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Passive Lower Limb Exoskeleton for Kneeling
and Postural Transition Assistance With
Expanded Support Polygon

Sojiro Sugiura ™, Yaonan Zhu

Abstract—Robotic exoskeletons, which assist in stand-
to-kneel and kneel-to-stand (STK-KTS) movements and
static kneeling postures are in great demand in the nursing
field. This movement involves continuous adjustment of
the center of gravity without a sufficient support polygon,
which enhances the required joint effort of the ankle and
knee. This study proposes a novel passive lower limb ex-
oskeleton to support the movement. The exoskeleton was
attached to the right leg and comprised a gas spring. The
design followed an assistive strategy of the expanded sup-
port polygon. During the STK-KTS, the gas spring provided
extra contact with the ground, thereby expanding the sup-
port polygon to increase motion stability and propping the
knee to provide torque to the leg. The effectiveness of the
gas spring was analyzed using a Lagrange dynamics-based
simulation. Moreover, it was confirmed that the support
polygon was expanded due to the proposed exoskeleton
in real-world experiments. Further, experiments with seven
healthy subjects showed that the exoskeleton reduced the
time-integrated myoelectric potentials of the legs during
STK-KTS (13.6%) and static posture (37.9%). These results
imply that the proposed exoskeleton has the potential to
reduce physical loads and provide a comfortable working
environment for nursing workers.
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[. INTRODUCTION

N THIS article, physical workloads caused by forced static

postures and repetitive posture transitions present muscu-
loskeletal disorders in caregivers [1]. Dressing assistance is a
common task for caregivers and forces them to bend their waist
or maintain a kneeling posture [2], [3]. Several technologies
have been developed to assist elderly people or physically chal-
lenged patients in dressing/undressing their clothes without the
assistance of caregivers. In particular, some robots that hold a
shirt and cooperate with the patient who sits on a chair or a
bed to complete the dressing/undressing task have been devel-
oped [4], [5], [6]. However, the assistance of the robots is limited
to dressing/undressing the clothes of the upper body. Dress-
ing/undressing the clothes of the lower limb and shoes is still
difficult for the robots because the task requires more interaction
and contact with the patients. Therefore, dressing/undressing
the clothes of lower limbs and shoes remains a job that needs
caregivers’ assistance.

In this task, caregivers manipulate their hands and the clothes
near a floor and transfer from standing to working posture
repeatedly, which will lead to a high burden on their lower limbs.
Therefore, a device that supports the working posture performed
near the floor and the transition movement is of great importance
to caregivers. In addition, wearable-type assistance should be
helpful for caregivers because each caregiver is responsible for
dressing multiple patients and frequently moves between patient
rooms.

Exoskeletons are wearable assistance devices and have been
accepted in some working fields, such as industry, nursing
care, and rehabilitation [7], [8], [9]. Generally, exoskeletons are
designed as articulated robots with links attached to the body
of the wearer and are divided into two categories depending on
the assistive components: active and passive [10], [11]. Active
exoskeletons use actuators and power supplies to assist the
wearer and require high-level control systems while passive
exoskeletons use only passive parts, such as springs, dampers, or
brakes [12], [13]. Although active exoskeletons for rehabilitating
injured or disabled people have been extensively researched,
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Fig. 1. Four possible postures to work near the floor.
TABLE |
COMPARISON OF FOUR POSSIBLE POSTURES
Transition  Range of reach  Stability
Only foot on the ground Easy Medium Unstable
Kneel on one knee Easy Large Stable
Kneel on both knee Difficult Large Stable
Put hip on the ground Difficult Small Stable

their application to industrial or nursing care services is still at
an experimental stage owing to their high cost, sophisticated
structures, and battery capacity [7], [14]. On the other hand,
passive exoskeletons have been utilized in some fields due to the
low cost, simplicity of use, and no external power supply [10],
[15], [16]. Therefore, we focused on a passive exoskeleton for
caregivers who assist in dressing/undressing tasks.

Passive exoskeletons that support prolonged static postures
have been developed in the last several years. A chairless chair
was designed to assist workers who spend extended periods in a
standing posture [15]. Similarly, Kawahira et al. [16] developed
Archelis as an exoskeleton to support the standing position
of doctors during surgery. These exoskeletons were reported
to reduce the muscle load on the lower limb. However, these
exoskeletons cannot assist the wearers with performing manual
tasks near the floor, and they do not target the assistance of
postural transition.

