the following
properties: density = 2470 kg/m3, Young’s Modulus = 7.17 × 1010 N/m2 and Poisson’s
ratio = 0.33. The robot housing, the circular guide and the elements supporting the patient’s
hand are made of ABS. Acrylonitrile butadiene styrene, commonly known as ABS, is a
polymer and opaque thermoplastic comprised of acrylonitrile, butadiene, and styrene. ABS
is an incredibly versatile and durable plastic, making it an extremely popular material used
in a variety of industries. The mechanical properties of this material are as follows: density
= 1.15 × 103 kg/m3, Young’s Modulus=1.6 × 1010 N/m2 and Poisson’s ratio = 0.340.

� Kinematic joints related to the robot structure are defined.

In the structure of the robot, there are rotational joints and upper rolling joints. In
Figure 4, the kinematic joints defined in the ADAMS dynamic model are detailed, namely:

• Joint A and Joint B are the rotational kinematic joints of the circular guide (4) with the
robot housing. Joint A defines Motion 1, the law of motion for radial–ulnar deviation;

• Joint C is a rotational joint of the Hooke coupling structure;
• Joint D is a rotational joint of the bevel pinion with the system housing. This joint

specifies Motion 2, the motion law for hand joint flexion–extension;
• Kinematic Joints R1 and R2, are superior joints that provide contact for a point on a

curve. Special attention has been paid to the correct definition of the rolling joints
between the circular guide and the slide. For this purpose, we have chosen to define
a point-on-curve upper joint. In this case, for Joint R1 we have specified the contact
between the arc at the top of the guide and a point belonging to the slide. For Joint R2,
we have specified the contact between the arc of the circle at the bottom of the guide
and a point belonging to the slide. These joints assure non-detaching contact between
the circular guide (an arc of a circle) and the slide.

All other kinematic joints are defined according to the structural schematic shown in
Figure 1, as detailed in Figure 4 on the ADAMS dynamic model.

� Another important step in the completion of the dynamic model is the definition of
the toothed belt drive from the drive that performs ulnar–radial motion. For this
purpose, we used the ADAMS machinery facility, which allows the definition of a
toothed belt drive.

� Another step in finalizing the ParReEx robot model is to define the bevel gear.
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Joint A 
Joint B 

Joint D 

Joint R2 

Joint R1 

Joint C 

Motion 2 

Motion 1 

Figure 4. Kinematic joints defined in the ADAMS dynamic model.

For this purpose, we used the existing facility in Adams machinery to define gear
drives. All the parameters required to define a bevel gear can be set in Table 1, namely: axis
of rotation, number of teeth, face width, back cone distance, pitch angle, pitch apex, bore
radius, outer module, addendum and dedendum factor.

Table 1. Bevel gear geometric parameters.

Parameter

Value
Gear 1 Gear 2

No. of teeth 39 39
Orientation of rotation axis 0, 90, 0 90, 90, 0

Face width (mm) 25.4 25.4
Back cone distance (mm) 10 15

Pitch angle (◦) 19.747 70.253
Pitch apex 0 0

Bore radius (mm) 2 2
Mean spiral angle (◦) and direction 35, LH 35, RH

Outer trans. module (mm) 4.535 4.535
Tooth depth and width Data Type I-ISO23509
Profile shift coefficient 0.505 −0.505

Dedendum factor 1.25 1.25
Thickness mod. coef. 3.7 × 10−2 −5.5 × 10−2

The material properties of bevel gears are shown in Table 2. Further, on the bevel
gear, the contact parameters between the tooth flanks are set, as shown in Table 3, namely:
contact stiffness, contact exponent and damping coefficient.

Table 2. Bevel gear material properties.

Parameter

Value
Gear1, Gear 2

Material type Steel
Density (kg/m3) 7801

Young’s Modulus (N/m2) 2.07 × 1011

Poisson ratio 0.33
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Table 3. Bevel gear contact parameters.

Parameter Value

Stiffness (N/mm2) 5 × 105

Contact exponent 1.1
Damping coefficient 5000

Penetration (mm) 0.01
Static friction coefficient 0.11

Static friction transition velocity (mm/s) 0.2
Dynamic friction coefficient 0.10

Dynamic friction transition velocity (mm/s) 0.5

The law-of-motion time-history diagram is shown in Figure 5. The two parameters,
the amplitude of motion and the time period, were chosen taking into account the similarity
between the laws of motion in numerical simulation and those recommended by therapists
for proper physical rehabilitation. The two laws of motion that will be assisted by the robot
are named in MSC.ADAMS as MOTION_1 and MOTION_2. These movements are defined
using the STEP function, as shown below.

 

Figure 5. Law of motion imposed in ADAMS on ParReEx-wrist robot motor Joint E.

The law of MOTION 1, which corresponds to the flexion–extension movement, has a
variation of ±50◦, with one step of the flexion movement performed in 5.7 s.

The law of MOTION 2 corresponds to ulnar–radial motion; it is specified on the same
5.7 s step, but the amplitude is 30 degrees.

MOTION 1: STEP (time, 0.0, 0.0d, 5.7, −50.0d) + STEP (time, 5.7, 0d, 11.4, 50.0d) + STEP
(time, 11.4, 0.0d, 17.1, −50.0d) + STEP (time, 17.1, 0d, 22.8, 50.0d).

MOTION 2: STEP (time, 0.0, 0.0d, 5.7, 30.0d) + STEP (time, 5.7, 0d, 11.4, −30.0d) + STEP
(time, 11.4, 0.0d, 17.1, 30.0d) + STEP (time, 17.1, 0d, 22.8, −30.0d).

The mannequin-rehabilitation robot assembly is dynamically analyzed in MSC.ADAMS
with the two modules of the ParReEx-wrist robot (flexion/extension and radial–ulnar motion)
active simultaneously for a period of 22.8 s. Figure 6 presents the two extreme operating
positions of the ParReEx robot corresponding to the combined flexion–extension and ulnar–
radial movements.

In the first phase, a dynamic simulation with the specified laws of motion and with-
out considering the friction in the kinematic joints of the robot is performed. The results
obtained for this simulation—meaning the variations of the motor torque calculated by nu-
merical simulation in ADAMS when simultaneously performing both types of movement:
flexion–extension and radial–ulnar motion of the wrist—are presented in Figure 7.
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Figure 6. The two extreme positions during the operation of the virtual model of the ParReEx-wrist
robot, corresponding to combined flexion–extension and radial–ulnar motion.

 
(a) (b) 

Figure 7. ADAMS simulation computed torque for: (a) the flexion–extension module and (b) the
radial–ulnar module.

Analyzing the graph in Figure 7a computed for the flexion–extension motion, it is
found that the maximum value of the actuation moment of this flexion/extension module
is 0.7436 Nm, while the minimum value is near 0 Nm.

The motor torque obtained by numerical simulation for the radial–ulnar motion
(Figure 7b) has a maximum value around 3.4748 Nm and a minimum of 2.47 Nm. In con-
clusion, the radial–ulnar movement requires an actuation moment greater than about four
times the moment required for the flexion–extension movement, so the flexion–extension
module will be the most structurally loaded. For the two modules, the graphs of the
connecting forces that develop in Joints A, B, R1, R2 and C are presented.

Figure 8 shows the orientation of the local reference axis systems attached to the
kinematic torques of the ParReEx robot for clear identification of the components of the
connecting forces.
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Figure 8. Positioning of the axes of the kinematic joints of the ParReEx robot.

Graphs of time variation for the components of the connecting force in Joint A in
relation to the local reference system attached to this joint are shown in Figure 9a–c.
Analysis of these graphs shows that the maximum value recorded along the Y-axis of
the local reference system in Joint A is 111.7138 N, and the minimum is 60.8693 N, with
an RMS (round mean square) equal to 95.1698 N (Figure 9b). The component along the
X-axis reaches an absolute maximum value of 20.8049 N, and the minimum value is equal
to 0.6315 N, with an RMS of 13.9479 N (Figure 9a). The component along the Z-axis reaches
88.6393 N with an RMS of 49.6273 N (Figure 9c). The value of the resulting force in this
joint has a maximum of 142.1042 N and a minimum of 64.3436 N according to Figure 9d.

 
(a) (b) 

 
(c) (d) 

Figure 9. Connecting forces in rotation Joint A: (a) in the x-direction; (b) in the y-direction; (c) in the
z-direction; and (d) the resultant.
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These results are also presented in Table 4.

Table 4. Joint A connection force components.

Parameter

Component
Joint A Fx Joint A Fy Joint A Fz Joint A MAG

Min 0.6315 60.8693 −2.4821 64.3436
Max 20.8049 111.7138 88.6393 142.1042
Avg 11.8015 93.2991 37.1483 104.7257
RMS 13.9479 95.1698 49.6273 108.2345

Graphs of time variation for the components of the connecting force in Joint B are
shown in Figure 10a–c. The maximum value reported for the X-axis component is 25.8542 N,
and the minimum is 11.002 N, with an RMS equal to 20.1699 N (Figure 10a). The Y-axis
component has a maximum value equal to 0.3771 N, and the minimum value is equal to
0.2556 N, with an RMS of 0.3118 N (Figure 10b) The component along the Z-axis reaches
29.4384 N with an RMS of 24.3394 N (Figure 10c). The value of the resulting force in this
joint reaches a maximum of about 32.6581 N, a minimum of 30.7333 N and an RMS equal
to 31.6122 N, as we can see in Figure 10d.

  
(a) (b) 

(c) (d) 

Figure 10. Connecting forces in rotational Joint B: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.

These results are also shown in Table 5.
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Table 5. Joint B connection force components.

Parameter

Component
Joint B Fx Joint B Fy Joint B Fz Joint B MAG

Min 11.002 0.2556 19.9511 30.7333
Max 25.8542 0.3771 29.4384 32.6581
Avg 19.391 0.3084 24.0797 31.6122
RMS 20.1699 0.3118 24.3394 31.6122

There is a higher load distribution on Coupling A, i.e., the RMS value is 3.48 times
higher for the force resulting from Joint A.

To model the contact between the radial bearings and the rolling path of the circular
guide, we defined in ADAMS primitives such as the upper rolling torque between the
outer ring of the bearing on the rolling path of the circular guide. The ParReEx robot
has four bearings in the structure that make contact between the circular guide and the
adjacent element.

Similar graphs are obtained for Joints R1 and R2 (Figures 11 and 12). The values of
these results are presented in tabular form in Tables 6 and 7.

 
(a) (b) 

  
(c) (d) 

Figure 11. Connecting forces in rotational Joint R1: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.
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(a) (b) 

  
(c) (d) 

Figure 12. Connecting forces in rotational Joint R2 of the flexion/extension module: (a) in the
x-direction; (b) in the y-direction; (c) in the z-direction; and (d) the resultant.

Table 6. Joint R1 connection force components.

Parameter

Component
Joint R1 Fx Joint R1 Fy Joint R1 Fz Joint R1 MAG

Min −0.1407 −51.1415 −39.9417 35.325
Max 13.994 −32.1514 4.533 63.5811
Avg 7.2739 −44.6805 −15.7091 50.263
RMS 8.9958 45.1932 22.3775 51.226

Table 7. Joint R2 connection force components.

Parameter

Component
Joint R2 Fx Joint R2 Fy Joint R2 Fz Joint R2 MAG

Min −14.4231 28.4593 −17.9002 36.502
Max 6.4731 61.2824 −19.281 64.5064
Avg −5.6765 48.3102 −2.6405 21.6015
RMS 9.5789 49.7893 13.7125 52.39

For the situation in which the ParReEx robot is used by a patient and the frictional
forces in the kinematic torques are not taken into account, the following results are obtained
for the connecting forces in the Joint C, as presented in Figure 13.

166



Appl. Sci. 2022, 12, 7907

 
(a) (b) 

  
(c) (d) 

Figure 13. Connecting forces in rotational Joint C: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.

Table 8 shows the values of the components and the resultant reaction in coupling
C for the first case of study, i.e., without friction in the coupling and with the kinematic
elements considered as rigid solids.

Table 8. Joint C connection force components.

Parameter

Component
Joint C Fx Joint C Fy Joint C Fz Joint C MAG

Min −20.9865 −144.671 15.4783 30.957
Max −0.0759 −26.8092 85.5258 168.3648
Avg −8.4707 −67.4532 38.9441 78.4077
RMS 11.2895 78.3566 45.2392 91.18

3.2. Dynamic Analysis in MSC.ADAMS of the ParReEx-Wrist Robot Considering Joint Friction

This subchapter is dedicated to a virtual dynamic study in ADAMS of the actuation
moments and the connection forces in the kinematic Joints A, B, C, R1 and R2 considering
the friction in the kinematic joints—a case that simulates the real situation and is different
from the previous simulation in which simplistic hypotheses were used.

In principle, we are interested in simulating the dynamics of the robot in the context
of its use by a patient. Therefore, in all dynamics studies, we consider this context.

To define the parameters required for the study of dynamics considering friction,
existing data in the literature were used [50]. The following values were adopted for this
study: static friction coefficient of 0.2 and dynamic friction coefficient of 0.15 (Table 9).
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Table 9. Joint friction parameters.

Parameter Value

Mu static 0.2
Mu dynamic 0.15

Friction arm (mm) 10
Bending friction arm (mm) 10

Pin radius (mm) 5
Stiction Transition velocity 0.1
Max. stiction deformation 0.01

Friction torque preload 0
Effect Stiction only

Using numerical simulation in ADAMS considering the friction in joints, results
were obtained in the form of laws of variation of the moments necessary to operate the
flexion–extension module and the radial–ulnar deviation module (Figure 14).

  
(a) (b) 

Figure 14. Second case—ADAMS-simulation-computed torque for: (a) the flexion–extension module
and (b) the radial–ulnar deviation module.

Table 10 shows the characteristic values for the actuation moments of the two robot modules
for the second case study, namely when we considered the friction in the kinematic couplings.

Table 10. Robot motion parameters.

Parameter

Component
Motion 1 Torque (Nm) Motion 2 Torque (Nm)

Min 0 0
Max 1.8086 5.5927
Avg 0.8143 4.3763
RMS 0.9317 4.4156

There is an increase in the motor torque required to operate the modules in this case,
as well as a steeper variation, which is similar to that determined experimentally [18].

The graphs of the laws of variation of the connection forces considering friction as
calculated in ADAMS are presented in Figure 15 for Joint A and in Figure 16 for Joint B.
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(a) (b) 

  
(c) (d) 

Figure 15. Connecting forces in rotation Joint A computed with friction consideration: (a) in the
x-direction; (b) in the y-direction; (c) in the z-direction; and (d) the resultant.

The relevant results for the connecting force in Coupling A and its components are
also given in Table 11.

Table 11. Joint A connection force components.

Parameter

Component
Joint A Fx Joint A Fy Joint A Fz Joint A MAG

Min −3.7855 99.3604 −32.0278 99.3604
Max 32.514 210.0206 129.7281 210.0206
Avg 15.0504 150.641 38.4032 150.641
RMS 19.5913 153.1624 65.5017 153.1624

We compare the results of the second simulation in the Discussion. The results obtained
for Joint B in Case 2 are presented in Table 12.
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(a) (b) 

 
  

(c) (d) 

Figure 16. Connecting forces in Joint B calculated assuming friction: (a) in the x-direction; (b) in the
y-direction; (c) in the z-direction; and (d) the resultant.

Table 12. Joint B connection force components.

Parameter

Component
Joint B Fx Joint B Fy Joint B Fz Joint B MAG

Min 10.4354 0.1475 11.5174 11.5174
Max 39.1768 0.3846 30.0259 30.0259
Avg 24.8299 0.2639 20.6054 20.6054
RMS 26.8299 0.2767 21.6025 21.6025

To model the contact between the radial bearings and the circular guideway, we
defined in ADAMS superior rolling couplings of the outer ring of the bearing on the
circular guideway. The ParReEx robot has four bearings that ensure contact between the
circular guide and the conjugate element.

Figure 17 shows the numerical results obtained by numerical simulation in ADAMS.
View for the connection forces in the R1 coupling.
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(a) (b) 

  
(c) (d) 

Figure 17. Connecting forces in rotational Joint R1: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.

Table 13 shows the values of the components of the connection forces as well as the
resulting reaction in the kinematic joint R1 for the second case study.

Table 13. Joint R1 connection force components.

Parameter

Component
Joint R1 Fx Joint R1 Fy Joint R1 Fz Joint R1 MAG

Min −0.6321 −94.2472 −69.4304 58.9881
Max 26.2981 −54.6674 8.8217 116.7565
Avg 11.9904 −72.4773 −23.7857 81.0712
RMS 15.3428 73.2824 34.1712 82.3006

Figure 18 shows the numerical results obtained by numerical simulation in ADAMS.
View for the connection forces in the R2 coupling.

171



Appl. Sci. 2022, 12, 7907

 
(a) (b) 

 
(c) (d) 

Figure 18. Connecting forces in rotational Joint R2: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.

Table 14 shows the values of the components of the connection forces as well as the
resulting reaction in the kinematic joint R2 for the second case study.

Table 14. Joint R2 connection force components.

Parameter

Component
Joint R2 Fx Joint R2 Fy Joint R2 Fz Joint R2 MAG

Min −27.1507 44.5072 −34.8471 57.757
Max 10.8219 115.4258 31.153 119.6574
Avg −9.6479 77.8998 −5.9878 83.4607
RMS 16.3354 79.8368 23.0639 84.6918

For the situation when the ParReEx robot is used by a patient and we consider the
frictional forces in the kinematic joints, the following results are obtained for connecting
forces in Joint C, as presented in Figure 19.
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(a) (b) 

  
(c) (d) 

Figure 19. Connecting forces in rotational Joint C: (a) in the x-direction; (b) in the y-direction; (c) in
the z-direction; and (d) the resultant.

Table 15 shows the values of the components of the connection forces as well as the
resulting reaction in the kinematic joint C for the second case study.

Table 15. Joint C connection force components.

Parameter

Component
Joint C Fx Joint C Fy Joint C Fz Joint C MAG

Min −38.152 −226.9065 18.9705 39.0085
Max −2.303 −32.8579 131.0045 264.6976
Avg −18.3145 −101.217 58.4376 118.4064
RMS 21.8939 114.4402 66.0721 133.9455

For Joint A, the maximum RMS values increase from 108.2345 N in Case 1 (no joint
friction) to 153.1624 N in Case 2 (with joint friction).

Numerical simulation in ADAMS is performed for the manikin-robot rehabilitation
assembly considering friction in the rotating joints. The connection forces in the joints
have obvious increases compared to the previously studied cases because friction plays an
important role in the real operation of the robot.

3.3. Dynamic Analysis in MSC.ADAMS of the ParReEx-Wrist Robot Considering Flexible
Elements and Joint Friction

This subchapter is dedicated to the virtual dynamic study in ADAMS of the actuation
moments and the connection forces in kinematic joints A, B, C, R1 and R2 considering
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friction in the kinematic joints and element flexibility, a case that simulates the real situation
and is different from the first one, in which simplifying hypotheses have been used.

This simulation assumption is necessary because, in operation, the robot elements
deform, and this influences the dynamic operating parameters. The way to transform a
rigid body into a deformable one in ADAMS involves:

- Discretizing the body into finite elements and performing modal dynamics analysis,
in which vibration modes are calculated based on modal superposition;

- Dynamic analysis considering the solid deformable body;
- Determination of torsional and flexural deformations of the flexible body.

Table 16 shows the vibration modes of the flexible element, namely the circular guide.
Since in operation this element has the highest elasticity, it is very important to study the
dynamics of the robot considering this circular guide as a deformable solid. Figure 20
shows that Vibration Mode 8 is flexural and occurs at 1538 Hz. Vibration modes consider
the external connections of the element and can be flexural, torsional or a combination of
the two.

Table 16. Circular guide modal parameters.

