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Abstract— As people age, walking can become difficult. This
difficulty in walking can lead to further physical decline and
eventually result in the need for caregiving. To prevent this,
wearable robots supporting walking rehabilitation have been
developed. In this study, we aim to develop a modular robot
wear that can be customized according to the user’s needs.
The modular robot wear consists of motor modules, sensor
modules, and a processor. Motor modules can be attached to
any part of the body that requires assistance, enabling support
not only in the sagittal plane but also in the frontal plane.
By calculating the relative movement of the center of gravity
based on the information from the acceleration sensors in the
sensor modules, commands to the motor modules are generated.
This allows for assistance tailored to the user’s walking pattern.
Through verification experiments of the robot wear’s operation,
we confirmed its ability to provide support according to changes
in walking patterns. However, while the robot wear can induce
changes in walking patterns, there are challenges regarding the
output it provides to the wearer.

I. INTRODUCITON

Walking is important for independent daily living, but with
aging, there can be a decline in physical function that makes
walking difficult. In particular, conditions such as knee
osteoarthritis (KOA) and osteoporosis can lead to difficulty
walking due to decreased function of the musculoskeletal
system, including joints and bones. This is referred to as
locomotive syndrome, which is commonly observed in adults
aged 40 and older [1]. Li et al. reported that falls mostly
occur during walking [2]. Elderly individuals are at a higher
risk of fracturing their pelvis by falling. Such fractures can
lead to further immobilization, accelerating dependency and
ultimately requiring care. Therefore, to reduce the increase in
the care level required for the elderly, assistance with walking
becomes crucial. Canes and walkers are major assistive
devices for walking among the elderly. In particular, the RT.2
developed by RT.WORKS enables assistance on inclines and
not only enhances the safety of walking but also extends
the range of mobility [3]. However, it’s worth noting that
canes and walkers may limit hand movements, potentially
increasing the risk of falls [4].

Therefore, there is increasing attention on walking assis-
tance through wearable devices [5][6]. As a wearable robot
aimed at rehabilitation, CyberDyne’s HAL is notable [6].
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Fig. 1. Overview of modular robot wear.

Additionally, devices like Hocoma’s Lokomat [7] and Toy-
ota’s Welwalk [8], which combine treadmills and displays
to enhance rehabilitation effects, are gaining prominence.
These robots consist of rigid hardware and are referred
to as exoskeleton robots. Many conventional exoskeleton
robots are limited to sagittal plane support. Kuo et al. argue
that while sagittal plane movement is passively stabilized,
stability in the frontal plane is maintained actively through
control [9]. Consequently, exoskeleton robots capable of
supporting both the sagittal and frontal planes are also being
developed.

However, many patients may only have partial dysfunction
in their lower limbs, such as stroke patient, making exoskele-
ton robots like those mentioned above functionally redun-
dant. There are few examples of wearable robots that can
provide tailored support according to each user’s individual
physical function.

II. PROPOSAL AND PURPOSE

In this study, we aim to develop wearable robots capable
of providing support tailored to the user’s conditions and
challenges. To achieve this, it is necessary to decompose the
functions of the robot and reconfigure them for each user.
Therefore, we propose a modular wearable robot.

A. Proposed Robot

The concept of modular robot wear is illustrated in Fig. 1.
This robot wear modularizes functions such as actuators,
sensors, processors, etc., allowing these modules to be at-
tached in the required numbers to the necessary areas. For
example, if support is needed in the sagittal plane of both
legs, actuators would be attached to the anterior surface of
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both thighs as shown on the left side of Fig. 1. If support is
needed in the frontal plane, actuators would only be attached
to the sides of the thighs as shown in the center of Fig. 1.
In the case of patients with hemiplegia where only one leg
is affected, actuators would be attached to the front, side,
and back of the affected leg (shown on the right side of
Fig. 1). This approach enables tailored support for each user,
ensuring adequate assistance according to individual needs.

Furthermore, regarding sensing, if only center of gravity
acceleration is sufficient, then attaching a single IMU(Inertial
Measurement Unit) to the waist would be adequate. If trunk
posture is required, IMUs can be added to the chest or back.
If hip flexion-extension angles are necessary, IMUs can be
added to the thighs. In this way, adjustments according to
the specific requirements of sensing become feasible.

