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ABSTRACT Most mobile-type hip exoskeletons only assist on a sagittal plane with a single actuator per
hip joint for compactness, lightweightness, and low cost. Even though a new concept of hip mechanism
that allows assistance not only on a sagittal plane but also on a frontal plane only with a single actuator
has been proposed recently, it has several limitations, such as having a small range of motion and being
applicable only on a single gait-mode. Herein, we propose a novel design approach that is a well-combined
procedure of target design with clinical walking data, multi-objective design problem definition, type
synthesis of mechanism, and analysis of the obtained Pareto-front solutions. We take the hip spherical
mechanism’s kinematic trade-offs into account. By utilizing a more complex type of 1-DOF(Degrees of
Freedom) mechanism (6-bar Stephenson-III) and multi-objective optimization approach, we successfully
enhanced both compactness and hip moment assistance in the single-actuator hip exoskeleton mechanism,
and its performance was validated via benchtop experiment of its prototype.

INDEX TERMS Design optimization, mechanism synthesis, kinematics, exoskeleton, wearable robot.

I. INTRODUCTION
Lower-limb Exoskeleton technology has rapidly advanced,
allowing the elderly and individuals with disabilities to regain
independent mobility. Among the three major lower-limb
joints – the hip, knee, and ankle – the hip joint has received
considerable attention due to its capacity to provide the
largest moment assistance while keeping external mass close
to the proximal body [1], [2].

The leg performs a three-dimensional rotational motion
centered around the hip joint, and three-dimensional
moments generated by the muscles control this motion. The
forward propulsion during walking mainly occurs by the
sagittal plane moment. The majority of clinical research has
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FIGURE 1. Hip moment assistance concept using the 3-DOF hip joint
mechanism.

concentrated on assisting sagittal plane moments, seeking
appropriate moment patterns, magnitudes, and timing [3],
[4], [5]. Nevertheless, research on exoskeletons assisting the
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frontal plane, which contributes to stability and load-carrying
during walking, has also progressed steadily. Biomechanical
simulations have suggested that muscles involved in hip
abduction (outward rotation on the frontal plane) are the
most effective for reducing metabolism [6]. It has been
proposed that an exoskeleton that assists the frontal plane
can control the step width, improving walking stability
[7], [8]. Thus, within the context of the three-dimensional
moments governing walking, both the sagittal plane moment
contributing to forward propulsion and the frontal plane
moment contributing to stability are essential.

Numerous exoskeleton designs have been proposed to
assist both sagittal and frontal plane moments. However,
assisting both planes necessitates the attachment of at least
four actuators, introducing a weight-related drawback. Some
designs have employed two actuators to control each plane
directly [9], while others have incorporated mechanisms to
transform the multiple input moments into desired directions
of output moments [10], [11], [12].
Kang et al. on the other hand, introduced a ‘R-4B-R’ 3-

DOF spherical mechanism to assist both planes using only
a single actuator [13]. This mechanism achieves variability
in assisting the sagittal plane moments by designing the
location of the Instantaneous Center of Rotation (ICOR) of
a 4-bar mechanism while maintaining constant frontal plane
moments. Due to the characteristics of this mechanism, when
the direction of the output moment is well-designed, one can
expect enhanced assistive performance with a lightweight
structure. However, Kang’s proposal had several limitations.
Firstly, when specifying the direction of the transformed
output moment, it did not take into account the human
biological moments required in a person’s actual walking
environment. As a result, the magnitude of moments in the
sagittal plane produced by the mechanism was not properly
adjusted to biological moments in terms of both magnitude
and direction at each gait time segment. Additionally, the
designed height of the mechanism was too high, restricting
step width during walking and compromising stability.

The objective of this study is to develop a mechanism
design methodology that overcomes these limitations in a
frontal and sagittal assistance hip mechanism driven by a
single actuator, thereby achieving high assistive performance.

Firstly, we designed the mechanism to align the direction
of the output moments with the required biomechanical
moments in real walking environments. Real walking envi-
ronments encompass not only level ground walking but also
various inclines. To achieve this, we defined the target output
moments of the mechanism by considering both level ground
walking and the standard maximum slope specified by the
Americans with Disabilities Act (ADA), which is 5◦ [14].
Additionally, we designed the mechanism with a maximum
height constraint to ensure the size of the step width.

Secondly, in this study, we employed a 6-bar Stephenson-III
mechanism instead of a 4-bar mechanism. This 1-DOF
mechanism possesses a more intricate ICOR (Instantaneous
Center of Rotation) trajectory, allowing the ‘R-6SB-R’

mechanism to provide a wider range of sagittal plane
moments while maintaining compact volume [15].

