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ABSTRACT

Biomechanical Assessment of
a Hip Exoskeleton Robot with
R-4bar-R Mechanism

Taehwan Kim
Department of Mechanical Engineering
The Graduate School

Seoul National University

This study evaluates the contribution of an exoskeleton robot equipped with a
spherical revolute-4bar-revolute (R-4bar-R) mechanism to human walking through
clinical trials and presents a path for improving exoskeleton robots using
biomechanical information obtained from the trials. The exoskeleton robot employed
in this study, through the application of the R-4bar-R mechanism to the hip joint,
overcomes the limitations of traditional exoskeleton robots that are confined to
assisting in single sagittal axis walking, by assisting in all three directions (flexion,
abduction, and rotation) using a single actuator. Before the main clinical trial,

simulation experiments were conducted using open-source data alongside several



preliminary clinical trials. From there, it was hypothesized that inclined walking
would yield better results than level walking. And a target torque in the abduction
direction, corresponding to 10% of the wearer's body weight, was established. We
designed the clinical trial protocol to confirm This hypothesis for the biomechanical
evaluation of the exoskeleton robot. Incorporating a ground reaction force meter, the
protocol required the attachment of 24 infrared reflective markers to the lower limb.
Subsequently, the subjects walked on a split-belt treadmill at a consistent speed of
1.25 m s7'. The clinical trial consisted of three walking conditions (regular walking
without a robot, assisted walking with a robot, and unassisted walking with a robot)
performed for 5 minutes each on level ground and a 10% slope. Two healthy subjects
were recruited for the trial, and data on the hip joint's angle and moment were
collected and analyzed. The trial results indicated that the metabolic rate and joint
moment were mainly elevated when the subjects walked with the assistance of the
exoskeleton robot, whether on a level ground or an incline. The analysis of
biomechanical results revealed various causes for the discrepancies between the
observed results and the intended design of the mechanism. To achieve practical
auxiliary effects, this study suggested first that the alignment of the R-4bar-R
mechanism and the thigh (the end effector) was parallel. Secondly, we propose
adjusting the target torque to match the three-directional moment required by the
human body synchronously, rather than limiting the target torque to a singular
abduction moment, and employ an automatic control model utilizing a Human-in-

the-Loop approach. We have, lastly, suggested the need for weight reduction by



changing the material and modifying the design of the flexible shaft connection part.
I expect that the effectiveness and suggested improvements of the hip joint assist
exoskeleton robot with the spherical R-4bar-R structure proposed in this study will
make a significant contribution to overcoming the limitations of single-joint
exoskeleton robot research and will help in the expansion of multi-axis joint

exoskeleton robot research.

Keywords: Biomechanics, Kinetics, Metabolic, Exoskeleton Robot, Wearable

Robotics, Gait Analysis
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CHAPTER 1.
INTRODUCTION

Lower limb exoskeleton robots are gait aid devices designed to fit the wearer's
body and programmed with control algorithms that compensate for lower extremity
movements at the precise gait phases [1-3]. They can reduce the energy cost by
pushing or pulling body segments with motors to assist with walking or movement
in daily living activities [4, 5]. Various types of exoskeleton robots depend on the
joint the robot assists. Some lower limb exoskeleton robots assist all joints (hip-knee-
ankle) to save energy consumption [6, 7]. Several exoskeleton robots simultaneously
support the hip and ankle joints [8] or knee and ankle joints [9]. Patrick W. [10]
demonstrated that a whole-leg assistance exoskeleton robot could significantly
improve metabolic cost relative to walking with one and two-joint support
exoskeleton robots. However, many exoskeleton robots were designed to assist only
the hip or ankle joints because they were smaller, lighter, cost-effective, and easier
to control than two or three joints [10, 11]. Some lower limb exoskeleton robots
support all joints (hip-knee-ankle) to reduce energy consumption [6, 7], specifically
hip and ankle joints [8] or knee and ankle joints [9] simultaneously. Patrick W. [10]
demonstrated that a full-leg assisted exoskeleton robot can significantly improve
metabolic costs compared to walking with one- and two-joint-supported exoskeleton
robots. But, most of these exoskeleton robots have limitations in assisting movement

only in the sagittal plane. Numerous studies have an experiment to reduce energy



consumption or restore ambulation ability lost from disability [12]. Because
movements of humans, especially gait, tend to select gait parameters to minimize
energetic cost [13—15]. In this respect, the hip joint exoskeleton robot has received
much attention over many years due to its biomechanical properties, which offer
crucial metabolic improvement [16, 17].

