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Abstract: Exoskeleton technology has been shown to be useful for individuals with spinal cord
injury (SCI), potentially facilitating their recovery of motor function and social reintegration.
However, studies on the safety and usability of exoskeletons are limited. This study aimed to design
a powered exoskeleton for SCI and evaluate its safety and usability. Ten healthy adults participated
in this study. The prototype exoskeleton featured an adjustable frame, computer-controlled hip and
knee joint actuators, and a gait-trigger sensor. The experimental actions included walking, standing,
and sitting, with and without the prototype. Safety outcomes included adverse events, vital signs,
numerical rating scale (NRS) scores for pain, discomfort, and fatigue, and prototype-human body
clearance. Usability outcomes included donning and doffing times, subjective ratings, gait speed,
stride length, and kinematic parameters of hip and knee joint angles. Safety outcomes showed no
serious adverse events, stable vital signs, minimal NRS scores, and acceptable clearance. Usability
outcomes showed high efficiency and received positive ratings. Kinematic parameters showed
significant positive correlations between normal walking and walking with the prototype for both
hip and knee joint angles, confirming its effectiveness in assisting walking. However, further device
improvements and gait parameter tuning are necessary for future clinical application.

Keywords: assistive devices; rehabilitation robotics; lower limb; prototyping; gait analysis

1. Introduction

Spinal cord injury (SCI) is a traumatic event with a worldwide incidence ranging from 3.6 to
195.4 cases per million [1]. In 2023, approximately 18,000 new cases of SCI were reported in the United
States [2], whereas in 2018, there were approximately 4,600 registered cases of SCI in Japan [3].
Occupational accidents accounted for 703 (28%) of the 2,515 cases documented in the Japanese
National Spinal Cord Injury Database between 1997 and 2007 [4]. These occupational accidents are
most common in the construction and civil engineering professions, usually resulting from falls.
Recent trends indicate an increasing prevalence of SCI associated with falls in the aging population
and tertiary industry activities [5]. Return-to-work rates of 13% [6] and 25% [7] have been reported,
highlighting the need to improve treatment outcomes. It has also been reported that 70.6% of
survivors of SCI are not reemployed, suggesting a compelling need for vocational rehabilitation
services [8]. Although accident prevention is the primary focus of safety and health interventions, it
is essential to emphasize measures that provide support for daily living and facilitate return to work
after accidents.

SCI often results in paralysis, which may be complete, with the inability to recover lower limb
function. Therefore, assistive devices, such as orthoses and wheelchairs, may become necessary for
mobility. Exoskeleton technology has recently emerged as a promising solution for gait rehabilitation
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and mobility in patients with SCI. According to the U.S. Food and Drug Administration (FDA), a
powered exoskeleton is a prescription device consisting of an external motorized orthosis placed over
paralyzed or weakened lower extremities for rehabilitative purposes [9]. These devices can
potentially restore locomotive function, allowing individuals with SCI to gradually reintegrate into
their homes, communities, and workplaces. The use of powered exoskeletons in rehabilitation dates
back to the early 1970s [10]. Advancements in digital technology have enabled the implementation
of various exoskeleton models. Reports have shown promising results, especially with commercial
exoskeletons such as ReWalk, Indego, and Ekso, which have undergone rigorous FDA certification
testing and have helped patients with paraplegia regain walking independence [11-13]. Systematic
[14,15] and scoping [16] reviews have further supported their clinical effectiveness. In addition,
exoskeletons can potentially increase activities of daily living, both at home and in the community
[17].

However, challenges exist with the use of exoskeletons, including device malfunctions, skin
injuries, device misalignment, user errors, and falls [18]. Commercial exoskeletons use various
strategies to reduce these challenges. For instance, they continuously supervise users in order to
reduce the risk of falls. Figure 1 shows a scenario of gait rehabilitation using an exoskeleton in a
clinical setting. Through hands-on assistance and monitoring, physical therapists play a crucial role
in preventing patient falls using exoskeletons [19]. Further, the safety of physical therapists must be
ensured as they are also at risk of falls.

Figure 1. Gait rehabilitation using a powered exoskeleton in a patient with spinal cord injury. A
physical therapist is seen behind the patient to provide gait balance adjustment and contact assistance
to prevent falls.

Although human assistance is necessary to ensure safety, no established safety guidelines exist
for exoskeleton use. These devices present technical challenges, including substantial weight, limited
joint mobility, motor noise, and high cost. Overcoming these challenges requires improved
technology and extensive research.

The evaluation of exoskeletons also presents several challenges. Most clinical trials focus on
outcome measures such as ambulation, balance, physiological improvements, energy consumption,
ease of use, and comfort [20]. However, research on the safety of exoskeletons [21] and quantitative
evaluations, such as gait analysis of individuals using exoskeletons, are limited. Moreover, the
accuracy of measurements may be limited by the challenges associated with conventional
measurement methods. Due to the exoskeleton frame, optical motion capture systems may obscure
the markers, whereas mechanical joint goniometers may experience interference from the
exoskeleton.