Lastly, our study incorporates a multi-objective design
optimization, taking into account the trade-off relationship
between sagittal moment range andmechanism compactness.
Through this approach, we have obtained three distinct
solution groups, each demonstrating superior performance
in different aspects. We analyzed these three representative
mechanisms within each group and validated their superior
performance compared to the original R-4B-R mechanism.
Additionally, we developed a robot prototype and a testing
bench to verify that the mechanism can indeed produce the
desired moments in the intended directions with a single
actuator.

The contributions of this study are as follows:

1) We overcame several technical challenges of a single-
actuator-driven hip exoskeleton robot mechanism to
assist frontal and sagittal planes with novel design
methodology. Our approach set the design problem
with consideration of biological requirements with
clinical walking data, exploring design possibilities
with a multi-objective optimization algorithm, result-
ing in the mechanism’s output moments aligned with
the biological moment profile.

2) Furthermore, we validated the robot’s outputs using
a testing bench equipped with a artificial thigh
model, confirming that the robot’s performance closely
matches theoretical expectations. Notably, among all
exoskeletons designed to assist both the sagittal and
frontal planes, this concept of robot is expected to be
the lightest when considering the equivalent size of the
actuator.

The rest of this paper is organized as follows. Section II
shows the definition of the target performance of a
single-actuator sagittal and frontal plane assisting hip mech-
anism. Section III describes the modeling of the selected
R-6SB-R type mechanism and its principle of converting
output moment. Section IV shows the multi-objective opti-
mization formulation, the selected algorithm(NSGA-II), and
the design optimization process. Section V shows the result
analysis of the design optimization. Section VI shows the
realization of the hip mechanism, test bench system, and
experimental results. Section VII presents the conclusions of
the study.

II. TARGET PERFORMANCE DEFINITION OF
SINGLE-ACTUATOR HIP EXOSKELETON MECHANISM
A. BIOMECHANICAL TARGET MOMENT
In order to design the Single-Actuator Hip Exoskeleton
Mechanism, a target moment trajectory is required. Previous
clinical studies have revealed that the optimal assistance
strategy for exoskeleton robots closely aligns with the
timing of a person’s biomechanical moments [4], [5].
Thus, we assumed that providing effective assistance in
walking could be achieved when the output moments of the
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FIGURE 2. Biological Hip Moment at level walking and incline walking.
Most moment maintaining walking motion occurs in the stance phase in
both cases.

mechanism closely mirror the biomechanical moments. For
this purpose, we utilized the averaged clinical data of walking
moments from ten able-bodied individuals on level ground
and a 5◦ incline as our target moments [14].

Fig. 2 illustrates the magnitude and direction of hip
biomechanical moments based on the trajectory of a hip angle
during walking. Walking consists of the stance phase, which
begins with ‘heel strike’ as the reference point, where the foot
makes contact with the ground and moves backward, and the
swing phase, which starts at 50% of the gait cycle at ‘toe-off’,
where the legmoves forward while in the air. It’s worth noting
that dominant moments in both the frontal and sagittal planes
occur during the stance phase. Consequently, we have limited
the temporal range of the target moments to the stance phase.
For detailed specifications of the target moments, see Table 1.
Additionally, we have positioned the actuator at the back of
the user in the frontal plane. Therefore, the mechanism is
designed such that the input moments are proportional to the
magnitude of frontal plane biomechanical moments.

Furthermore, the right side of Fig. 2 illustrates the moment
components as a function of GCP(Gait Cycle Percentage).
It is evident that the magnitude of the transverse plane
moment is much smaller compared to the frontal and
sagittal plane moments. We have constrained the transverse
plane moment to be zero. We will discuss the optimization
formulation in detail in Section IV.
Level walking and incline walking exhibit different hip

angle trajectories, with incline walking having a broader
trajectory, particularly in the sagittal plane.We have chosen to
use both trajectories as targets. Accordingly, the mechanism’s
output moments are configured to follow an intermediate
direction where the targets overlap and to align with the
incline walking moment at extreme forward angles.

B. MECHANISM COMPACTNESS
Fig. 3(a) illustrates the presented R-6SB-R mechanism in
its worn state. Joints 2 and 8 of this mechanism have the
highest altitude. The altitude of joints varies depending

TABLE 1. the specifications of the biological target moment.

on the mechanism’s motion, and if it is too high, the
exoskeleton mechanism may encroach on the waist, resulting
in limited motion in the frontal plane and diminished output
moments. Therefore, we have designed the ‘compactness’
cost function which is defined by the highest altitude of
all joints. Further details will be discussed in Section IV’s
optimization formulation.