Many studies in recent years show exoskeleton robots have reduced metabolic
costs by assisting one or two joints [1, 11, 18, 19]. For example, it has many possible
uses in the rehabilitation field through learning to gait with the proper trajectory
required for walking [20]. It also has been investigated as potentially increasing
productivity in the manufacturing industry and military personnel by improving
mobility [7, 21]. These exoskeleton robots are mainly designed with a single joint to
assist the movement of walking and have a single axis the flexion and extension.
Therefore, many studies have been confined to the biomechanical analysis of these
sagittal assistance motion effects [4, 22, 23]. However, Since the human hip joint
anatomically forms a ball-shaped femur head located in the concave pelvis socket, it
does not move in only a single plane during walking but moves on a spherical plane
according to the gait phase [24-26]. Therefore, to effectively support the diversity
of hip joint movements, the joints of the exoskeleton robot also have a position
similar to the hip joint rotation axis, and the leg movements must be assisted with
complex moments in two or more directions [27]. When one-foot swings, the pelvis
on the same side tilts downward to prevent the toe from dragging on the floor, the

pelvis must be kept level with the ground. This action is achieved by the contraction



of the gluteus medius muscle on the weight-supporting side, causing abduction. This
action is a form of closed kinetic chain exercise and results in significant energy
consumption in the human body, so it is necessary to assist the abduction movement
in the exoskeleton robot. To solve the human-exoskeleton interaction challenge,
Kang et al. [28] suggested a hip joint link apparatus called the R-4bar-R system that
can assist all three-dimensional movements of the hip joint with a single actuator.
The exoskeleton robot we developed applied a spherical 4-bar linkage system
with three degrees of freedom to the hip joint to create a complex moment with a
single mechanism, which has the advantage of creating a three-dimensional
movement with one actuator. Considering the anatomical movement of the hip joint
during walking, the hip joint of the supporting foot is stepping forward and weight
support in the vertical direction through maximum flexion and extension motions in
0-40% of the gait phase. At this time, rotational monement of the hip joint is
accompanied to pull forward the opposite pelvis. Afterward, the hip joint is extended
up to 60% of the gait phase, the weight is shifted forward, and the hip joint is
externally rotated to move the opposite pelvis forward [29, 30]. To support the pelvis
so that the swinging leg does not drag on the floor during the 0-60% gait phase, the
abduction moment to support body weight is maintained at the highest level, deriving
the most significant energy consumption during walking [31]. We focused on that
keeping the pelvis on a horizontal level takes a lot of energy during the stance phase.
Playing agonistic muscle for this movement, the gluteus medius is substantial fan-

shaped muscle located in the posterior hip, stretching from the ilium to the proximal



femur. We developed a spherical mechanism called the R-4bar-R system that can
assist all three-dimensional movements of the hip joint with a single actuator to
reduce energy cost by mainly supporting this muscle and assisting the movement of
the hip joint in the frontal and horizontal plane.

In this study, we have meaningful comparative assessments to verify the
characteristics of this new system through clinical trials of level walking and inclined
walking on a treadmill. Our study involved simulating an assistance moment
trajectory aimed at reducing the measured metabolic cost of walking, and we
compared this scenario to walking without any assistance of exoskeleton robot. We
measured biomechanical parameter changes in the respiratory quotient to verify how
the exoskeleton we designed assisted and affected the potential biomechanical
kinetics contributing to metabolic improvement. The protocol entailed walking on
level ground and on an incline under three different conditions (normal walking
without an exoskeleton robot, walking with assistance, and without assistance while
wearing an exoskeleton robot) on a treadmill at a constant speed. Using this protocol,
we measured the pure metabolic rate and the angle and moment of the hip joint to
assess how the R-4bar-R exoskeleton robot we designed could improve

biomechanical parameters.



Fig. 1.1 Experimental environment and exoskeleton robot with R-4bar-R
mechanism. (a) Front view, (b) side view, (c) rear view.
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CHAPTER 2.
METHOD

2.1 R-4bar-R exoskeleton system

The spherical R-4bar-R linkage system suggested by Kang [28] is the three-DOF
hip joint mechanism that consists of two revolute joints and one four-bar mechanism
connected in series. Unlike the single-joint hip joint mounted on conventional
exoskeleton robots, this mechanism can deliver the triaxial moment like the human
anatomical hip joint by a single actuator. As shown in Fig. 2.1, an exoskeleton robot
with an R-4bar-R mechanism is designed to simultaneously transmit the assistance
torques to the hip joint in three ways (flexion/extension, abduction/additional,
internal and external rotation). When the input torque and the angle of the 4-bar
linkage mechanism are determined, the magnitude and direction of the moment at
the end effector are determined. Three axial motions of this mechanism can calculate
and further assist the movement of the diversifying human body joint axes in the 3D
space. We designed an exoskeleton robot using these characteristics of the R-4bar-R
mechanism, and it was thought that it would contribute to reducing energy
consumption during walking by helping the movement of the hip joint in all
directions by mainly assisting the abduction moment and assisting the flexion and

rotation moment at the same time.
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Fig. 2.1 Spherical R-4bar-R mechanism. (a) R-4bar-R exoskeleton robot and force
transmission system from the flexible shaft. (b) Topology of R-4bar-R mechanism.
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Triaxial hip joint output moments were simulated using open-source data from
50 subjects to predict clinical outcomes. Based on this data, it was requested to
output 90% of the abduction moment during level and inclined walking. We analyzed
the flexion and rotational moments created by the R-4bar-R mechanism according
to the outputted abduction moment. The average moment of 50 people using the open
source was normalized by body weight and normalized to a 100% gait cycle from
heel contact to the next heel contact. When the results are analyzed for the design of
the clinical trial protocol, the green box (10~40% gait cycle range) in Fig. 2.2 (a)
shows that when an input torque of 90% of the body weight is applied, a flexion
component that interferes with the red extension moment required by the human
body is observed in incipient 40% of the gait cycle.