Conventional wearable robots can be broadly classified
into two types: those that cover the wearer with a frame,
known as the ’framed type,” and those that do not, known
as the ’frameless type.” Examples of framed type include
HAL [6] and ReWalk [5]. An example of frameless type
is HIMICO by ATOUN [10]. While framed types typically
offer greater output, they are considered challenging to
modularize. On the other hand, frameless types provide
lower output to the wearer but are thought to be easier to
modularize. Therefore, in this study, we aim to develop a
frameless-type wearable robot.

The frameless type, as mentioned earlier, has limitations in
the output it provides to the wearer. Therefore, our objective
is not to provide assistance through passive exercise with
power assistance, but rather to induce active exercise by
instructing the timing and direction of movement. The con-
cept of support for inducing active exercise is illustrated in
Fig. 1 (bottom). By providing force at any desired timing, we
consciously alter the wearer’s gait, prompting adjustments in
stride length and center of gravity movement. In this way, by
inducing active exercise, it becomes possible to train while
leveraging the wearer’s residual function, which is expected
to lead to improvements in the quality of walking effectively.

There are several previous studies of research on modular
wearable robots. Mejineke et al. have developed the wearable
robots that can assist users with spinal cord injuries (SCI) in
walking independently [11]. This robot has a removable hip,
knee and ankle joint motors. However, only the sagittal plane
in assumed. Xeloyannis et al. have developed the flexible
wearable robots to assist upper limb [12]. Modularizing
the wire drive mechanism makes it possible to provide the
necessary support for both arms. Modularization to any part
of the body has not been fully verified.

B. Purpose in this Study

The ultimate goal of this study is to achieve walking re-
habilitation using the modular robot wear as described in the
preceding sections. This paper aims to develop a prototype
of the modular robot wear and verify its functionality. In the
following chapters, we will discuss the hardware, control
system, and verification experiments of the modular robot
wear.

III. MODULAR ROBOT WEAR

This chapter discusses the hardware of the modular robot
wear.

A. Actuator Arrangement

When correcting movements such as shifting the center of
gravity or adjusting stride, it is believed to be effective to
provide assistance to the hip joint. Therefore, actuators are
positioned to support the hip joint. Figure 2 illustrates the
arrangement of actuators.

Module4 | Module2

Modules

Modules

(a)Front

(b)Side (c)Back

Fig. 2. Arrangement of motor modules.

Modules 1 and 3 are expected to widen the stride by
attaching them to the front of the hip joint. Modules 2 and
4, when attached to the back of the hip joint, are expected
to narrow the stride. Modules 5 and 6, when attached to
the sides of the hip joint, are expected to alter the center of
gravity shift left and right.

B. Motor Module

The motor modules need to be attachable to any part of the
body and capable of providing force presentation. Therefore,
in this study, cable-driven actuation is adopted for the motor
modules. This allows for individual adjustments based on
body characteristics through the length of the cables.

As mentioned earlier, this study primarily aims to support
the hip joint. When the hip joint flexes, the cables of modules
1 and 3 in Fig. 2 tend to loosen, while the cables of modules
2 and 4 are pulled strongly due to the significant deformation
of the buttocks. These factors pose significant challenges for
force presentation. To address the slackening and tensioning
of cables caused by joint movements, it is necessary to
control the length of the cables appropriately.

One possible method to adjust the tension of the cables
caused by hip joint movement is through torque control of
the motors. Since real-time control of multiple actuators
is required in this robot wear, a simple control method
is desirable. Therefore, by attaching rubber to the end of
the cables and utilizing the expansion and contraction of
the rubber, changes in the cables due to movement can be
absorbed. Then, at times when force needs to be applied, the
motors can pull the cables to provide tension. The tension
provided can be adjusted by the length of the cables (position
control), which is convenient. Figure 3 shows the appearance
of the motor modules fabricated in this study.
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A Kondo Kagaku servo motor (B3M-1170-A) was used.
This servo motor is compact yet capable of generating output
up to 7.8 Nm, sufficient to provide the required tension
for force presentation. Tension can be obtained by winding
the cables through pulleys driven by the motors. For the
rubber part, Esco’s plain weave rubber (EA628PV-162, width
50mm) was used.