Mode Number Frequency (Hz) Mode Number Frequency (Hz)

7 597.685 16 1.299 × 104

8 1538.863 17 1.546 × 104

9 1828.696 18 2.315 × 104

10 2804.835 19 2.827 × 104

11 3835.677 20 2.987 × 104

12 4032.088 21 6.923 × 104

13 5993.852 22 8.053 × 104

14 6743.001 23 1.343 × 105

15 9246.1609 24 1.808 × 105

Figure 20. The deformable body in ADAMS and view of body deformation map.

Numerical simulation in ADAMS considering the friction in joints and the flexibility
of the circular guide element resulted in laws of variation of the torque necessary to operate
the flexion–extension module as well as the radial–ulnar module (Figure 21).
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(a) (b) 

Figure 21. The laws of variation of computed torque for: (a) the flexion–extension module and (b)
the radial–ulnar module.

There is an increase in the motor torque required to operate the modules in this case
as well as a steeper variation, similar to values determined experimentally [18].

In Table 17, the characteristic values for the actuation moments of the two modules of
the robot are presented for case 3 of the study, i.e., considering the flexibility of the elements
and the friction in the couplings.

Table 17. Robot motion parameters in Case 3.

Parameter

Component
Motion 1 Torque Motion 2 Torque

Min 0.0013 2.431
Max 1.8086 5.5339
Avg 0.8143 4.3712
RMS 0.9316 4.4062

Figure 22 shows the laws of variation for the components of the connection forces
in coupling A as well as for the resultant reaction. These results are obtained in case 3
of the simulation, i.e., the one in which we considered simultaneously the friction in the
kinematic couplings and the flexibility of the elements.

  
(a) (b) 

Figure 22. Cont.
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(c) (d) 

Figure 22. Connecting forces in rotation Joint A computed with friction and flexible links: (a) in the
x-direction; (b) in the y-direction; (c) in the z-direction; and (d) the resultant.

Table 18 shows the numerical results obtained for the components of the forces and
the resulting reaction in joint A for simulation case 3.

Table 18. Joint A connection force components.

Parameter

Component
Joint A Fx Joint A Fy Joint A Fz Joint A MAG

Min −2.2236 99.6565 −42.8897 115.1857
Max 62.8521 210.1286 98.7351 231.5797
Avg 30.9324 150.7614 17.3479 163.231
RMS 38.4147 153.2828 48.9964 165.4441

Figure 23 shows the laws of variation for the components of the connection forces in
coupling B as well as for the resultant reaction, for the third simulation case.

Table 19 shows the numerical results obtained for the components of the forces and
the resulting reaction in joint B for simulation case 3.

Table 19. Joint B connection force components.

Parameter

Component
Joint B Fx Joint B Fy Joint B Fz Joint B MAG

Min 0.4806 −0.8625 −1.6387 0.4815
Max 9.1875 0.4868 1.0018 9.2307
Avg 8.8505 0.4033 −0.4287 8.91
RMS 8.853 0.4095 0.9483 8.9131

Figure 24 shows the laws of variation for the components of the connection forces in
coupling R1 as well as for the resultant reaction, for the third simulation case.
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(a) (b) 

  
(c) (d) 

Figure 23. Connecting forces in Joint B calculated assuming friction and flexible links: (a) in the
x-direction; (b) in the y-direction; (c) in the z-direction; and (d) the resultant.

 
(a) (b) 

  
(c) (d) 

Figure 24. Connecting forces in rotational Joint R1 in Case 3: (a) in the x-direction; (b) in the
y-direction; (c) in the z-direction; and (d) the resultant.
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Table 20 shows the numerical results obtained for the components of the forces and
the resulting reaction in joint R1 for simulation case 3.

Table 20. Joint R1 connection force components.

Parameter

Component
Joint R1 Fx Joint R1 Fy Joint R1 Fz Joint R1 MAG

Min −0.6319 −94.247 −69.4296 59.116
Max 26.2983 −54.7853 8.8217 116.7565
Avg 11.2983 −72.4702 −23.7732 81.0625
RMS 15.3456 73.4702 34.1647 82.2926

Figure 25 shows the laws of variation for the components of the connection forces in
coupling R2 as well as for the resultant reaction, for the third simulation case.

  
(a) (b) 

  
(c) (d) 

Figure 25. Connecting forces in rotational Joint R2 in Case 3: (a) in the x-direction; (b) in the
y-direction; (c) in the z-direction; and (d) the resultant.

Table 21 shows the numerical results obtained for the components of the forces and
the resulting reaction in joint R2 for simulation case 3.

Table 21. Joint R2 connection force components.

Parameter

Component
Joint R2 Fx Joint R2 Fy Joint R2 Fz Joint R2 MAG

Min −27.1509 44.6085 −34.8469 57.8858
Max 10.8215 115.425 31.1528 119.6571
Avg −9.6539 77.8865 −5.9965 83.4504
RMS 16.3394 79.8258 23.066 84.6827
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For the situation when the ParReEx robot is used by a patient considering the frictional
forces in the kinematic joints and the flexibility of the elements, the following results are
obtained for connecting forces in Joint C, as shown in Figure 26.

 
(a) (b) 

  
(c) (d) 

Figure 26. Connecting forces in rotational Joint C in Case 3: (a) in the x-direction; (b) in the y-direction;
(c) in the z-direction; and (d) the resultant.

Table 22 shows the numerical results obtained for the components of the forces and
the resulting reaction in joint C for simulation case 3.

Table 22. Joint C connection force components.

Parameter

Component
Joint C Fx Joint C Fy Joint C Fz Joint C MAG

Min −38.152 −226.9063 19.031 39.1179
Max −2.3031 −32.9627 131.0044 264.6962
Avg −18.3109 −101.1899 58.422 118.375
RMS 21.8903 114.4194 66.0601 133.9213

As previously specified, in this simulation case, we are interested in the translational
displacements associated with the marker attached to the center of mass of the circular guide
relative to its undeformed location. In addition to the displacements, we are also interested in
the specific deformations of this marker. These results are shown in Figures 27 and 28.
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(a) (b) 

 
(c) (d) 

Figure 27. Displacement of the center of mass of the circular guide: (a) in the x-direction; (b) in the
y-direction; (c) in the z-direction; and (d) the resultant.

 
(a) (b) 

 

(c) (d) 

Figure 28. Deformation of the center of mass of the circular guide: (a) in the x-direction; (b) in the
y-direction; (c) in the z-direction; and (d) the resultant.
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Table 23 shows the numerical results obtained for the components and the resulting
displacement of the marker attached to the center of mass of the circular guide.

Table 23. Displacement of the center of mass of the circular guide.

Parameter

Component
Depl Tx (m) Depl Ty(m) Depl Tz(m) Depl T Mag(m)

Min −0.031 −0.0018 0.0865 0.0866
Max −0.0042 7.620 × 10−6 0.0865 0.0919

Avg −0.0176 −9.243 ×
10−4 0.0865 0.0887

RMS 0.0199 0.0011 0.0865 0.0887

Table 24 shows the numerical results obtained for the components and the resulting
deformations of the marker attached to the center of mass of the circular guide.

Table 24. Deformation of the center of mass of the circular guide.

Parameter

Component
Def Dx(m) Def Dy(m) Def Dz(m) Def D Mag(m)

Min −6.638 × 10−8 −4.132 × 10−8 −6.603 × 10−8 2.46 × 10−11

Max −1.948 × 10−11 1.405 × 10−11 −3.737 × 10−12 9.960 × 10−8

Avg −6.256 × 10−8 −2.094 × 10−8 −5.735 × 10−8 8.83 × 10−8

RMS 6.268 × 10−8 2.412 × 10−8 5.739 × 10−8 8.834 × 10−8

A map of the specific strain distribution of the robot’s circular guide is shown in
Figure 29. These deformations have very small values, so this guide is designed with
sufficient stiffness. Its mass can be reduced by structural stiffening, which will be discussed
in the next paragraph.

Figure 29. Deformation map of the robot circular guide.

4. Structural Optimization of the Circular Guide of the ParReEx Robot

The circular guide in the structure of the ParReEx robot is an important part that must
maintain a certain torsional and bending rigidity and a corresponding resistance to fatigue.
To achieve structural optimization of the circular guide, we start from its existing geometry,
which we model parametrically with the help of the ANSYS Workbench-Design Modeler
preprocessor, as shown in Figure 30.
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Figure 30. Parameterized model of the circular guide in ANSYS Design Modeler.

Structural optimization involves two objectives:

• Reducing the mass of the circular guide, which is made of aluminum alloy, by respect-
ing the constraint of a maximum equivalent stress;

• Increased fatigue resistance by reducing peak tensions in areas with stress concentra-
tors. These areas are the two spindles through which the guide is supported in the
bearing housings.

The optimization block diagram is shown in Figure 31.

Figure 31. Block diagram of the structural optimization process of the guide.

The steps of the structural optimization process of the circular guide in accordance
with the block diagram in Figure 31 are described in the following.

4.1. Parameterized Geometric Modelling of Circular Guidance Using the Design
Modeler Preprocessor

Three geometrical parameters of the guide are selected as input data, namely: the radii
of the two spindles connecting the circular guide, and the inner radius of the guide, named
R1, as shown in Figure 32. At this stage, the physically possible ranges of variation of the
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geometrical parameters included in the optimization process are checked and determined.
Thus, the range of variation of the two radii is between 2.7 and 3.3 mm. For the inner radius
of the circular guide, the variation limits are from 82.8 to 101.2 mm.

 

 

Figure 32. Parameters selected as input in the optimization process.

The output parameters are the guide mass as well as the von Mises equivalent stress.
The initial guide mass is calculated based on the definition of the guide material and has a
value of 0.54397 kg. The von Mises equivalent stress is calculated after running structural
static analysis.

The worst-case loading condition of the circular guide is when the element that rests
on the guide is in the extreme position, in which case the guide is subject to a compound
stress of both twisting and bending. For finite element analysis, we specified the boundary
conditions and loads according to the real model. Thus, we defined rotation Joints A and B
between the circular guide and the casing. A torque of 5000 N mm acts on the drive end of
the guide, while a fixed support is defined on the opposite end. For discretization of the
guide into finite elements, we used hexahedral elements and specified a finite element size
of 2 mm. The discretized structure comprises 130,489 elements and 31,668 nodes.

Figure 33 shows two important aspects for the construction of the finite element model,
namely the definition of the torsional moment and the finite element discretization of the
circular guide.
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Figure 33. Definition of boundary conditions and discretization into finite elements.

4.2. Running Transient Structural Analysis

Thus, Figure 34 shows the distribution of the equivalent von Mises stresses, the
maximum principal stresses, the distribution of the equivalent specific strains, and the
total displacements.

Figure 34. Results of mechanical stresses, displacements, and strains for non-optimized structure.

At this stage, the maximum von Mises equivalent stress of 10.362 MPa is defined as
the output parameter.

4.3. Conduct a Design-of-Experiments Study

Based on a design-of-experiments (DE) study, central composite design, several pos-
sible design variants are calculated, as shown in Table 25. There are 15 possible design
solutions of the considered structure. For each design point of the structure, we present
on the line related to the respective DP the values of the input parameters (P1, P2-radii of
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the connection (Blend), and P3-radius R1) and the output parameters (P4-Solid Mass and
P5-Equivalent Stress Maximum). From these results, the following is found:

- For the output parameter P4-Solid Mass, the minimum calculated value is 0.27269 kg,
and the maximum is 0.79132 kg;

- For the output parameter P5-Equivalent Stress, the minimum calculated value is
10.125 MPa, and the maximum is 19.837 MPa.

Table 25. Design points of design-of-experiments.

No.

Param.
Design Point P1—FBlend4.FD1

(mm)
P2—FBlend3.FD1

(mm)
P3—XYPlane.R1

(mm)

P4—Solid
Mass (kg)

P5—Equivalent Stress
Maximum (MPa)

1 1 DP 3 3 92 0.54397 10.362
2 2 2.7 3 92 0.54391 10.159
3 3 3.3 3 92 0.54403 10.3
4 4 3 2.7 92 0.54391 10.125
5 5 3 3.3 92 0.54403 10.304
6 6 3 3 82.8 0.79132 10.205
7 7 3 3 101.2 0.27269 19.837
8 8 2.7561 2.7561 84.52 0.7468 10.415
9 9 3.2439 2.7561 84.52 0.7469 10.297
10 10 2.7561 3.2439 84.52 0.7469 10.302
11 11 3.2439 3.2439 84.52 0.74699 10.364
12 12 2.7551 2.7561 99.48 0.32514 13.127
13 13 3.2439 2.7561 99.48 0.32523 13.126
14 14 2.7561 3.2439 99.48 0.32523 13.131
15 15 3.2439 3.2439 99.48 0.32533 13.127

5. Obtaining a Response Surface

A response surface is a 2D or 3D graph showing the variation of output parameters
relative to an input parameter. Table 26 shows the results of a Min–Max Search analysis. The
table shows the minimum (lines 3 and 4) and maximum (lines 6 and 7) values of the output
parameters P4 and P5. Obviously, increasing the input parameter P1 causes a decrease in
output parameter P4 (Mass) and an increase in parameter P5 (Equivalent Stress).

Table 26. Min–Max Search.

Name
P1—FBlend4.FD1

(mm)
P2—FBlend3.FD1

(mm)
P3—XYPlane.R1

(mm)
P4—Solid Mass

(kg)

P5—Equivalent
Stress Maximum

(MPa)

Output Parameter Minimums
P4-Solid Mass 2.7 2.7 101.2 0.27258 19.837

P5—Equivalent
Stress Maximum 3.033 3.2561 89.656 0.60933 10.211

Output Parameter Maximums
P4—Solid Mass 3.3 3.3 82.8 0.79144 10.351
P5—Equivalent

Stress Maximum 3.183 2.7264 101.2 0.27268 19.837

The response surfaces obtained are shown in Figures 35 and 36. Calculation of response
surfaces is necessary because the next step is to optimize these surfaces in order to obtain
an optimal solution.
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Figure 35. Response chart for P6—Equivalent Stress Maximum vs. P1 and P3.

 

Figure 36. Response chart for P4—Solid Mass vs. P1 and P3.

The computed response surface design parameters (Solid Mass and Equivalent Stress
Maximum) characteristics are shown in the Table 27.
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Table 27. Response surface parameters.

Characteristic

Parameter
P4—Solid Mass

P5—Equivalent
Stress Maximum

Coefficient of Determination (Best Value = 1)

Learning Points
1 0.99915

Cross-Validation on Learning Points
1 0.99857

Root Mean Square Error (Best Value = 0)

Learning Points 3.32288 × 10−7 0.073305
Cross-Validation on Learning Points 7.1713 × 10−7 0.094999

Relative Maximum Absolute Error (Best Value = 0%)

Learning Points
0

5.6275

Cross-Validation on Learning Points
0.0010358

7.434

Relative Average Absolute Error (Best Value = 0%)

Learning Points
0 1.954

Cross-Validation on Learning Points
0.00029053 2.7089

—not acceptable; —acceptable; —excellent.

Response Surface Optimization

Optimization involves minimizing the output parameter P5, maximum equivalent
von Mises stress, and minimizing parameter P4, mass. The defined optimization constraint
assumes that the equivalent von Mises stress does not exceed 14 MPa.

Table 28 shows the purpose of the optimization, i.e., the minimization of the input
parameters P4 and P5, specifies the optimization method used, and details the 3 points of
the optimization surface that are candidates for the optimal solution.

Table 28. Optimization study.

Optimization Study

Minimize P5; P5 ≤ 14 MPa Goal, Minimize P5 (Default importance); Strict constraint, P5 values less than or equal cu 14 MPa
(Default importance)

Minimize P4 Goal, Minimize P4 (Default importance)

Optimization Method

MOGA
The MOGA method (Multi-Objective Genetic Algorithm) is a variant of the popular NSGA-II
(Non-dominated Sorted genetic Algorithm-II) based on controlled elitism concept. It supports
multiple objectives and constraints and aims at finding the global optimum.

Configuration Generate 300 samples initially, 600 samples per iteration and find 3 candidates in a maximum of
20 iterations.

Status Converged after 3509 evaluations.

Candidate Points
Candidate Point 1 Candidate Point 2 Candidate Point 3

P1—FBlend4. FD1 (mm) 2.8361 3.0327 3.0587
P2—FBlend3. FD2 (mm) 2.7499 3.2963 3.0008
P3—XYPlane.R1 (mm) 97.543 98.151 95.869

P4—Solid Mass (kg) 0.3833 0.36531 0.43281

P5—Equivalent Stress Maximum (MPa) 11.539 11.919 10.834

—not acceptable; —acceptable.
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Table 29 shows the results obtained for the three design solutions (candidate points).
Candidate Point 2 is identified as the optimal solution, for which the values of the input
parameters are: P1 = 3.0327 mm, P2 = 3.2963 mm, and P3 = 98.151 mm, and the values
obtained for the output parameters are: P4 = 0.36531 mm and P5 = 11.919 MPa.

Table 29. Optimization candidate points.

Name
P1—FBlend4.FD1

(mm)

P2—
FBlend3.FD1

(mm)

P3—XYPlane.R1
(mm)

P4—Solid Mass (kg)
P5—Equivalent Stress Maximum

(MPa)

Parameter
Value

Variation from
Reference

Parameter
Value

Variation from
Reference

Candidate Point 1 2.8361 2.7499 97.543
0.3833

4.92%
11.539

−3.18%

Candidate Point 2 3.0327 3.2963 98.151
0.36531

0.00%
11.919

0.00%

Candidate Point 3 3.0587 3.0008 95.869 0.43281 18.48%
10.834

−9.10%

—not acceptable; —acceptable.

The goal of structural optimization is to achieve more-uniform distribution of stresses
and strains to eliminate stress concentrators, to increase fatigue strength, and, most impor-
tantly, to reduce the mass of the guide.

As shown in Figure 37 this objective has been achieved. Symmetrical stress distribution
is observed, and the optimization constraint of keeping the maximum stresses below the
imposed limit is fulfilled.

 

  

Figure 37. Results of mechanical stresses, displacements, and deformations for the optimized structure.

6. Experimental Determination of the Robot Module Actuation Torques

The robotic system is tested in laboratory conditions using a healthy subject (with
informed consent). The tested subject is 1.85 m height and weighs 88 kg, which leads to
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hand weight (according to [51]) similar to the simulation loads presented in Figure 21.
The results are shown in Figure 38, which presents the time history diagram of the torque
required for the flexion–extension motion for seven cycles with the following motion
parameters: motion amplitude (range of motion) of 60◦ (both for flexion and extension)
and speed of 30◦/s. The torque is estimated using the MC_ReadActualTorque (FB) function
in Automation Studio, B & R Automation [47], which provides an approximate value of
the required motor torque. The maximum required value of the torque is 4.5 Nm, while
the average is 0.0821 Nm. Figure 39 presents the time history diagram of the radial–ulnar
deviation motion for seven cycles using the following motion parameters: radial motion
amplitude of 20◦, ulnar motion amplitude of 30◦ and speed of 30◦/s. The maximum
required torque value is −26 Nm, while the average is −10.887 Nm.

 

Figure 38. The time history diagram for the flexion–extension motion of the ParReEx-wrist robotic system.

 

Figure 39. The time history diagram for the radial–ulnar deviation motion of the ParReEx-wrist
robotic system.

Very good agreement is observed between the smoothness of the actuation moments
determined by numerical simulation and experimentally, as shown in Figures 21, 38 and 39.
This validates the results obtained by numerical simulation in ADAMS.
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7. Discussion

Simulations of ParReEx robot dynamics were performed in three simulation cases:
(1) without friction in the couplings, (2) with friction, and (3) with friction and flexible elements.

The evolution of the RMS value of the resulting connecting forces in Couplings A and
B for the three simulation scenarios is shown in Figure 40. The RMS value of a set of values
(or a continuous-time waveform) is the square root of the arithmetic mean of the squares of
the values, or the square of the function that defines the continuous waveform.

Figure 40. Evolution of the RMS values for the connection forces in Couplings A and B.