On the other hand, looking at the blue box in Fig. 2.2(b), the R-4bar-R mechanism
system properly transfers three-way moments to the human body during the entire
gait except for the short section (40~43%) of the gait cycle under the inclined
walking condition. Excluding the abduction moment, a comparison of the gait cycle
sections in which the exoskeleton robot assists human body movement shows 46.7%
of the flexion assistance section and 40.0% of rotation assistance during level
walking, and 52.0% of the flexion assistance section and rotation assistance during
inclined walking is 45.3%. Based on these results, it was predicted that the robot
used in this study would have beneficial results in reducing the energy consumption
of the human body when walking on an incline compared to walking on level ground,

and a clinical trial protocol was designed to verify this hypothesis.
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2.2 Participants information

A local convenience sample comprised two healthy male volunteers, aged 23.5
years, with an average height of 172.5 cm and an average mass of 76.0 kg. The
participants willingly took part in the study following the provision of informed
consent. Furthermore, in order to mitigate the impact of adaptation, we specifically
selected two participants with no prior experience using an exoskeleton robot. All
participants noticed the precise information about the test process and the risks
before participating and provided written consent.

The following criteria were used for participant inclusion: 1) Healthy adult
males/females over 19 years without physical or mental disabilities. 2) Those who
had not experienced orthopedic injuries that may affect walking in the past three
years. 3) People who could walk more than 10m without assistive devices. 4) Those
who did not have cognitive impairment could communicate and faithfully participate
in the research process. 5) People who signed an agreement document after hearing
about the experimental method.

Participant exclusion criteria were as follows: 1) Individuals with psychiatric
disorders. 2) Those who exhibited pathological gait during 10-meter walking. 3)
People with cardiovascular and musculoskeletal diseases. 4) Minors or adults over
60 years old. 5) Those deemed inappropriate by the researcher.

The institutional review board (IRB) of Seoul National University (IRB No.
2209/004-008) approved the study design and protocol. None of the participants had

prior experience in walking with an exoskeleton robot.
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2.3 Experimental protocol design

The present study investigates the locomotor performance of untrained
individuals utilizing an exoskeleton robot for gait assistance on a split-belt treadmill
installed force plate. The clinical trial environment can be seen in Fig. 2.2. The study
examines their gait ability at a consistent velocity of 1.25 m s across two distinct
surface inclinations, 0% and 10% surface gradient (equivalent to 0 degree and 5.7-
degree inclination angle), under unpowered and powered conditions. To mitigate
potential adaptation effects, the implemented protocol was thoughtfully designed as
a single-day protocol without any training sessions. In addition, participants have
another walking trial without the exoskeleton robot to compare the two conditions
of walking with the exoskeleton on. To minimize the effect of fatigue and test
conditions during the walking with exoskeleton test, two different exoskeleton
conditions (unassisted walking and assisted walking with an exoskeleton robot) were
conducted in randomized order, and to minimize the fatigue caused by the device's
weight and external power transmission, normal walking without an exoskeleton
robot was performed as the last step.

The input torque from the motor was determined as 10% of the body weight
through a pilot test before conducting the main experiment with single-participant.
In the pilot test, the generator applied 10% and 15% torque and respiratory gas under
the same condition as the primary test at a steady speed of 1.25 m s and two different
inclination surfaces (0%, 10% surface gradient). As shown in Fig. 2.3 (a) and (b),

Since the metabolic rates at the 15% input torque condition were higher than that of
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10% input torque in both slope conditions, it was determined that 10% input torque
was more appropriate for the exoskeleton robot used in this test. Metabolic rate
results in 10% incline walking results tend to be higher than the leveled surface
walking results because the pilot test was also a single-day test, and the participants'
fatigue was accumulated by performing eight different test conditions while wearing
a mask for respiratory gas measurement. As evidenced in Fig. 2.4 (a), the clinical
test protocol was devised with the objective of mitigating fatigue resulting from
cumulative walking time. To achieve this, the test order for the two subjects was
alternately arranged, allowing each subject to have sufficient rest periods during the
test. This strategic design aimed to minimize the impact of fatigue and optimize the
test conditions, thereby enhancing the reliability of the experimental findings.
Based on the pilot test results, the study recognized that prolonged wearing of the
breathing gas mask and the exoskeleton robot impairs respiration, thereby
significantly impacting the test outcomes. Consequently, the test protocol was
meticulously designed to prioritize reducing wearing time for the robot, breathing
gas mask, and exoskeleton robot, aiming to mitigate the effects mentioned earlier
and optimize the validity of the experimental findings. To enhance the reliability of
the results and alleviate fatigue, the first subject performed the test in the order of
level and slope, while the second subject performed the test in the order of slope and
level, with alternating breaks between the subjects during the clinical test. The
reflective markers were meticulously positioned in the initial session on the test

subjects. Additionally, the alignment of the harness, crucial for integrating the robot
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with the human body, was carefully verified. Following this, the test subjects wore a
respiratory gas measurement mask and were instructed to stand stationary for 5
minutes to determine their basal metabolic rate. Lastly, the robot was donned using
a specially designed harness, completing the preparatory measures before initiating
the walking test. In the second session, powered and unpowered conditions were
randomized after donning the robot, with a 5-min break between the two walking
conditions, to minimize the effect of the order on the results. Finally, after removing
the robot, we performed a normal walking test. All three walking conditions
performed in the second session were standardized, each lasting 5 minutes. At the
end of the walking test, two subjects completed a written questionnaire about how
they felt while wearing the robot exoskeleton and completed all clinical trial

protocols.