III. NEW ‘R-6SB-R’ SINGLE-ACTUATOR HIP MECHANISM
A. TYPE SYNTHESIS: 6-BAR STEPHENSON-III
MECHANISM
While maintaining the operational principles of Kang’s pro-
posed ‘R-4B-R’ Single-Actuator Hip Mechanism, we have
employed a 6-bar Stephenson-III mechanism to achieve a
broader range of sagittal plane moments while keeping the

136632 VOLUME 11, 2023



J. Lee et al.: Single-Actuator Hip Exoskeleton Mechanism Design With Actuation

the mechanism compact. Following the 4-bar configuration,
the more complex 1-DOFmechanism is the 6-bar mechanism
and there are a total of five types (Watt-I,Watt-II, Stephenson-
I, Stephenson-II, Stephenson-III) in the 6-bar. Sancibrian
and colleagues has suggested that the 6-bar Stephenson-III
type provides a more versatile linkage that the four-bar type
cannot approximate very effectively, especially when dealing
with problems related to ICOR trajectories [15]. Additionally,
we have determined that the Stephenson-III type requires the
fewest number of linkage layers(5 layers), to realize the robot
mechanism. As a result, we have chosen the Stephenson-III
type as the most suitable option.

B. KINEMATIC ANALYSIS OF R-6SB-R MECHANISM
Fig. 3 displays the proposed R-6SB-R Single-Actuator Hip
Mechanism. This mechanism consists of two revolute joints
(R1, R8) and one 1-DOF 6-bar Stephenson-III mechanism
consisting of six revolute joints (R2-R7).

Fig. 3(b) illustrates the design variables of the R-6SB-R
mechanism. There are a total of 12 design variables
l1 − l12, representing the lengths (spherical angles) of the
links connecting the joints. We analyzed the mechanism
configurations by using a quasi-static approach, where the
position of the end-effector link connected to joint R8,
determined by the given hip joint angle, is used to find
the positions of the remaining links while satisfying joint
compatibility conditions.

Fig. 3(c) depicts the virtual link formed by IR2 and R8
in the R-6SB-R mechanism. In the given configuration,
the 6-bar Stephenson-III mechanism instantaneously rotates
about a virtual axis connecting the Instantaneous Center of
Rotation, denoted as IR2 [16], and the center of the sphere.
IR2 is the intersection point of the extrapolation lines formed
by a link connecting the joint R2 and IR1 and the link
connecting joint R3 and R4. IR1, on the other hand, is the
intersection point of the extrapolation lines created by the
R6-R5 link and the R7-R4 link. The Location IR1 and IR2
are expressed as

rI1 =
(r6 × r5) × (r7 × r4)∥∥(r6 × r5) × (r7 × r4)

∥∥ , (1)

rI2 =
(r2 × rI1) × (r3 × r4)∥∥(r2 × rI1) × (r3 × r4)

∥∥ , (2)

where rj is the unit position vector of the joint j. The direction
and magnitude of the output moment is expressed as

Mout∥∥Mout
∥∥ =

rI2 × r8∥∥rI2 × r8
∥∥ , (3)

∥∥Mout
∥∥ =

∥∥Minp
∥∥

(Minp/
∥∥Minp

∥∥) × (Mout/
∥∥Mout

∥∥) . (4)

Since the direction of the moment is determined as the
direction perpendicular to a plane formed by the virtual link,
indicated by the red line in Fig. 3(c), and the center of the
sphere, we can infer the direction of the moment from the
virtual link.

IV. MULTI-OBJECTIVE DESIGN OPTIMIZATION
A. FORMULATION
The design variables ξi is ξi (0 < ξ < 1, i = 1, 2, · · · ,NL),
NL represents the number of links in the mechanism. ξi is the
normalized link length li, described as

ξi =
li − linitial
linitial

. (5)

The variable li is the lengths(same as the central angle of the
sphere) of the links as shown in Fig. 3(b). The initial values
li are set to match the positions of the joints in the existing
R-4B-R, except for joints R6 and R7, and these values can be
found in Table 2.

The formulation for optimization is expressed as

Find ξ

argmin
ξ

{J1, J2, J3}

subject to [9s]t∗ ≤ ϵ

[9frt ]t∗ ≤ ϵ

[9trv]t∗ ≤ ϵ (6)

Firstly, an objective function J1 represents moment direc-
tion consistency, defined as the average error in the direction
of the target moment. The objective function J1 is described
as

J1 =

∑
t∗

∥∥∥Mout,t∗
∣∣
level − M̂out,t∗

∣∣
level

∥∥∥
+

∑
t∗

∥∥∥Mout,t∗
∣∣
incline − M̂out,t∗

∣∣
incline

∥∥∥. (7)

The moment vector Mout,t∗ represents the mechanism’s
output moment at time t∗. The time t∗ ∈ {t∗|t∗ =