Therefore, this study aimed to investigate the safety, usability, and kinematic performance of an
exoskeleton designed for individuals with SCI. This study provides an overview of the prototype
exoskeleton and presents the results of an experimental study involving healthy participants. It also
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proposes standard specifications to enhance the safety and usability of exoskeletons. This research
provides a foundation for future clinical applications.

2. Materials and Methods

2.1. Prototyping

2.1.1. Overview of Prototype Exoskeleton

Figure 2 shows the external features of the prototype exoskeleton, and Table 1 highlights its key
specifications. The primary unit consists of a structure resembling a hip-knee-ankle-foot orthosis
equipped with a gait trigger sensor, a control unit, a battery, and actuators. Additionally, it includes
forearm-supported clutches (Lofstrand crutches) with an operational interface and a tablet PC
equipped with adjustment software.

Waist belt

Hip actuators

Adjustable thighs
Thigh braces

Adjustable joints
(abduction/adduction) =

Knee actuators

Knee guards

Adjustable shanks

Ankle joints (passive)

Feet (shoe-mounted)

Figure 2. Appearance of the prototype powered exoskeleton for spinal cord injury. (a) Gait trigger
sensor. (b) User interface with a remote control built into Lofstrand crutches. (c) Actuators attached
to the hip and knee joints. (d) Control unit and battery. (e) Separable frame. (f) Adjustment software
installed on a Tablet PC.

Table 1. Key design specifications of the prototype.

Specifications Unit

Weight kg 30
Maximum torque Nm 90.9
Maximum walking speed km/h 2
Battery life h 1

Pelvic bandwidth mm 305405
Thigh length mm 370-490
Shank length mm 285-415
Hip flexion/extension deg 125/15
Knee flexion deg 110
Ankle dorsiflexion/plantar flexion deg 20/30
Hip, knee, and ankle joint adduction/abduction = deg 15/15
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The exoskeleton design concept prioritizes safety and user-friendliness. Its main objective is to
restore the mobility of individuals with SCI to a level comparable to that of their healthy counterparts.
The design was inspired by the lower-limb-powered orthosis developed by Miyamoto et al. [22], and
it aligns with the FDA's definition of a medical exoskeleton [9].

We adhered to a structured schedule to implement this design concept, achieving milestones in
between. In 2020, we conducted a comprehensive survey and performed a risk assessment of existing
exoskeletons [19]. In 2021, we focused on engineering principles and user assistance. We developed
a design concept, established requirements for the design, and created it. In 2022, we integrated an
actuator and a control system into the exoskeleton structure, resulting in a functional prototype [23].
In 2023, we tested the prototype exoskeleton [24].

Our fundamental design requirements were set using the ReWalk exoskeleton (ReWalk
Robotics, Inc., Yokneam, Israel) as a reference, focusing on safety and usability. Our initial criteria
included height adjustments, accommodation of variations in leg alignment, ease of use, portability,
overload protection, and a user-friendly interface. Input and feedback were gathered from medical
doctors and physical therapists and incorporated into the design specifications.

The target users of this product are individuals with SCI at levels T4-L5 in hospitals and
rehabilitation centers. These individuals experience complete paralysis of their lower extremities but
have good upper limb functionality and balance. They should have a height of 145-180 cm and a
weight limit of 80 kg. The exoskeleton assists individuals in walking, maintaining posture, and
transitioning between sitting and standing using Lofstrand crutches. There are two classifications of
exoskeleton types. One is treadmill-based, and the other is orthosis-based (overground exoskeleton),
which our study focuses on. Preventing falls is a top priority. However, there are potential challenges
with developing fall prevention technologies based on current capabilities, such as a predictive fall
detection and control technology. A trunk-mounted harness can also reduce falls; however, practical
limitations in clinical settings have led to its exclusion. Hence, this study assumed that the prevention
of falls depends on traditional human support, such as contact assistance and monitoring by physical
therapists.

2.1.2. Design Elements

2.1.2.1. Structure

Figure 3 shows the structural dimensions and functions of the prototype. The prototype was
ergonomically designed with adjustable components and braces. These incorporated soft-padding
materials to minimize the risk of skin injuries and misalignment. The structural dimensions were
customized to accommodate a wide variety of individuals, ranging from the 5th percentile for adult
females to the 95th percentile for adult males, based on Japanese anthropometric data [25]. This
customization included a pelvic bandwidth ranging from 305 to 405 mm, thigh segment ranging from
370 to 490 mm, and shank segment ranging from 285 to 415 mm. Each segment included a sliding
mechanism that could be easily secured with pin-type screws, thus simplifying the adjustments
without the need for additional tools.