This study considers four possible postures taken by the care-
givers performing the task and determines, which posture our
exoskeleton should assist. In the scenario of dressing/undressing
a patient’s clothes, there are four possible postures: only foot on
the ground, kneel on one knee, kneel on both knees, and the
hip on the ground (see Fig. 1). These postures were compared
from three aspects: ease of transition, range of reach, and sta-
bility. Table I gives which postures have advantages in which
respect. First, postures that require fewer motion processes to
complete the postural transition from a standing posture can
be ideal. Kneeling on one knee and only foot on the ground
need fewer motion processes compared with the other postures.
Second, a larger range of reach can be helpful to complete
dressing/undressing both upper body and lower limb clothes.
The range of reach in the case of kneeling posture is large.
Finally, choosing a stable posture will relieve the design require-
ment to stabilize the working posture. Fig. 1 shows a range of
support polygons and a vertical projection of the center of gravity
(CoG). A support polygon is defined as an area consisting of all
grounding points. The closer the vertical projection of the CoG
is to the side of the support polygon, the more unstable it is. The
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Fig. 2. Proposed novel assistive strategy “expanded support polygon”
with an elastic brace (blue bar). The prototype to realize the assistive
strategy is shown.

posture only foot on the ground can be the least stable, whilst
the other postures keep high stability. Therefore, this article
focuses on kneeling on one knee from three aspects. Moreover,
the exoskeleton assisting the kneeling posture has the potential
to expand its application from the nursing field to industries. For
example, kneeling on one knee has been reported as a common
posture for floor layers and has been targeted for assistance using
active components [17].

Chen et al. [17] developed an active exoskeleton capable of
assisting the wearer with a static kneeling posture and dynamic
squatting movements by directly providing torque to the joints of
the wearer. However, because the dynamic movements involve
careful adjustment of the CoG inside the support polygon,
assisting only the torques on the joints of the wearer may be
insufficient for successful transfer. Hence, a novel assistance
strategy that increases motion stability during dynamic transi-
tions is required.

The exoskeleton should fulfill the following design policies:
a passive type exoskeleton to be accepted in nursing fields,
supporting the posture of kneeling on one knee to relieve the
burden to perform tasks near a floor, and assisting the postural
transition of stand-to-kneel (STK) and kneel-to-stand (KTS)
while enhancing motion stability. We developed a passive ex-
oskeleton to support the static kneeling posture and assist the
dynamic STK-KTS movement, as shown in Fig. 2. The support
for the static posture is achieved by constraining the position of
the thigh and relieving the effort of the knee joint. To assist the
dynamic movement, a strategy that expands a support polygon
of the wearer with a passive elastic brace is proposed (see Fig. 2).

The rest of this article is organized as follows. A gas spring is
selected as the elastic brace through a Lagrange dynamics-based
simulation conducted in Section II. The detailed mechanism
is described in Section III. Further, the effectiveness of the
exoskeleton is evaluated with myoelectric measurements in
Section IV. Section V provides discussion. Finally, Section VI
concludes this article.
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The contributions of this study are summarized as follows.

1) A passive exoskeleton was designed to assist manual tasks
in a kneeling posture. During the STK-KTS movement,
an elastic brace attached to the thigh expands the support
polygon of the wearer and enhances stability.

2) The effectiveness of the elastic brace was analyzed us-
ing a Lagrange dynamics-based simulation. The results
showed that a gas spring was expected to efficiently assist
the STK-KTS movements.

3) Experiments were performed with seven subjects for
further validation. Myoelectricities of the lower limb
muscles were measured and showed satisfactory results.

Il. STK-KTS ANALYSIS AND
ASSISTANCE REQUIREMENTS

This section analyzes the STK-KTS movement based on
both real-world measurements and Lagrange dynamic-based
simulations. These analyses provided a strategy of expanded
support polygon, assistance requirements, and passive compo-
nent selection.

A. STK-KTS Procedure and CoG Movement

During the STK-KTS movement, the vertical projection of
the CoG moves around a side of the support polygon and
renders maintaining balance a challenge. In this study, STK-
KTS movement is defined as a sequence composed of seven
phases: (i) standing, (ii) stepping forward with the left leg, (iii)
shifting the CoG forward, (iv) maintaining the static kneeling
posture, (v) lifting the CoG, (vi) shifting CoG backward, and
(vii) returning to the standing posture, as shown in Fig. 3. Since
these motions are asymmetric, we assumed that the right knee
touches the ground in this study. The time interval to perform
STK-KTS movement was investigated with six healthy subjects.
They demonstrated STK-KTS movement at each comfortable
speed, and all subjects performed STK-KTS between 3.5 and
4.0 s (average 3.69 £ 0.16). Hence, healthy people can perform
STK-KTS within 4.0 s, and 4.0 s was decided as the time interval
for simplicity in this article.

To confirm the difficulty in the motion, the vertical projection
of the CoG and the range of the support polygon were measured
with a motion capture system. A subject wore IMU-type motion

0.0
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STK-KTS procedure containing seven motions (i)—(vii). The CoG of the subject is the red circle.
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capture markers (Xsens) [18] and performed STK-KTS without
any assistance. Fig. 3 shows the vertical projection of the CoG
and the range of the support polygon during STK-KTS. It was
confirmed that the CoG shifted up to the side of the support
polygon from motion (ii) to (iii). Although CoG was inside the
support polygon during motion (iv), it approached the side again
during motion (v). Hence, it was estimated that motions (iii) and
(v) were difficult to perform.