The presence of friction in the coupling increases the reaction in Coupling A and
decreases the reaction in Coupling B. This can be explained by the fact that charging
Coupling A unloads Coupling B. The presence of a toothed belt drive in Coupling A causes
additional loading of this driving joint. In this case, the bearing in Coupling B will be a
driving one, i.e., it will also take up the axial forces that occur in the circular guide element.

For the other couplings, friction increases the RMS values of the resulting connecting
forces. Thus, Figure 41 shows the evolution of the RMS values for the resultant coupling
forces in R1 and R2.

  

Figure 41. Evolution of the RMS values for the connection forces in Joints R1 and R2.

Further, friction increased the actuation moment for flexion–extension (Torque 1) and
radial–ulnar deviation (Torque 2), as Figure 42 illustrates.

190



Appl. Sci. 2022, 12, 7907

 

Figure 42. Evolution of the maximum values for the moments of actuation for flexion–extension and
radial–ulnar deviation motions.

Numerical simulation in ADAMS (Figure 21) showed that flexion–extension motion
of the wrist joint required a maximum moment of 1.8086 Nm, and radial–ulnar deviation
required a maximum moment of 5.5339 Nm. Experimentally, higher values were obtained
for these parameters: 4.5 Nm for flexion–extension and 20 Nm for radial–ulnar deviation.
As a remark on the experimentally determined values, it is found that these quantities do
not start from zero, so in the initial starting position, the system is preloaded by the human
subject’s arm. The same happened in the numerical simulation in ADAMS, only in the
simulation we considered the load produced by the patient’s arm of 30 N as a constant load.

We also found that the experimentally measured values for the actuation moments
have similar variation. The differences between the experimentally measured values and
those obtained by numerical simulation can be explained as follows:

� In the case of numerical simulation, we defined the motion law by the STEP function,
and at the end of the stroke the angular velocity is reduced, which is not the case in
the experimental case;

� The virtual prototype does not consider the presence of clearance in the kinematic
joints. In the case of the experimental prototype, these clearances are inherent, so the
components could not be assembled. The presence of these clearances produces jumps
of moments at the end of the stroke, which is not the case with the virtual simulation.

8. Conclusions

In this paper, we conducted a study on the dynamics of the ParReEx robot used for the
wrist joint. Dynamic analysis was performed using MSC.ADAMS in three simulation scenarios:

(a) Kinematic elements were considered rigid bodies and friction in the kinematic cou-
plings was not considered;

(b) Kinematic elements were considered rigid bodies and friction in the robot couplings
was considered;

(c) Both flexibility of kinematic elements and friction in the couplings were considered.

Structural optimization of the circular guide of the ParReEx robot using ANSYS
software was performed.

The differences between the experimentally measured values and those obtained by
numerical simulation are acceptable for the following reasons:

- Parts made by 3D printing have tolerances within 0.2 mm. For this reason, the
experimental model is in real assembly conditions;

- Similar variations of torsional moments were determined experimentally and by
numerical simulation in ADAMS, which validates the two models.
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Dynamic analysis allows us to draw conclusions about the operational safety of a
robotic system. A next step is dynamic optimization of the robotic structure. Structural
optimization can eliminate stress concentrators in the robot structure, which contributes to
increased operational safety.

The results obtained by numerical simulation were validated by experimental mea-
surements. Thus, the actuation moments for the two movements of the wrist joint—flexion–
extension and radial–ulnar deviation—were determined experimentally. Concordance
between the variations determined by numerical simulation and those determined experi-
mentally was observed.
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Abstract: This paper presents studies on the dynamic analysis of the ASPIRE robot, which was
designed for the medical recovery of brachial monoparesis. It starts from the virtual model of the
existing version of the ASPIRE robot, which is analysed kinematically and dynamically by numerical
simulations using the MSC.ADAMS software. For this purpose, this paper presents theoretical
aspects regarding the kinematics and dynamics of the markers attached to the flexible bodies built
in a specifically developed MSC.ADAMS model. Three simulation hypotheses are considered:
(a) rigid kinematic elements without friction in couplings, (b) rigid kinematic elements with friction in
couplings, and (c) kinematic elements as deformable solids with friction in couplings. Experimental
results obtained by using the physical prototype of ASPIRE are presented. Results such as the
connecting forces in the kinematic joints and the torques necessary to operate the ASPIRE robot
modules have been obtained by dynamic simulation in MSC.ADAMS and compared with those
determined experimentally. The comparison shows that the allure of the variation curve of the
moment obtained by simulation is similar to that obtained experimentally. The difference between
the maximum experimental value and that obtained by simulation is less than 1%. A finite element
analysis (FEA) of the structurally optimized flexion/extension robot module is performed. The
results demonstrate the operational safety of the ASPIRE robot, which is structurally capable of
supporting the stresses to which it is subjected.

Keywords: dynamic simulation; spherical parallel robot; joint friction; flexible links; rehabilitation;
brachial monoparesis

1. Introduction

One of the most important factors of global interest is maintaining quality of life in
the coming years by increasing life expectancy [1]. Globally, the leading cause of long-term
disability in adults is stroke or spinal cord injury [2,3]. Stroke is the second leading cause
of death, with an incidence of 11.8%, after ischemic heart disease, with an incidence of
14.8% [4]. The most common consequences that can occur after a stroke are cognitive
impairment (VCI), post-stroke fatigue (PSF) and post-stroke depression (PSD) [5]. In more
than 85% of cases, stroke causes upper limb injuries, [6] and only in 10% of cases, the
subjects regain arm mobility [7]. Strokes can cause pure brachial monoparesis, which
supposes partial paralysis of the upper limb, an unusual cerebrovascular syndrome that
can be misdiagnosed due to the lack of any other neurological deficits. Few reports in the
literature adequately describe the syndrome or provide a substantial clinical or anatomical
correlation [8,9]. The main problem is the difficult recovery due to the complexity of the
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movement of the upper limbs [10]. The patient must follow a repetitive and task-oriented
functional training [11], which translates into a high consumption of time and energy for
therapists [12].

Issues of annual medical cost and stroke trends were discussed in [13]. In the US, the
annual medical cost for stroke will increase up to 2.5 times in 2030 compared to 2012. In the
UK, stroke is the fourth leading cause of death [14]. The annual cost of health and social
care for patients with stroke is over 5 billion GBP [15,16]. Currently, in developed countries,
3–4% of health expenditures are dedicated to stroke cases [17].

The number of strokes in the elderly is increasing. In addition, the age of people
suffering from stroke is decreasing, reaching 50 years or even 40 years, the medical cost
for the treatment of post-stroke trauma is high, it requires expensive medical care and, in
addition, the number of therapists able to provide physical training is low compared to the
number of patients [18].

In recent decades, it has been shown that exoskeleton-based rehabilitation can be
used as an alternative to regular manual therapy to improve motor function [19]. Studies
on the development of robotic structures for medical rehabilitation of the lower limb
and upper limb have been intensively developed in recent years [20–30]. A complex
classification, taking into account defining criteria, of robotic devices for upper limb re-
habilitation can be found in [31,32], while in [33], a review of the literature investigating
upper body kinematics in people without disabilities through optical motion capture
can be found.

Li J. et al. [34] propose a new 4-DOF upper limb exoskeleton that has an ergonomic
design and is kinematically compatible with the upper limb. Culmer P.R. et al. [35] de-
veloped a novel system for quantitatively measuring arm movement. In order to obtain
upper limb joint angles and torques, a series of data was analysed with respect to Cartesian
and upper limb coordinate systems to better understand arm movement, in particular to
objectively evaluate physical therapy treatments and support the development of robotic
devices to facilitate upper limb rehabilitation. In [36], the authors studied the activity and
fatigue of upper extremity muscles, pain levels, subject satisfaction levels, and number of
repetitions in task-specific training compared with robot-assisted training in individuals
post-stroke. The research [37] concluded that virtual or actual task-specific robot training
(TSRT) performed with a robotic orthosis or a physical therapist significantly reduced arm
impairments around the shoulder and elbow without significant gains in fine motor hand
control, activities of daily living or independence.

The exoskeleton technology is evolving quickly but still needs research to solve
technical challenges and kinematic compatibility and promote the development of effective
human–robot interaction. In [38], researchers have addressed a design problem of an
exoskeleton by applying cable transmission, which allows the exoskeleton to place the
actuators at a fixed base.

Hamida et al. [39] proposed and applied a combined methodology to optimize a cable-
driven parallel robot for upper limb rehabilitation exercises by minimizing the tensions in
cable and achieving the smallest footprint. In [40], the authors presented a new mechanism
for providing variable stiffness for a 4 DOFs robot used for upper limb rehabilitation.

ASPIRE [22] is a device designed as an innovative structure, a parallel robotic system
with 3 DOFs based on a spherical architecture designed for upper limb rehabilitation. The
main purpose of its design was to solve problems related to shoulder flexion/extension
as well as adduction/abduction and pronation/supination of the forearm. Its kinematic
structure and motion were presented in [23]. Studies related to how it worked in clinical
trials can be found in [30,41]. In [41], the ASPIRE interchangeability was investigated with
classical physiotherapy using quantitative electroencephalogram (EEG), motor driving
times and turn/amplitude analysis. A significant effect of the therapy was found for various
pathologies. Design optimization following clinical evaluation and clinician feedback was
presented in [31]. After careful monitoring and analysis of the robotic system, significant
differences were revealed compared to the initial laboratory tests performed on healthy
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subjects. An improved design was elaborated based on the critical characteristics of
clinical trials.

The aim of this study is to analyze from a kinematic, dynamic and experimental
point of view the ASPIRE robot for the medical recovery of brachial monoparesis. For this
purpose, a dynamic simulation of the robot in the ADAMS virtual environment when a
virtual patient for rehabilitation uses the robot will be performed. Three distinct situations
will be studied:

• The kinematic elements will be considered as rigid bodies, and the friction in the
kinematic couplings will not be considered;

• The kinematic elements will be considered as rigid bodies, and the friction in the robot
couplings will be considered;

• Both the flexibility of the kinematic elements and the friction in the couplings will
be considered.

Results obtained by numerical simulation will be compared with those obtained from
MSC.ADAMS. Finally, a verification of the structural integrity of the flexion/extension
module of the robot, which is subject to the highest mechanical stresses, will be performed.

2. Constructive and Functional Description of the ASPIRE Robot

ASPIRE is a parallel robotic system based on a spherical architecture dedicated to be
used in rehabilitation and it is the subject of a patent [42]. The movements that the robot
can perform are flexion-extension and adduction-abduction of the shoulder joint, as well as
pronation-supination of the forearm joint with the help of a third motor. The main design
feature of the robotic system consists of two circular guides that lead to a spherical motion
of the characteristic point of the mechanism.

The robotic structure’s frame was built out of aluminum profiles, while the robot’s
housing was made of Plexiglas. The sliding carriages were 3D printed and appropriately
lubricated to maintain a low friction coefficient, and the circular guides were made of
aluminum. The shoulder rest was also 3D printed to guarantee that the shoulder was
supported throughout the flexion and extension movements. The forearm support was
3D printed and integrated into an adjustable mechanism to accommodate varying forearm
lengths. The metal palm rest was integrated into the pronation/supination mechanism.
The horizontal circular guide was connected to the vertical circular guide through a passive
revolute joint between the circular guides. An actuated height adjustment mechanism
was added to allow easy setup of the robot between patients of different heights. To
make it easier to set up the robot between patients of different heights, an actuated height
adjustment system was incorporated.

The kinematic scheme based on which the virtual and the experimental model is
built is shown in Figure 1 [43]. As shown in the kinematic diagram, the ASPIRE robot is
composed of two modules. The first module, framed by the green line border, is intended
for the rehabilitation movement of the shoulder. The XOYZ Cartesian reference system
(frame) is placed in the centre of the shoulder joint. By rotating the circular segment,
G1, around the Z axis of the reference system, the adduction-abduction movement q1
is performed.

The flexion-extension movement q2 is performed by rotating the circular portion G2
around the Y axis of the same frame. The two circular portions G1 and G2 are connected by
means of the passive kinematic coupling (rf), so that a spherical trajectory of the reference
system O’X’Y’Z’ is obtained with respect to the point O, as shown in Figure 1b. The
pronation-supination movement is defined by the q3 coordinate. The second module
allows the vertical adjustment of the rehabilitation mechanism so that, with the help of a
screw-nut system, the translation movement q4 is performed.
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(a) (b) 

Figure 1. (a) Kinematic scheme; (b) physical prototype of ASPIRE [43].

3. Theoretical Aspects Regarding the Kinematic and Dynamic Analysis of the ASPIRE
Robot in MSC.ADAMS

For the dynamic study of the robotic systems, the most used software is MSC.ADAMS [44],
due to the accuracy of results obtained. Thus, the use of this software in various research
fields in the industry is noticeable, among which can be mentioned exoskeleton robotic
systems or flexible robotic units for minimally invasive surgery [45–52]. MSC.ADAMS uses
the kinematics of markers in three essential areas: kinematics, dynamics and optimization
of mobile mechanical systems. Marker kinematics deals with the study of the position,
orientation, velocity and acceleration of markers [53].

The instantaneous position vector of a marker that is attached to a node, noted P, on a
flexible body is the sum of three vectors (Figure 2).

→
r p =

→
x +

→
s p +

→
u p, (1)

where
→
x is the position vector of the origin of the local reference system with the origin

in B, attached to the flexible body, relative to the origin of fixed reference system, G;
→
s p

represents the position vector of the point P in the initial position on the undeformed body
in relation to the local reference system attached to the flexible body; and

→
u p is the position

vector of the point P’, the new position of P on the deformed body, in relation to the initial
position of the point P.

Figure 2. The position vector of the point P′ of a deformed flexible body relative to a reference system
attached to the flexible body and the fixed base G.
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We write Equation (1) in a matrix form expressed in relation to the basic coordinate system:

[rp] = [x] + [G AB]
(
[sp] + [up]

)
, (2)

where [x] is matrix associated with the position vector
→
x , having as elements the

generalized coordinates x, y and z of the origin B of the system associated with the
flexible body.

[sp] is a matrix associated with the position vector
→
s p having as elements the constant

coordinates of the point P in relation to the local system of the body.
[G AB] is the transformation matrix from the local reference system in B to the basic

system, G, being composed of cosine directors of the origin of the local reference system
in relation to the fixed one. The orientation is calculated using Euler’s angles, ψ, θ and ϕ,
which are used to define the generalized coordinates of the flexible body.

[up] is a matrix associated with the position vector of point P’ with respect to P,
expressed by coordinates related to the local coordinates system attached to the body.
Matrix [up] can be written:

[up] = [Φp] · [q], (3)

where
[
Φp
]

is the portion of the form function matrix that corresponds to the translation
degrees of freedom of the node P, being a 3 × M matrix type, where M is the number of
form functions. Coordinates of form functions qi, (i = 1...M) also represent the generalized
coordinates of the flexible body.

Therefore, the complete matrix form of the generalized coordinates of the flexible
body is:

ξ =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

x
y
z
ψ
θ
ϕ

qi, (i=1...M)

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
=

⎧⎨⎩
X
Ψ
q

⎫⎬⎭, (4)

3.1. Velocities

To calculate the kinetic energy, the instantaneous translation velocity of the point in
relation to the global reference system, which is obtained by differentiating the relationship
Equation (2) with respect to time, has been computed, resulting in:

[vp] = [
•
x] + [G

•
A

B
]
(
[sp] + [up]

)
+ [G AB][

•
up], (5)

Considering the property of the vector product of two matrices, of which the matrix
[a] is antisymmetric:

[a]×[b] =

⎡⎣ 0 −az ay
az 0 −ax
−ay ax 0

⎤⎦[b] = [ã][b] = −[b][ã], (6)

it can be written:

[G
•
A

B
][sP] = [G AB]

(
[GωB

B ]× [sP]
)
= [G AB][Gω̃B

B ][sP] =
= −[G AB][sP][

Gω̃B
B ]

(7)

where
[GωB

B
]

is the matrix of the angular velocity of the body relative to the fixed system
(expressed in the coordinates of the body).
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Replacing Equation (7) in Equation (5) results in:

[vp] = [
•
x]− [G AB]

(
[sp] + [up]

)
[B][

•
ψ] + [G AB][Φp][

•
q], (8)

where:
[Gω̃B

B ] = [B][
•
ψ], (9)

representing the relationship that makes the connection between the angular velocity and
the derivative in relation to the time of the orientation state.

3.2. Angular Velocities

To meet the angular constraints, the markers orientation of a flexible body during
deformation is instantly evaluated. As the body deforms, the marker rotates at relatively
small angles to the reference frame. Like translational deformations, these angles are
obtained using a modal overlap, similar to Equation (3),

[θp] = [Φ∗
p][q], (10)

where [Φ∗
p] is the part of form functions matrix that corresponds to the degrees of freedom

of rotation of the node P. The matrix size of [Φ∗
p] is 3 × M, where M is the number of

form functions.
The J marker orientation in relation to the base is represented by the Euler transforma-

tion matrix,
[G AJ]. This matrix is the product of the three transformation matrices:[

G AJ
]
=
[

G AB
]
·
[

B AP
]
·
[

P AJ
]
, (11)

where
[G AB] is the matrix for transforming the coordinates from the local reference system

attached in B to the body to basic or global coordinates;
[B AP] is the transformation matrix

during the change of orientation by deforming the flexible body of the pole P coordinates
in relation to the local reference system attached to the body; and

[P AJ] is the constant
transformation matrix, defined by the user when placing the marker J on the flexible body.

Matrix
[B AP] is defined by the cosine directors θpz, θpy of a vector with small

angles, θp: [
B AP

]
=

⎡⎣ 1 −θpz θpy
θpz 1 −θpz
−θpy θpz 1

⎤⎦ = I + θ̃p, (12)

where the sign ~ represents the antisymmetric operator.

3.3. Angular Velocities

The angular velocity of a marker, J, of a flexible body is the sum of the angular
velocities of the body and the angular velocities during deformation:

[Gω J
B] = [GωP

B ] = [GωB
B ] + [BωP

B ] = [GωB
B ] + [Φ∗

P][
•
q], (13)

The equations governing a flexible body are derived from Lagrange’s equations:⎧⎨⎩ d
dt

(
∂L

∂
•
ξ

)
− ∂L

∂ξ + ∂F

∂
•
ξ
+
[

∂Γ
∂ξ

]T
λ − Q = 0

Γ = 0
, (14)

where L is the Lagrangian, defined by the relationship L = T −V, where T and V represents
the kinetic and potential energy, respectively; F represents the energy dissipation function,
defined by the relationship:
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[F] =
1
2
[
•
q]

T
[D

•
][q]. (15)

Γ represents the constraint equations; λ represents Lagrange’s multipliers for con-
straints; ξ represents the generalized coordinates defined in the relationships Equation
(4); Q represents the generalized applied forces (applied forces projected on ξ); and [D]
represents the damping matrix.

The velocity in relation to Equation (5) can be expressed in terms of the derivative
with respect to time of the state vector, ξ.

[vp] =
[
[I]− [G AB]

(
[sp] + [up]

)
[B] + [G AB][Φp]

]
[
•
ξ]. (16)

The kinetic energy for a flexible body is given by:

T =
1
2

∫
V

ρvTvdV ≈ 1
2∑

p
[[mp][vT

p ][vp] + [GωB
P ]

T
[Ip][

GωB
P ]], (17)

where
[
mp
]

and [IP] are the nodal mass matrix and the nodal inertia tensor of the node P.
[IP] is sometimes a negligible amount, as, for example, bars, beams, housings are used

in the model with flexible components.
By substituting vp and ωp and simplifying, we obtain the kinetic energy in the gener-

alized coordinates and the matrix of the generalized masses.

T =
1
2

•
[ξ]T [M(ξ)][

•
ξ], (18)

For clarity of presentation, the matrix of generalized masses is partitioned into M(ξ),
in block matrices 3 × 3 in size.

M(ξ) =

⎡⎣ Mtt Mtr Mtm
MT

tr Mrr Mrm
MT

tm MT
rm Mmm

⎤⎦, (19)

where indices t, r and m represent the translation, rotation and modal degrees of
freedom, respectively.