The joint range of motion was set according to the guidelines of the Japanese Orthopaedic
Association, the Japanese Society of Rehabilitation Medicine, and the Japanese Society for Surgery of
the Foot [26]. The hip joint had a range of 140°, with flexion of up to 125°, and extension of 15°. The
knee joint had a range of 110° with flexion up to 110° and extension of 0°. The ankle joint had a range
of 50°, with a dorsiflexion of 20° and plantar flexion of 30°. This configuration ensured the necessary
ranges of motion for standing and walking. This prototype permits angle adjustments within a range
of 15° in the directions of adduction and abduction of the hip, knee, and ankle joints. This feature
accommodates variations in lower-limb shapes, such as the X-leg or O-leg. The design was inspired
by Kardofaki's scalable exoskeleton [27]. The ankle joints include a passive mechanism inspired by
the double Klenzak design to effectively limit dorsiflexion during walking. This mechanism is
particularly beneficial for patients with paraplegia.
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The prototype also included foldable and detachable knee guards to prevent knee flexion while
standing. A gel-like material (EXGEL; Kaji Corp., Shimane, Japan) was used for the inner surfaces.
The thigh braces had a large contact surface area and were equipped with a soft, 10-mm-thick
urethane padding. Additionally, a three-dimensional molded resin component, called the “hip shell,”
was attached to the pelvic band to conform to the contours of the pelvis. This lowered the pressure
on the sacral area, reducing its susceptibility to pressure ulcers.

The foot components were designed to be shoe-mounted, allowing users to wear them over their
existing footwear. Attachment to the body was done using strap belts on the waist, thighs, shanks,
and feet. These belts featured ratchet-type buckles for added convenience, unlike traditional velcro
closures. Additionally, a detachable handle was strategically positioned on the rear side of the pelvic
band to assist physical therapists in providing support. The structural frame was primarily composed
of duralumin and weighed 12.8 kg. It could be dismantled into the pelvic, thigh, shank, and foot
components for easy transport and storage.

305-405 Unit: mm

" B

e

Dimension adjustment mechanism
for various heights

370-490

285-415

% Xlegs T O-legs ¢’

Joint angle adjustment mechanism
for various lower limb shapes

Figure 3. Adjustable dimensions of the prototype-powered exoskeleton.

2.1.2.2. Actuator

During typical walking, the hip joint requires a maximum normalized torque of approximately
1.1 Nm/kg [28], whereas rising with arm support requires roughly 0.72 Nm/kg at the knee joint [29].
When walking with crutches, approximately 47% of the body weight is supported [30]. We assumed
a maximum patient weight of 80 kg (95th percentile adult males in Japan) and an exoskeleton weight
of 30 kg. Using this information, we estimated that the hip joint torque required for walking with
crutches is approximately 64 Nm and the knee joint torque required for standing movements with
crutches is approximately 79 Nm. Therefore, the motor torque required for the exoskeleton exceeded
79 Nm.

To satisfy this requirement, an ultra-flat actuator (model number: WPMZ-50-100-SN-3958;
NIDEC Corp., Kyoto, Japan) was selected and integrated into the hip and knee joints of the frame.
These actuators had a reduction gear with a 1:101 ratio. They were equipped with a brushless DC
motor (rated voltage: DC48V, rated capacity: 220 W, rated rotation speed: 29.7 rpm) capable of
producing a rated torque of 47 Nm and a maximum torque of 90.9 Nm. Each actuator weighed 1.1
kg, with an outer diameter of 90 mm and a thickness of 50.5 mm. This made them the slimmest and
lightest actuators in their category. Despite a high reduction ratio of 1:100, they maintained excellent
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backdrivability (approximately 11 Nm), allowing for a manual axis drive after disengagement of the
Servo.

The actuator was equipped with safety features, including an integrated encoder and a
dedicated motor driver (model number: FWPB4338120-48; NIDEC Corp., Kyoto, Japan) that
continuously monitors and regulates the position, speed, and torque. These protective mechanisms
are designed to address potential anomalies such as overcurrent, overload, and excessive speed. They
also help to automatically halt the actuator whenever an overload is detected. In addition, the
actuator includes software limiters and mechanical stoppers as hierarchical safety mechanisms to
prevent unintended movements.

If the emergency stoppage, including automatic stoppage, is activated while walking, the hip
and knee joints are locked in their respective positions, and the servos remain engaged. The servos
could be deactivated by releasing the emergency stop button, allowing the exoskeleton to return to a
standing position under its weight while receiving the frictional force due to backdrivability.
However, it is essential to emphasize that the assistance of therapists is necessary in such situations.

2.1.2.3. Gait Trigger Sensor

A motion sensor (BWT61 Gyroscope sensor; WitMotion Co., Ltd., Shenzhen, China) for gait
triggering was attached to the side of the pelvic band to account for the possibility of neuroplasticity
with voluntary movement among the patients. The walking mode is activated when the user tilts
their trunk forward and surpasses a predefined angle, initiating the walking sequence.