To enhance motion stability, this study considered two possi-
ble strategies: manipulating the CoG directly and expanding the
support polygon. Since the position of the CoG is highly depen-
dent on the posture, even a slight mistake in the manipulation
of the CoG can cause falls of the wearer. In contrast, a slightly
insufficient extension of the support polygons may not directly
lead to a fall. Therefore, this study adopted a strategy of the
expanded support polygon. The support polygon was expanded
using an elastic brace (see Fig. 2) attached to one thigh in parallel,
and the tip of the brace adds an extra grounding point.

To estimate the effectiveness of the strategy of expanded
support polygon, we performed an additional analysis by cal-
culating a margin for stability. This margin was obtained from
the distance between the vertical projection of the CoG and the
closest side of the support polygon. Fig. 4(a) and (b) shows the
margin without and with the brace, respectively. The blue line
represents the expanded support polygon with the brace, and
the additional vertex was defined as the vertical projection of
the right knee. Fig. 4(c) and (d) shows the margin during motion
(iii) and (v), respectively. The margin without any assistance
was continuously less than 5 cm, while with the brace it was
more than 10 cm. Hence, these results showed that the expanded
support polygon can increase the margin for stability during
STK-KTS movement.

B. Dynamic Analysis of STK-KTS

To analyze the difficulty of STK-KTS from the view of the
required joint efforts of the lower limb, a dynamic simulation
using the Euler-Lagrange formalism was conducted [19]. A
dynamic human model was employed and performed STK-KTS
movement, as shown in Fig. 5. The human body was composed
of three parts: shin, thigh, and HAT (head, arm, and torso). We
assumed that the shin included the foot, and the toe joint was
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Fig. 4. Definition of the margin for stability and its results. (a) Margin without the brace. (b) Margin with the brace. The blue line refers to the

expanded support polygon’s sides. (c) Time-series data of the margin during motion (iii). (d) Time-series data of the margin during motion (v).
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Simulation setups. (a) Model of a human (wearer). (b) Model of a human and an elastic brace. (c) Model performs the STK movement in

the first 2 s and the KTS movement in the following 2 s. (d) Spring force characteristics and assistive force (torque) generated by the elastic brace.

ignored. This simulation focused on only the right side of the
body, to which the elastic brace was attached. Therefore, the
human model was described as a triple-inverted pendulum [20].
The angles of the ankle, knee, and hip joints are represented
as 0,, 0y, and 0y, respectively [see Fig. 5(a)]. The length, mass,
and moment of inertia were obtained from Leva’s report [21]. We
assumed that the wearer distributed the body weight on the right
and left sides equally to maintain dynamic stability. The weight
of the human model and that of the right side were assumed to
be 60 and 30 kg, respectively. The Euler—Lagrange formalism
for the human model is as follows:

M) +C(0,60)0 + G(O) =U (1)

where 0 is the vector of [0, 6 6n]7. M, C, and G are the
mass matrix, Coriolis matrix, and the gravitational vector, re-
spectively. U is the vector of the torque at which the joints of
the human model require [7, 7 7]7

Fig. 5(c) shows the model performing the STK-KTS transi-
tion. The commands of the joint angle 8 were configured based
on the trajectory of the human performing STK-KTS measured
using a motion capture system.

We assumed that the human model performs postural transi-
tion by controlling the angle of the three joints 6. This study
adopted a simplified proportional-differential (PD) feedback
controller, while there are sophisticated methods for simulating
human models, such as linear-quadratic regulator design [22]
and fictitious gain [23]. This study considered that a simplified
PD feedback controller (K, = 4000, K; = 300 [20]) applied to
each joint can efficiently demonstrate the wearer’s role and lead
to intuitive insights regarding the performance of the STK-KTS.
Fig. 6(a) shows that the angles of the joints 8 were controlled

by the PD model. We consider that the PD model sufficiently
tracked the command.

Fig. 6(b) shows the torque required by the joints 6. The
torques reached a peak (234 N - m) at 1.2 s, and the large output
continued till 2.6 s. In addition, the ankle and knee joints required
large plantar flexion torque and knee flexion torque, respectively.
Thus, as expected in Section II-A, large efforts were required in
motions (iii) and (v).

C. Assistance Requirements and Simulation of
Assistance

The assistance requirements of the STK-KTS movement were
determined based on the result of the simulation. First, reduc-
ing the plantar flexion torque of the ankle joint is the major
requirement due to the large output. Second, an assistance for
the knee flexion torque is also necessary because large output
was observed. Finally, our proposed exoskeleton should assist
the lower limb from 1 to 3 s because the joints required a large
torque continuously during the period.

The ankle joint can receive an assistive torque for plan-
tar flexion from the elastic brace when the brace pushes the
kneecap. Hence, the characteristic of the elastic brace can
significantly influence the effectiveness of the assistance. To
determine the suitable assistive component, additional dynamic
simulation was conducted among various kinds of assistive
braces. This simulation was conducted with four different
elastic components: coil spring (maximum force is 120 N),
coil spring (max 180 N), gas spring (max 120 N), and gas
spring (max 180 N). The spring constants k£ of the springs
were 600, 900, 100, and 150 N/m in order. The compression
length was assumed 20 cm on every spring, and they were
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Simulation results. (a) Time-series data of angle of each joint of the human model during the transition. Dot lines represent input commands

of angle, and solid lines represent output of the model. (b) Torque required at each joint during STK-KTS without any assistance. (c) Reduction ratio
of efforts in each joint over time in four assistive conditions. (d)—(f) Time-series data of torque that each joint required.

compressed at a constant speed (20 cm/s) in this simulation [see
Fig. 5(d)].