10, 11, · · · , 55} corresponds to the sampled time in the
stance phase. The moment vector M̂out,t∗

∣∣
level is the target

biomechanical moment at time t∗ during level walking. The
moment vector M̂

∣∣
incline represents the target biomechanical

moment at time t∗ during incline walking. The objective
function J1 decreases in value as the alignment between
biomechanical moments and mechanism output moments
improves.
An objective function J2 takes a smaller value when the

range of the sagittal direction in the mechanism’s output
moments is larger. The objective function J2 is expressed as

J2 =
1̂

∣∣
level − 1

∣∣
level

1̂
∣∣
level

+
1̂

∣∣
incline − 1

∣∣
incline

1̂
∣∣
incline

, (8)

where

1 = max
t∗

(msagout,t∗ ) − min
t∗

(msagout,t∗ ). (9)

The symbol 1 in equations (8) and (9) represents the range
of moment components in the sagittal plane and is calculated
as the difference between the maximum and minimum values
of the sagittal plane moment components.

The symbol 1̂ represents the difference between the
maximum and minimum values of the sagittal plane moment
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FIGURE 3. Representation of 3-DOF Hip mechanism. (a) The proposed R-6SB-R mechanism attached around the hip joint. (b) The design variables of the
R-6SB-R mechanism. (c) Kinematic Analysis of R-6SB-R mechanism. According to the kinematic property of the Stephenson-III 6-bar mechanism, the
mechanism’s output moment is instantaneously defined by the virtual link’s posture.

components in the target biological moment. The vectormsag
out

refers to the sagittal plane component of the mechanism’s
output moment Mout = [msag

out ,m
frt
out ,mtrv

out ]. The objective
function J2 is designed to complement J1 by ensuring that
the mechanism’s output moments are not biased towards
smaller values, while still satisfying the moment direction
consistency.

The objective function J3 defines the compactness perfor-
mance of the mechanism, expressed as

J3 =

∑
t∗

max
j
({θj,t∗

∣∣
level, θj,t

∗

∣∣
incline}). (10)

The angle θj,t∗ represents the altitude of joint j at time t∗. The
objective function J3 is calculated with respect to the highest
angle among all joints, and a lower value of the objective
function indicates that the mechanism has a more compact
volume.

The constraint 9s in formulation (6) is introduced to avoid
the singularity of the mechanism, described as

[9s]t∗ = V (t0) × V (t∗) > ϵ. (11)

We used the method employed in previous research on the R-
4B-R design [17]. If the sign of V changes, the mechanism
is considered singular. V (t∗) represents a volume created by
three joints, R1, R8, and RI2, which generate output moments
at the stance phase time t∗. The start of the gait cycle is used
as t0.

The constraint 9frt in formulation (5) is related to the
magnitude of frontal plane moments, described as

[9frt]t∗ =
∣∣mfrt

out,t∗ + 1
∣∣ − mfrt

thres ≤ ϵ. (12)

We established a constraint to maintain mfrt
out,t∗ at a value

of -1, meaning that the mechanism is designed to output the
input moment generated behind it in a clockwise direction.
By doing so, it is possible to control the input moment
based on the pattern of frontal plane biological moments. The
threshold value,mfrtthres, is set to 1.5e−2. Epsilon is commonly
set to 1e− 3.

FIGURE 4. Flowchart of the design optimization process using NSGA-II.
NSGA-II gives a Pareto-optimal front in Multi-Objective design problems
by using a non-dominated rank system.

The constraint 9trv in formulation (6) for suppressing
transverse plane moments, described as

[9trv]t∗ =
∣∣mtrv

out,t∗
∣∣ − mtrv

thres ≤ ϵ. (13)
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The target value is 0. mtrvthres is set to 0.25, which is close
to the maximum value of biological moments. If set too
small, the penalty effect of the constraint becomes too strong,
preventing the Pareto group from having a sufficiently diverse
set of solutions.

B. NSGA-II ALGORITHM
In this study, we performed multi-objective design optimiza-
tion to get Pareto-front solutions of the hip mechanism where
objectives are direction and range of the output moments and
compactness while meeting constraints. Here, the NSGA-II
algorithm [18] is used for this optimization. Meanwhile, the
penalty method is further utilized to deal with the constraints
in (6). In the previous research, the mechanism synthesis
problem using NSGA-II also handled constraints using the
penalty method [19]. Some research has suggested that the
‘Dynamic Joines (DJ)’ penalty method [20] is particularly
effective for handling constraints inNSGA-II [21]. Therefore,
we transform the formulation (6) into the following form:

Find ξ

argmin
ξ

{f1, f2, f3} (14)

where

fi = Ji + (C · t)α
∑
γ

|9γ |
β .