2.1.2.4. Control Unit

The control system utilizes a programmable logic controller (PLC) (KV-8000; KEYENCE Corp.,
Osaka, Japan) to manage functions, such as standing, walking, or sitting modes, gait triggers, walking
cessation, voice-guided instructions, and abnormalities with handling. The aluminum housing on the
back of the pelvic band enclosed the PLC and related components, including motor drivers and a
DC48V lithium-ion battery (eBike Battery; Guangdong Greenway Technology Co., Ltd., Dongguan,
China), with a combined weight of approximately 16 kg.

Figure 4 shows a flowchart of the operational program, which follows these steps: (1) The user
attaches the exoskeleton while in a servo-stopped state at the origin. (2) To initiate standing
movement, standing mode is selected and confirmed. (3) After a successful standing movement, each
axis actuator maintains its standing position in the servo-stopped state. (4) To start walking, the user
should select walking mode and then wait for the walking-start trigger. Walking is automatically
initiated when the motion sensors detect a forward inclination beyond a preset angle. Pressing the
walking-stop switch causes the swinging leg to return to a standing position via the shortest route in
the servo-stopped state. If the sitting mode is selected, the system returns to the servo-stopped state
upon completion of the sitting movement from the standing position.

Gait patterns were created using dedicated PLC software (KV COM+ for Excel, Ver. 1.4;
KEYENCE Corp., Osaka, Japan). The basic gait pattern was set based on the eight gait phases set by
the Rancho Los Amigos Hospital [31], with the knee and hip joint angles serving as references for
typical gait in a healthy individual. In addition to joint angles, velocity, acceleration, and deceleration
were considered for each gait phase. Gait was achieved by sequentially connecting the parameters.

Figure 5 shows the variations in hip and knee joint angles during the gait cycle. The vertical axis
represents these joint angles, and adjustments to the flexion or extension angles can be made by
modifying these values. Meanwhile, the horizontal axis represents the timeline, and the timing of
flexion or extension is adjustable through modifications to velocity, acceleration, and deceleration.

The PLC memory stores a predefined basic gait pattern, allowing the autonomous operation of
the exoskeleton. The predefined gait parameters were assumed to be adjusted based on the patient's
condition. A user-friendly graphical interface software was developed to facilitate this process. The
program can be installed on a tablet or laptop with a Windows OS. Physical therapists are thus able
to use this feature to adjust the gait parameters to meet the specific clinical needs of their patients.
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Figure 4. Flowchart of the operating program to control the prototype-powered exoskeleton.
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Figure 5. Gait patterns and parameters.

2.1.2.5. User Interface

This design differs from the ReWalk reference model because it allows patients to control the
exoskeleton independently, eliminating the need for specialized training. This was achieved by
converting a commercially available clutch grip into a versatile switch that users can operate directly.
Intentional designs were incorporated to minimize the risk of user error. As highlighted in a previous
study [32], the mode-selection switch was on the right grip, whereas the stop switch was on the left.

To enhance safety, an algorithm-based timed-timer function was incorporated to automatically
reset the system to its initial state after a specified elapsed time period from activation of the mode-
selection switch. Furthermore, the idle time was set to a minimum of 5 s, as shown in Figure 4. This
feature guarantees that patients can revert to their original state even if the switch is accidentally or
incorrectly activated.

In addition, the device was equipped with MP3 playback alarms and Bluetooth technology
connected to the PLC, allowing for synchronized voice-guided instructions that correspond to the
operational mode. When an immediate halt in operation is necessary, emergency stop can be easily
accessed through switches on both the clutch grip (by long-pressing the stop button) and control unit.
This enables users to initiate emergency cessation in response to anomalies or psychological distress.
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Exiting the emergency stop mode deactivates the servo, allowing manual adjustments of the joint
angle through the therapist's assistance without significant resistance from the motor.

2.2. Experiment

This experiment aimed to evaluate the efficacy of the prototype while performing movements
such as walking, standing up, and sitting down.

2.2.1. Participants

Ten healthy adults (seven males and three females) participated in this study and provided
written informed consent.

2.2.2. Instruments

The experimental device used in this setup was a prototype exoskeleton. Prior to the experiment,
the participants were made to familiarize themselves with the device using a custom-made walker
equipped with casters. The walker was made of an aluminum frame with specific dimensions: a
width of 120 cm, depth of 120 cm, and height of 212 cm.

The study employed several measuring instruments, including the Martin Anthropometer
(Tsutsumi Work Inc., Chiba, Japan) for measuring human body dimensions, a caliper for measuring
clearance between the human body and the exoskeleton, a Smartwatch-H2 (itDEAL; China) for heart
rate monitoring, and an upper arm sphygmomanometer (Model HEM-7600T; OMRON Corp., Kyoto,
Japan) for systolic and diastolic blood pressure measurements. The donning and doffing times of the
exoskeleton and the walking time were recorded using a stopwatch. The experiment was performed
using two digital video cameras (Model HDR-CX680; SONY Corp., Tokyo, Japan). A numerical rating
scale (NRS) questionnaire was used for subjective assessments.