A gas spring is a kind of gas cylinder that comprises a
piston rod and a cylinder filled with gas. The reaction force
of gas springs is constantly larger than that of coil springs [see
Fig. 5(d)]. In addition, gas springs can be compressed smoothly
compared with coil springs. Due to their smoothness, they are
highly adaptable to ergonomics [24] and have been widely used
in worker assistance [25], [26].

In this article, the maximum force of the springs was designed
to be under 200 N. Since we assumed that the body weight is
equally distributed on the right and left sides, concentrating more
than half body weight on the right knee will make the right
foot leave the ground and significantly enhance the fall risk.
Further, the actual users’ weight will range from 40 to 80 kg
while this simulation uses a 60-kg human model. Given wearers
whose weight is 40 kg, the maximum force should be designed
to be less than 200 N (half of 400 N). In this study, 180 N was
selected as the maximum assistive force from the low-cost and
high-performance gas spring lineup: options for the maximum
force are 240, 180, and 120 N.

To reduce the required efforts of the human model’s knee
joint, valid methods of assistance were discussed. The effort was
caused because the torso and right thigh are always positioned
in front of the right knee. Since the CoG moves around the side
of the support polygon, the right knee needs to carefully adjust
its joint angle to prevent the thigh and the torso from moving
forward too much. Although the left leg grounds in front of the
other body parts and supports the body weight, the instability
remains due to the limited support polygon. Therefore, it is
effective to apply torque to the right knee so that the thigh and
torso do not move too far forward. In this simulation, this force
was defined as a torque to compensate for the moment of the
thigh and torso. This torque can be generated by mechanically
constraining the relative position of the right thigh to the elastic
brace during STK-KTS.

The human model was modified as a human-brace model
[see Fig. 5(b)]. The weight of the exoskeleton (4.0 kg) was
added to the weight of the human model’s shin and thigh. In this
simulation, damping elements of the springs were not taken into
account for simplicity [26], [27]. The Euler—Lagrange formalism
for the human-brace model is as follows:

M(0)6+C(0,0)0 + G(O) =U + N 2)

where IN denotes the vector of the assistive torque applied
from the elastic brace to the human model’s ankle and the knee
[na ny 0]7. n, was generated by the reaction force of the elastic
brace and mainly assisted in driving the plantar flexion torque.
ni is produced as a reaction torque to prevent the thigh from
moving forward direction too much. n, and ny are obtained as
follows:

Na = Feb lshincos{eeb—g - (7T/2 - aa)}

ni = —(Tk—HAT + Tk—t)

3
“

where F., is the assistive force from the elastic brace [see
Fig. 5(d)], and lsin is length of shin [21]. O.,—g is the angle
between the elastic brace and the ground [see Fig. 5(b)]. Fur-
ther, 7 _paT and 7y are the torques acting on the knee joint
generated by the weight of the HAT and thigh, respectively. The
torques 7yt and T aT make the thigh move forward, and nj
prevents the movement. The assistive torque IV is applied from
1 to 3 s. Regarding the gas springs, we defined the rise and fall
time as 0.1 s during 1.0-1.1 and 2.9-3.0 s, respectively, to make
the force plot smooth. The time-series data of n, and ny are
shown in Fig. 5(d).

Fig. 6(c) shows the reduction ratio of effort over time (EoT) in
each condition and joint. EoT is defined as total efforts required
during the time interval [28] and is obtained by integrating the
absolute torque over time (4 s), as shown in the following:

t
EoT = / |7|dt

t

(&)
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Thigh brace exoskeleton (TBE). (a) Overview and the main parts. (b) Gas spring and its components. (c) Front view. (d) Two thigh belts.

(e) Wheel attached to the tip of the gas spring. (f) Rotational joint. (g) Intermediate link. (h) Link propping the knee cap.

where 7 means torque required in ankle, knee, or hip joints. In
this simulation, ¢, and ¢, are 0 and 4 s, respectively. Fig. 6(d)—(f)
shows the time-series data of torques required by the human
model’s joints. Regarding the ankle joint, the required torque
was reduced in every assistance condition [see Fig. 6(d)]. The
gas springs succeeded in reducing the peak torque due to the
initial large force compared with coil springs, and the gas spring
(180 N) reduced EoT the most (22.8%). Therefore, it was ex-
pected that the gas spring (180 N) was the suitable elastic brace
to reduce the required effort of the ankle joint. On the other hand,
there were no gaps at 2 s if the maximum force of the springs
is the same. However, it would not be a focal point because the
springs have no role in reducing the torque in the static kneeling
posture (2 s). Moreover, given that coil springs require linear
guides for actual usage, gas springs have no disadvantages in
terms of mass, cost, durability, or mechanism complexity [24].
Therefore, we designed the exoskeleton to assist the STK-KTS
movement using the gas spring.