13 4



(b) @ Motion Capture
Fall Prevention
Respirometer a

Hamess

Flexible Shaft

Reflective Markers

Treadmill with Force plates
10% Incline

Fig. 2.3 Experimental condition. (a) participant performed their walking tasks with
a split-belt treadmill installed force plates with constat speed. Walking speed is
1.25 m st in two inclination conditions(0% level, 10% incline). (b) The infrared
camera system tracked the reflective markers(green).

14 R e 1A



(a) Pilot Level Walking

)
<
E 6
] / \
© 12.7%
[
L 4
= i
el
it
o
E
—
7]
=2
0
No Exo Assist Assist Assist
0% 10% 15%
(b) Pilot 10% incline Walking
8
3.9%
oo
=
é 6
2z
(3]
o
2 4
©
Q
(1]
o
7]
€ 2
=
]
=
0
No Exo Assist Assist Assist

0% \ 10% 15% J

Fig. 2.4 The net metabolic rates were determined for each slope condition and were
computed by subtracting the standing still state from the average value measured
during the final 2 minutes, subsequently normalized to body weight. (a) level
walking in constant speed. The net metabolic rate exhibited a 12.7% reduction
when using a 10% assist compared to a 15% assist condition. (b) 10% uphill
condition walking. The net metabolic rate demonstrated a 3.9% decrease when
utilizing a 10% assist compared to a 15% assist condition.

. A&t 8} 3



(2)

(b)

Subject 1
Level walking

Subject2
Incline walking

Subject 1
Incline walking

Subject 2
Level walking

Session1 Preparation

reflective marker attached

Put on the Respirometer and

Stand Still for 5 min.

Put on the exoskeleton robot

Randomized order

Session2 Walking

Unpowered walking

Rest for 5 min.

Powered walking

Take off the exoskeleton robot and

rest for 10 min.

Normal walking (No Exo)

Fig. 2.5 The experimental protocol. (a) Treadmill inclination conditions and test

sequence according to subjects. (b) The experiment was conducted randomly to

minimize measurement errors, such as fatigue accumulation based on the walking
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sequence. In the final sequence, the participants performed normal walking without
wearing the robot. A minimum rest period of 5 minutes was granted between
walks, and an additional 5-minute break was offered upon request by the subjects.




2.4 Data collection and specialized equipment for the study

As shown in Fig. 2.3 (b), subjects wore a breath mask connected to a gas analysis
system that measured O2 consumption and CO2 production (K5, Cosmed, Rome,
Italy). For each trial, respiratory data were collected during the last two minutes. All
lower limb 3-axial agles were collecteded with 24 reflective markers (two on the
anterior superior iliac spine, two on posterior superior iliac spine, four on each foot,
two on each knee joint, on each shank and thigh for tracking) using 8 motion capture
cameras (250 Hz; MX10, Vicon, Oxford, UK) with Vicon software, and The three-
dimensional ground reaction forces (GRFs) were captured using an instrumented
treadmill (1000 Hz; Bertec, Columbus, OH, USA). Kinematic and kinetic data were

averaged for two strides of each condition, which included a 5-minute trial.
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2.5 Data analysis method

The Brockway formula [32] was utilized to calculate the metabolic data from
which the resting metabolic cost was subtracted in the walking conditions to derive
net metabolic data. These values were futther normalized by body weight to obtain
the net metabolic rate [18]. Kinematics and kinetics acquired data were filtered with
a Butterworth low-pass filter (cutoff frequency of 6Hz) to filter the sensor noise for
analyzing the lower limb movement. The raw data we acquired were processed with
Visual 3D (C-Motion, MD, USA). To ensure consistency, right hip angles and
moment data for the right leg were time-normalized from right heel contact to the
subsequent right heel contact, with the moment values further normalized by body

weight.
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CHAPTER 3.

Experimental Result

3.1 Net metabolic rate

In the first session, as depicted in Fig. 3.1 (a), Subject 1 engaged in level ground
walking, providing an opportunity to observe net metabolic rate. From left to right,
subject 1 demonstrated a net metabolic rate of 3.07 W kg without the aid of the
exoskeleton robot. When the subject donned the exoskeleton robot and walked
without robotic power, a notable increase of 34.7% in metabolic rate was observed,
reaching 4.14 W kg™! compared to the baseline rate without the robot. The metabolic
rate further escalated to 4.41 W kg™!, marking a 43.6% increase compared to walking
without the exoskeleton robot when first subject employed the robot for walking
assistance. These observations indicate that first subject expended the highest
amount of pure metabolic energy when wearing the exoskeleton robot and utilizing
its assistance for level-ground walking.

Subject 1 performed walking exercises on a treadmill set at a 10% incline during
the second session. The walking trials commenced with the subject wearing the
exoskeleton robot but walking without its assistance. This sequence was followed by

the subject wearing the exoskeleton robot and walking with its assistance, and finally,
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the subject engaged in normal walking without the exoskeleton robot. As represented
in Fig. 3.1 (b), the recorded metabolic rates are as follows: 8.38 W kg! for normal
walking (from the left), 7.45 W kg for unassisted walking post-donning of the
exoskeleton robot, and 7.09 W kg! for walking with the aid of the robot. This incline
walking session revealed a generally elevated metabolic rate compared to level
ground walking. While Subject 1 took a break for one and a half an hour during the
testing period of Subject 2, the highest pure metabolic rate was still observed during
the final normal (without EXO) walking trial. Nevertheless, due to fully adapting to
the exoskeleton robot during level walking, the subject experienced a 3.2% decrease
in metabolic rate when walking with the robot's assistance, compared to unassisted
walking.