The tension provided varies depending on the spring
constant of the rubber. The spring constant of the rubber
depends on its length. Therefore, we examined the relation-
ship between the length of the rubber and its spring constant.
Various lengths of rubber were prepared, and the tension was
measured when stretched to a certain length. For measure-
ments, we utilized a six-axis force sensor manufactured by
Leptrino Corporation (FFS055YA501U6). The appearance of
the measuring device and the experimental results are shown
in Fig. 4(a).

Actuator

Attachment
4 N

(a) Motor Module

Force Sensor

Rubber belt

(b) Spring Characteristic Evaluation Experiments

Fig. 3. (a) Appearance of developed motor module. (b) Perfomance testing
of the motor module.

From previous studies [13], it is known that the spring
constant and elongation ratio of rubber are nonlinear. Based
on experimental data, we identified a model equation for
the spring constant. The calculated model equation is k =
48.137 x L7815 where k represents the spring constant and
L represents the elongation of the rubber. The correlation
between the spring constant obtained from this equation
and the actual spring constant is 0.990, suggesting that
appropriate spring constants can be obtained using this model
equation.

Next, the time response was examined utilizing the ap-
paratus depicted in Fig. 3(b). The peak timing of tension
was measured as the cable was wound to different lengths.
The experimental results are shown in Fig. 4(b). In this
experiment, the length of the rubber was set to 200mm. The
winding lengths were set to 10mm, 20mm, 30mm, 40mm,
and 50mm. As the target winding length decreases, the peak
timing occurs earlier. At 10mm, it occurs approximately 0.25
seconds after winding, while at 50mm, it occurs around 0.9
seconds. Here, the average comfortable walking cycle for a
person in their 20s is approximately 1.1 seconds [14], with
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Fig. 4. (a) Measurement results of the spring constant. (b) Measurment
results of the responce time.

each step taking around 0.55 seconds. This implies that the
peak should be reached in 0.55 seconds or less. To ensure
that force presentation can be provided within one step and
to deliver greater tension, a target winding length of 20mm
seems reasonable.

C. Sensor Module

Observing the state during walking requires one or more
sensors. Examples of sensors include IMUs capable of
acquiring acceleration and angular velocity during walking,
as well as pressure sensors capable of detecting the contact
status between the feet and the environment. These sensors
need to be appropriately selected based on the purpose and
the wearer’s condition.

In this study, a single IMU was used as the minimal config-
uration for estimating the wearer’s walking state. While using
multiple sensors is desirable for obtaining high estimation
accuracy, this study aimed to estimate the wearer’s state with
the minimal number of sensors. To estimate the wearer’s state
using a single IMU, it is preferable to attach the IMU to the
trunk. Literature [15] has shown that estimating walking state
by attaching an IMU to the waist is feasible. Therefore, it is
reasonable to attach the IMU to the waist when estimating
walking state with a single IMU. The IMU used in this study
is the InvenSense 9-axis sensor module MPU-9250. The
information from this IMU is acquired by a microcontroller
(mbedHRM1017r3) and transmitted to a PC.

D. Robot Wear

The appearance of the developed modular robot wear is
shown in Fig. 5.

In Fig. 5(a), motors are attached to the waist and provide
force presentation using a cable winding mechanism. Actu-
ators are mounted on the front and back of the hip joint for
sagittal plane support. Additionally, an IMU is attached to
the back of the waist. Commands to the motors are computed
based on sensor information using a PC. Future plans aim
to operate using small embedded computers like Raspberry
Pi. Furthermore, as shown in Fig. 5(b), it is also possible
to laterally attach motors for frontal plane support. The
same motors are used, and the configuration allows for the
adjustment of mounting positions.
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Fig. 5. The appearance of the developed modular robot wear. (a) Sagittal
plane assist. (b) Frontal plane assist.