The expression for the mass matrix [M(ξ)] simplifies to an expression in
9 inertia invariants:

Mtt = L−1 I; Mtr = −A
[

L2 + L3
j qj

]
B

Mtm = AL3; Mrr = BT
[

L7 −
[

L8
j + L8T

j

]
qj − T9

ijqiqj

]
B

Mrm = BT
[

L4 + L5
j qj

]
; Mmm = L6

(20)

The explicit dependence of the mass matrix on the modal coordinates is obvious.
The dependence on the orientation coordinates of the system is due to the transformation
matrices A and B. Inertia invariants are calculated from the N nodes of the finite element
model based on information about each node mp, its undeformed location sp, and its
participation in the components of form functions Φp. The discrete shape of the inertia
components is provided in Table 1.

Position and orientation constraints for flexible body markers are satisfied using the
kinematic properties of the previously presented markers.

The final form of the differential equations of motion is:

[M][
••
ξ ] +

•
[M

•
][ξ]− 1

2

[
∂M
∂ξ

•
ξ

]T
[
•
ξ] + [K][ξ] + [D][

•
ξ] +

[
∂ψ

∂ξ

]T
λ = [Q], (21)
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where [ξ],
[•

ξ

]
, and

[••
ξ

]
are the matrices associated with the generalized coordinates of

the flexible body and their derivatives with respect to the time; [M] represents the flexible

body mass matrix; and
[ •

M
]

represents the derivative with respect to time of the flexible

body mass matrix.

Table 1. The discrete shape of the inertia components.

Invariant Observations Dimension

L2 =
N
∑

p=1
mpsp

3 × 1

L3
j =

N
∑

p=1
mpΦp

j = 1, . . . , M 3 × M

L4 =
N
∑

p=1
mps̃pΦp + IpΦ′

p
3 × M

L5
j =

N
∑

p=1
mpΦ̃pjΦp

j = 1, . . . , M 3 × M

L6 =
N
∑

p=1
mpΦT

p Φp + Φ
′T
p IpΦ′

p
M × M

L7 =
N
∑

p=1
mps̃T

p s̃p + Ip
3 × 3

L8
j =

N
∑

p=1
mps̃pΦ̃pj

j = 1, . . . , M 3 × 3

L9
jk =

N
∑

p=1
mpΦ̃pjΦ̃pk

j, k = 1, . . . , M 3 × 3

4. Dynamic Analysis of the ASPIRE Robot Using MSC.ADAMS Software

In this paragraph, by using MSC.ADAMS [44] a software frequently used for nu-
merical simulations in scientific researches [45–52], the virtual dynamic analysis of the
ASPIRE robot when used by a virtual patient who needs to rehabilitate the movements of
the upper limb is performed. The aim of this analysis is to determine the external loads of
the kinematic elements of the ASPIRE robot. These loads will be the input data to perform
structural analysis of the robot elements with the ANSYS finite element analysis program.
A virtual model of the ASPIRE robot assembly—a human virtual mannequin that respects
the average anthropometric dimensions of the sample of human subjects considered in
the experimental tests, namely a mass of 72 kg and a height of 1.68 m—has been made in
Solid Works. The patient is incorporated into the design of the robotic structure, and the
center of the sphere, which is defined by two circular guides, is put in the center of the
patient’s shoulder, allowing for full arm motion while undergoing shoulder rehabilitation.
The targeted motions of the ASPIRE robot are:

• Shoulder flexion/extension (±45 degrees);
• Shoulder adduction/abduction (±45 degrees);
• Forearm pronation/supination (±45 degrees).

Figure 3 shows the assembly of the dummy together with the ASPIRE robot and the
performed motions relevant for rehabilitation.

The geometric model of the robot assembly was imported into MSC.ADAMS, spec-
ifying the mechanical characteristics of the material of each element of the robot so that,
based on these properties, the MSC.ADAMS software could calculate the mass, inertial
properties and position of the centre of mass of each component. The kinematic joints of
the robot were defined, as shown in Figure 4.
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Figure 3. ASPIRE robot assembly—virtual mannequin in neutral position in Solid Works.

Elements 1 and 2 are connected to the base by joints A and B, respectively. For these
couplings, we will present the connection forces and moments as calculated using the
MSC.ADAMS program. A rotational joint is defined between elements 3 and 4, as shown
in Figure 4. Element 3 (yellow) slides on the circular portion of element 1 by means of a
guidance system.
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Figure 4. Model of the ASPIRE robot transferred to ADAMS.

For a correct simulation of the contact between elements 3 and 4 and the circular
portions of elements 1 and 2, the contact of 2 points on the load arm of element 3 on the
circular guidance system of element 1 was defined, as shown in Figure 5. The dynamic
model is finalized taking into account this aspect, namely the contact between the elements
running on the circular portions of the multi-body model, as well as the external forces
given by the weight of the upper limb. For the dynamic analysis, we joined the dummy’s
arm with the mounting brackets of the forearm and the human arm. The WSTIFF solver
and the SI2 integration algorithm were used to solve the dynamic model.

All three modules, the extension flexion module, the adduction/abduction module
as well as the pronation/supination module, are geometrically shaped and have defined
material properties, which allows us to calculate the inertial properties and their masses.

 

Element 3 

Element 4 

Element 2 

Figure 5. Defining the contact (by point-on-curve coupling) between slide 4 and the circular guide 2.
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Regarding the dummy used in the virtual simulation, the mass of the upper limb
segments are as follows: 0.52 kg for hand weight and 160 mm length, 1.52 kg for forearm
weight with 240 mm length and 2.63 kg for upper arm weight with 260 mm length. The
patient position in the MSC.ADAMS virtual simulation is shown in Figure 6.

 

Figure 6. ASPIRE robot modules.

4.1. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Kinematic Elements as
Rigid Solids

In order to analyze the dynamic behavior of the robot/mannequin assembly, harmonic
laws of motion of the form: 0.4 × cos (1 × time), with an amplitude of 45 degrees and the
period of 6.3 s were defined for the drive motors of each module. The time variation graph
for the law of motion of the motors performing the rehabilitation movements is presented
in Figure 7. In MSC.ADAMS, the implemented law of motion is defined as MOTION_1
or MOTION_2 for the second module, and in Figure 7, a measurement of the angle from
the motor joint has been made. These parameters that define the amplitude and period of
the movement were chosen because the laws of motion that will be done in the numerical
simulation must be similar to the movement recommended for rehabilitation prescribed by
the physiotherapist.

 

Figure 7. Law of motion imposed in ADAMS on robot motor joints.

A dynamic simulation was performed for the situation when the robotic system is
used by the virtual patient dummy and all three modules of the ASPIRE robot are active
simultaneously (flexion/extension, abduction/adduction, pronation/supination). The
simulation was performed for a period of 20 s. Figure 8 shows the extreme operating
positions of the ASPIRE robot corresponding to the situation when the flexion/extension
and abduction/adduction movements are active, indicating a combined movement. The
trajectories described by the elbow and shoulder joints are observed, which are spatial
(spherical) circular portions.
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Figure 8. Extreme operating positions of the ASPIRE robot corresponding to a combined flexion-
extension and abduction-adduction movement.

In the first phase, a dynamic simulation with the specified laws of motion, without
taking into account the friction in the kinematic joints of the robot, was performed. The
results obtained for this simulation, meaning the variations of the motor moment calculated
by numerical simulation in ADAMS when simultaneously performing those three types
of movement—flexion-extension, adduction-abduction and pronation-supination of the
arm—are presented in Figure 9.

 
(a) (b) 

 
(c) 

Figure 9. ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-abduction module;
(c) the pronation-supination module.
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It is observed that the maximum value of the actuation moment of the flexion/extension
module reaches a maximum value of 125 Nm, and the minimum is 110 Nm. It is important
to note that these results are obtained when all three modules are active simultaneously.

For the adduction-abduction movement, the motor moment obtained by numerical
simulation in ADAMS is presented in Figure 9a. It is observed that its amplitude is
around 22 Nm. For the pronation-supination movement, the value calculated by numerical
simulation in ADAMS is equal to 0.023 Nm (Figure 9c).

The results of the dynamic simulation conclude that, for the movement performed by
the flexion-extension motion module, a very high actuation moment is required, namely
125 Nm (Figure 9a). In this case, it is necessary to use worm gearboxes to amplify the
torque of the electric drive motor. The gear ratio of the planetary gearbox must be chosen in
accordance with the size of the resistive torque but also with the angular velocity required
at the output. For the flexion-extension module mechanism, a worm gearbox gear ratio
I = 1:45 was used. For the adduction-abduction module mechanism a planetary gearbox
with gear ratio I = 1:100 is implemented, and for the pronation-supination mechanism a
planetary gearbox with gear ration I = 1:11 is required.

As the flexion/extension module requires the greatest moment of actuation, it is
clear that this module will be the most structurally stressed. For the flexion/extension
module, as well as the adduction/abduction one, the connecting forces calculated from
the couplings B and C, because these forces will be used later to perform the structural
analysis with finite elements, are presented.

For a good understanding and interpretation of the obtained results, in the case of the
connection forces from the kinematic couplings of the robot’s modules, Figure 10 presents
the orientation of the local reference axis systems attached to the kinematic couplings of
the ASPIRE robot in relation to the calculated components of the connecting forces.

Figure 10. Positioning of the axes of the kinematic couplings of the ASPIRE robot.
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Figure 11a–c shows the time variation graphs for the components of the connecting
force in the coupling A in relation to the local reference system attached to this coupling,
oriented as in Figure 10. Through this rotation coupling, the module that performs the
adduction/abduction movement is connected to the base of the robot with the help of
a bearing. By means of an electric motor and a transmission with a worm gearbox, this
module is operated and controlled. As previously detailed, the mass of this module is
24.3 kg, to which is added a part of the mass of the lower limb. The analysis of these graphs
shows that the maximum value recorded along the X axis of the local reference system in
coupling A is −34 N (Figure 11a). The component along the Y axis of the connecting force
in coupling A reaches a maximum value of 23 N, and the minimum value is equal to 2.5 N
(Figure 11b). Since the weight of 243 N of the adduction/abduction module is oriented
along the Z axis, the component along this axis of the connecting force has the highest
value, reaching −271 N (Figure 11c). The variation in the negative range of this component
is explained by the orientation of the Z axis of the local reference system, which is oriented
downwards, and the reaction transmitted to the base is oriented in the opposite direction.
The connecting force in coupling A along the Z axis has an additional value of 31 N; this
is as compared to the weight of this module of 243 N, which comes from the load given
by the support of the patient’s arm and from the interaction with the flexion/extension
module. The resulting value of the connecting force in this coupling has a maximum of
274 N and a minimum of 263 N, according to Figure 11d.

  
(a) (b) 

  
(c) (d) 

Figure 11. Connecting forces in the rotation coupling A connected to the base of the adduction/abduction module: (a) in
the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant.

Figure 12 shows the variation laws of the connecting forces in the rotation coupling B,
which is defined in ADAMS, between the flexion-extension module and the base. Quite
high values are observed of 347 N for the vertical component of the connecting force, which
is the one along the X axis of the local reference system from the coupling B (Figure 12a).
The reaction along the Y axis has much lower values, reaching a maximum of 57 N
(Figure 12b). The connecting force along the Z axis has much lower values, with a maxi-
mum of 10 N. This occurs due to the friction interaction between the flexion/extension
module and slide 3, as well as due to the opposite resistance of the patient, in this case
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only by the force of upper limb weight. The fact that the highest value is recorded by the
component along the X axis of the connecting force in the coupling B is explicable, because
of the weight of the flexion/extension module, equal to 175 N, to which is added both the
weight of the upper limb and the interaction between the patient’s upper arm and the robot
module (opposite resistance of the upper limb), such that it acts in the opposite direction of
the X axis of the local reference system. The fact that the values of the resulting reaction
along the X axis are negative is again natural, because the component of the connecting
force along the X axis acts downwards and has the opposite direction to the axis of the
local reference system attached in the rotation torque B.

  
(a) (b) 

  
(c) (d) 

Figure 12. Connecting forces in the rotating coupling B, connected to the base, of the flexion/extension module: (a) on x
direction; (b) on y direction; (c) on z direction; (d) resultant.

In conclusion, according to the results obtained for the connecting forces in couplings
A and B, it results that the flexion/extension module is subjected to the highest mechanical
stresses. It is therefore necessary to verify its structural integrity with the finite element
method, a verification that will be performed later in ANSYS.

4.2. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Rigid Solid Kinematic
Elements and the Friction in the Couplings

The previously presented results for the actuation moments and the connection forces
from the kinematic couplings are obtained by numerical simulation in MSC.ADAMS in the
simplifying hypothesis, by which the frictions from the kinematic couplings were not taken
into account. In reality, the presence of friction in the couplings imprints another character
on the dynamics of the ASPIRE robot. For these reasons, in the second phase, we will
consider the frictions that appear in the kinematic couplings A, B and C. The parameters
necessary for defining the frictions in the kinematic couplings are defined according to the
data from Figure 13, for the definition of which the existing data in the literature were taken
into account [54]. According to the existing data in the specialized literature, we adopted
for the static friction coefficient the value of 0.3, and for the dynamic friction coefficient, we
specified the value 0.2.
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Figure 13. Parameters defining the friction force in the ASPIRE robot couplings.

The results obtained by numerical simulation in ADAMS, where the friction in the
kinematic couplings of the ASPIRE robot is considered, are presented below. The laws of
variation of the moment necessary to operate the flexion/extension module, as well as the
abduction/adduction module, are presented in Figure 14.

  
(a) (b) 

Figure 14. Second setup ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-
abduction module.

There is an increase in the motor torque required to operate the modules in this case,
as well as a steeper variation, similar to that determined experimentally [43].

The results obtained for the connection forces from the kinematic couplings in
the hypothesis of considering the friction from the robot joints are presented below.
Figure 15 shows the graphs obtained for the variation laws of the connection forces for
the coupling A, calculated in the simulation from ADAMS. If we compare these results
with those shown in Figure 11, in which case we did not consider the friction in the
kinematic couplings, it is found that we have an increase in the connecting forces. Thus,
the component along the X axis of the connecting force shows an increase from the value
of −36 N to a maximum value of −70 N (Figure 15a). In the case of the connecting force
component along the Y axis, the increase occurs from 23 N to 70 N (Figure 15b). There is
also an increase in amplitude from 20 N to 100 N. The component of the reaction along
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the Z axis shows an increase from −271 N to −285 N (Figure 15c). The maximum value
of the reaction resulting from the coupling A increases from the value of 274 N to 284 N.
It is also found that the presence of friction in the couplings imposes a more dynamic
character of the movement, an aspect which is highlighted by the steeper variation of
the variation graphs.

  
(a) (b) 

  
(c) (d) 

Figure 15. Connecting forces in the rotation coupling A of the adduction/abduction module, calculated assuming friction:
(a) in the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant.

For coupling B, the connecting forces obtained in Figure 16 are presented in the
case of considering the friction in couplings. There is also an increase in the maximum
values obtained, assuming the friction of the couplings. Thus, the reaction resulting
from coupling B shows an increase from the maximum value of 347 N to the value
of 370 N, meaning an increase of 6.62%. The steeper change of the parameter’s vari-
ation laws is noticed at the moment of the transition from the flexion movement to
the extension for the module that realizes this movement of the arm from adduction
to abduction.

4.3. Dynamic Analysis in MSC.ADAMS of the Robot, Considering the Kinematic Elements as
Deformable Solids and Joint Friction

In the third stage of the simulation, the deformability of the kinematic elements
of the ASPIRE robot are also considered (flexibility for the two modules of the ASPIRE
robot, the flexion/extension and the adduction/abduction modules). The procedure for
considering the kinematic elements as deformable solids involves their discretization in
finite elements, the calculation of their own modes of vibrations, as well as the calculation
of specific deformations and mechanical stresses. The second stage consists of establishing
the connection points of the discretized element through kinematic connections with the
other elements. Figure 17 shows a construction aspect of a deformable kinematic element
in MSC.ADAMS.
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(a) (b) 

  
(c) (d) 

Figure 16. Connecting forces in coupling B for the rotation of the flexion/extension module calculated assuming friction:
(a) in the x direction; (b) in the y direction; (c) in the z direction; and (d) the resultant.

 

Figure 17. Defining a deformable element in MSC.ADAMS.
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The purpose of this simulation is to obtain results of the dynamic operating param-
eters of the ASPIRE robot in real operating conditions. Through the dynamic analysis,
considering also the flexibility of the kinematic elements, the friction from the kinematic
couplings, as well as the external loads, results regarding the real variation of the dynamic
parameters have been obtained. Thus, in this stage results will be presented, such as the
specific deformation of the robot elements, deformation velocities and accelerations, own
frequencies and normal modes of vibration, connection forces in the kinematic couplings
and actuation moments.

A first category of results of interest is represented by the moments of actuation
of the flexion/extension module, as well as the adduction/abduction module. For
this simulation, obviously we used the same loads, given by the weight of the upper
limb, as well as the same laws of motion implemented in the motor torques. The
dynamic simulation is performed only for a period of 10 s due to the complexity of
the model. Thus, for this phase of the dynamic simulation, in Figure 18, the actuation
moments corresponding to the flexion/extension and abduction adduction modules
are presented. There are very abrupt variations of the dynamic parameters at the
beginning of the robot’s movement, which disappear after a second of operation.
These aspects are also manifested in the real operation only in the initial phase of
the robot’s operation, so it does not affect the proper functioning of the robot and
especially the patient.

  
(a) (b) 

Figure 18. Third setup ADAMS simulation computed torque for: (a) the flexion-extension module; (b) the adduction-
abduction module.

The other parameters of interest for the simulation in the dynamic regime, con-
sidering the deformability of the elements, are the translational deformations of some
characteristic points of the ASPIRE robot kinematic elements. The variation graphs of
the translational deformations for the centre of mass of the flexion/extension module
are shown in Figure 18. From these graphs, it is found that the centre of mass of the
flexion/extension module registers larger deformations in the first two seconds of oper-
ation. As expected, the largest deformation is recorded along the X and Z axes, because
the loading produced by the movement of the robot takes place along these axes. The
maximum value of the translational deformation of the marker detailed in Figure 19
reaches 0.08 mm.

By simulating in dynamic regime and considering the deformability of the kinematic
elements of the robot, an overview of the elastic displacements of the elements has been
obtained. Thus, Figure 20 presents the distribution maps of the elastic displacements for
robot modules. It is observed that the maximum displacement reaches the value of 2.51 mm
at the unsupported end of the flexion/extension module.
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(a) (b) 

  
(c) (d) 

x 

z 

y 

cm 

Figure 19. Translational deformations of the centre of mass of the flexion/extension module in relation to the X, Y and Z axes:
(a) marker attached to flexion extension module mass centre; (b) X axis translational deformation; (c) Y axis translational
deformation; (d) Z axis translational deformation.

  
(a) (b) 

Figure 20. ASPIRE robot total deformation distribution map in two different moments: (a) at the moment t = 0.001; (b) at
the moment t = 0.008 s.

5. Finite Element Analysis in ANSYS of the ASPIRE Robot Flexion/Extension Module

In this section, the results of a finite element analysis in ANSYS for the ASPIRE robot
flexion/extension module will be presented. The objectives of this study are as follows:

• Determine the stress concentrators that occur in the structure;
• Optimize the design by eliminating these stress concentrators.
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The steps taken to achieve these goals are described below. The verification of inter-
ferences and discontinuities was made (lack of contact between elements for the virtual
assembly of the flexion-extension module). The existence of interferences prevents the
discretization in finite elements for structural analysis. Discontinuities lead to erroneous
results because the connecting forces between the components of the subassembly are
no longer transmitted. At the same time, the elimination of stress concentrators was
made by making a fillet radius in the area of sharp edges or jumps in diameter between
circular sections.