To minimize the influence of test order, Subject 2 initially walked on a treadmill
set at a 10% incline during the first session, followed by level ground walking in the
subsequent session. Fig. 3.2 illustrates this, with panel (a) representing level ground
conditions and panel (b) depicting incline conditions. Under the level ground
condition, the sequence of trials was as follows: first, the subject wore the
exoskeleton robot but walked without assistance; second, the subject wore the
exoskeleton robot and walked with its assistance; finally, the subject performed
normal walking without wearing the robot. As shown in Fig. 3.2 (a), the net
metabolic rate of Subject 2 under level ground conditions was 4.20 W kg!' when
walking normally without wearing the exoskeleton robot (from the left). Upon

wearing the exoskeleton robot without assistance, a considerable decrease of 43.9%
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was observed, resulting in a rate of 2.35 W kg'! compared to normal walking. Finally,
when walking with the assistance of the robot, a significantly higher metabolic rate
of 5.69 W kg! was recorded, indicating a 35.7% increase compared to the normal
walking condition.

Figure 3.2 (b) illustrates the net metabolic outcomes from the 10% incline
walking trial of Subject 2 during the first session. Like Subject 1, the metabolic rate
peaked at 7.68 W kg! during normal walking without the robot. When wearing the
robot without assistance, the net metabolic rate of subject 2 declined to 5.40 W kg!,
marking a 29.7% decrease from the normal walking condition. In the case of robot
assistance, the net metabolic rate further decreased to 5.99 W kg'!, a reduction of
21.9%. Notably, despite the first session involving a 10% incline walk on the
treadmill, the net metabolic rate was the highest during the level ground walking
condition with robot assistance due to the initial lack of robot adaptation. Notably,
irrespective of the test sequence, both subjects exhibited the highest net metabolic
rate during normal walking without the robot on an incline. Furthermore, the net
metabolic rate appeared to be at its peak when level ground walking was undertaken

with the assistance of the exoskeleton robot.
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Fig. 3.1 Metabolic rate of first subject. (a) In the level walking condition, the
assisted condition showed a 43.6% higher result than the no exo condition. (b) In
the 10% inclined walking condition, the assisted condition resulted in a 15.4%
lower result than the no exo condition.
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3.2 Kinematic analysis of hip joint motion

This study aims to evaluate the effects of the flexion moment and rotation
moment on the gait of the wearer of the R-4bar-R Exo robot when an abduction
moment, corresponding to 10% of the wearer's body weight, is given as the target
torque. To achieve this, we recruited two healthy subjects, attached 24 reflective
markers to their lower limb segments, and analyzed the hip joint angle on level and
inclined walking. Each kinematics Figure displays the hip joint angle results during
level walking and 10% incline walking under three conditions: no exoskeleton (no
ex0), unassisted with an exoskeleton robot, and assisted from an exoskeleton robot.
For these results, we defined a single stride, considered 100% of one cycle, as the
cycle starts with the right heel strike and ends when the same right foot touches the
ground again.

Figure 3.3 presents the angle of the hip joint during level walking of the first
subject. When the exoskeleton robot-assisted in walking, the hip joint displayed a
flexion angle that was 10 degrees less compared to the 'no exo' condition. However,
the hip joint extended 10 degrees more during propulsion after 30% of the walking
phase (mid-stance). The middle graph representing adduction/abduction direction
shows that although the robot received an abduction moment during the stance phase,
the hip joints were adducted more than 5 degrees compared to the 'no exo' condition,
indicating an abnormal gait. Inspecting the final rotation graph, it can be seen that
compared to the 'no exo' condition, both external and internal rotation of the hip joint

exhibited repeated movements when the exoskeleton robot-assisted.
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Figure 3.4 presents the results of the changes in the angle of the hip joint during
the first subject's inclined walking. When the robot assisted in walking, compared to
the 'no exo' condition, the hip joint exhibited greater flexion, did not fully extend
from the initial weight-bearing phase to the propulsion phase, and demonstrated
increased flexion during the swing phase. Reviewing the graph representing the
adduction/abduction direction, there can be observed that an abnormal gait with
about 5 degrees more adduction occurred when assisted by the robot, similar to level
walking, and more abduction was noted during the swing phase. Upon analyzing the
final rotation graph, it was confirmed that external and internal rotation were
repeated when the exoskeleton robot assisted, as observed in the level ground
condition. Still, the range of change was less than that in level ground walking.

Figure 3.5 presents the angle of the hip joint when the second subject walked on
level ground. Comparing the movements in the sagittal plane of the hip joint when
the robot assists with walking to the 'no exo' condition, more flexion during the
weight-bearing phase and more extension during the propulsion phase can be
observed. Reviewing the middle graph illustrating the adduction/abduction direction,
it can be seen that, similar to the first subject, the adduction movement is more
prominent when the robot assists with walking. Still, the angle difference is not
substantial, and the overall trend is similar. Upon analyzing the final rotation graph,
a fluctuation of more than 10 degrees was observed in the initial weight-bearing
phase when assistance was provided by the robot, compared to the no exo' condition.