IV. CONTROL SYSTEM

The control system for presenting force sensations in
real time based on the walking state of the wearer will be
described.

In conventional robot wearables designed for walking
assistance, the walking pattern of healthy individuals was
taught based on the walking cycle [10]. With this approach,
even when individuals are walking properly, they would still
receive assistance, potentially hindering conscious improve-
ment of their function. Therefore, in this study, a method
is proposed to quantify walking function with an arbitrary
parameter x,and provide appropriate assistance when needed
by providing feedback based on this parameter.

As mentioned in the previous chapter, multiple motor
modules and a single IMU are attached to the waist. In
this study, an algorithm is considered to instruct appropriate
gait using this configuration. An overview of the control
system is illustrated in Fig. 6. The quantification of walking
function utilizes information obtained from the IMU. By
providing walking parameters x, obtained from the IMU
and the desired walking parameters x‘f, to the controller, the
corrective center of mass velocity X is calculated. This center
of mass velocity is distributed to each joint, and assistance
is provided by driving the motor modules based on this
distribution.

Measurement

Desire
e 4 Ax,
> Xp

Xp

Wearable Robot

Controller

Fig. 6. Control block diagram of the robot wear.

A. Estimating Walking State

To control in real-time according to the wearer’s walking,
it is necessary to estimate the wearer’s walking state. Meth-
ods have been proposed to estimate events such as heel strike

(HS), toe-off (TO), and stance phase. In this study, a method
was developed to detect HS (stance leg change), determine
the stance leg, and estimate the walking cycle by modeling
human walking motion as an inverted pendulum.

In steady-state walking, the height of the center of mass
reaches a maximum when it is directly above the supporting
leg and a minimum at HS, after which it increases. When
modeling the center of mass trajectory as a sine wave, it
is observed that the second derivative of the center of mass
acceleration reaches a maximum at HS. Mechanically, this
signifies that the vertical acceleration reaches a maximum
due to the kicking force applied to the ground during the
swing phase. Based on this, the timing of HS is calculated
using the vertical acceleration. The calculation flow is shown
in Fig. 7(a). It is also possible to calculate the walking cycle
based on the timing of HS.

Next, this section explains how to determine the support
leg. During walking, the lateral acceleration in the left-right
direction shifts according to the supporting leg. However,
due to noise in the actual sensor values, it is challenging to
determine left or right based on instantaneous acceleration
values. Therefore, determining the lateral shift based on the
velocity obtained by integrating the acceleration is proposed.
When integrating the acceleration sensor, the calculation
results may diverge due to drift errors, so the integration
interval is set to one step. The timing of one step’s data
extraction is determined using the previously mentioned HS
timing detection algorithm. However, when the sensor is
attached to a person, it may shift to either the left or right,
causing the calculation results to shift in either direction
regardless of the supporting leg. Therefore, the average
velocity obtained from several steps of data is used as a
reference value to determine whether the center of mass is
shifting to the left or right. This calculation flow is illustrated
in Fig. 7(b).

B. Controller based on COG-ZMP Model

Humanoid robots utilize control methods based on the
Zero Moment Point (ZMP) as a representative point for
the contact force between the robot and the environment
in achieving walking motions [16]. This information is em-
ployed for stabilizing the robot and preventing falls, making
it suitable for obtaining the overall state of walking. The
ZMP is obtained from the center of mass position and center
of mass acceleration using Eq. (1). It’s worth noting that both
the x-axis and y-axis directions follow the same equation, so
only the x-axis direction is illustrated here.

Xm
X, = X, 1
z Totg (D
Xm
Xm — Xz = 7 Z
m 7 Imt g m
X
xp:?mzc 2

Where, the center of mass coordinates are denoted as
(Xm,zm), the ZMP is represented as x;, and g stands for
the gravitational acceleration. By combining the center of
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mass position x,, and the ZMP x, on the left side, and using
the approximation %, =~ 0, since the change in acceleration
along the vertical axis is small compared to the gravitational
acceleration, Eq. (2) is obtained. The physical quantity x,
obtained from this equation represents the relative position
of the center of mass with respect to the ZMP, termed as
the relative center of mass displacement. Here, z. denotes
the average center of mass height. Since this relative center
of mass displacement is derived from the center of mass
acceleration, it can be calculated from the IMU attached to
the waist. x, is utilized as a walking parameter in Fig. 6 for
controlling the robot ware.