This study used a markerless motion capture system (e-skin MEVA; Xenoma Inc. Tokyo, Japan)
to measure hip and knee joint angles. Measuring kinematic parameters with conventional methods
when using exoskeletons presents challenges owing to the hiding of the marker by the exoskeleton
frame in optical motion capture systems. Additionally, mechanical joint goniometers may encounter
interference issues from the exoskeleton frame, which could compromise measurement accuracy.
Consequently, the sensors are either integrated into the exoskeleton rotor or attached externally to
the exoskeleton [33,34]. However, these approaches primarily track the movements of the
exoskeleton and do not directly capture the individual motions of the wearer.

In contrast, the e-skin system has a bodysuit-type design that can be worn like clothing, ensuring
minimal interference with the exoskeleton frame. The system uses an inertial measurement unit
(IMU) sensor that comprises 3-axis acceleration and gyro sensors to calculate motion based on sensor
data. The algorithm developed by Teufl et al. [35] enables motion calculation solely based on
accelerometers and gyro sensors without relying on geomagnetism. Consequently, the system is
unaffected by geomagnetic interference, which is a drawback of the IMU. This ensured stable
measurements even in the presence of a motor in the exoskeleton.

The IMU sensors were positioned at 18 locations: one on the headband, ten on the upper-body
shirt, and seven on the lower-body pants. The sensors were remarkably slim, measuring 20 mm in
width, 35 mm in height, and 2 mm in thickness. The accelerometer had a range of +30 G and a
resolution of 16 bits, while the gyro sensor had a range of +4000 dps and a resolution of 16 bits.
Compared with optical methods, this method produces joint angle differences of only 2° with a
correlation coefficient of 0.98 for the hip and knee joint angles in the sagittal plane [35]. Data were
recorded at a sampling frequency of 100 Hz and transferred to a PC via Bluetooth.

2.2.3. Procedure

As part of the experimental preparation, the participants were given detailed instructions on
how to operate the prototype. Vital signs were recorded, and a Martin anthropometer was used to
measure their thigh lengths, lower leg lengths, and waist widths. The length and width of the
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exoskeleton frame were adjusted based on the respective measurements. Finally, participants donned
the prototype while seated. During this process, the participants performed a standing motion to
evaluate the tightness of the straps or belts with the necessary adjustments. Simultaneously, the joint
angles of the left and right lower limbs were adjusted, and clearance measurements were performed.
After completing this stage, the participants returned to their seats, and the prototype was removed.

The participants wore calibrated markerless motion-capture suits, and each completed two 6-
meter walks at their usual pace. Joint angles were recorded using motion-capture technology,
walking time was measured with a stopwatch, and frontal and side views were captured using video
cameras.

The participants then donned the prototype again while seated. The time taken to don the
prototype while seated was recorded using a stopwatch. The participants were trained on the use of
the prototype with a specialized walker, and they practiced using crutches. The participants were
allowed to choose between simultaneous bilateral or alternating thrusting motions with crutches.
They were instructed not to exert force on their lower limbs while walking, sitting, or standing with
the prototype. A caregiver stood behind each participant to ensure safety and prevent falls.
Furthermore, air mats were placed on both sides of the walking path. Participants completed a 6-
meter walk with the prototype twice. Joint angles were recorded using motion capture technology,
walking time was measured with a stopwatch, and frontal and side views were captured with video
cameras.

The participants also performed two sitting and standing movements using the prototype. The
joint angles were continuously monitored during the movements, and side-perspective video
recordings were performed. After the activities, the prototype was removed, and the time taken for
doffing was measured using a stopwatch.

Finally, the participants completed the NRS questionnaires, and their vital signs were recorded.
Interviews were conducted to gather comprehensive feedback. The experimental procedure lasted
approximately 1.5-2 h.

2.2.4. Outcome Measures

2.2.4.1. Safety

The main objective of the safety evaluation was to assess the impact of the prototype on the
participants while ensuring that there were no unexpected risks or side effects. Safety outcomes
included the assessment of serious adverse events (SAEs) and adverse events (AEs) associated with
device usage. The SAEs and AEs were evaluated according to the guidelines provided by ISO
14155:2011, MEDDEV 2.7/3, and MDCG 2020-10/1.

Potential adverse events were assessed by measuring the heart rate in beats per minute (bpm),
systolic and diastolic blood pressures in mmHg, and oxygen saturation (SpO2) in % before and after
each session. Pain and discomfort levels were evaluated using an 11-point NRS, where 0 indicated
no pain or discomfort, and 10 indicated very intense pain or discomfort. Falls and physical injuries
resulting from use of the device were also recorded.

The clearances between the human thigh and lower limb and the thigh and shank segments of
the prototype were also measured in millimeters using calipers. This measurement evaluated
compliance with the checkout criteria for lower limb orthotics, where clearance was set at
approximately 5-7 mm for nonarticulated regions [36]. A narrow clearance means an increased risk
of skin injuries, whereas an excessively wide clearance may lead to increased friction with clothing.