The flexion torque of the knee joint was reduced owing to
the assistance, while the differences between the four assistive
conditions were not significant. Hence, the torque nyi mainly
reduced the knee flexion torque. To achieve this assistance, we
need to design an exoskeleton that can constrain the relative
position of the thigh to the gas spring.

[ll. MECHANICAL DESIGN AND ASSISTIVE STRATEGY

In this section, we introduce a prototype of the proposed
exoskeleton and evaluate the strategy of the expanded support

polygon.

A. Passive Lower Limb Exoskeleton

Based on the assistance requirements mentioned in
Section II-C, a passive lower limb exoskeleton was developed,
as shown in Fig. 7. This exoskeleton is referred to as thigh brace
exoskeleton (TBE) for convenience. TBE was attached to the
right thigh and shin, and it mainly assisted the right leg. TBE
comprised two main links, gas spring, wheel, rotational joint,
and intermediate link. The gas spring was selected as an elastic
brace and expanded the support polygon by putting the tip on

the ground. The other parts had their role and contributed to the
novel strategy of expanded support polygon.

The first link was attached to the thigh and is referred to as
a thigh link [see Fig. 7(a)], which was attached by two belts
that are referred to as thigh belts [see Fig. 7(d)]. The position
of the thigh belts was adjustable, so the users could wear TBE
according to their leg lengths. The second link was attached to
the shin by a knee—shin guard and is referred to as a shin link
[see Fig. 7(a)]. The links are steel plate cold commercial pipe.
The gas spring was attached to the thigh link, which was in the
pipe and covered the gas spring [see Fig. 7(b)]. The range of
output was from 150 to 180 N linearly (the spring constant is
150 N/m). The rotational joint was connected to the thigh link
and shin link [see Fig. 7(f)]. It had one degree of freedom and
performed as though it was a knee joint. The intermediate link
was a simple and strong wire [see Fig. 7(g)]. It was attached
to the tip of the gas spring and the shin link. The length of
this link has an important role to decide the trajectories of the
thigh link during the STK-KTS. The wheel was attached to
the tip of the gas spring [see Fig. 7(e)] and a soft cushion was
attached to the knee—shin guard to relieve the pressure applied to
the knee.

B. Design for Assistance Requirements

There are three requirements to assist STK-KTS movement,
as mentioned in Section II-C. To satisfy the assistance require-
ments, various parts were incorporated into TBE.

First, the gas spring was used to assist the plantar flexion
torque of the ankle joint. The thigh link was used to attach
the gas spring to the thigh of the wearer, and the wheel helped
the tip of the gas spring move on the ground smoothly. A pipe
extending from the thigh link propped the knee cap to apply the
assistive force to the lower limb [see Fig. 7(h)]. However, only
these parts could not assist the plantar flexion torque because
the wearer could not compress the gas spring at all owing to
the movement of the wheel, while the wheel was necessary for
smooth grounding. Furthermore, if the grounding point moves
freely, the range of the support polygon becomes unstable, and
the wearer may lose his balance. The main cause of this issue
was that the movement of the wheel was not restricted. Hence,
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ground. (b) Relationship between 6.;,_, and the compression ratio of
the gas spring by the length of the intermediate link.

the issue was solved by constraining the postures of both the gas
spring and the wheel.

To realize the constraint, a link mechanism was constructed
using the shin link, the rotational joint, and the intermediate link,
as shown in Fig. 8(a). We assumed that the tip of the shin link was
fixed on the ground due to a friction force between the ground
and the tip of the shin link. A rubber cap was attached to the tip.
The rotation of the shin link around the tip led to the compression
of the gas spring, and the intermediate link prevented the wheel
from moving forward freely. The movement of the wheel was
determined by the amount of compression of the gas spring,
which means that the posture of TBE was uniquely decided by
the rotation of the shin link. Due to the constraint, the trajectory
of the grounding point was also determined uniquely, which
means that the transformation of the support polygon became
stable for every trial.

Second, the assistance requirement for the knee flexion torque
can be satisfied by constraining the relative position of the thigh
to the gas spring. The gas spring prevents the thigh from moving
forward too much. The experiment conducted in Section II-A
showed that the right thigh kept vertical to the ground from
1 to 3 s (see Fig. 3). It is considered that people can perform
the STK-KTS comfortably if the thigh keeps the angle. Hence,
the angle between the gas spring and the ground 0.y, should
be designed to keep about 90°. Given the direction that the
wheel moves, the angle should be between 85 and 90°. The
range of the angle fq1,—, changes according to the links’ length,
particularly the intermediate link. We conducted a parametric
search about the length of the intermediate link and made 0y,
almost between 85 and 90°. Fig. 8(b) shows the relationship
between 0c,—g, the compression ratio of the gas spring, and the
length of the intermediate link. A length of 25 cm was selected
because the range remains around 87°.