However, the movement was similar to the hip joint angle of the second subject.
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Figure 3.6 presents the results of the changes in the hip joint angle during the
second subject's inclined walking. When the robot assisted in walking, compared to
the 'no exo' walking where the second subject walked without exoskeleton robot, the
hip joint flexed less, did not fully extend during the propulsion phase, and exhibited
greater flexion in the swing phase. Reviewing the middle graph, which shows the
direction of adduction/abduction, one can observe that the adduction angle is reduced
during the initial weight-bearing stage due to the robot's assistance with the
abduction moment compared to the no exo' condition. Like the flexion graph, the
rate and magnitude of changes in the joint angles were not substantial. Analysis of
the final rotation graph revealed that internal rotation surpassed 15 degrees

throughout the entire walking phase with the robot's assistance.

26 4



Sbl&wj}ﬁ %@K %

—— Assisted with Exo

60 ) )
Fix Hip flexion === (Jnassisted with Exo
= No Exo
40 | ‘
0]
o 20
5 |
a
0 L
Ext A
20 L 1 L L J
0 20 40 40 80 100
20

Hip abduction

Ab
@ %
o 0
o
o}

a)
Ad
20 1 1 1
0 20 40 EJO
|
40 : .

Int Hip rotation
o 20
o
[@)]

0}
Q ot ‘
Ext
-20 1 1 1 1 J
20 40 60 80 100
Gait cycle [%]

Fig. 3.3 Hip joint angle of Subjectl. Walking on a treadmill with a level ground
condition.

. A2 of &



Subl

60
Flx
40

20

Degree

Ext

Ab

Degree

Ad
-20

40
Int

20

Degree

Ext
-20

T 1
30% 50% 60% 3% 87% 100%

3
3

[ . . m—— Assisted with Exo
Hip flexion s nassisted with Exo
—— No Exo

, . ) . , A
0 20 40 60 80 100
Hip abduction
\ ‘ 7
0 2l0 4I0 éIO 810 lCIJO
[ Hip rotation

0 20 40 60 80 100

Gait cycle [%]

Fig. 3.4 Hip joint angle of Subjectl. Walking on a treadmill with a 10% incline

condition.

28



Sub2 ig

— Assisted with Exo

60 !
Fix Hip flexion mmm Unassisted with Exo
= No Exo
40 ‘
0]
© 20
(@]
[0
o 0
Ext ||~
,20 1 1 Il 1 1
0 20 40 EJO 80 100
20r Hip abduction
Ab
$ \//«f\c
o 0
(@)
(0]
o
Ad \
-20 1 1 1 1 )
0 20 40 (JO 80 100
|
40 r . .
Int Hip rotation
oy 20 F
o
(@]
[0
[m) 0 ‘
Ext
220 L 1 ) . ;
0 20 40 60 80 100
Gait cycle [%]

Fig. 3.5 Hip joint angle of Subject2. Walking on a treadmill with a level ground
condition.

7 A2 of &



Sub?2 ti

n|~; ulr‘ :uim stlr. etlm rl:ws Blm m(!-.'. —_—
60 . . = Assisted with Exo
Flx Hip flexion e Jnassisted with Exo
20 e NO EXO
[}
o 20
o
]
o 0
Ext A
-20
0 20 40 60 80 100
20 r Hip abduction
Ab
o Ne—=T
o 0 P
()] |
a
Ad ‘ \
_20 1 1 ll 1 )
0 20 40 60 80 100
40 : .
Int Hip rotation

20

Degree

Ext l
_20 1 1
0 20 40 60 80 100

Gait cycle [%]

Fig. 3.6 Hip joint angle of Subject2. Walking on a treadmill with a 10% incline
condition.

% ! A—T E 'r_'_” '—:’:'}- T



3.3 Kinetic analysis of hip joint center

One of the critical factors for verifying the clinical effectiveness of the R-4bar-R
mechanism exoskeleton robot in this study is the output moment in the three
directions of the hip joint. Based on computer simulation and preliminary test results
before the clinical trial, we expect that the R-4bar-R mechanism robot's assistance
with three-way moments will yield better results for walking on an incline than level
ground. We conducted clinical tests on a split-belt treadmill equipped with a built-in
ground reaction force device under two incline conditions (level ground and a 10%
inclined slope) to verify this. We tested normal walking without the robot and
assisted and unassisted conditions with the robot. The study results were averaged
by extracting data from two consecutive strides during each five-minute walk for
each walking condition. Subsequently, the obtained results were normalized by
dividing them by the respective subject's body weight. The stride was recalibrated,
with the reference point set from the right heel contact to the succeeding right heel
contact, which was designated as 100%. We divided and plotted the moments for
each subject in three directions (frontal, sagittal, and horizontal).