The optimized model was transferred to the ANSYS software in order to ob-
tain maps of equivalent stresses based on the finite element method analysis, which
represents a modern and very powerful method which is useful for understanding
the behavior of the robotic structures, rehabilitation devices and human biomechan-
ics [22,27,55]. It is observed that the analyzed element is composed of six distinct parts
which are assembled by threaded joints. The combination of all these pieces to obtain a
single element (part) with the help of ANSYS Design Modeler is performed. This aspect
is shown in Figure 21. The discretization of the whole set of bodies in finite elements
(Figure 21) is achieved using a size of the finite element of 2 mm. Additionally, in
the areas where fillet radius appears, a refinement of discretization was performed by
using the option “mesh refinement”.

The next step was to fix the cylindrical surface of the coupling B shaft. The load of the
element comes from the contact pressure, which has a value of 0.47 MPa. This results from
the dynamic model made in MSC.ADAMS, which appears between the guidance surface
and the circular portion.

By finite element analysis of the optimized structure (which was obtained by changing
the geometry and introducing the fillet radius), equivalent stresses with lower values
were obtained compared to those registered at the initial structure, not optimized, when
equivalent stresses were 123 MPa. Due to the bending of the circular portions, the contact
edge, visible in Figure 22c), produces stress with high values. Filleting these edges reduces
the values of these maximum mechanical stresses. The maximum von Mises stress obtained
in this case is 64.271 MPa and is recorded at the contact of the joint surfaces.

 

Figure 21. Cont.
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Figure 21. Discretization in finite elements of the flexion/extension module.

  
(a) (b) 

 
(c) 

Figure 22. Distribution of equivalent stresses in the optimized model of the structure: (a) flexion/extension module view;
(b) upper corner assembly detail; (c) lower corner detail view.
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The maps with the distribution of the displacements recorded along the X and Y
axes of the coordinate system are presented in Figure 23. The maximum values recorded
are relatively small, at 0.40 mm along the X axis and 0.34 mm along the Y axis, and do
not prevent the proper functioning of the module made of aluminum alloy Al 1060. The
vertical movement of the module free end reaches 2.6 mm, keeping it within acceptable
limits. It is noted that the value of the total elastic displacement obtained in ANSYS is
close in value to the result obtained in MSC.ADAMS, presented in Figure 20, where the
maximum values are 2.51 mm.

  
(a) (b) 

  
(c) (d) 

Figure 23. Distribution of displacements along the axes: (a) X; (b) Y; (c) Z and (d) total displacement.

6. Experimental Determination of the ASPIRE Robot Operating Motor Torques

The results obtained by numerical simulation in ADAMS must also be validated by
those obtained experimentally. Thus, in Figure 24, the results obtained experimentally for
the actuation moments of the ASPIRE robot modules have been shown [43].
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Figure 24. The torques required to operate the ASPIRE robot, measured experimentally [43].

7. Discussion

A comparison between the experimental results and the results obtained by numerical
simulation in MSC.ADAMS, presented in Figure 14, has been made. Therefore, it was ob-
served that the maximum value of the moment necessary to operate the flexion/extension
module is 147.37 Nm experimentally, and by numerical simulation in ADAMS we obtained
the value of 149 Nm. The negative value recorded in the experimental torque determination
comes from the calibration of the torque-recording transducer, with the maximum value
being recorded in the negative direction of the axis. MSC.ADAMS shows the absolute,
and therefore positive, value of the torque. As a result, in absolute terms, the difference
between the maximum experimental value and that obtained by simulation is 1.63 Nm, i.e.,
less than 1%.

For the moment necessary to operate the adduction/abduction module, we obtained
experimentally the maximum moment value of 14.4 Nm, and by numerical simulation in
MSC.ADAMS we obtained the value of 25 Nm. It is observed, however, in this case that
the allure of the variation curve of the moment obtained by simulation is similar to that
obtained experimentally.

A similar approach and the obtained results are presented in previous papers [45]
with reference to a dynamic study of a robotic system for lower limb rehabilitation.

In a preliminary study with finite elements of the robot modules, the conclusion is
that high stresses appear in the assembly parts of the elements. The optimization of these
assemblies was realized by introducing the fillet radius and chamfering the sharp edges. In
this way, the maximum stresses decreased from 123 MPa to 64.271 MPa.

Thus, the structural strength of the flexion/extension module was checked in ANSYS
FEA software. The kinematic and dynamic parameters of the optimized version of the
ASPIRE robot mounted on a virtual mannequin that respects the anthropometric data of a
user are studied, considering the component elements as being deformable.
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The numerical simulation in MSC.ADAMS should consider the real aspects of the
operation, such as friction and deformability of the elements, to obtain results as close
as possible to the real situation. To obtain an improved variant of the robot, studies are
performed on optimizing the shape and constructive structure of the robot that improves
the mechanical strength and dynamic behaviour and leads to the increased stability of the
movement of the robot system—the human arm.

The difference between the experimentally recorded maximum values and those
obtained by simulation comes from the parameters introduced in the MSC.ADAMS sim-
ulation, which may differ from the actual operating conditions. However, the similar
allure of variation of the torques obtained experimentally and those obtained by numerical
simulation in MSC.ADAMS can be noticed. The results are similar when comparing be-
tween the torques measured experimentally and those obtained by numerical simulation
in MSC.ADAMS in the case of considering the deformability of the elements.

Additionally, the differences that appear between the experimental results [43] and
those obtained by numerical simulation in MSC.ADAMS are explained by the manufac-
turing tolerances of the parts, as well as the assembly tolerances, which are responsible
for the different elasticity of the real robot modules compared to the one considered in
the simulation. Moreover, in the simulation, the modules were considered as a unitary
assembly, united by fixed couplings. In reality, these elements are joined by removable
assemblies, which offer a slightly different elasticity. Nonetheless, there is a clear similarity
of the mode of variation for the operating moments of the modules obtained by numerical
simulation and experimental determination.

8. Conclusions

The paper presents theoretical research, through virtual and experimental simulation
on the dynamics of the ASPIRE robot, used to rehabilitate patients suffering from brachial
monoparesis. A model of the ASPIRE robot which includes modules with optimized
geometry in terms of how to assemble the components of the modules has been made
in SolidWorks.

Another novelty that this study brings is that the numerical simulation in ADAMS, in
the situation when the ASPIRE robot is used by a virtual mannequin, elaborated as a 3D
Solid Works model based on an average human subject, has been performed. The challenge
of the dynamic simulation was to find a way to define the translation couplings between
the circular and sliding guides. The option was to define contact as point on the curve.
Results for the laws of variation of the actuation moments as well as for the connection
forces from the kinematic couplings in three situations have been obtained:

The original elements of this article consist of the dynamic study in MSC.ADAMS of
the ASPIRE robot. Results are obtained in three distinct situations:

(a) The kinematic elements were considered as rigid bodies and the friction in the kine-
matic couplings was not considered;

(b) The kinematic elements were considered as rigid bodies and the friction in the robot
couplings was considered;

(c) Both the flexibility of the kinematic elements and the friction in the couplings
were considered.

In each of these situations, the results obtained are presented and commented on.
Thus, by numerical simulation in MSC.ADAMS, we obtained the connecting forces from
the kinematic torques as well as the actuation moments of the robot modules. We obtained
these data in the first phase without considering the friction in the couplings; the results are
presented in Figures 9, 11 and 12. In the next phase, we also considered the friction from
the kinematic torques of the robot, with the results obtained for the actuation moments
being presented in Figure 14 and for the connecting forces in Figures 15 and 16. It is noted
that if we introduce in the simulation the real operating conditions, the results obtained are
much closer to the real ones obtained experimentally.
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It is found that the results closest to the experimental ones are those obtained for the
most complex situation, namely situation (c). The results obtained by numerical simulation
are validated by the experimental results. Moreover, the structural integrity check is
performed for the most solicited module, the flexion/extension module. In this way, the
stable dynamic behavior of the robot is highlighted, and its safety good functioning is
validated for the rehabilitation of the brachial monoparesis.

A methodology for transforming rigid, complex-shaped bodies, such as ASPIRE robot
modules, into deformable solids in MSC.ADAMS has been developed. An optimal way
to define the contact translational joints in the structure of the ASPIRE robot has been
established. In this situation, it is important to correctly define the translational joints, to
consider the flexibility of the elements, as well as to define the friction functions, which
should consider the stick-slip phenomenon.

The virtual simulation in MSC.ADAMS by comparing the actuation moments de-
termined by simulation with those obtained experimentally has been validated. Thus,
the data on the load forces of the elements was used for a structural analysis with finite
elements in ANSYS.
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Abstract: A novel exoskeleton robotic system was developed to assist stair climbing. This active
demonstrator consists of a motor with a cable system, various sensors, and a control system with
a power supply. The objective of this preliminary study is a biomechanical evaluation of the novel
system to determine its effectiveness in use. For this purpose, three test persons were biomechan-
ically investigated, who performed stair ascents and descents with and without the exoskeleton.
Kinematics, kinetics, and muscle activity of the knee extensors were measured. The measured data
were biomechanically simulated in order to evaluate the characteristics of joint angles, moments, and
reaction forces. The results show that the new exoskeleton assists both the ascent and the descent
according to the measured surface electromyography (sEMG) signals, as the knee extensors are
relieved by an average of 19.3%. In addition, differences in the interaction between the test persons
and the system were found. This could be due to a slightly different operation of the assisting force
or to the different influence of the system on the kinematics of the users.

Keywords: biomechanics; exoskeleton; stair climbing; knee extensors; sEMG

1. Introduction

An exoskeleton is a wearable device with rigid and/or soft components, that augments,
assists, enables, and/or enhances physical activity through mechanical interaction with
the body [1]. Furthermore, an exoskeleton robotic system is an exoskeleton with all of the
associated components such as a power supply, equipment, software, and communications
that are necessary to make it fully functional. In recent years, more and more exoskeletons
have been developed and tested for a wide range of applications [2]. Thus, a number of
systems were also developed to assist people, especially elderly people, exclusively during
stair climbing [3,4]. For example, an active system has been developed by [5] that consists
of five parts and weighs about 13.5 kg. In this system, additional torque is applied to the
knee and ankle joints of both legs by tension elements, which are actuated by two DC
motors that are located on the back with a power of 140 W each [5]. Another example is a
lower limb exoskeleton that is described in [6]. This carbon fibre bilateral system assists
the extension and flexion moment of the knee joint by two pneumatic actuators each. The
actuators are controlled by five non-invasive surface electromyographs (sEMG) that have
to be placed on the user’s thigh muscles in advance [6].

All systems of the state of the art devices for the exclusive assistance of elderly people
during stair climbing have different actuator configurations. However, biomechanical
studies to evaluate the need for assistance have shown that only knee extension should
be assisted during ascent and descent [3]. In this way, the natural muscle weakness that
occurs with age can be compensated [7]. The current systems do not meet this requirement
and assist or actuate more than is actually needed.
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Furthermore, the effectiveness of these exoskeletons has not been evaluated or has only
been evaluated in very simple biomechanical studies. For example, trials were conducted
with the active system by [5] and it was described that the system helps the user to climb
stairs. However, this statement is only based on the experience and sense of the user and
has not been evaluated by measurements. The lower limb exoskeleton was tested with
only one subject, but for a period of 10 days [6]. From the recordings of knee angle, sEMG
of knee extensors and flexors, and metabolic costs, a reduction in both flexor muscles
activity by up to 61% could be concluded [6]. Also, only one subject (age 37 years, height
1.70 m, weight 69 kg) was examined in the preliminary walking experiments for the test
of the robotic hip exoskeleton [8]. Although the test was carried out on a standardized
staircase (step height 0.18 m, tread 0.30 m) according to [9], the aim of the test was not
the biomechanical evaluation of the exoskeleton. A more comprehensive investigation
was carried out on the Hiteexosuit with three test persons [10]. Here, the tensile force
of the actuator and the knee joint angular displacements were measured during stair
climbing [10]. The lower extremity exoskeleton achieved a knee joint moment of 0.8 Nm/kg
in stair climbing experiments, which were not further described [11]. It was concluded that
the design and hybrid control strategy are functional and improve mobility during stair
climbing. Furthermore, trials were conducted with Beihang University’s lower limb exo on
various indoor and outdoor staircases [12]. However, only the kinematics were measured
to evaluate a gait algorithm, but not to investigate the biomechanical effectiveness of the
system itself [12]. The passive exoskeleton PKAExo was only mechanically verified in
one experiment [13,14]. Nevertheless, the authors noted that this experiment does not
sufficiently prove that the passive system neither reduces muscle activity during weight-
bearing ascending locomotion, nor that it improves human metabolic productivity [14].
They already mentioned that sEMG signals, metabolic costs, and also external forces should
be measured in order to evaluate the system [14]. This was done, for example, for an
evaluation of an exoskeleton to assist sit-to-stand movements [15].

In recent and more extensive studies on the effectiveness of exoskeletons, kinematics,
external forces, sEMG signals, and metabolic costs are measured in several subjects during
exercises with and without the exoskeleton [16,17]. In addition, biomechanical simulations
are increasingly used for the evaluation of results [17]. The advantage is that internal forces
that cannot be measured directly, such as joint reaction forces, can be determined and
analyzed for an evaluation of the system.

Considering the state of the art devices, there are no studies which quantify the
complex kinetics and kinematics during stair climbing with an exoskeleton. Therefore,
the objective of this study is to present and biomechanically evaluate the novel robotic
exoskeleton for stair climbing. In detail, the change of kinematics in the sagittal and frontal
plane during ascent and descent due to the influence of the exoskeleton will be investigated.
Furthermore, it will be examined whether the required joint moments of the user can be
reduced by the active system, thus providing assistance. This is also to be evaluated by the
muscle activities of the knee extensors with and without the use of the exoskeleton. Finally,
a potential change in the internal knee joint reaction forces should be evaluated.

2. Materials and Methods

2.1. Exoskeleton

The novel exoskeleton robotic system to assist stair climbing, shown in Figure 1, is
according to ISO 13482 a restraint type physical assistant robot, since the system is fastened
to the human during use. The intended purpose of the exoskeletal movement assisting
system (eBUS; German abbreviation for exoskelettales Bewegungsunterstützungssystem)
is to assist people with a natural lack of strength, such as elderly people. In previous
biomechanical studies, it was found that an exoskeleton for elderly people should assist
them in knee extension during ascent and descent as well [3]. Therefore, the active ex-
oskeleton eBUS was designed that assists only the knee joint actively in extension in order
to maintain minimal actuation. Furthermore, the eBUS is characterized by a unilateral and

224



Appl. Sci. 2022, 12, 8835

rigid structure and is symmetrically designed for the left and right leg. The system works
independently for each leg and weighs 6.1 kg per leg. The components that are attached
to the thigh have a total mass of 4.4 kg (72%), those on the shank 1.5 kg (24%), and on the
foot 0.2 kg (4%). Thus, it was possible to consider the fact that the low mass at the distal
segment (foot) is advantageous for the acceleration of the foot.

(a) (b) (c) 

Figure 1. Novel exoskeleton robotic system to assist stair climbing called eBUS [4]: (a) attached to
both legs in the frontal plane and (b) in the sagittal plane; (c) attached to the left leg in posterior view;
(1) thigh segment, (2) thigh rail, (3) shank segment, (4) shank upper rail, (5) shank lower rail, (6) foot
rail, and (7) foot segment.

The eBUS consists of seven parts per leg with two rotational joints corresponding to
flexion/extension of the knee and dorsiflexion/plantarflexion of the ankle (Figure 1). Three
of the seven segments are attached to the user’s thigh, shank, and foot and represent the
interface. These three segments are connected to each other through four sliding rails. The
four rails create the two rotational joints with one degree of freedom, that should ideally
be coaxial with the human knee and ankle joints, respectively. The sliding rails enable the
eBUS to be adjustable for different anthropometries of users, as shown in Figure 2.

The foot segment of the exoskeleton surrounds the human foot and consists of a
compliant material to allow the foot to roll off. This design is intended to take into account
the second DOF in the ankle joint so that lateral movements in the frontal plane are possible
to increase the user comfort. All the three interface attachment components are adjustable
to consider individual anthropometry to increase comfort.

The active force to assist stair climbing is implemented through a Bowden cable, which
is tensioned between the thigh segment and the shank segment of the eBUS and spans the
human knee anteriorly. The drive system from a Maxon motor ag (Sachseln, Switzerland)
consists of a brushless DC motor (EC 60 flat, 150 W) with integrated encoder (Encoder
MILE 4096 steps per turn, two channels with Line Driver) and a gearhead (GP 52 C) that
is fixed to the exoskeleton thigh. The energy storage unit is also attached to the thigh
segment and consists of seven lithium-ion cells (Samsung INR18650-29E) of type 7S1P
(FRIWO Gerätebau GmbH, Ostbevern, Germany). The driver system pulls the cable and
creates a pulling force. The motor is controlled by a servo controller (ESCON Module
50/5, Maxon motor ag, Sachseln, Switzerland) in combination with an Arduino® Mega
2560 (Arduino SA, Lugano, Switzerland). The force in the bowden cable is measured
at any time by a ZAD 500-T tension force sensor (HAEHNE Elektronische Messgeräte
GmbH, Erkrath, Germany). The force vector direction is independent of the knee angle
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as the cable has a fixed distance with 0.1 m from the patella of the knee. The pulling
force results in an external moment through the rigid structure of the exoskeleton to assist
knee extension. This external force is active only if the corresponding leg is in the stance
phase of the movement, which is detected by four pressure sensors (FSR 402, Interlink
Electronics, Camarillo, CA, USA) that are integrated in the sole of the foot. In addition,
inertial measurement units (BNO055, Bosch Sensortec GmbH, Reutlingen, Germany) are
attached to the thigh, shank, and foot segments. These allow to determine the joint angle
positions during use in order to distinguish the ascent and descent as well as their phases
from each other.

 

Adjustable distances [mm] 

D-TS-TR 0-80 

D-A-K 379-457 

D-SS-SUR 0-136 

D-G-A 78-112 

D-FS-FR-lat 3.5-20 

Figure 2. Adjustment possibilities on the eBUS exemplary for the left side (left) with a detailed view
in the frontal plane (bottom right) and the adjustable distances (top right) [4]; D-A-K (Distance-Ankle-
Knee); D-G-A (Distance-Ground-Ankle); D-TS-TR (Distance-ThighSegment-ThighRail); D-SS-SUR
(Distance-ShankSegment-ShankUpperRail); D-FS-FR-lat (Distance-FootSegment-FootRail-lateral).

Further details about the exoskeleton, such as design requirements, specifications,
motor selection, or computer architecture design, are described in [4].

2.2. Participants, Setup and Procedure

There were three subjects (1 m; 2 f; 26.0 ± 3.6 years; 24–31 years; 1.72 ± 0.03 m;
70.2 ± 6.0 kg) that participated in the preliminary biomechanical study. According to
their own statements, each subject was healthy and had no orthopaedic impairments. The
relevant anthropometric data of each subject were measured first and is shown in Table 1.
The hip joint centres were estimated to determine the hip width [18,19].

Table 1. Relevant anthropometric data of the subjects with SID = subject identification, A = age in
years, S = sex (m = male, f = female), bm = body mass [kg], bh = body height [m], hw = hip width [m],
mtl = morphological thigh length [m], sl = shank length [m], fl = foot length [m].

SID A S bm bh hw
Right Leg Left Leg

mtl sl fl mtl sl fl

S1 31 m 76.5 1.76 0.171 0.486 0.426 0.257 0.494 0.412 0.260

S2 24 f 62.2 1.72 0.176 0.428 0.412 0.265 0.442 0.400 0.267

S3 23 f 71.8 1.69 0.186 0.458 0.386 0.248 0.445 0.387 0.248

In order to investigate the biomechanical effectiveness of the novel exoskeleton system
eBUS, all of the participants performed ascents and descents both without and with eBUS.
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For this purpose, a four-step staircase (Figure 3) with a step height of 0.16 m, tread of
0.28 m, and a resulting inclination angle of 30◦ was used. In the second step of the
staircase is a force plate (MiniDyn type 9119AA2, Kistler Instrumente AG, Winterthur,
Switzerland) is implemented to record the ground reaction force (GRF) at 1500 Hz. A
marker-based motion capture system (Qualisys AB, Goteburg, Sweden) with twelve active
infrared cameras recorded the kinematics at 100 Hz. For recording and synchronization, the
software Qualisys Track Manager 2021 was used. The tensile assistive force in the Bowden
cable was recorded through the tension force sensor, which is mentioned above. This force
data, together with the data of the inertial measurement units for position determination
and the pressure sensors for stands detection, were stored with a time stamp on the internal
memories of the eBUS. Furthermore, sEMG signals of the m. vastus medialis (VAM) and
m. vastus lateralis (VAL) were measured on both legs using dual electrodes and a wireless
measurement system (Noraxon Inc., Scottsdale, AZ, USA).