Finally, to satisfy the requirement about the timing of assis-
tance, the length of the gas spring’s rod was determined as 20 cm.
Although the length can be adjusted by people, 20 cm was used
in this article to prepare for a unified experimental setup. We
confirmed that 20 cm was enough to reduce the effort of the
lower limb in Section I'V.

Supporting the static kneeling posture is another requirement
to enhance the effectiveness of TBE. To support the static
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Fig. 9. (a) and (b) Time-series data of the margin during motion (iii)
and (v), respectively. The blue and yellow lines are the same as Fig. 4,
and the green line is an additional result performed with TBE.

kneeling posture, we focused on two points: postural oscillations
and pressure. First, fast postural oscillations of the knee joint
can be observed during the static kneeling [29], and the knee
joint requires constant fine-tuning. Mechanical constraints of
the thigh can prevent oscillations and relieve the effort of the
lower limbs. Since the thigh link is in front of the thigh, forward
falling is prevented. In addition, the thigh belts support the thigh
from the back side, which constrains the angle of the knee joint.
The effectiveness of relieving the effort is evaluated in Task 2 in
Section I'V. Second, the knee is exposed to considerable pressure
from the ground [30]. The pressure can be relieved using a knee
guard and soft cushion [31], as shown in Fig. 7.

C. Assistive Strategy of Expanded Support Polygon

TBE has the strategy of the expanded support polygon. The
effectiveness of this strategy was analyzed through the same
experiment conducted in Section II-A. The trajectory of CoG
and the support polygon were measured with the motion capture
system, and the margin for stability was calculated.

Fig. 9 shows that the margin with a real brace (TBE, green),
with a simulated brace (result in Section II-A, yellow), and
without any brace (blue). The margin with TBE was always
more than 9 and 7 cm during motion (iii) and (v), respectively. It
was confirmed that TBE expanded the support polygon during
STK-KTS compared with the condition without any assistance.
The average increments were 5.0 and 8.0 cm in motion (iii) and
(v), respectively. Hence, this experiment confirmed that TBE
successfully expanded the support polygon of the wearer during
STK-KTS.

Compared with the result of the simulation conducted in
Section II-A, the movement of CoG with areal TBE was unstable
during motion (iii). It is considered that the use of TBE might
change the weight applied to the right leg, which shifted the
position of the CoG and make the distance unstable. Regarding
the result of motion (v), the margin in the case of TBE was
2.1 cm less than that of the simulated brace. The differences
could be caused because the simulation did not take into account
the wearer’s plan to reduce the joint effort. It is considered
that the wearer shifted his CoG toward the grounding point of
the gas spring and applied his weight to the gas spring, which
reduced the body weight applied to his leg and relieves the joint
efforts. On the other hand, the margin was reduced because the
CoG approached the side of the support polygon. To confirm
whether the amount of the expansion was enough to reduce the
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wearer’s effort, this study conducted another experiment about
myoelectricity in Section I'V.

[V. EXPERIMENTS

This section examines the basic performance of TBE based
on the measurements of myoelectricity. The experiment was di-
vided into three categories: STK-KTS movements, static kneel-
ing posture, and task near the floor.

A. Participants

The participants were seven young men with no physical
disabilities (24.4 4+ 1.0 years, 172 &= 5.0 cm, 58 4 9.5 kg). Con-
sent was obtained from all participants before performing the
experiments. This study was approved by the ethics committee
of Nagoya University (No. 21-5).

B. Methods and Measurements of Myoelectric Potentials

The myoelectric potential was used to evaluate the effec-
tiveness of the assistance. It is an electric signal that flows
through muscle fibers when muscles contract [32]. This value
enabled the quantitative evaluation of the performance of TBE.
In this experiment, a noninvasive method was used to measure
myoelectric potential using a wireless sensor (Cometa). The
sampling frequency of the sensors was 2000 Hz. The acquired
signals were passed through a 5-500 Hz band pass filter and
smoothed using root mean square with a 0.1-s window. The
total effort of the muscles over time was obtained by integrating
the processed signals with time [28].

The following muscles were measured on the right and left
sides, as shown in Fig. 10: gluteus maximus, biceps femoris
(BF), vastus lateralis (VL), vastus medialis (VM), tibialis ante-
rior (TA), and gastrocnemius (GC). These muscles were selected
based on biological articles on squatting [33].

Further, % maximum voluntary contraction (% MVC) was
used to normalize the measured myoelectric potential. MVC
is a method to decrease the influence of muscle size among
subjects. The subjects performed MVC on each muscle for 3 s
in specific postures, with an interval of 1 min. The postures were
determined based on Konrad [32]. The data was assessed using
a paired-sample 7-test, and significant gaps are represented by *
(p < 0.05) and ** (p < 0.01).

C. Procedures

Since the purpose of these experiments is to evaluate the
basic performance of TBE, experiments on each function were
conducted separately.