(i = 1, 2, 3, γ ∈ {s, frt, trv}) (15)

In equation (15), the value t denotes iteration number, and the
coefficients α, β, and C are set as proposed in [21]:

C = 0.5, α = 1, β = 1

Consequently, dynamic penalties increase with iterations
imposed on the objective functions fi in (15).

The flowchart of the NSGA-II algorithm is shown in
Fig. 4 and the fundamental concepts are as follows. Firstly,
a randomly generated initial population is created and the
objective function of each individual is evaluated. After non-
dominated sorting, the genetic algorithm’s basic operations,
including selection, crossover(ξc), andmutation(ξm), are used
to generate the first-generation population. Starting from the
second generation, based on the non-dominated relationship
and the density of individuals ξi, appropriate individuals are
selected, and a new parent population is created. Basic genetic
algorithm operations are employed to generate offspring
populations. Finally, parent populations are merged with
offspring populations {ξi, ξc, ξm}, non-dominated sorting is
performed and high-rank individuals are selected (ξi+1).
This process continues until the termination condition of the
algorithm is met.

The NSGA-II parameters we used are as follows: a
population size of 150 (10 times of the number of design
variables), a generation count of 150 (same as population
size), a crossover percentage of 70%, and a mutation
percentage of 40%, and mutation probability of 3%.

FIGURE 5. History of the proposed design process. (a) Pareto front
solution history in 3-dimensional objective function space. (b) Iteration
history of minimal value in each generation (c) Pareto front solution
history in 2-dimensional objective function space. 2nd and 3rd objective
have a trade-off relationship whereas the others have a U-shaped
solution set.

C. DESIGN OPTIMIZATION RESULT
Fig. 5 illustrates the design process of the mechanism using
NSGA-II. As the iterations progress, the number of solutions
in the Pareto front group increases. By the 150th iteration,
all solutions have become part of the Pareto front. The
iteration history shows the minimum values of each objective
function at each iteration. It can be observed that there was
no update in the minimum values for approximately the first
50 iterations before convergence. This indicates that over
150 iterations, the Pareto front group became sufficiently
stable and wide, preventing newly created offspring solutions
from dominating existing individuals.

In Fig. 5(b), when examining the shape of the Pareto front,
it can be observed that there is a linear trade-off relationship
between J2 (range) and J3 (compactness), while the other
two combinations exhibit nonlinear trade-offs. This confirms
that this multi-objective design problem is a nontrivial case,
ensuring that additional subjective preferences can be applied
to obtain the desired design from the obtained solution
group.

In this study, we have clustered the final solution group into
three major clusters and selected the featured solutions from
each group, denoted as case 1, 2, 3. The clustering technique
uses standard k-means clustering. Fig. 6(a) illustrates the
convergence of the Pareto front into three groups. The
U-shaped Pareto front lying on the diagonal plane can
be divided into three groups where one of the objective
functions significantly dominates. Fig. 7 compares the
average objective function values of these three groups with
the objectives of the original designs. Each group excels in
its major objective compared to the other groups. In the case
of the range group, it outperforms the R-4B-R mechanism
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FIGURE 6. Result of the proposed design process. (a) Three groups of
Pareto front solutions space. The design case of the center position of
each group was analyzed representatively. (b) Each group in feature
space using t-SNE dimension reduction technique.

FIGURE 7. Performance overview of the representative case of each
group. Since the objective functions are cost functions, the lower is the
better. Each case has the best performance in major objective.

in all aspects. Meanwhile, the compactness group exhibits a
significantly lower sagittal range but achieves high moment
direction accuracy.

Additionally, we observed that the three groups also
form somewhat similar clusters in the 12-dimensional
design space. Fig. 6(b) shows the feature space of design
variables reduced using t-SNE. Although there is some
overlap between the range group and the direction group,
we confirmed that each group exhibits a stable design
variance within the same property group.

TABLE 2. The specifications of the R-6SB-R design variable.

FIGURE 8. Comparison of the output moment direction in hip angle space
at stance phase. The solid blue line represents the hip angle trajectory.

V. KINEMATIC ANALYSIS OF DESIGNED MECHANISMS
All solutions on the Pareto front are equally good, but for
analysis purposes, we have selected design solutions at the
center of each group in the objective function space as
representative cases for each group. We aim to compare
these representative designs with the previously designed
R-4B-R mechanism [13] in terms of output moment, ICOR,
and compactness in the following sections, respectively. The
specifications for the representative designs are given in
Table 2.