2.2.4.2. Usability

The main objective of the usability test was to evaluate the ability of the participants to operate
the prototype correctly. Usability was assessed by measuring the time used by the participants in
wearing and removing the device. Donning time referred to the time required to attach the strap belts
to the pelvic area, thighs, shanks, and feet while the participant was in a seated position. Conversely,
the doffing time was used to describe the duration required to remove the strap belts from these same
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locations. Additionally, a questionnaire was administered to assess the ease of donning and doffing
as well as the subjective sensation of fit at three specific sites: the pelvic area, thighs, and shanks. The
rating scale consisted of 11 points, aligned with the previously described NRS, ranging from 0
(difficult to don/doff) to 10 (very easy to don/doff) and from 0 (not fit) to 10 (very fit).

Gait velocity (measured in meters per second) was calculated using the walking distance and
time. The stride length (measured in meters) was calculated using the walking distance and number
of steps taken during walking with and without the prototype.

2.2.4.3. Kinematic Parameters

The main objective of the kinematic analysis was to verify whether the prototype functions as
intended for the walking, standing, and sitting movements. The outcomes were measured using
markerless motion capture. The measurement focused on the hip and knee joint angles (measured in
degrees) during gait with and without the prototype, as well as during sitting and standing with the
prototype.

Data from the second trial were used for gait analysis. To account for the variability in walking
time among the individual participants, the joint angle data within a single gait cycle were
normalized, including both the swing and stance phases, and defined as 100%. We then used the
maximum (peak flexion angle) and minimum (peak extension angle) hip and knee joint angles to
represent and compare the differences attributed to the exoskeleton usage.

The gait cycle was divided into eight phases, each with a specific percentage of the cycle
according to the Rancho Los Amigos Hospital method: initial contact (IC) at 0%, loading response
(LR) at 0-12%, mid-stance (MSt) at 12-31%, terminal stance (TSt) at 31-50%, pre-swing (PSw) at 50—
62%, initial swing (ISw) at 62-75%, mid-swing (MSw) at 75-87%, and terminal swing (TSw) at 87—
100% [31]. At each of these phases, stable hip and knee joint angles were extracted. The correlations
between normal gait and gait with the prototype were then analyzed for these datasets.

Data from the second trial were used to analyze the standing-up motion. The analysis was
divided into three segments: the initial 2 s in the seated position, the middle 3 s in the standing-up
trial, and the final 2 s in the standing position. All segments were normalized to 100% for accurate
representation. The analysis of the sitting-down motion followed an approach similar to that of the
standing-up motion.

2.2.5. Statistical Analysis

The data are presented as mean + standard deviation. Paired t-tests were used to compare mean
vital data before and after the session. It was also used to compare gait velocity, stride length, and
peak flexion/extension angles of the hip and knee joints with and without the prototype. In addition,
Pearson's correlation coefficients were calculated for the hip and knee joints during a single gait cycle
with and without the prototype. All statistical analyses were conducted using IBM SPSS Statistics
version 28 (IBM Corp., Armonk, N.Y., USA). Statistical significance was set at p < 0.05.

3. Results
3.1. Analyzed Participants
The ten participants had the following characteristics: mean height 167 + 10 cm (range: 152-179
cm), mean weight 58 + 9 kg (range: 41-70 kg), and mean body mass index 21 + 2 (range: 17-25).
3.2. Safety Outcomes

No SAEs or AEs were observed. However, a minor problem occurred while walking with the
prototype; a participant lost balance and fell nearly diagonally forward to the left. Notably, the
caregiver promptly intervened to prevent injury. At this point, the caregiver stopped the prototype
by pressing the emergency stop switch on its back. Hence, we confirmed that an emergency arrest
was performed without complications.
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The mean heart rate was 74.3 + 12.1 bpm before the session and 79.6 + 12.5 bpm after the session.
Mean systolic blood pressure was 125.0 + 19.7 mmHg before the session and 119.8 + 9.8 mmHg after
the session, while mean diastolic blood pressure was 76.6 + 11.8 mmHg before the session and 73.6 +
3.0 mmHg after the session. Mean SpO2 was 97.4 + 0.7% before the session and 97.7 + 0.9% after the
session. No significant differences were observed between the pre- and post-session measurements
for any of the parameters.

The mean pain and discomfort ratings were recorded using the NRS scale as follows,
respectively: pelvis area= 0.0 + 0.0, 0.2 + 0.7; thigh area= 0.1 + 0.3, 0.3 = 0.7; and lower leg area= 0.7 +
1.1,0.4+0.7. No pain or discomfort ratings exceeded 3 during the sessions. The fatigue rating was 1.1
+ 0.8. None of the participants reported experiencing fatigue severe sufficient to make them stop the
session.

The mean distance between the device and the human body was 10.2 + 4.6 mm for the thigh and
10.9 + 5.2 mm for the shank.