IEEE/ASME TRANSACTIONS ON MECHATRONICS

First, Task 1 was conducted to confirm the effectiveness of
the transition assistance. The subjects performed the STK-KTS
movements under two conditions: with TBE [see Fig. 11(a)] and
without TBE [see Fig. 11(b)]. The transition of both STK and
KTS required 2 s each. The subjects practiced completing this
movement in just 2 s using a metronome. Since the total effort of
the muscles was acquired by integrating with time for the same
duration, a slight difference in the speed could be minimized.
The subjects repeated the movements five times. In the condition
without TBE, a pad was set on the ground to match the height
of TBE when the subjects were kneeling [see Fig. 11(b)].

Second, Task 2 was carried out to confirm TBE reduced the
effort of the lower limb in the static kneeling posture. The
subjects maintained a kneeling posture with and without TBE
for 30 s, as shown in Fig. 11(c) and (d). The same setup as in
Task 1 was used to match the height of the knee. To investigate
the effect of the thigh belts that constrained the knee joint
angle, another condition was added: the subjects maintained the
kneeling posture with TBE but without the thigh belts, as shown
in Fig. 11(e). The results of this task would indicate whether the
wearer can complete tasks such as dressing/undressing patients’
upper body clothes.

Finally, the subjects engaged in Task 3, which was conducted
to confirm whether TBE can assist with dressing/undressing
tasks done near the floor. The subjects performed a manual task
near the floor for 30 s in two conditions: (f) kneeling with TBE
and (g) kneeling without TBE, as shown in Fig. 11(f) and (g).
In this task, the subjects were asked not to support their body
with their upper limbs to measure the effort of the lower limb
properly.

Each subject practiced the tasks for 30 min before starting
the experiments, and all subjects were accustomed to TBE. The
tasks were done in order, and the order of conditions in each task
was randomized.

D. Results

It was found that TBE reduced the myoelectric potential
during STK-KTS movements, particularly in the right leg, as
shown in Fig. 12(i). The mean reduction was 2.2% MVC (p <
0.05) and the reduced EoT was 13.6%. The reduction on the right
side was 4.1% MVC (p < 0.05). Further, the largest decrease
was 9.1% MVC in the right VL (p < 0.05), followed by 6.5%
MVC in the same VM (p < 0.05) and 4.1% MVC in the same
TA (p < 0.05). In contrast, the left-side muscles showed a 0.4%
MVC reduction. No significant difference due to the body size
was observed in this task.

Fig. 12(ii) shows myoelectric potential during the static kneel-
ing posture. Regarding the comparison between cases (c) with
TBE and (d) without TBE, the average reduction in myoelectric
potential was 2.9% MVC (p < 0.01), and the reduction of EoT
was 37.9%. In addition, the reduction in the right leg was 3.2%
MVC (p < 0.05). The reduction in the right VL muscle was
8.2% MVC (p < 0.05), which was the largest of all the measured
muscles in this task. Subsequently, the reduction in the right TA
was 4.2% MVC (p < 0.01). Regarding the difference between
(c) with TBE and (e) with TBE but without thigh belts, it was
observed that the condition of no belts increased the output in the
right VL and VM muscles by 3.7% and 3.2% MVC, respectively.
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Fig. 11.

Postures demonstrated in the experiments. Task 1: (a) with TB
TBE but without the thigh belts. Task 3: (f) with TBE, and (g) without TBE.
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Fig. 12. Total effort of the myoelectric potential divided by 100% MVC.
(i) Task 2: Static kneeling posture, and (iii) Task 3: Work near the floor.

TBE reduced myoelectric potential during the tasks near the
floor, as shown in Fig. 12(iii). The average reduction was 3.2%
MVC, and a significant difference was observed in the right leg
(p < 0.05). The right VL. and VM recorded 8.0% MVC (p <
0.05) and 7.5% MVC (p < 0.05) reduction, respectively.

V. DISCUSSION
A. STK-KTS Movements

The experiments confirmed that TBE reduced the myoelectric
potential of the wearer during the STK-KTS movements [see
Fig. 12(i)]. The reduction on the right side was greater than that
on the left side because TBE was attached only to the right leg.

Error bars indicate standard deviation. (i) Task 1: STK-KTS movements,

Large reductions were observed in the right VL and VM [see
Fig. 12(i), R-VL, and R-VM]. Because the output of these mus-
cles could be decreased by the improved stability of CoG [34],
the strategy of the expanded support polygon could be effective.

Furthermore, the reduction of the right BF muscle, which is
responsible for the knee flexion torque, was not significant. This
could be because the effect of the force applied to the thigh to
prevent the forward fall was too small to reduce the effort of the
knee torque. This indicates that another elastic part is needed to
reduce the muscle activity.

A significant reduction was observed in the right TA, which
works for the dorsal flexion of the ankle joint. On the other hand,
the activity of the right GC muscle, which works for the plantar
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flexion of the ankle joint, was not reduced significantly, although
it was expected that the GC muscle activity would be reduced
by TBE.