A. MECHANISM OUTPUT MOMENT ANALYSIS
Fig. 8 illustrates a comparison of the output moment
directions in the hip angle space during the stance phase. The
dotted blue line represents the hip angle trajectory. The arrows
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at each point represent the direction of the mechanism’s
output moment. It can be observed that the direction of
the target biomechanical moment differs between level
walking and incline walking, with a noticeable difference in
the sagittal plane while the frontal plane moment remains
dominant.

Case 1(Range) mechanism is oriented to have a large
positive sagittal moment at a high sagittal angle. This helps
maintain the leg extended forward during the early stance
phase, making it more suitable for incline walking than
level ground. Conversely, both level and incline walking
scenarios commonly require a significant negative sagittal
moment at negative sagittal angles, particularly during the
push-off phase at the end of the stance phase, which
generates powerful forward propulsion. Case 3(Direction)
mechanism features the largest negative sagittal moment,
which can provide strong assistive effects during this
phase. Case 2(Compactness) mechanism primarily provides
frontal plane moments in all situations, lacking a significant
advantage in terms of output moment in specific scenarios.

These characteristics are more clearly evident in Fig. 9,
which illustrates the mechanism’s output moments during
level and incline walking as a function of GCP. Specifically,
the sagittal plane characteristics of each mechanism are
pronounced. All mechanisms exhibit positive moments in the
GCP range of 0-20% and negative moments in the range
of 40-60%. However, R-4B-R is biased towards positive
moments, while case 3(direction) mechanism is biased
towards negative moments. On the other hand, case 1(range)
mechanism does not have the largest moments in either
range but displays a balanced assistive effect. Similarly,
case 2(compact) mechanism also exhibits a balanced effect
but with smaller moments on both sides.

Fig. 10 illustrates the output moments of each mechanism
as a function of the input moment, given the size of the
normalized biological moment. The graph takes into account
the characteristics of hip frontal plane moments and forms a
double-humped shape. In all mechanisms, the frontal plane
moments are close to 1. As mentioned earlier, R-4B-R and
case 3 (direction mechanism) show biased tendencies, while
case 1 (range mechanism) and case 2 (compact mechanism)
exhibit a balanced output.

B. ICOR AND VIRTUAL LINK ANALYSIS
In this study, we used a Stephenson-III type mechanism to
overcome the limitations of a simple ICOR trajectory in the
4-bar linkage mechanism of R-4B-R [13] and to achieve a
wider range of sagittal plane moments while maintaining a
compact volume. In this part, we aim to analyze the virtual
link to demonstrate the causes and tendencies of moment
output.

Fig. 11 illustrates each mechanism’s virtual link formed by
IR2 and R8. Each time point is shown at intervals of 6% GCP
from 1% to 50%. The behavior of joint R8 which is connected
to the end-effector does not extend significantly beyond
that of the original R-4B-R. However, the movement of

IR2 is more expansive, demonstrating a wider and narrower
range based on design objectives. Specifically, case 1 (range
mechanism) shows the widest virtual link range. However,
as we move to the right, the limited range of R8 compared
to IR2 causes the virtual link to tilt and not maintain vertical
alignment, resulting in limitations in the lateral range of the
virtual link.

C. COMPACTNESS ANALYSIS
Fig. 12 illustrates the configurations of mechanisms at GCP
65% when the uppermost joints achieve their peak altitude
angles. Fig. 12 also displays the corresponding altitude
angle values. The compactness values of the mechanisms
are sequentially ordered from least to most, beginning with
‘R-4B-R’, and followed by the compactness associated with
Case 1 (range), Case 2 (direction), and Case 3 (compactness).
Fig. 12(a) demonstrates that a lower peak altitude angle,
or more compact, correlates with a larger size of the
mechanism in the altitude direction. Also, a comparison
of Case 1 and Case 3 shows the trade-off between the
compactness and range of moment variance in the sagittal
plane. The trade-off is rooted in movements of links and
joints close to the equator of the spherical surface relatively
smaller while even the same amount of movements of them
located at higher altitudes resulting in a larger difference in
altitude direction. Therefore, tomaximize direction variations
on the sagittal plane, designers should carefully set minimum
compactness regarding the wearer’s body size and step width
to minimize constraint margin.

VI. PROTOTYPE DEVELOPMENT AND EXPERIMENTAL
VERIFICATION
It is impossible to completely transmit the output moments
generated from the robot, which could be calculated from
kinematic analysis in Section III-B. and are given in
Section V-A., to the wearer due to the inherent compliance
of human tissues and connection parts. It is important to find
out the actual force transmitted to a wearer. In this section,
we experientially measure the transmitted force by using a
prototyped hip wearable robot and testing bench.