Figure 3. Measured and stored data during stair ascents and descents with the novel exoskeleton
system eBUS (bright blue). The red bares indicate data that are measured during stair ascent and
descent without eBUS as a reference. r/l stands for right and left leg.

Firstly, the relevant body parameters such as body weight, body height, and segment
lengths were measured. Subsequently, the electrodes for the sEMG measurement were
placed on the subject according to the seniam project [20]. After that, the subjects performed
an isolated knee extension within a flexion angle of 90◦ to 70◦ to determine the maximum
voluntary contraction (MVC) of the quadriceps femoris muscles according to [21]. Based
on the CAST-model [22] and the placement of two markers on the shoulder, a total of
36 passive infrared markers were applied. Furthermore, eight additional markers were
placed medially and laterally on the knee and ankle joints of both legs. The participants
then performed six ascents and descents without the exoskeleton, barefoot, at a self-selected
speed and climbing step-over-step.

In the second phase, the exoskeleton was adjusted according to the anthropometry
of the participants (Table 2). Subsequently, the marker setup was adapted so that a total
of 26 markers were attached to the human body and 18 markers were attached to each
exoskeleton leg (Figure 4).

Table 2. Adjusted lengths of the exoskeleton to consider the anthropometry of each subject.

Distances [mm]
According to Figure 2

Subject 1 Subject 2 Subject 3

Left Right Left Right Left Right

D-TS-TR 20 20 0 0 0 0

D-A-K 416 424 400 414 400 400

D-SS-SUR 136 136 133 135 133 135

D-G-A 78 78 78 78 80 79

D-FS-FR-lat 5 5 5 5 5 5
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The eBUS, which was adjusted specifically for the subject, was attached to the subject’s
legs under supervision and with the help of laboratory staff. Before the tests were carried out,
the subject was able to familiarize him/herself with the attached eBUS and climbed the stairs
several times without recording any data. The subject then performed a series of six ascents
and descents at a self-selected speed, step-over-step, and without using the handrail.

2.3. Data Preparation, Modelling, and Calculations

After all data were recorded, a check of completeness and errors was carried out. In the
first step, gaps in the trajectories of up to ten frames that were caused by the partial occlusion
of markers by the test bed, were filled by polynomial interpolation using Qualisys Track
Manager Version 2021. For markers belonging to a cluster, relational gap filling was used.

A moving average filter was used to improve the signal-to-noise ratio. The sEMG data
with eBUS were generally noisier, so a filter length of 333 ms and 16.7 ms without the eBUS
were used. Since MVC-normalized EMG-data showed values above 100% in two subjects,
amplitude normalization to the within-trial peak value was performed for each subject and
each movement task (ascent/descent; without and with eBUS). Subsequently, each sEMG
dataset was time normalized in the stance phase between the start and end points that
were marked in the dataset. To compare the subjects in each stance phase, we calculated
the average of all of the sEMG datasets per subject. As we only had a limited number of
datasets and there were some outliers, it was best to calculate the average using the median
method. To compare the outliers per subject, the standard deviation was calculated and
scaled and shown as a shaded area around the median. The scaling was necessary because
the standard deviation was out of bounds in some datasets and was done using the square
root function.

All of the movements without the eBUS were simulated using the Anybody Modelling
System (AMS) (version 7.3.4, AnyBody Technology A/S, Aalborg, Denmark) [23]. A
musculoskeletal model from the AnyBody Managed Model Repository (AMMR) (version
2.3.0) [24] without arms was used. The segment lengths were adjusted manually by using
the specific subject data that were obtained from Table 1. In addition, the simplest muscle
model in AMS was used. The measured data were then implemented, filtered with a
low-pass filter (2nd order, 5 Hz Butterworth), and kinematically optimized [25] to calculate
the joint angle curves. It was assumed that all of the markers have the same influence. The
joint moments were calculated according to [26]. The calculation was automated using
Python version 3.7 and the AnyPyTools package [27].

Subsequently, the data that were stored on the exoskeleton memories was synchronized
with the data from the lab PC. For this purpose, the knee angle curve of both datasets was
compared and synchronized. The force data that were measured with the tensile force
sensor was then processed and used for the subsequent simulation with the eBUS. For this
simulation, the CAD model of the eBUS was translated into an AMS script using the plug-
in AnyExp4SOLIDWORKS version 1.2.0. The masses and inertias of the seven individual
components of the eBUS per leg were taken into account accordingly. The exoskeleton model
was attached to the human model that was described above with the help of dummy segments
according to [28] and a contact model with virtual force plates [29]. The Bowden cable was
modelled with endpoints and via points between the thigh and the shank of the exoskeleton
to implement the assistive force through separate force files. The kinematics and kinetics were
calculated in the same way as in the simulation without exoskeleton. The whole simulation
model is shown in Figure 4 during the inverse calculation of a stair ascent.
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(a) (b) 

Figure 4. (a) Marker placement on the human and exoskeleton [29]. Markers on the human: two at
the shoulders, four at the pelvis, four at the knees, six at the shanks, four at the ankles, and six at
the feet. Markers on each exoskeleton leg: four at the thigh segment, three at the thigh rail, three at
the shank segment, three at the shank lower rail, one at the foot rail, and four at the foot segment;
(b) Human-exoskeleton-model during the inverse calculation of a stair ascent [4].

2.4. Analyses

For the evaluation of exoskeletons, muscle activities, joint moments, and joint reaction
forces are often analyzed as simulation outputs [30,31]. A comprehensive evaluation of
the exoskeleton should consider the effects of the system on the entire human body. For
this reason, all of the angular curves of the lower extremities in sagittal and frontal planes,
the moments of the hip, knee and foot, as well as the assistive moments that were applied
by the exoskeleton in the knee are evaluated on a subject specific basis. Since the eBUS is
designed to assist knee extension, the measured sEMG signals from VAL and VAM during
the stance phase were also analyzed. The muscle activity is indicated as a percentage
of the within-subject maximum. Furthermore, the joint reaction forces in the knee with
and without eBUS were compared. The joint moments and the joint reaction force were
normalized to the respective body weights.

All curves of angles, moments, and joint reaction forces are presented as a cycle for
ascent and descent on a per-subject basis. The start of the cycle (0% cycle time) is defined
by the first foot contact on the force plate with a threshold value of 20 N. The stance phase
ends when the contact is released, and the swing phase begins at the same time. The end of
the swing phase (100% cycle time) was determined by the marker trajectories. Each trial
was trimmed, resampled, and linearly normalized to the duration of the stance respectively
swing phase. The biomechanical results of each trial setting were averaged, standard
deviated and plotted on the same graph.

The data that are summarized in Table 3 were simulated successfully and could be
used for the analysis. Due to large gaps in the trajectories and incomplete data from the
exoskeleton, not all six trials could be simulated for subjects 5 and 6 and were excluded
from the analysis.

Table 3. Analyzable data per subject (S1, S2, S3), movement (ascent, descent), and setting
(with/without eBUS).

Movement

Subject 1 Subject 2 Subject 3

With eBUS
Without

eBUS
With eBUS

Without
eBUS

With eBUS
Without

eBUS

Ascent 6 6 5 6 4 6

Descent 6 6 5 6 3 6
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3. Results

The evaluation method that was used here can generate various results, but only a few
relevant ones will be analyzed. As the exoskeleton actively assists the knee joint, we first
present the assistive moment in the knee joint, that is the additional torque that is provided
by the exoskeleton during the movements. Furthermore, the system has an influence on the
kinematics of the subject during use, especially on the lower extremities. For this reason,
the kinematic patterns of all three joints (hip, knee, foot) for sagittal and frontal planes
were selected for evaluation. Since the eBUS influences not only the kinematics but also
the kinetics, we also present the results of the joint moments in the sagittal plane. As the
advantage of the applied analysis method is to calculate also the internal forces during
the movement, the effect of the system on the knee joint reaction force was investigated.
Finally, to determine the effect of the system, the measured sEMG signals of VAM and VAL
were evaluated.

All of the curves are available as the mean with one standard deviation. The curves
without the exoskeleton are displayed in red together with the curves with the exoskeleton
in blue in the same graph.

3.1. Assistive Moment in Knee Joint

The curves of the assistive moment for knee extension are shown for ascent and
descent in Figure 5 for the tests with the eBUS as the mean (black) and with one standard
deviation (grey). The mean curve of the eBUS moments is characterized by one peak for
both movements. During the ascent, this peak occurs during the forward motion while
during the descent it also occurs at the end of the stance phase during the subphase of
controlled lowering. In60 ± 30 Nm the first subject, the eBUS generates a maximum torque
of during ascent and 45 ± 20 Nm during descent. For the other two subjects, these values
are 45 ± 10 Nm each during the ascent and 60 ± 20 Nm during the descent.
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Figure 5. Exoskeleton assistive moment in the knee joint to assist knee extension for Subject 1 (left),
Subject 2 (middle), and Subject 3 (right); DSP = double stance phase, SSP = single stance phase,
SP = swing phase.

3.2. Joint Angles in Sagittal Plane

The kinematic curves of the foot, knee, and hip angles in the sagittal plane are shown
for ascent and descent in Figure 6 for the tests with the eBUS (blue) and without the eBUS
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(red). In general, we observe a high degree of similarity in the curves of the test persons.
With the exoskeleton, the standard deviation is significantly greater, whereby individual
differences become obvious.
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Figure 6. Foot, knee, and hip angle curves in the sagittal plane for ascent and descent without
(red) and with (blue) the exoskeleton for Subject 1 (left), Subject 2 (middle), and Subject 3 (right);
DSP = double stance phase, SSP = single stance phase, SP = swing phase.

Subjects 2 and 3 reduce the movement amplitude in the ankle joint by using the eBUS
in ascent and descent. For the first subject, these angle curves are qualitatively similar for
both movements, but still differ quantitatively. The largest average deviation of the curves
with and without the eBUS occurs for Subject 2 during the descent in the swing phase with
a value of 35◦. However, the qualitative curves without the eBUS are intersubjectively
similar for all three subjects. In both movements, the dorsal and plantar peaks of the curves
without the eBUS are not achieved by the curves with the eBUS.
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The knee angle curves with and without the eBUS are qualitatively similar for both
movements of all three subjects. Quantitatively, the knee is flexed about 20◦ less with
the eBUS during ascent over the entire cycle than without the eBUS. During descent, this
effect occurs for all three subjects only in the first two phases until the controlled lowering
at about 35% cycle time. In the swing phase, the knee is less flexed with the eBUS than
without. The maximum flexion angles of the curves without the eBUS are not achieved in
the trials with the eBUS for both movements in all three subjects.

The qualitative hip angle curves with and without the eBUS are similar for both ascent
and descent. The exception to this is the phase of controlled lowering from 30 to 60% cycle
time for the second subject during descent. In this phase, the second subject flexes his/her
hip during the trials with the eBUS, so that the mean value is also beyond the standard
deviation of the curve without the eBUS. For the first subject, the largest standard deviation
of 20◦ occurs during the descent. The maximum flexion angle of 75◦ on average occurs
in the second subject during the ascent with the eBUS and thus exceeds the maximum
without the eBUS.

3.3. Joint Angles in Frontal Plane

The kinematic curves of the foot and hip angles in the frontal plane are shown for the
ascent and descent in Figure 7 for the tests with eBUS (blue) and without the eBUS (red).
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Figure 7. Foot and hip angle curves in the frontal plane for ascent and descent without (red) and with
(blue) the exoskeleton for Subject 1 (left), Subject 2 (middle), and Subject 3 (right); DSP = double
stance phase, SSP = single stance phase, SP = swing phase.

The angular curves of the subtalar eversion or inversion of the trials with the eBUS already
differ qualitatively in all three subjects from the curves without the eBUS in both movements
during most of the phases. However, all curves without the eBUS also differ from each other in
an intersubjective comparison both qualitatively and quantitatively during ascent and descent.
The same applies to the curves with the eBUS in the intersubjective comparison.
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Both during ascent and descent, the adduction and abduction angle curves of the hip
with the eBUS differ qualitatively and quantitatively from the curves without the eBUS in
all three subjects. This is particularly noticeable in the phase of pulling up and forward as
well as in the swing phase. It should also be noted that the qualitative curves without the
eBUS are similar in the intersubjective comparison for the ascent, which also applies to the
descent. The qualitative progressions for both movements with the eBUS are also similar in
the intersubjective comparison.

3.4. Joint Moments in Sagittal Plane

The net joint moments of the foot, knee, and hip in the sagittal plane are shown for ascent
and descent in Figure 8 for the tests with the eBUS (blue) and without the eBUS (red).
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Figure 8. Foot, knee, and hip moment curves in the sagittal plane for ascent and descent without
(red) and with (blue) the exoskeleton for Subject 1 (left), Subject 2 (middle), and Subject 3 (right);
DSP = double stance phase, SSP = single stance phase, SP = swing phase.
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The curves of the foot or ankle moments without the eBUS are characterized by
two peaks for both movements. The foot moment curves with the eBUS already differ
qualitatively from those without the eBUS, since only one peak occurs here, except for the
descent in Subject 3. Quantitatively, the foot joint moments that are applied without the
eBUS, with mean maximum values of up to 1.6 Nm/kg, are significantly higher than the
mean maximum values of 1.0 Nm/kg with the eBUS.

The results of the knee moment without the eBUS already show qualitative differences
in the intersubjective comparison during the ascent. During descent, these curves without
the eBUS are again similar. On the other hand, the knee moment curves with the eBUS are
qualitatively different for each subject, which applies to the ascent and the descent. It is
obvious during the descent in the trials with the eBUS that even flexion moments occur in
all three subjects during the phase of controlled descent. In the trials without the eBUS, an
extension moment always occurs in this phase. During descent, the quantitative maxima
with the eBUS are significantly lower compared to the maxima without the eBUS. During
the ascent, this again varies from subject to subject.

During the ascent, the curves of the hip moments coincide qualitatively and quan-
titatively in the phase of weight acceptance. In the subsequent phases, when the eBUS
is used, the extension moment continues to increase for Subject 1 up to a cycle time of
45%, until a maximum of 1.3 ± 0.2 Nm/kg is achieved. For Subjects 2 and 3, a plateau is
maintained here until the second double stance phase. Subsequently, the curve with the
eBUS decreases more rapidly compared to the curve without the eBUS. The swing phase of
the ascent with the eBUS is characterized by a lower flexion moment up to 80% cycle time.
Subsequently, the flexion moment increases when using the eBUS until a maximum value
of 0.5 ± 0.1 Nm/kg is achieved at the end of the cycle for all three subjects. During descent,
the two trajectories differ both qualitatively and quantitatively in the most frequent phases
for all three subjects. In the swing phase, the hip moment without the eBUS increases
between 75 and 85% cycle time and then decreases again. In the swing phase, the hip
moment curve with the eBUS is exactly the opposite of the curve without the eBUS.

3.5. Knee Joint Reaction Force

In the calculation of the knee joint reaction forces, the muscle forces that are involved
in the movement, the masses and inertias of the human body and the exoskeleton, the
measured ground reaction force, and the assisting force of the eBUS were taken into
account besides the kinematics. The curves of the calculated joint reaction forces in the
knee normalized to the body weight are shown accordingly in Figure 9 for the tests with
the eBUS (blue) and without the eBUS (red).

The two peaks in the stance phase are characteristic for the ascent and descent, as it
can be found in the curves without the eBUS. Compared to the stance phase, the swing
phase is characterized by very low values with a maximum of 5 N/kg. Compared to the
stance phase, the knee joint reaction forces during the swing phase are negligible.

However, when using the eBUS, the characteristic progression in the stance phase is
not achieved in neither the ascent nor the descent. For both movements, only one peak
occurs in the stance phase with values of 68 ± 10 N/kg during ascent and 35 ± 10 N/kg
during descent. In comparison, the maximum values of Subjects 1 and 2 without the eBUS
are about half as large during ascent. However, these values are comparatively similar
during descent, and even 15 N/kg lower for Subject 2.
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Figure 9. Knee joint reaction force (proximal-distal) for ascent and descent without (red) and with
(blue) the exoskeleton for Subject 1 (left), Subject 2 (middle), and Subject 3 (right); DSP = double
stance phase, SSP = single stance phase, SP = swing phase.

3.6. sEMG of Knee Extensor Muscles

The curves of the muscle activity of the knee extensor muscles (VAM and VAL) have a
high degree of similarity in the contraction pattern as shown in Figure 10 for the tests with
the eBUS (blue) and without the eBUS (red), which varies individually. The muscle activity
varies greatly in individual cases with the eBUS, especially in Subject 1.

The measured muscle activities of VAM and VAL are characterized by two peaks in
Subjects 2 and 3 during both movements without using the eBUS. In Subject 1, only one
peak occurs at the beginning of the stance phase. When using the eBUS, the curve of both
muscle activities during ascent is characterized by only one peak at the beginning of the
stance phase. During descent, this peak occurs in the phase of controlled lowering with the
use of the eBUS. Quantitatively, for all the subjects the maximum of the measured muscle
activity during the trials with the eBUS is up to 50% lower than the maximum during
the trials without. It should also be noted that for Subject 2 during descent in the phase
of controlled lowering, the maximum values of both muscle activities with the eBUS are
higher than the maximum values of the activities without the eBUS. The integrals of each
sEMG curve are shown in Table 4 to highlight differences in the net effort of both muscles
by using the eBUS. It becomes obvious that the values of all the subjects are lower when
using the system, both for ascent and descent.

Table 4. Integrals of the normalized median sEMG curves of m. vastus medialis (VAM) and m. vastus
lateralis (VAL) in time normalized stance phase with and without the exoskeleton per subject (S1, S2,
S3) and movement (ascent, descent).

Movement

Subject 1 Subject 2 Subject 3

With
eBUS

Without
eBUS

With
eBUS

Without
eBUS

With
eBUS

Without
eBUS

m. vastus medialis (VAM)

Ascent 35.40 53.70 15.76 41.04 18.05 52.40

Descent 27.52 46.99 33.91 42.22 19.38 52.32

m. vastus lateralis (VAL)

Ascent 20.08 39.07 17.77 31.69 17.54 31.12

Descent 26.44 58.72 33.55 35.89 26.80 38.66
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Figure 10. sEMG curves of m. vastus medialis (VAM) and m. vastus lateralis (VAL) in stance phase
for ascent and descent without (red) and with (blue) the exoskeleton for Subject 1 (left), Subject 2
(middle), and Subject 3 (right).

4. Discussion

The results that were obtained in the preliminary evaluation will now be discussed. In
general, it can be postulated that the eBUS can significantly influence the climbing of stairs
in three ways. Firstly, the additional masses of the eBUS have an influence on the dynamic
human-machine system, which could result in a change in the kinematics and kinetics of
human movements. The second influence relates to the restriction of the range of motion
of the human locomotion system by the eBUS. Finally third, the tensile force transmitted
from the eBUS to the human will most likely influence the human’s movement pattern, in
an assistive manner in the desirable case. Within this discussion, only assumptions can be
made about these influences, since the causal research of a potential change in movement
was not the aim of this investigation. Rather, the results are to be interpreted in such a way
that recommendations for further development of the evaluated eBUS can be derived and
a general statement on the effect of the exoskeleton can be made.
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4.1. Assistive Moment in Knee Joint

The assistive knee extension moment is applied by the eBUS during ascent in the phase
of forward progression and during descent in the phase of controlled lowering. Therefore,
in both ascent and descent, the phases with a power deficit that were identified by [3]
could be assisted by the eBUS, as shown by the qualitative progression of the applied knee
extension moment. Since the eBUS applied a maximum moment of 60 ± 30 Nm for the
76.5 kg Subject 1 (0.8 ± 0.4 Nm/kg) during the ascent, the exoskeleton that was presented
here can compensate for the power deficit of 0.8 Nm/kg that was determined in [3]. The
required assistive knee extension moments of 0.4 Nm/kg during the descent were also
applied by the eBUS for all three subjects. It should be mentioned here that the selected
drive can apply a cable force of 1500 N and thus a moment of 1.5 Nm/kg, so the maximum
performance was not yet achieved during these tests.