Fig. 13 shows the time-series data of the myoelectricity in
the right TA and GC muscles, and the GC muscle did not work
during the period when TBE assisted (1-2 s during STK and
0-1 s during KTS). In addition, as shown in Fig. 11(a) and
(b), the subject performed STK-KTS by changing his knee and
toe joints, not the ankle joint. We considered that the subject
enhanced the motion stability by fixing one joint and reducing
the number of joints to be controlled. That indicates that the
ankle joint was fixed during the assistance, and there was no
difference in the activity of the GC muscle when TB assisted the
wearer.

On the other hand, the TA muscle worked hard when TBE
was not worn, as shown in Fig. 13. It is considered that the TA
muscle was required to fix the angle rather than the GC muscle
because the angle was fixed at the maximum dorsal flexion
position. When TBE assists the movement, TBE expands the
support polygon of the wearer and enhances the stability, which
could relieve the efforts of the fixation and reduce the TA muscle
activity. We considered the relief led to the reduction of the TA
muscle activity.

The results indicate the enhanced stability owing to the ex-
panded support polygon reduced the muscle activities of the
right VL, VM, and TA muscles. The amount of the expansion
investigated in Section III-C was sufficient. Furthermore, since
the reduction in BF and GC muscle activities was limited, we
should analyze the kinematics and biomechanics of STK-KTS
in the future. For the analysis, it would be essential to use the
optical motion captures for measuring the movement of the knee,
ankle, and toe joints more accurately.

B. Static Kneeling

TBE reduced the myoelectric potential of the leg during
the static kneeling posture. Large reductions were observed in
the right VL and TA [see Fig. 12(ii), R-VL, and R-TA]. We
considered that these muscles were used to constrain the knee
joint, and TBE could relieve the effort.

To ensure the effect on the constraint of the knee joint,
the condition of the kneeling posture with TBE, but without
thigh belts [see Fig. 11(e)] was examined. It was observed
that myoelectricity in the right VL, VM, and TA muscles [see

Fig. 12(ii-e), R-VL, R-VM, and R-TA] increased when the thigh
belts were removed. This indicates that the constraint of the knee
joint worked well and assisted the wearer in maintaining a static
kneeling posture.

The activities of the left BF, VL, VM, and TA muscles were
also reduced. Thus, the right leg could afford to support the left
leg, owing to assistance in the right leg. However, in contrast to
the activity of the right muscles, the activity of the left muscles
was not affected by the thigh belts [see Fig. 12(ii-c) and (ii-e)].

Through the task, it was confirmed that TBE could reduce
the muscle activities of the lower limbs in the kneeling posture.
These results confirmed that caregivers could dress/undress pa-
tients” upper body clothes in the kneeling posture with reduced
muscle effort.

C. Task Near the Floor

In the experiment simulating the manual task near the floor,
TBE reduced the myoelectric potential of the legs. Large reduc-
tions were observed in the right VL, VM, and TA muscles [see
Fig. 12(iii), R-VL, R-VM, and R-TA]. As in Task 2, the thigh
belt is expected to contribute to the reduction. Similar results to
Task 2 were obtained for left muscle output.

In Section I, it was mentioned that an exoskeleton that can
assist caregivers in dressing/undressing patients’ lower limb
clothes near the floor is required. The results of this experiment
indicate that the wearer can complete tasks done near the floor
without large muscle activities owing to TBE.

VI. CONCLUSION

This study developed a lower limb exoskeleton, TBE, which
assisted in the transition of STK-KTS and the static kneeling
posture. The movements require physical effort due to the shift of
the CoG. Consequently, TBE assisted the wearer in movements
by employing a novel strategy of expanding the support polygon.
Through analysis with Lagrange dynamics, it was confirmed that
TBE reduced the required torque of the leg during STK-KTS
movements.

Experiments were conducted to investigate the performance
of TBE. The myoelectric potentials of the legs during the STK-
KTS transition were reduced owing to the use of TBE. Since
appropriate assistive force can depend on the user’s weight, an
investigation into the assistive force and body weight will be
conducted in the future. TBE also reduced muscle output in
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the static kneeling posture. The constraint on the knee joint
was confirmed to have contributed to this reduction. When
subjects worked near the floor with TBE, the load on the leg
was reduced. Therefore, these results imply that TBE assists
caregivers in comfortably doing tasks done near the floor, such as
dressing/undressing patients’ clothes and shoes. Moreover, TBE
has the potential to prevent caregivers from injuries/disorders
due to manual work. In the future, the effects of using TBE for
long periods will be verified at real sites, such as nursing houses.

One limitation of TBE is the size. Although the wearer can
walk while wearing TBE, going through a narrow area should
be difficult. Transformation mechanisms, such as folding would
be effective to avoid the conflict between the exoskeleton and
environments during walking. We will conduct detailed stress
analysis and mechanical optimization to reduce the size of TBE
while maintaining durability.

Since lower back pain is another issue for caregivers, devel-
oping a function supporting lower back would be also helpful. In
the future, we will focus on a more comprehensive exoskeleton
capable of reducing the load of the low back in addition to the
lower limbs.
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