A. MECHANISM FABRICATION
We decided to fabricate the case 3(direction) mechanism
among the synthesized mechanisms. In the design optimiza-
tion process, we set the multi-objective for creating various
solutions. However, to create and adjust a robot intended for
use, compactness was prioritized. Case 1(range mechanism)
is quite bulky, and case 2(compact) mechanism doesn’t
provide sufficient sagittal plane moment output.

Design considerations for the fabrication include 1) joint
design, 2) layer design, 3) connection design as follows:

1) JOINT DESIGN
We utilized ball bearings and hinge pin couplings(MISUMI,
standard parts) to ensure the axial rotation while withstanding
bendingmoments applied perpendicular to the axis, which are
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FIGURE 9. Moments generated by synthesized mechanisms. (a) in sagittal plane (b) in frontal plane (c) in transverse plane.

FIGURE 10. Output moment components in sagittal and frontal axes in
single gait cycle. The output moments in the frontal plane remain
constant across cases, whereas the sagittal moments show significant
variation.

common in spherical mechanisms. Fig. 13(a) shows the inner
side of the mechanism, with bearing in each joint. Fig. 13(b)
shows the outer side of the mechanism, with a hinge pin in
each joint.

FIGURE 11. Virtual link trajectories of synthesized mechanisms and
previous mechanism(R-4B-R) in the stance phase.

2) LAYER DESIGN
In the actual mechanism, the links are layered to avoid
interference between links. Fig. 13(b) shows the links move
separately in different radii of spheres. Increasing the number
of layers increases the weight of the mechanism and the
potential for interference with the human body. To minimize
the number of layers, we positioned the end-effector closer
to the leg by placing it on the smallest sphere and arranged
the input links with increasing radii. To reduce the number of
layers, some links were designed in an S-shape. This resulted
in a compact design with 5 layers compared to the 4-bar
mechanism, which has 4 layers for 5 links.

3) CONNECTION DESIGN
As Fig. 13(a) shows, the input link was designed to be flat
towards the front to allow connection to a fixed part mounted
on the body. We also designed it to accommodate torque
sensors for measuring input moments. The end-effector
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FIGURE 12. Compactness analysis of synthesized mechanisms and R-4B-R mechanism. (a) Different views of mechanism configurations where each of
them is at its maximum altitude. (b) altitudes of highest joints of mechanisms across gait cycle.

included a thigh connection part with a pipe, including a full
bridge strain gauge that could measure bending moments in
three axes, ensuring attachment to the human leg for fixation.

B. BENCH TEST IMPLEMENTATION
We implement a bench test to verify the output moment and
range of motion of the fabricated hip joint mechanism and
to validate its safety. This test bench is designed to share
similar connection parts with the actual robot for a realistic
environment. Fig. 13(a) shows the form of the test bench with
the implemented mechanism on the left and the components
of the distal part on the right.

1) MECHANISM CONNECTING PARTS AND ARTIFICIAL LEG
A flexible shaft, not shown in the photos, connects the input
link of the mechanism to the motor. The mechanism’s end
effector is connected to the thigh part of the exoskeleton
robot. The thigh part is designed with a special cable
pattern using the previous approach [9] to effectively transmit
combined moments in the frontal and sagittal directions.
The artificial leg part is made up of a ball joint mount for
cameras(Horusbennu, FX-45T) and a 3D-printed artificial
thigh with silicon skin. Fig. 13(b) illustrates the movement of
the mechanism and the artificial thigh according to the leg’s
rotation angle.

2) SENSORS AND ACTUATION SYSTEM
We constructed the system of the test bench, which includes
digital and analog sensors and drivers, using the previous
approach [22]. Data collection from the sensors and motor
control in the test bench is achieved using NI’s compactRIO-
9042. The motor (Komotek, KAFZ-08DF6N21) is rated at
750W with a peak torque of 4.8 Nm and a gear ratio of
10:1, allowing for a maximum input torque of 48 Nm. Analog
signals from the torque sensor (Futek, TFF350) for measuring
input moments and a custom-ordered 3-channel strain gauge
(Dacell) for measuring 3D output moments are amplified
(Futek, IAA-100) and transmitted as 0-10V analog voltage

signals. An IMU (Xsens, mti-630) mounted on the artificial
thigh records the current angle of the artificial thigh.

3) CONTROLLER
The input moments of the mechanism are generated by using
a closed-loop admittance control strategy [8], [23]. This
strategy takes into account the compliance of the flexible
shaft used to transmit power from the motor to the test bench.
The admittance model converts the desired torque into a
desired target velocity. For low-level control, a PID controller
regulates motor currents in proportion to the target velocity.