By utilizing the center of mass position and ZMP as
feedback, stability control of humanoid robots has been
achieved. In this study, the method of Choi et al. is applied
to the relative center of mass displacement [17]. The control
input is represented by Eq. (4).

X=u+te 3)
X =31+ k, (Xf)fxp)ﬁ’e 4)

Where, u represents the control input, e is the disturbance
term, %, denotes the target center of mass velocity, and k, is
the control gain. The obtained center of mass velocity from
this equation is then distributed to the joints to determine the
commands for the motors.

The distribution of center of mass velocity can be achieved
using techniques such as resolved momentum control [16].
In this study, focusing on the movement of the hip joint
in the frontal or sagittal plane, the wearer is simplified as a
one-degree-of-freedom model to distribute the center of mass
velocity. The center of mass position can be obtained from
the foot length / and the hip joint angle 6 using the following

equation. By differentiating this equation, the relationship
between the center of mass velocity and the joint angular
velocity can be derived.

x=1sin6
i=1cos00 )
X
ly=k 6
d 7cos 6 ©

Where, kg represents the control gain related to the winding
length. By multiplying the joint angular velocity obtained
from the above equation by an arbitrary gain, the length of
the cable winding can be determined.

Thus, it becomes possible to control the length of the
cable winding of the motor modules by providing feedback
of the relative center of mass displacement calculated from
the IMU.

V. EXPERIMENTS

The developed robot wear was subjected to evaluation
experiments. Firstly, the real-time control in accordance with
human walking was verified(V-A). This involved testing the
placement of motor modules for sagittal plane support and
frontal plane support. Subsequently, the wearable robot was
worn, and verification was conducted to ascertain whether
the wearer’s gait changed while walking(V-B). This research
received approval from the Life Science Committee of the
National Institute of Advanced Industrial Science and Tech-
nology (AIST) (ID: 2022-1247).

A. Operation Verification Experiments

1) Purpose: The aim of this robot wear is to provide
assistance based on the wearer’s gait. In this experiment,
the objective is to verify whether the robot wear responds
accordingly when the wearer changes their gait.

2) Condtions: In this experiment, one healthy male par-
ticipant in his twenties wore two patterns of the robot
wear to assess how its behavior changes in response to
alterations in gait. Pattern 1 provided support in the sagittal
plane(Fig. 5(a)), while Pattern 2 provided support on the
frontal plane(Fig. 5(b)). In Pattern 1 experiments, the par-
ticipant was asked to walk with various step stride to verify
if the robot wear’s control system could adapt to changes in
step stride. Similarly, in Pattern 2 experiments, the participant
varied step width. For a typical male in his twenties, the
average step stride is 0.75 meters, and the step width is 0.10
meters. These values were measured beforehand to establish
the target state, and the average relative position of the center
of mass at that state was used for control.

The participant was instructed to walk according to marks
placed on the floor. For the verification experiments of
Pattern 1, two types of step strides, 0.5m and 1.0m, were
prepared. Since the target step stride was 0.75, the robot wear
was driven to widen the step stride if it was narrower than
0.75 and to narrow it if it was wider. In the experiments for
Pattern 2, two types of step widths, 0.10m and 0.30m, were
prepared. Since the target step width was 0.10, the robot wear
was driven to narrow the step width if it was wider than 0.10.
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In both experiments, the participant walked approximately
30 meters. Changes in the participant’s gait were measured
using an inertial motion capture system (Movella Awinda).
3) Results and Discussion: The experimental results are
presented in Figs. 8 and 9. Figure 8 depicts the hip joint angle
in the Pitch axis and the cable winding length during assist
in Pattern 1. It is observed that the hip joint angle varies
between narrow and wide stride intervals. Furthermore, it
is evident that Modules 1 and 3 motor modules are active
during narrow stride intervals. Modules 1 and 3, mounted at
the front, are expected to assist in hip flexion when activated.
On the other hand, Modules 2 and 4 motor modules are active
during wide stride intervals. Modules 2 and 4, attached at the
rear, are expected to restrain hip flexion when activated.
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Fig. 8. Experimental results of sagittal plane assist. Hip joint angles and
cable winding length.