4.2. Kinematics in Sagittal and Frontal Plane

The changes in the kinematics in the sagittal plane are significant in both movements
due to the influence of the eBUS, because the angular curves with the eBUS are not within
the standard deviation of the curves without the eBUS over the entire cycle in either the
foot, knee, or hip joint. The qualitative trajectory can be maintained for the most part in
the knee and hip joints. However, during descent in the controlled lowering phase, the
hip becomes much more flexed when using the eBUS, as seen in Subjects 2 and 3. This
could be interpreted as a compensatory movement for the lower dorsiflexion in the ankle.
Since the freedom of movement in the hip joint is not affected by the eBUS, larger angular
amplitudes can be achieved here, which favours an easier movement compensation via
the hip. On the other hand, it can be noted that in the foot and knee joint the angular
amplitudes are not achieved with the eBUS. This could be caused by the restriction of the
freedom of movement by the eBUS, which is amplified by the potential misalignment of
the joint axes between the human and the eBUS.

Since in the frontal plane all the mean angular curves of the foot are qualitatively
altered by the eBUS in both movements and all three subjects, it could be postulated that
this is due to a restriction of movement by the eBUS. In the hip joint, greater abduction
occurs in the phase of pulling up and forward, especially during the ascent. During this
phase, compensatory movements of the upper body were observed, which can presumably
be attributed to the additional mass of the eBUS that is acting on the swing leg. During
the stance phase, the subjects leaned laterally with their upper body over their own stance
leg to facilitate the pulling up of the swing leg that was loaded with additional mass. Due
to the larger abduction angle during the stance phase in the ascent, a smaller adduction
angle is consequently required in the swing phase with the same experimental setup. This
phenomenon can be confirmed by the measurement results. It can be concluded that the
change in kinematics with the eBUS in the frontal plane is also significant.

4.3. Human Joint Moments

Human joint moments are influenced by the exoskeleton in various ways. On the
one hand, the kinematics of the human exoskeleton system changes significantly, which is
also reflected in longer stance times. On the other hand, the assistive moment of the eBUS
influences at least the net knee moment of the human. Furthermore, the additional mass of
the exoskeleton and the changed inertias of the lower musculoskeletal system influence the
joint moments that must be generated.

For instance, the assisting extension moment in the knee also influences the foot moment
that has to be generated by the user. On one hand, this is shown by only one peak in the
curves with the eBUS and, on the other hand, by the reduction of the applied foot moment
itself. Here, it can already be determined that the eBUS affects the subjects in different ways
or that the subjects have different movement strategies when using the eBUS.

This assumption can be further confirmed by the curves of the applied knee moments,
since the subjects with the eBUS also show different curves here. However, it can also
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be seen that the subjects have different knee moment curves even without the use of the
exoskeleton, which suggests different movement strategies from the outset. Particularly
noticeable is the change during the descent in all three subjects in exactly the phase in
which the knee moment is assisted by the exoskeleton. In this phase, the required knee
extension moment is even reduced to such an extent that the subjects generate a flexion
moment to counteract the movement, as can be seen for Subject 3 especially. This could
already indicate too much assistance by the system.

The hip moments to be applied by the human show a large discrepancy between the
two test scenarios during the ascent in the phase of pulling up and forward. In these phases,
the maximum extension moment is 1.4 ± 0.3 Nm/kg and could possibly be critical for the
elderly. Presumably, this phenomenon has many causes. Firstly, an additional hip extension
moment could be required to contribute potential energy to the additional mass of the eBUS
during ascent. Secondly, the increased hip extension moment could be an indication of a
redistribution of moments in favor of the hip in order to relieve the knee joint even more.
Another cause for the change in hip moment could be the increased forward lean of the
upper body during the trials with the eBUS. The exact causes of this phenomenon cannot
be definitively answered at this point, as the changes in the kinematics due to the use of the
eBUS must also be considered. For the hip moment that has to be generated in the swing
phase, it can be stated that due to the additional mass of the eBUS, it is significantly higher
compared to the tests without the exoskeleton, both for ascent and descent.

4.4. Knee Joint Reaction Forces

It was assumed that the joint reaction forces in the knee would decrease significantly
through the use of the eBUS. This can neither be confirmed for the ascent nor for the descent
by the results. In the descent, the mean value of the peak of the curve with the use of the
eBUS is below the mean value without the eBUS only for Subject 2. During the ascent, the
knee joint reaction force is even greater in all three subjects due to the use of the eBUS. The
reason for this significant increase during ascent could be the misalignment of the knee
joint axes between the human and the exoskeleton. These mismatches can cause additional
shear loads in the knee joint and have to be compensated by the locomotion system [32].

Since the external moment of the eBUS is introduced from 20% to about 60% of the
cycle time and at the same time the knee joint reaction force during ascent is significantly
larger, it could be suspected that the additional moment of the eBUS influences the knee
joint reaction force directly and even increases it. However, Stoltze and co-authors [33]
figured out for level walking that the first peak of the knee joint reaction force is significantly
influenced by the knee moment. On the other hand, the second peak is influenced by the
foot moment, or gastrocnemius muscle, during the transition from single to double stance
phase. In a pilot study, the authors were also able to demonstrate that an externally applied
knee moment leads to a reduction of the knee joint reaction force in the first peak during
level walking [34]. If these findings are also valid for stair climbing, only the first peak is
lowered using the eBUS, as it is the case for the descent of the second subject. However, the
qualitative curve of the knee joint reaction force with the eBUS is not characterized by two
peaks, which is due to an acyclic movement.

4.5. Muscle Activity of Knee Extensors

Since all maxima of the muscle activities of the VAM and VAL were decreased using
the eBUS, it could be concluded that the exoskeleton contributes to the relief of the knee
extensors during ascent and descent. In addition to the maxima, the integrals of all the test
persons were also reduced by using the eBUS according to Table 4. It can be concluded
that the net effort of the test persons is lower when using the eBUS. Based on the integrals,
the eBUS reduces the effort by an average of 19.3%. Thus, the performance deficit that is
evaluated in [3] would be compensated by the exoskeleton. However, it should be noted
that the presumed redistribution of joint moments in favour of the knee can also be the
cause of the release of the knee extensors. However, this can only be postulated in this
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study, since no muscle activities of the gastrocnemius muscle nor of the hip flexors or
extensors were measured.

A contradiction can be observed in the curves of the muscle activities compared to the
knee moment curves and the assisting moment. The sEMG curves show a decrease in the
muscle activity in the unassisted phases, while the activity in the assisted phases tends to
remain the same. One reason for this could be the kinematics that have changed due to the
eBUS. When using the eBUS, there might be a stronger backlift than leglift. Another cause
could be passive assistance by the system itself in the phases in which it does not provide
active assistance, although the measured muscle activities are decreased.

Furthermore, the measured muscle activities show that the subjects react individually
to wearing and assistance by the exoskeleton. From this it can be concluded that not only
an individual adjustment of the hardware of the exoskeleton is required, but also a control-
related adjustment regarding the time of providing the assistance and the magnitude of the
assisting moments.

5. Conclusions

In this pilot study it could be shown that the developed eBUS assists the ascent and
descent of stairs. On one hand, this is indicated by the applied knee extension moment of
the eBUS and, on the other hand, by the reduced muscle activities of the knee joint extensors.
However, it also became evident that exoskeletons can affect subjects individually and should,
therefore, be designed or adjusted to be subject-specific. This concerns, for example, the shape
of the eBUS or its settings regarding segment lengths. Since the additional mass of the eBUS
leads to compensatory movement of the upper body and the kinematics are significantly
changed during both movements, the mass of the eBUS should be further reduced.

Since stair climbing is a comparatively slow movement with low angular velocities
but large joint angles, assistance could be obtained for all three subjects. The results of this
pilot study clearly show that a more individual application of force as well as an individual
amount are required to provide adequate assistance. Furthermore, the goal of further
optimizations of the system that is presented here should be to achieve shorter cycle times
and a more cyclic movement.

Since the results in this pilot study are based only on the movement patterns of
the subjects and the eBUS as well as on externally measured forces, additional sEMG
measurements of all relevant muscles of the lower musculoskeletal system should be
performed for future studies. This would also allow for the detection of subject-specific
changes in movement strategies. Furthermore, an analysis of the joint power is useful in
order to find out in which phases the human has to generate or absorb energy. A study with
a larger number of subjects and trials would increase the statistical power. In subsequent
studies, elderly people should also be tested, since they are the actual target group of the
eBUS. In any case, further studies are necessary to investigate and ideally exclude potential
damage to humans by the eBUS. For this purpose, it should be investigated, in particular,
whether a redistribution of joint moments takes place as well as what effects the increase in
the knee joint reaction force that is determined during the ascent has on humans.

All in all, it has been shown that the complex methods that are used here are suitable
for evaluating the biomechanical function of exoskeletons. Other types of exoskeletons
could also be evaluated with the methods that were used here.
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Abstract: Gait disorders, muscle weakness, spinal cord injuries (SCIs) and other work-related dis-
orders have increased the need for rehabilitation exoskeletons—specifically, for the hip because a
huge percentage of mechanical power comes from the hip joint. However, realising a lightweight
rehabilitation hip exoskeleton for mobility and at-home use with reliable control is challenging. The
devices developed are restricted by a joint actuator and energy source design and tend to have
various uncertainties. Thus, this study tested the robustness of four optimal controller cases in a
simulation-based environment. We sought to determine whether the most robust optimal controller
consumed less energy and demonstrated better performance in tracking the desired signal. The
robustness of the optimal cases was tested with the hip torque signals of healthy subjects. The number
of sit-to-stand (STS) instances and the walking distance at various speeds were calculated. The results
showed that the most robust case controller was more energy efficient for STS, but not for walking
activity. Furthermore, this study provides compelling evidence that various optimal controllers have
different degrees of robustness and effects on energy consumption.

Keywords: exoskeleton; robust controller; energy consumption; hip rehabilitation exoskeleton; series
elastic actuator (SEA); LQR control; Luenberger state observer; torque control

1. Introduction

An urgent need for robotic exoskeletons has been widely observed in the military,
industry, medicine and hazardous situations such as disasters and pandemics over the last
few decades [1,2]. Some exoskeleton robots augment human mobility or endurance, while
others are used for rehabilitation and ambulatory assistance [3]. In addition, some are used
for paediatric recovery, while others serve the elderly, soldiers or athletes [4–6].

According to a 2019 United Nations’ report [7,8], the number of strokes and the per-
centage of mobility accidents are the highest among people older than 65 years and the
250,000–500,000 patients suffering from spinal cord injury (SCI) every year, increase re-
search interest in robotic exoskeletons [9]. Additionally, more than 17% of work-related
disorders are associated with lower limb activity, which also increased the need for robotic
exoskeletons for mobility assistance and rehabilitation [9,10].

Thus, a lower limb exoskeleton, specifically, the rehabilitation hip exoskeleton, is the
focus of this paper because 45% of the mechanical energy of lower limb movements comes
from the hip joint [8,11]. Robotic exoskeletons can contribute in repetitive training of human
extremities to enable patients to pursue rehabilitation sessions at home and enable therapists
to focus on more specialised rehabilitation sessions [12]. Among the different rehabilitation
exoskeletons are those used for sit-to-stand and walking movements. Therefore, we focus
more on these activities because of their importance in daily life [13].

The rehabilitation hip exoskeleton is a mechanical structure worn to enhance gait
mobility but can also be used, for instance, after hip replacement surgery or a stroke [14].
Since, in the very early stages of rehabilitation sessions, patients’ limbs are usually trained
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passively to track predefined trajectory motions, which vary according to the patients’
needs or limb disorders [15], different controller strategies have been used to track and
control the trajectories because human extremities are intolerant of any unexpected harmful
movement errors; in particular, rehabilitation exoskeletons serve people who already have
some sort of limb disorder or mobility deficiency [16,17].

Some control strategies have used fuzzy hybrid controller, while others utilised
Bayesian optimisation to minimise the metabolic cost of walking by adjusting various con-
trol parameters for different individuals [18,19]. Some applications were required to apply
different parameters based on assistance onset timing, assistance magnitude and duration,
as used in [20]. However, building a seamless controller integrated with all applications
and human biological systems is still challenging. Therefore, some researchers used rein-
forcement learning for optimal controllers or to perform a normative range of motion and
gait patterns during locomotion [21,22]. While others applied real-time optimisation con-
trol strategies based on measurements of the user, machine learning to implement various
dynamic controllers, EMG-based controllers or observer-based robust controllers [23–26].
However, the most used controller is the proportional integral derivative (PID), which
showed its insufficient performance in tracking a predefined trajectory and overcoming
changes to model parameters and uncertainties [16,27,28]; therefore, an optimal controller,
a linear quadratic regulator (LQR), is proposed to be used in this work.

However, the hip exoskeleton, like other active exoskeleton devices, contains sensors,
actuators, links, batteries and electronic circuits that operate in close contact with patients;
for this reason, it should operate safely and reliably. For a safe hip rehabilitation exoskeleton,
a series elastic actuator (SEA) is chosen for this research, as it presents a compliant interface,
accurate and stable torque control over time, low impedance and shock tolerance (elasticity),
all of which afford highly confident force control and comfortable wearability and it extends
the operational life time of the joint [8,16,28–34]. An SEA was used at the hip joint to
replicate the hip torque signals of a healthy joint as desired movements in the controller.

However, the functions of the controller depend on the mathematical representation
and modelling of the system. This can be a challenge because it is an approximation
to a real system, which can also be affected by parametric uncertainties, variations or
short-term and long-term stochastic noise disturbances (ageing) [27,35]. To the best of our
knowledge, no research has validated the LQR for robustness and energy consumption.
Therefore, the goal of this study is to validate the LQR controller of a rehabilitation hip
exoskeleton for such variations and uncertainties and to establish the foundation of safe
human–robot interactions for future research. Hence, the basic design for the exoskeleton
and the SEA was introduced in [8,28,36]. Estimating the states of the system was essential
for the controller; therefore, the Luenberger observer (LO) was used. The implementation
and design of the LO are elaborated in [8].

Not only did the controllers attract the attention of researchers and innovators, but also
the weight of such devices, as rehabilitation exoskeletons are usually attached to deficit
limbs. Therefore, the energy consumption is worth studying to avoid the extra weight
of additional batteries, especially when the powered hip rehabilitation exoskeleton is
used outdoors and at home. The contributions of this paper are threefold: an exami-
nation of the robustness of four LQR controller cases, validation of the performance of
such controllers and investigation of the energy consumption of our rehabilitation hip
exoskeleton performing STS and walking movements at each control case and at various
speeds. The experiments were conducted in a simulated environment as it provided in-
sight into how an exoskeletal system behaved in a virtual environment that mimicked a
real one. They assessed the performance of the model by testing various parameters that
were difficult, expensive and time-consuming to reproduce using the physical model [37].
This was especially true of safety, which is a critical factor in experimental designs for
human–robot interactions.

This paper is organised as follows: Section 2 presents the importance of the STS and
walking activities trained by the rehabilitation hip exoskeleton, LQR strategy, concepts of
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robustness, performance of the controller in tracking a trajectory signal measured by root
mean square errors (RMSEs), energy consumption and STS and walking power calculations.
In Section 3, the methods used to test the robustness of four optimal control cases, the RMSE
and a simulation energy consumption of a proposed rechargeable battery during the STS
and walking movements are analysed. Finally, the results and conclusion are provided in
Sections 4 and 5, respectively.

2. Theory

The worldwide demand for rehabilitation exoskeletons is increasing along with the
number of people who have partial or complete mobility disorders and SCI. Gait disorders
also include people with cerebral palsy, osteoarthritis and joint replacements who need
repetitive rehabilitation sessions and, usually, long-term hospitalisation.

A mobility disorder does not affect physical movement but can lead to medical compli-
cations such as osteoporosis, high blood pressure, muscle spasticity and pressure ulcers [38].
Thus, the sit-to-stand and walking activity was the main means by which our rehabilita-
tion hip exoskeleton could provide mobility by overcoming the aforementioned clinical
conditions.

2.1. Sit-to-Stand and Walking Activity

Rising from a seated position is a primary step towards pursuing gait mobility for
daily activities and improving the quality of life. The STS is a crucial link between a
static position and a dynamic activity, which is still a challenging aspect after a stroke [39].
In addition, the STS stimulates the circulatory and respiratory systems, reduces spasticity
and increases bone density [40].

Therefore, for rehabilitation purposes, repetitive STS activities at various torque levels
representing five angular speed movements were performed and analysed, followed by an
analysis of walking movements at five torque levels equivalent to walking on a treadmill at
various linear speeds (0.5–2.6 m/s). To control the rehabilitation hip exoskeleton, an admit-
tance control strategy was used in which the hip torque of a healthy person, τHH, at various
torque levels (TL1 to TL5) was used for reference control signals. The torque signal of a
healthy hip performing STS was used to control the STS activity, τHH-STS, whereas the
torque signal of a healthy hip performing walking movements, τHH-W, was applied to the
walking control strategy. The torque control signals for both STS and walking are further
discussed in [8,41,42] and are also shown in Figures 1 and 2.

Because higher movement speeds require a higher torque, a lower torque level was
selected for low-speed movement or when the patient’s joint required a small amount of
torque [43]. In addition, people have different disorders and rehabilitative needs; therefore,
five torque levels were used in the control strategy to fulfil the various rehabilitation
sessions. Figures 1 and 2 show that, if the exoskeleton was designed to train patients at a
faster speed, the maximum hip torque signal of a healthy person was set at the fifth level
as a reference control signal. On the other hand, the torque was set to the first level if the
minimum walking speed (0.5 m/s) was needed.

Lastly, the rehabilitation hip exoskeleton aimed to restore the impaired hip torque
signal to that of a healthy one by the end of the treatment program. Healthy torque signals
can vary with speed, which can be assigned and modified by a physiotherapist to tackle
different conditions and needs. For this reason, the hip torque signal at various speeds
was controlled using an LQR. Then, the control behaviour was analysed for the robustness;
RMSEs, which show the differences between the desired and measured torque signals; and
the energy needed to perform repetitive sessions, which will be illustrated later.
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Figure 1. The hip torque during STS activity [8,44].

Figure 2. The hip torque during walking activity [8,44].

2.2. The Linear Quadratic Regulator

Trajectory tracking with predefined movements is commonly used in rehabilitation
exoskeletons for the lower extremities because patients can be trained passively to follow
desired reference motions [8,10]. Therefore, an admittance controller based on the torque
of a healthy hip joint τHH was used for the rehabilitation exoskeleton to train the patient’s
weak muscles. The controller was used with an SEA and LQR that were chosen for the
reasons set out in Section 1. The SEA was used to generate the proper current for the
desired torque τreference and applications. Thus, an LQR with a Luenberger observer was
used, but a mathematical model expressing the rehabilitation hip exoskeleton was needed,
as illustrated in [8] and depicted based on the literature [28,36,45].