4) MOMENT TRANSMISSION PATH
The power generated by the motor is transmitted through
a flexible shaft to the static torque sensor connected to the
mechanism, as shown in Fig 13(a). In this diagram, the
moment is transmitted in the following sequence: actuator -
flexible shaft - torque sensor - R6Sbar-R mechanism - pipe
with the robot strain gauge attached - artificial thigh.

C. BENCHTOP EXPERIMENT
1) EXPERIMENT PROCESS
For the experiments, the range of hip joint angles was
determined using the maximum/minimum ranges of walking
data on flat and sloped surfaces [14]. The experimental points
were determined using Latin Hypercube Sampling within the
experimental range to consider spatial compactness. Table 3
shows 15 hip joint angles extracted through Latin Hypercube
Sampling [24], to ensure the equality of distributed sample
points among dimensions.

The experimental procedure is as follows:

1) Calibrate the IMU.
2) Set the artificial leg angles according to the predefined

hip joint angles. The mechanism moves along with the
artificial thigh.

3) Apply input moments, whose magnitude continuously
changes from -3Nm to 3Nm, to the mechanism.
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FIGURE 13. The test bench system. (a) The physical system contains a ball joint, artificial thigh, mechanism, and sensors. The electrical system
contains motors, controllers, and amplifiers for sensors. (b) Various postures of 3-DOF Hip joint mechanism during benchtop test.

TABLE 3. The experimental point of hip joint angle in degree(◦) extracted
by Latin Hypercube sampling.

4) Return to 0Nm input moment and repeat the process for
different hip angles.

The mechanism’s output moments are measured using
a 3-channel strain gauge attached to the robot’s pipe,
in Fig. 13(a). Each channel measures voltage proportional to
bending moments in the coordinate of the robot’s artificial
leg. he measured voltage signal contains not only a signal
from the moment transmitted by the mechanism but also

a signal from the moment resulting from the robot’s own
weight. Therefore, after adjusting the angle and measuring
the voltage at 0 Nm input moment, it is subtracted from the
voltage at 3 Nm input moment. Then, a coordinate system
rotation transformation according to the hip angle and a
calibration matrix transformation for moment conversion are
applied sequentially. Both transformations are linear.

2) EXPERIMENT RESULTS
Fig. 14 shows the theoretical moments and the moments
obtained in the experiment when input moments from -3 Nm
to 3 Nm were applied. Each column represents the three
directions of hip joint moments, and the first row shows the
theoretical moments obtained from the kinematic equation
in 4, while the second row shows the moments obtained in
the experiment. Each line corresponds to a result for each hip
angle. The total number of hip angles is 15, and the relation
between the color of lines and hip angles is shown in Fig. 14
as legend.

Experimentally measured moments are overall well
matched with theoretical moments except the results under
input moments with the magnitude of -3Nm to -2Nm.
The magnitude of experimental output moments tends to
be decreased near 0.3 to 0.6Nm. This might be because
of interference between the patterned cables utilized to
effectively transmit spatial moments and the buckle on the
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FIGURE 14. Comparison of the theoretical and experimental output
moment.

artificial leg. This interference issue needs to be addressed in
future designs.

Meanwhile, in the transverse plane, overall experimental
results are distorted from the theoretical expectations. This
error is assumed to come from the measurement error of the
z-axis strain gauge. The rotation axis of the strain gauges on
the pipe does not pass the center of the hip joint, resulting
in an unnecessary coupling effect of measurement between
transverse and sagittal. The measurement setup could be
improved in future research.

In conclusion, we successfully validated that the designed
mechanism could deliver the output moments in the intended
direction to the wearer, even considering skin compliance,
modeled with silicone and cable connection compliance,
under benchtop test conditions.

VII. CONCLUSION
This paper introduces a systematic design and verification
approach for a single-actuator hip exoskeleton mechanism
capable of transmitting fixed-direction input torque into
spatially varying assistance moments in both the frontal and
sagittal planes using only one actuator. Our approach includes
target-cascading from real-human gait data, manual type
synthesis, multi-objective linkage shape optimization using
NSGA-II, and experimental verification through prototyping
and benchtop tests. This process allows for designs focused
on the compactness of the mechanism to prevent interference
with the human body, output moment direction accuracy to
human biological data, and range of sagittal output moment to
ensure sufficient forward propulsion performance, depending
on specific design priorities. The R-6SB-R hip mechanism,
a notable outcome of our work, surpasses the previously
proposed R-4B-R mechanism [13], supporting a wider range
of daily activities such as level and incline walking in a more
compact design.

Future work will involve clinical experiments to verify
the mechanism’s assistive performance on humans and

the development of control methods for it. Ultimately,
we believe this framework will significantly advance the
use of mechanism-integrated exoskeleton robots, facilitating
the creation of cost-effective, lightweight, and personalized
assistive devices.
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