Figure 9 shows the hip joint angle in the Roll axis and
the cable winding length during support in Pattern 2. In
the interval with a step width of 0.10, the variation in hip
joint angle is small, but it becomes pronounced when the
step width increases to 0.30. Correspondingly, it is observed
that the winding length increases. Although there are some
regions with shorter winding lengths, it is evident that the
system is capable of providing suitable assistance in response
to changes in step width.
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Fig. 9. Experimental results of frontal plane assist. Hip joint angles and
cable winding length.

B. Verification Experiments on Changes in Wearer’s Gait

1) Purpose: The previous section confirmed that the de-
veloped robot wear can be appropriately controlled to match
the wearer’s gait. In this experiment, the basic goal is to
verify whether the robot wear can alter the wearer’s gait.

2) Condtions: Three healthy male participants in their 20s
(A, B, C) were recruited for the experiment. To maintain a
consistent walking pace, participants were instructed to walk
to the sound of a metronome during the experiment. The
tempo of the metronome was set to 100 beats per minute
(corresponding to approximately 0.6 seconds between HS).
Changes in the participants’ gait were measured using an
inertial motion capture system (Awinda by Movella). This
experiment focused on the Pattern 1 of the robot wear as
described in the previous section.

Before conducting the experiment, participants were asked
to walk naturally for a distance of 20 meters while wearing
the robot wear. This allowed measurement of the average
changes in the participants’ relative center of mass. Addition-
ally, while in a static position, the length of the cables from
the motor modules was adjusted, setting the initial length to
the maximum winding length where the wearer did not feel
any force from the wear. At the same time, it was ensured
that the wearer could feel the force when the cables were
wound by 0.02 meters.

Four types of experiments were conducted: no support,
support only on the right leg, support only on the left leg, and
support on both legs. The support provided by the robot wear
was confined to the sagittal plane. The target values provided
by the robot wear were set to two types: adding 0.15 meters
to the standard relative center of mass displacement and
subtracting 0.15 meters from it. These target values were not
communicated to the wearers and were randomly assigned.

3) Results and Discussion: The experiment participants
were instructed to specify their stride for the first five steps
and then to follow the force presentation from the sixth
step onwards. Therefore, the change in hip angle from
the first five steps was used as the evaluation metric. The
experimental results are presented in Fig. 10 and Table I.

Figure 10 depicts the changes in hip angle for participant
A during each step when only the right leg was supported.
The left side of the figure represents the results without assis-
tance, while the right side shows the results with assistance.
As evident from Fig. 10, while no significant changes were
observed in the left leg, cases were observed where the hip
angle of the right leg increased with assistance.

Next, a statistical analysis of the changes in hip angle
was conducted for each participant. Since there were no
significant differences observed among the data of the three
participants, only the data from one participant are presented
in this paper. Table I shows the results of the significance
test between the unsupported and supported conditions for
participant B. The evaluation metric used was the change in
hip angle.

In the case of "Target value = 0.60”, a significant increase
in step stride was observed, indicating that the intended
outcome was achieved. However, the change in hip angle
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was not very pronounced. This suggests that a reassessment
of the magnitude of force applied to the wearer is necessary.

On the other hand, in the case of “Target value = 0.30”, the
expected decrease in step stride was not observed. This may
indicate that the magnitude or timing of the force applied to
reduce hip angle was not appropriate, suggesting room for
improvement in the motor module.

commands and the cable winding length varies according
to the walking state. However, evaluation experiments with
multiple participants revealed insufficient force presentation,
indicating the need for improvements in the robot wear.

In the future, we plan to improve the force presentation of
the motor modules by modifying servo motors and revising
control algorithms. Additionally, we will collaborate with
physical therapists to discuss specific usage scenarios in real-
world environments.
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