3.3. Usability Outcomes

The average time required for donning the device was 3.8 + 0.6 min, while the mean doffing time
was 0.6 £ 0.2 min. The ease of donning or doffing was reported as follows: around the pelvis=4.8 +
2.3; in the thigh region= 5.1 £ 2.1; and in the lower leg region=4.7 + 2.4.

The ratings for the feeling of fit were as follows: around the pelvis = 6.2 + 3.0, in the thigh region
=7.0+3.0, and in the lower leg region = 7.1 + 3.0.

Participants achieved a mean gait velocity of 1.0 + 0.1 m/s during normal walking, which
decreased to 0.1 + 0.1 m/s when using the prototype. Similarly, stride lengths were 1.2 £ 0.1 m during
normal walking but decreased to 0.8 + 0.3 m when using the prototype. Statistical analysis revealed
significant differences in gait velocity (p < 0.001) and stride length (p = 0.0025) with and without the
prototype.

3.4. Kinematic Analysis Outcomes

The results of the kinematic parameters of the hip and knee joints throughout the gait cycle are
shown in Figure 6. Significant positive correlations were observed between normal walking and gait
with prototype in both the hip joint angle (r = 0.70, p < 0.001) and the knee joint angle (r = 0.84, p <
0.001). The mean peak flexion angles of the hip joint were 30 + 3.5° for normal walking and 30 + 6.1°
when using the prototype. The mean peak extension angles of the hip joint were -13 + 3.7° for normal
walking and -6 + 5.1° when using the prototype. Significant differences in these parameters were
observed between the two scenarios (p = 0.002). The peak flexion angles of the knee joint were 74 +
4.5° with normal walking and 44 + 5.2° when using the prototype, with significant differences
observed between the two scenarios (p < 0.001).

Figure 7 highlights the angular changes observed in the hip and knee joints during the sit-to-
standing process. The hip joint was flexed immediately before initiating the standing movement and
transitioning to an extended position. Simultaneously, the knee joint shifted from a flexed to an
extended posture as the participants assumed a standing position. As the participants descended
from standing to sitting, the hip joint transitioned from extended to flexed, with a similar shift
observed in the knee joint.
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Figure 6. Changes in hip and knee joint angles during one gait cycle with and without the prototype.
The vertical axis in the figure represents joint angles, with (+) indicating flexion and (-) indicating
extension. The horizontal axis is normalized to represent one gait cycle, including the swing and
stance phases, at 100%. The solid line represents the subject's average, while the dashed line represents
the standard deviation.
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Figure 7. Change in hip and knee joint angles during standing and sitting movements with the
prototype. The vertical axis in the figure represents joint angles, with (+) indicating flexion and (-)
indicating extension. The solid line represents the subject's average, while the dashed line represents
the standard deviation.
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4. Discussion

This paper presents a prototype exoskeleton designed for individuals with SCI. Experiments
were conducted to evaluate the safety and usability of the materials.

4.1. Safety and Usability

Although no SAEs or AEs were observed, one of the participants lost balance, but quick action
was taken by the caregiver to prevent injury. This incident was related to the experimental procedure
and not the device itself. However, the joint movement of the prototype is limited to one axis of
flexion-extension. This feature should be particularly useful for the initial training of patients with
lower limb paralysis; however, it may have been difficult for a healthy participant whose hip joints
move in three dimensions during walking. Furthermore, a slower setting with abnormal walking
patterns may have contributed to this event. Furthermore, human factors, such as learning forward
while using crutches and inadequate training, may have played a role. These findings highlight the
need for additional device enhancements and user training to ensure participant safety.

No significant differences were observed in the vital signs before and after the experiment. The
subjective pain, discomfort, and fatigue ratings were minimal, with no session interruption.
Therefore, it can be inferred that the health risks associated with exoskeleton use are low. The mean
clearance between the thigh and lower leg was 10 mm. Compared with the criteria for lower-limb
orthotics, the clearance values of the prototype are slightly larger but still within a reasonable range.
The subjective fit ratings consistently indicated high levels of comfort in all areas. The ergonomic
approach of combining adjustable structures and soft materials within a brace effectively minimizes
skin problems and misalignment, as evidenced by the low pain and discomfort ratings. These results
could also benefit physical therapists via the potential of eliminating traditional tasks, such as
applying and removing pads, thereby streamlining the preparation process in clinical settings.

The time required to don and doff the device was reasonable, and subjective ratings of the ease
of donning and doffing suggested the process was relatively straightforward. Conversely, according
to a previous study, it took approximately 7 min to don and 2 min to doff the conventional device
(ReWalk) [19]. It is important to note that these time durations include the time used in applying and
removing the pads to prevent skin abrasions; therefore, it is difficult to make direct comparisons.
However, our prototype successfully had lower donning and doffing times. This improvement was
due to the switch from the traditional velcro system to the ratchet system, allowing for easy
adjustment, secure attachment, and quick, one-touch removal.

4.2. Kinematic Parameters

We found that the prototype successfully executed the intended walking, standing, and sitting
programs. The kinematic results during walking indicate nearly identical hip and knee joint patterns
with and without the prototype, proving that the prototype provides gait assistance.