To use the LQR, the state space model of the exoskeleton was represented in the
following form

ẋ = Ax + Bu

y = Cx + Du,
(1)

where ẋ is a vector matrix representing the system states; A, B, C and D are the system’s
dynamic matrices; u is the system input signal; and y is the output signal. However,
the states of the system are not always accessible for sensors; thus, an observer is commonly
used. Many observers are used through control systems, but the one that can increase
the control system’s bandwidth and improve the disturbance response indirectly is the
Luenberger observer [46], which estimates the states ẋ by using the inputs u and the outputs
y of the system. Finally, it subtracts the output of the observer, ẏ, from the output of the
system, y.
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On the LQR controller side, the optimal placement of the system poles was based
on the weights of the Q and R matrices by minimising the quadratic cost function J and
finding the minimum steady-state error and the best feedback gain [47].

J = E
{

lim
T→∞

1
T

∫ T

0

[
xTQx + uT Ru

]
dt
}

, (2)

where Q and R are the semi-definite and positively definite design matrices, respectively.
By tuning Q and R, the placement of the poles was changed, whereas the feedback gain,
K, was determined from the Hamilton–Jacobi–Bellman method and solved by using the
Riccati equation [8,48] that ends with

u = −Kx. (3)

The feedback gain, K, increased or decreased depending on the values selected for
Q and R. A larger weight value in R set a higher penalty on the input signal, u, which
decreased the feedback gain, K and slowed the steady state and the energy needed. Con-
versely, the large weight values of Q meant a higher penalty on the state of the system, x,
when finding the minimum cost function, J, according to (2), which increased the value of
the feedback gain, K, in (3) and accelerated the system’s response accordingly.

The system states, x̂, were necessary for the LQR algorithm, which can be inaccessible
in many real systems or expensive to measure with certain sensors; thus, an LO was a
suitable solution for deriving the system states [8].

The system states, x̂, can be estimated by putting the input, u, and the system output,
y, into LO. The procedures for obtaining the states and the LO diagram are discussed in
more detail elsewhere [8]. Although the states are critical to finding the mathematical
model of the system, which needs to be optimally controlled using the LQR, the model of
the system will nevertheless include errors and imperfect model representation is more
common compared to real systems. Therefore, the system robustness for the various Q and
R is analysed and the energy consumption was studied regarding the sensitivity of the
system to the model uncertainty.

2.3. Robustness

The control strategy depended on modelling the system, yet the mathematical model
representation was based on physical components that are quite often simplified [49].
Additionally, a system may also have disturbances, stochastic noise resources or a dynamic
behaviour that is hard to represent. Consequently, the mathematical representation or
transfer function that describes a system is only an approximation of the real system.
This means that the control system may not work in exactly the same manner on the
real hardware as it does in the mathematical model. For this reason, the stability and
robustness of the system in the presence of model uncertainty were simply analysed using
a disk-based uncertainty (disk margin, DM) for gain (DGM) and phase (DPM) perturbation
representation [50].

The DM visualises the stability of a closed-loop system for a combination of gain
and phase variation. The margin shows how much uncertainty the controller can tolerate
before the system becomes unstable. Another method for investigating system stability is
using Nyquist’s stability criterion, which is elaborated in [51]. The stability of the system
is described by how far the Nyquist curve can move away from the point (−1) before the
system collapses.

After studying the Nyquist curve for all the optimal controller cases to identify the
most robust optimal controller for a certain activity, the controller behaviour of the optimal
cases was then studied at various speeds. The performance of the optimal controllers with
various degrees of robustness was then analysed to determine the relationships among
robustness, different speeds and energy consumption for different activities. The perfor-
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mance of a certain controller was measured by the RMSEs, comparing the torque signals
with the desired torque reference signals.

2.4. The Performance and the Root Mean Square Error

The performance of the LQR case strategy was evaluated according to the RMSE
between the measured torque signal, τactual, of the LQR and the desired torque reference
signal, τreference, as deduced by

RMSE =

√
∑n

i=0(τreference − τactual )
2

n
, (4)

where n is the number of observation points over time. The τreference represented in this
work is the τHH-STS for STS and τHH-W for walking at different speeds.

2.5. Energy Consumption and Power Calculation

The energy consumption of an SEA is derived from the power needed to rotate the
motor with torque τ and angular velocity θ̇, so the power, P, is

P = τ · θ̇, (5)

where θ̇ is the derivative of the motor angular position θ and the angular velocity is found
by the simulation program, but can also be calculated based on the literature [42,52]. It is
worth mentioning that we assumed the motor required the same energy for thrusting, PTh
and damping, PDa. Thus, the energy, E, for each step in STS and walking achieved by the
rehabilitation hip exoskeleton can be calculated as

E = ETh + |EDa| =
∫

PTh(t)dt +
∫

PDa(t)dt. (6)

Then, the number of steps of the STS or walking activity can be calculated as the total
amount of energy stored in a battery divided by the amount of energy consumed in each
step movement.

3. Methods

The simulation and design of the rehabilitation hip exoskeleton were modelled on
the Denavit–Hartenberg (DH) parameters as shown in Figure 3 using the MATLAB and
Autodesk Inventor software. The actuator selection was an SEA for the active hip joint.
The hip rehabilitation consisted of a pelvis, four links for both legs and four joints that were
active, except the knees, which were passive, ending up with a four-degree-of-freedom
(DoF) prototype moving in the sagittal plane. The limitations and the range of motion
(RoM) for each joint were based on the data in Table 1 [8]. The trunk and exoskeleton
masses were connected to a body-weight-supported treadmill similar to the one used with
the LokomatPro exoskeleton [53].

The control framework was based on a linear quadratic regulator of an SEA for a hip
rehabilitation exoskeleton in which the torque control signals were the reference signals in
the admittance control strategy. The control signals were five levels of torque (TL1 to TL5)
of STS and the walking activities for healthy subjects, as shown in Figures 1 and 2 and in
articles [8,41,42].

Table 1. The hip and knee joints with their range of motions (RoMs) [8].

Joint DoF’s–Description Type RoM

Hip Flexion–Extension Active 120◦ to −122◦
Knee Flexion–Extension Passive 120◦ to 0◦
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Figure 3. The DH parameters and the rehabilitation hip exoskeleton model [8].

The kinematic and kinetic formulation, the system mathematical representation
and the admittance control are thoroughly discussed in [8], where the modelling was
based on the average height and weight of male subjects. The length of the thigh link was
52 and the shank link was 39 cm, as mentioned in [54]. The SEA was modelled based
on [55–58] and the parameters used are shown in Table 2, where Jm, Js and Jl are the inertia
of the motor, spring and load link, respectively. Bm, Bs and Bl are the damping coefficients
for the motor, spring and load, respectively, whereas Ks and N are the spring stiffness and
gear ratios in the SEA. Therefore, these parameters with the system links concluded with
the transfer function G(S).

G(s) =
17.54 s3 + 0.02 s2 + 4.04 · 108s + 6.69 · 1010

s3 + 0.02 s2 + 1.11 · 104 s + 2.19 · 105 , (7)

Table 2. The simulation parameters of the SEA [56].

Parameter Value

Jm 2.7 × 10−4 kg·m2

Js 45 × 10−5 kg·m2

Jl 7 × 10−2 kg·m2

Bm 1.5 × 10−3 Nm·s/rad
Bs 2 × 10−2 Nm·s/rad
Bl 5 × 10−3 Nm·s/rad
Ks 5 × 103 Nm/rad
N 1 × 102

The LQR control strategy was considered to operate in a linear time-invariant system
for this study. The LQR was examined with four different values of the Q and R matrices
(four cases), which were chosen empirically with different weights on Q and R to check
the speed and robustness with different penalties on the input signal and states as shown
in Table 3, which were the basis for finding the minimum quadratic cost function, J,
regarding (2) and, consequently, the optimal controller.

Moreover, the result of using the regulator to follow the trajectory torque signal was
investigated in the form of the RMSE. Finally, the energy consumption and distance for each
step activity when using the hip exoskeleton powered by a charged battery (lithium–iron
48 V, 150 Wh, with 30 LiFePO4 cells mounted in a battery tray) for each hip joint were
simulated and studied.
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Table 3. Four controller cases with different Q and R values.

Case 1 Case 2 Case 3 Case 4

Q =

[
0.025 100 100

0 0.001 0
0 0 0.001

]
Q =

[
0.025 100 100

0 0.001 0
0 0 0.001

]
Q =

[
0.025 100 100

0 0.001 0
0 0 0.001

]
Q =

[
100 0 0

0 100 0
0 0 100

]
R = 1 × 10−6 R = 1 × 10−5 R = 1 × 10−3 R = 1 × 10−2

4. Results and Discussion

For the robustness analyses of the system, we checked the gain (GM) and phase
margins (PM), as the margin is one way to specify how much uncertainty the controller
design can handle before the system becomes unstable [59]. Therefore, we checked the
pure gain margin/classical gain margin (CGM) and pure phase margin/classical phase
margin (CPM) for all controller cases that examined the controller’s sensitivity to different
uncertainties. Table 4 shows, for instance, that the controller Case 1 was still stable if the
gain variations in a real system were up to 33.2 dB higher than those in our designed
model. The same was valid for stability if the phase variations in the real system were
up to 178.9 deg higher than those in the designed model. However, this variation was
valid only if there was a CGM or CPM only, which is uncommon in real scenarios; thus,
we analysed the controller cases with a combination of both GM and PM called DM (see
Table 4). The GM & PM − C showed that the border of DM in Case 1 was within (0.2–4.5)
around the nominal point 1 of the Nyquist plane, while the tolerance for phase variation
was within ±64.9 deg. Another way to analyse the robustness of a system to uncertainty
and variation was studying the Nyquist plot (see Figure 4) for each controller case.

Table 4. Gain and phase disk margins for four different controller cases.

Controller CGM [dB] CPM [deg] GM & PM-C DM

Case 1 33.2 178.9 GM : [ 0.2 4.5 ] 1.3
PM : [ −64.9 64.9 ]

Case 2 12 179.3 GM : [ 0.3 2.6 ] 0.9
PM : [ −47.8 47.8 ]

Case 3 12 21.4 GM : [ 0.8 1.3 ] 0.2
PM : [ −13.1 13.1 ]

Case 4 27 179.3 GM : [ 0.1 6.1 ] 1.4
PM : [ −71.6 71.6 ]

CGM = Classical Gain Margin, CPM = Classical Phase Margin, GM & PM-C = Gain and Phase Margin Combined,
DM = Disk Margin.

As shown in Figure 4 and Table 4, the most robust controller was Case 4 with
(DM = 1.4), which tolerated more uncertainties based not only on the Nyquist plot but also
on the combined gain and phase disk margin (GM : [0.1 6.1] ⇒ DGM = 16 dB) and disk
phase margin (PM : [ −71.6 71.6] ⇒ DPM = 72 deg) with respect to the other three cases
as also shown in Figure 5.

We then examined how each controller case tracked the hip torque reference signal for a
healthy person in STS and walking activities at five torque levels, which represented various
angular velocities for the joint’s movements. The energy consumption per step activity
with the four controller cases and five torque levels (TL1 to TL5) have also been studied.

Lastly, the number of times for the rehabilitation hip exoskeleton in STS was compared
with the numbers of times for different controller cases and torques. The distances reached
with a fully charged battery for each hip joint in the walking activity were also calculated.
The results for STS and walking activity—based on a simulation—were as follows.
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Figure 4. The Nyquist plots of the four controller cases.

Figure 5. The disk margin of the fourth case controller.

4.1. Sit-to-Stand Activity

The RMSE and energy consumption for each controller case with various torques are
shown in Tables 5 and 6, while the numbers of times that each case and torque in STS could
be reached are shown in Table 7. As the function of the LQR controller is based on the
system states and the control signal combined at the same time, it is interesting to study
the effects on each of the two criteria, but we chose the RMSE as a base of our evaluation of
the control performance.
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Table 5. The RMSE for sit to stand (×10−6 Nm/kg).

Torque Level Case 1 * Case 2 Case 3 Case 4

TL 1 26.5 44.7 43.3 68.8
TL 2 106.3 178.9 173.5 275.2
TL 3 239.1 402.5 390.5 619.3
TL 4 425.1 715.5 694.2 1100.1
TL 5 664.1 1100.1 1100.2 1700.1

(*) The case with lowest RMSEs.

Table 6. The energy consumption for sit to stand (milliwatts).

Torque Level Case 1 Case 2 Case 3 Case 4

TL 1 1.4 0.4 0.4 0.4
TL 2 5.1 2.2 2.4 2.1
TL 3 10.9 6.6 6.9 6.5
TL 4 19.2 15.6 16.1 15.4
TL 5 30.0 30.1 31.2 29.9

Table 7. The number of sit-to-stand movements with a fully charged battery (step).

Torque Level Case 1 Case 2 Case 3 Case 4

TL 1 108430 350970 342710 356800
TL 2 30052 69720 67194 70621
TL 3 13727 22575 21824 22929
TL 4 7804 9630 9379 9747
TL 5 5005 4981 4813 5014

4.2. Walking Activity

The RMSE, the energy consumption for the walking activity and the distance when
using each controller at different torque levels are illustrated in Tables 8–10, respectively.

Despite the fact that the regulator in Case 4 was the most robust controller, the RMSEs
for STS and walking activity at the various torques were still not the minimum values
compared with the other cases. The RMSEs were the highest for STS and walking in Case 4
at all torque levels compared with those for other cases, while the RMSEs for Case 1 were
the lowest for STS and walking movements. The reason controller Case 1 had the lowest
RMSE values was the longer distance of the poles on the left half of complex planes to
the origin. The faster response of the controller occurred when the poles lay far away
from the origin or the controller had a large input signal [60]. For this reason, controller
Case 1 provided a faster response to the dynamics of the system because its poles lay on
(P1,2 = −49.4 ± 46.3i, P3 = −47.8) and its R = 1 × 10−6, compared with controller Case 4,
which had its poles on (P1,2 = −50.1 ± 93.6i, P3 = −19.4) with a minimum input signal due
to the high penalty value of R = 1 × 10−2. Although P1,2 Case 4 was farther away from the
origin than Case 1, it still had its dominant pole at (P3 = −19.4), which was closer to the
origin than the dominant pole of Case 1 at (P3 = −47.8). Consequently, the system slowed
in Case 4, which affected the system’s behaviour and speed [61].

Table 8. The RMSE of walking (×10−6 Nm/kg).

Torque Level Case 1 * Case 2 Case 3 Case 4

TL 1 153.3 209.6 204.3 300.6
TL 2 613.3 838.6 817.2 1200.1
TL 3 1400.1 1900.1 1800.1 2700.1
TL 4 2500.1 3400.1 3300.1 4800.2
TL 5 3800.2 5200.2 5100.1 7500.2

(*) The case with the lowest root mean square errors.
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Table 9. The energy consumption per walking step (milliwatts).

Torque Level Case 1 Case 2 Case 3 Case 4

TL 1 4.4 4.6 5.4 4.5
TL 2 12.3 11.3 13.3 11.4
TL 3 27.8 23.1 25.4 23.9
TL 4 53.7 52.1 55.7 53.4
TL 5 88.5 112.1 121.6 114.1

Table 10. The distance of walking (kilometres).

Torque Level Case 1 Case 2 Case 3 Case 4

TL 1 25.7 25.1 21.1 25.2
TL 2 9.3 10.2 8.6 10.1
TL 3 4.1 4.9 4.5 4.8
TL 4 2.1 2.2 2.1 2.1
TL 5 1.3 1.1 0.9 1.0

Additionally, the higher the torque/angular speed of the STS and walking activity,
the higher the RMSEs. However, in analysing the energy consumption required for each
step in STS and walking, we noticed that the controller Case 4, considered to be the most
robust regulator, demanded less energy in STS compared with other controller cases (see
Figure 6 and Table 6). Therefore, we found the highest number of times by pursuing STS
using controller Case 4 at all torques.

Figure 6. The energy consumption for sit to stand with different Q and R matrices and torque levels.

Interestingly, controller Case 4 in the walking activity did not have the lowest con-
sumed energy at all torque levels as it showed in STS. The differences are obvious in
Figure 7 and Table 9; in particular, the controller Case 1 and Case 4 had the lowest energy
consumption at the speed of 0.5 m/s = TL1) and the second-lowest energy consumption
at a speed of 2.6 m/s = TL5 for Case 4; still, the controller Case 1 had the lowest energy
consumption at speeds of 0.5 m/s = TL1 and 2.6 m/s = TL5, respectively. Therefore, we
obtained the longest distance for the walking activity in Case 1 at speeds of 0.5 m/s = TL1
and 2.6 m/s = TL5, as shown in Table 10, compared to in other cases.

Another notable feature of the walking activity was that the most extended distances
were reached in Case 2 at speeds of 1.1–2.1 m/s = TL2–TL4 compared with the other cases
for these speeds. The benefit of obtaining the longest distances was caused by the minimal
energy consumed in Case 2 at these speeds (see Tables 9 and 10). This finding supported
the hypothesis that the highest penalty of the R matrix in the quadratic cost function led to
instability in walking activity at certain speeds. By contrast, the STS refuted this hypothesis
by the choice of the highest R = 0.01 for controller Case 4, which was also the most robust
controller case.
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Figure 7. The energy consumption of walking with different Q and R matrices and torque levels.

Thus, a possible solution is having a different mode in the operating system of the
rehabilitation hip exoskeleton if the economic control strategy with the longest distance is
the final target. However, this could be a solution for walking activity for certain speeds but
not for STS, as the controller Case 4 in STS showed its efficient energy consumption and the
number of times for achieving STS. For the walking activity, however, choosing the more
energy-efficient controller cases such as Case 1 or 2 could lead to a penalty in robustness
against uncertainties, as these cases were not robust cases compared with Case 4, as shown
in Figure 4 and Table 4.

Subsequently, as Case 4, the most robust controller, gave the second-longest walking
distance at all speeds and the highest number of times for STS, it would be the more reliable
regulator choice for our rehabilitation hip exoskeleton. With the Case 4 controller, we obtain
the optimal robust controller with high performance and energy efficiency.

It is worth mentioning that the controller-related energy consumption comparison
between the sit-to-stand and walking activities will have differences compared to the real
world as well as between the real walking on a treadmill or overground. The differences
between the simulation and real world are caused by many reasons—firstly, as they depend
on the modelling process, which in most cases are approximations of the real systems.
Secondly, the error caused in experimental data could be affected by instruments’ errors
and disturbances, which can be illuminated or processed in simulation environments.
Thirdly, the simulation models are usually bounded by some assumptions. However,
the simulation process can be used to verify if the errors or certain behaviour lie within the
accepted domain (margin) before producing a physical system. Finally, as the linear time-
invariant system was the foundation in operation of the controller cases in this research,
more future study on combining the disturbance observer or a sliding mode observer is
worth undertaking to overcome the non-linearity, parametric uncertainties and external
disturbances [24,28,62].

5. Conclusions

Although the LQR ensured finding the optimal controller with the minimum cost
function, the Q and R matrix values affected the system robustness, as it moved the system
poles to various placements to stabilise the system. This study provides ample evidence
that selecting appropriate Q and R influences not only the cost function but also the
energy consumption and the performance of the optimal controller, specifically when the
exoskeleton is restricted by certain design aspects.

The most robust optimal controller in STS showed great potential for energy consump-
tion and the highest number of times pursuing the STS activity, while it was less efficient for
walking activity. However, the most effective way to reduce the energy consumption of a re-
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habilitation hip exoskeleton in any activity is studying the speed required for rehabilitation
and adjusting the activity to a lower torque.

This method ensured that using the exoskeleton over a longer distance when walking,
and a greater number of times for STS, showed good performance when there was less
choice in finding suitable Q and R matrices.
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Abbreviations

The following abbreviations are used in this manuscript:

SCI Spinal Cord Injury
LQR Linear Quadratic Regulator
SEA Series Elastic Actuator
STS Sit To Stand
LO Luenberger Observer
PID Proportional Integral Derivative
CGM Classical Gain Margin
CPM Classical Phase Margin
GM&PM-C Gain and Phase Margin Combined
DM Disk Margin
DGM Disk Gain Margin
DPM Disk Phase Margin
RMSE Root Mean Square Error
DH Denavit Hartenberg Parameters
DoF Degree of Freedom
RoM Range of Motion
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