In the first flexion/extension moment graph of Fig. 3.7, the output moment in the
body's flexion direction is higher when the robot assists condition compared to the
'no exo' condition, where the exoskeleton robot is not worn. Specifically, in the
propulsion section corresponding to 30-40% of the gait phase, the difference is about
three times as high, briefly dips at the beginning of the 50% swing, and then rises

again. When walking only wearing the exoskeleton robot without assistance
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(‘'unassisted’), the overall tendency is similar to assisted walking but forms a lower
output moment than when assisted. Examining the second abduction moment graph
in Fig. 3.7, we can see that a high moment is formed when the robot assists
throughout the entire walking cycle, and a high moment is output to the human body
in both directions of abduction/adduction. Similar to the flexion moment pattern, a
higher moment is formed during unassisted walking than in the 'no exo' condition,
but a lower moment is formed during assisted walking. Looking at the last rotation
moment graph in Fig. 3.7, unassisted and assisted walking demonstrate a pattern
similar to 'no exo' walking, with a slightly higher moment output tendency in assisted
walking only in the swing phase. Considering the causes of the difference in the first
subject's hip joint flexion and abduction angle (Fig. 3.3), as well as the cause of the
highest net metabolic rate (Fig. 3.1) in the assisted condition as inferred from the
simulation results, a mismatch between the flexion moment required by the hip joint
and the extension moment generated by the exoskeleton robot during 10-45% gait
cycle causes increase of the moment when the human body tries to move forward
against the exoskeleton robot's external force. Although the exoskeleton robot's
abduction auxiliary moment is applied to the human body, the mechanical alignment
of the R-4bar-R mechanism leans more towards adduction than the alignment of the
human body's upright posture.

Consequently, the abduction stress is concentrated inside the hip joint. The reason
for the excessive fluctuation of the rotation angle in Fig. 3.3 is that the robot's

extension and abduction moment cause the thighs to rotate, as the external force of
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the robot is transmitted to the friction between the fastening tights worn for the robot
and the human body. The excessive fluctuation of the rotation angle in Fig. 3.3 is
likely due to the robot's external force being transmitted to the tights, worn for
fastening the robot, resulting in the rotation of the tights from the resultant moment
created by the robot's extension and abduction moments.

Looking at Fig. 3.8, which represents the output moment for the first subject's
inclined walking, the hip joint moment appears in the following order of magnitude:
assisted, unassisted, and 'no exo' conditions across the three graphs for flexion,
abduction, and rotation moment. Excluding the rotation moment, it is lower than
level walking, though the difference is not substantial. Moreover, in all three-
moment graphs, there is no significant difference in the swing phase after 50% in the
three conditions, and the flexion moment in the range of 50 to 70% temporarily
shows the lowest moment in the assisted condition. The causes of improvement in
the hip joint angle (Fig. 3.4) and the net metabolic rate, compared to the level walking
condition inferred from the simulation results, seem to be twofold. First, the
extension moment required by the human body until the loading response, which is
about 35% of'the section after heel contact, is appropriately provided. Secondly, after
50% of the swing phase, no interfering input moment against the flexion moment
required by the human body has occurred. However, at the beginning of walking, an
internal rotation moment, opposite to the external rotation moment required by the
human body, was applied, resulting in a higher external rotation moment than

unassisted walking. Furthermore, similar to level walking, the mechanical alignment
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of the R-4bar-R mechanism is more adducted than the alignment of the human body's
upright posture, resulting in increased abduction stress inside the human hip joint
and a subsequent increase in the abduction moment.

Figure 3.9 shows the change in the hip joint moment during the second subject's
level ground walking. In the first flexion/extension moment graph, the output
moment was lower in both unassisted and assisted conditions than in the 'no exo'
condition during the initial 0-30% of the gait loading response. After this phase, the
flexion moment was highest in the assisted condition. The second graph, depicting
hip joint abduction, showed the highest moment overall in the assisted condition,
and there was no significant difference between the three conditions after the 70%
section, corresponding to the middle swing phase. In the third graph, showing the
rotation moment, there was no significant difference between the unassisted and
assisted conditions, but a difference in the external rotation direction compared to
the 'no exo' condition was confirmed. The reason why the magnitude of the output
moment in the abduction direction was the highest is likely because, similar to the
first subject, the mechanical alignment of the R-4bar-R mechanism is more adducted
than the alignment of the human body's upright posture, leading to a concentration
of the abduction stress inside the hip joint. While it's unclear why the net metabolic
rate in the assisted condition was exceptionally high for level ground walking
compared to the first subject, this could be attributed to the difference in abduction
and rotation moments and accumulated fatigue from consecutive testing. Looking at

the hip joint moment results during the second subject's inclined walking in Fig. 3.10,
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similar to level walking, the moment results of both the unassisted and assisted
conditions maintain higher values than the 'no exo' condition, displaying a similar
pattern. After 60% of the walking phase or during the swing phase, there are no
significant differences among the three conditions in terms of the three-direction
moments. Although there is a difference in the size of the moment between the o
exo' condition and both the unassisted and assisted conditions, the overall shape of
the moment is similar. This result suggests that the lower pure metabolic rate
compared to that of the first subject could be due to the mechanical arrangement of

the R-4bar-R mechanism being a better match for the second subject.
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3.4 Questionnaire