However, significant differences were observed in the peak values of the knee joint flexion angle
and hip joint extension angle. During the stance phase of walking with the prototype, the knee was
inadequately flexed, particularly during the weight response phase. In addition, the maximum angle
of knee flexion during the swing phase was smaller than that during normal walking. Furthermore,
the maximum hip extension angle with the prototype was smaller than that during normal walking.
On observation, it appears like the foot makes ground contact before the knee fully extends and that
there is a forward-leaning posture owing to the use of crutches. These factors may be related to the
shorter stride length of the prototype compared to normal walking. Therefore, adjusting the settings
of the prototype's walking program will be necessary in the future.

In addition, the mean gait velocity achieved with the prototype was only 10% of that in normal
walking. This was because the participants were using the exoskeleton for the first time, and some
expressed apprehension about going faster. Hence, the speed of the exoskeleton was intentionally set
to a slow pace to improve safety. According to the opinion of a physical therapist with experience in
using exoskeletons, the speed is usually initially set to slower, although faster speeds make walking
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more stable. As the prototype's specifications allow it to reach speeds of up to 0.5 m/s, equivalent to
that of a conventional exoskeleton, it will be necessary to gradually adjust the speed according to the
user's condition and proficiency level.

4.3. Proposed Design Specifications for Safety and Usability

As shown in Table 2, based on the results of the evaluation experiments, we can propose design
specifications for an exoskeleton for individuals with SCI, considering safety and usability. The table
also includes a comparison with conventional ReWalk products. The prototype incorporates unique
features such as joint angle adjustment mechanisms, gel-type cushioning material, hip shells, and
modularity, while still maintaining basic functionality equivalent to that of conventional products,
including the ability to assist with walking, standing, and sitting. These additions were designed to
enhance safety and usability.

Table 2. Proposed design requirements for the safety and usability of powered exoskeletons for
individuals with spinal cord injury.

Elements Outline specifications ReWalk Prototype
Basic functions
Exoskeleton frame including Sufficient rigidity to support weight v/ v
fixture
Actuator Generate the torque required for v v
walking and sit-standing
Gait trigger sensor Detect body tilt v v
Computers Control and adjust the operating v v
parameters
Loafstrand clutch Maintain balance and prevent falls v v
Additional functions
Dimension adjustment Adjustable thigh length, shank v/ v
mechanisms length, and pelvic band width
Knee guards Prevent knee bending during v v
standing
Krenzak mechanism Suppress ankle plantar flexion v v
Joint angle adjustment Fit to leg shapes (X- and O-legs) v
mechanism
Gel cushioning material and Reduce pressure, prevent skin v
hip shell damage
Shoe-mounted foot segment Easy to wear while one's shoes v
Ratchet-type clasps Easy to don/doff v
User interface built into clutch ~ Easy to select operation and stop v

mode without changing hands

Grip for physical therapist or Easy to provide assistance v

caregiver

Split-type structure Easy to store and transport v

Emergency stop button Accessible to both wearer and v
caregiver

*The v/ mark indicates satisfaction with the requirements.

4.4. Study Strengths and Limitations

A major strength of this study is that we developed a novel exoskeleton for individuals with SCI
and quantitatively measured subtle body movements within the exoskeleton frame using a
markerless motion capture system, which was previously considered difficult. Our results provide
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strong evidence that the prototype can successfully perform walking, standing, and sitting
movements when worn by healthy participants. This performance suggests that the prototype has
properties similar to conventional exoskeletons and can potentially improve the walking ability of
individuals with SCI. In addition, the prototype exoskeleton effectively addressed common problems
associated with the use of exoskeletons, including skin injuries and misalignment. Key features, such
as adjustable dimensions and joint angles, cushioning materials, ratcheting fasteners, and a wireless
operating interface built in to the clutch, improve the safety and usability of the exoskeleton.

However, this study has some limitations which must be acknowledged. We used a small
sample size and relatively short experimental duration, which could have introduced some bias into
our findings. This could be addressed by expanding the study to include more participants and
longer-term investigations. In addition, there were technical challenges, particularly with the weight
of the prototype, which exceeds that of conventional devices. Lightweight materials such as carbon
fibers, battery capacity adjustments, and a specially designed control system instead of a general-
purpose PLC could be explored to achieve the desired weight target. Adjusting gait parameters based
on normal gait data and reevaluating the basic gait pattern are also necessary. Given these limitations,
it is imperative to continue improving and adapting the prototype. It is essential to comprehensively
evaluate patients with SCI in clinical settings to better understand the prototype and its potential
applications.

5. Conclusions

A prototype exoskeleton was designed for individuals with SCI. Experimental evaluations with
healthy participants showed good safety and usability of the device. In addition, it demonstrated the
ability to facilitate walking, standing, and sitting movements. However, further improvement of the
device and adjustment of gait parameters are essential to improve its application in future clinical
settings.
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