Table 3.1 presents the survey results conducted on two participants following a
clinical trial. The questionnaire used in this study is cited from the research by Gabi
Zeilig et al. [33], which surveyed spinal cord injury patients about their perceived
safety and fatigue after wearing an exoskeleton robot in a clinical trial. Table 3.1
utilized a 5-point Likert scale, ranging from "1 point, very much agree" to "5 points,
very much disagree," the displayed score is the average of the two participants'
responses. According to this survey, the participants responded neutrally concerning
the ease of donning the exoskeleton robot, the difficulty in adapting to the external
force imparted to their bodies by the robot after wearing it, and the robot's
effectiveness in assisting with walking on level ground. They reported experiencing
some discomfort and pain while using the robot and found breathing slightly
challenging even after sufficiently adapting to wearing the robot during the clinical
trial. Furthermore, they felt the robot was more beneficial while walking on slopes

than on level ground. Lastly, they strongly agreed that the robot was safe.
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Table 3.1 Satisfaction Questionnaire

Statement Likert scale AV
1 It was not difficult to adapt to the exoskeleton robot 3
2 Wearing/adjusting the exoskeleton is relatively simple 3
3 It was comfortable to exercise with the exoskeleton 4
4 The usage of the exoskeleton did not cause considerable pain 35
5 Walking with an exoskeleton has become more comfortable 35
6 I did not have breathing difficulties while training with the device 3.5
7 I felt that my gait improved when I got help from the robot on level walking 3
8 I felt that my gait improved when I got help from the robot on the incline 2
9 After completing the training, I felt safe using the exoskeleton L5
AV, average
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CHAPTER 4.

Discussion

We designed an exoskeleton robot with an R-4bar-R mechanism, which assists
simultaneously in three directions (flexion, abduction, and rotation), using the
abduction moment generated in the human body during walking as the target moment.
This robot was then applied to two healthy subjects to analyze the biomechanical
results. Before the main clinical trial, we hypothesized through simulations using
open-source data and several pilot tests that the R-4bar-R mechanism exoskeleton
robot would be more beneficial for inclined walking than level ground walking, and
to verify this, we analyzed pure metabolic, hip joint kinematics, and kinetic results.
Contrary to the designer's intention, the net metabolic rate and three-way hip joint
moment were predominantly high under assisted conditions for both level and
inclined walking. This result contradicted previous studies that highlighted the
significant metabolic reduction effects of the hip abduction device [6]. The causes
for these unexpected results were analyzed based on the biomechanical results.

The first reason is that the R-4bar-R mechanism aligns with the end effector in
the adduction direction, causing abduction stress to be consistently concentrated
within the human hip joint. Consequently, even when the robot assists with the
abduction moment, it fails to provide sufficient abduction displacement and moment

necessary for walking. An improvement could be redesigning the mechanism to
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parallelize the misalignment between the mechanism and the thigh. The second
reason is the inconsistent moment direction of the flexion and rotation moments that
occur incidentally when the moment and abduction moment is set as the target torque
in the human body. As this is a characteristic of the R-4bar-R mechanism when the
abduction moment is set as the target moment, it will be necessary to refine the
walking assistance strategy by setting the target moment that best aligns with the
three directional moments required by the human body during walking. Thirdly, the
significant moment generated in both unassisted and assisted conditions, as
compared to the condition without the exoskeleton, can be attributed to the excessive
weight of the R-4bar-R mechanism vest, which is approximately 9.8 kg. To reduce
the weight of this mechanism, it would be necessary to improve the design or change
the material of the mechanical part connecting the flexible shaft and the vest. The
weight of the flexible shaft also needs to be offset by using an additional suspension
device. Lastly, the auxiliary input moment used in this study may not be sufficient to
assist walking. As referred to in previous studies, it would be necessary to recalculate
and apply the desired torque, such as human-in-the-loop optimization [10]. In
addition to these issues, other causes have been identified, like the method of
integrating the robot and the human body. However, it will be necessary to analyze
the kinematic and kinetic data of the hip joint through additional pilot tests after

implementing the four significant improvements mentioned above.
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CHAPTER 5.

Conclusion

Based on clinical trials, this study assesses the contribution of a spherical R-4bar-
R mechanism exoskeleton robot to human walking and suggests directions for
improvement using acquired biomechanical data. Before conducting a clinical trial
with two subjects, simulations were performed using open-source data and pilot test
results. This result led us to hypothesize that the R-4bar-R mechanism robot would
have an advantage in inclined walking compared to level ground walking, a theory
we subsequently validated through the clinical trial. In the main clinical trial, an
infrared reflective marker system, a ground reaction force meter, and a breathing gas
meter were used, and based on the results, the subject's kinematic, kinetic, and
metabolic rates were analyzed. As expected, the clinical trial results showed slightly
better biomechanical outcomes for inclined walking than level walking. However,
when the alignment state between the R-4bar-R mechanism and the thigh and the
desired abduction moment is determined, the moment in the other two directions
(flexion, rotation) is subordinated to the determined characteristics, and it was
concluded that it does not help normal walking. While the hip joint angle and
moment yielded the most favorable results in the no exoskeleton condition, further
research is required to understand why the net metabolic rate peaks during incline

walking. One plausible explanation could be that subjects accumulated fatigue from
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wearing a respiratory gas mask (Cosmed, K5) for extended periods. In future studies,
it is necessary to calculate the average value by conducting normal gait assessments
before and after the test to enhance the reliability of the control group. The proposed
modifications to this study's R-4bar-R mechanism design and control should be
sufficiently validated for their impact on improving kinematic and kinetic data.
Subsequently, recruiting more than 12 subjects and performing a biomechanical
analysis could enhance research efficiency and yield significant results pertinent to

the study of multi-axis hip joint assisted exoskeleton robots.
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