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ABSTRACT: Exoskeleton systems developed thus far have demonstrated limitations in clinical applicability and objective assess-
ment of spasticity. To address these gaps, a sensor-fusion-based elbow exoskeleton robot designed for reliable therapeutic intervention
and quantitative evaluation was developed in this study. Its efficacy in quantifying and relieving spasticity in stroke patients with
hemiparesis was evaluated. The robotic device integrates high-precision torque sensors and kinematic sensors to ensure accurate, suf-
ficient, and safe spasticity management. To validate the gaugeability of the system, patients with varying Modified Ashworth Scale
(MAS) scores were assessed using the robot's embedded sensor system. A total of 22 stroke patients with severe elbow spasticity
were recruited and randomly assigned to either an intervention or control group. The intervention group underwent a static stretching
protocol (20 min/session, 5 days/week for 2 weeks). Spasticity was quantitatively measured three times—once before and twice after
the intervention—using both MAS and sensor-derived metrics, including maximum torque and gradient slope. The results
demonstrated a strong correlation between therapist-assessed MAS scores and torque sensor readings (r = 0.75, p < 0.05), as well
as between the MAS and gradient A (r = 0.71, p < 0.05). Statistically significant improvements were observed in both MAS (Pre:
3.29+0.55; Post-2: 2.25+0.89) and torque values (Pre: 11.22+3.62 Nm; Post-2: 9.27+3.92 Nm), confirming both the therapeutic effect
and measurement precision of the system. These findings suggest that the proposed exoskeleton robot not only reduces the spasticity
but also provides a reliable, sensor-based quantitative assessment of muscle tone, supporting its application as both a therapeutic and
diagnostic device in neurorehabilitation.
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1. INTRODUCTION

Spasticity is a common and problematic sequela in hemi-
paretic stroke patients [1,2]. It is defined as a velocity-depen-
dent increase in muscle tone that is characterized by a
hyperactive stretch reflex following upper motor neuron
injury [3]. Flexor-type elbow spasticity is frequently observed
in hemiparetic stroke patients [4].

Without proper management, elbow spasticity may lead to
disturbances when performing activities of daily living by
limiting the range of motion or contracture of the elbow joint.
Many studies have reported that spasticity is closely related to
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poor motor function, and a previous study reported that a 50%
reduction in the range of motion of the elbow joint could lead
to a loss of up to 80% of upper extremity function [1,5-7].
Consequently, aggressive management of elbow spasticity is
required for successful rehabilitation of patients with hemi-
paretic stroke.

Many modalities, including medication, stretching exer-
cises, braces, stretching devices, and surgery, have been used
to manage spasticity in patients [8-13]. Stretching is a basic
and common modality because it has the advantages of easy
application, low cost, and few side effects [14-16]. Hemi-
plegic stroke patients are required to perform stretching exer-
cises several times a day to relieve spasticity to a satisfactory
state which they have difficulty performing without assis-
tance. Thus, professional therapists may consume a significant
portion of the available treatment time relieving spasticity in
patients with hemiparetic stroke in hospitals, especially in
those with severe spasticity. Therefore, we developed a
robotic device to relieve elbow spasticity in a safe, easy, and
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repeatable manner.

Many rehabilitation robots have been developed with many
advantages and unique features that our robot does not possess.
To our knowledge, however, there are not many that have been
applied to clinical practices. Among the exoskeletal-type
robots for the upper extremities that have been either used for
clinical purposes or commercialized, there are ARMIN [17]
and KINARM [18]. ARMIN, developed by HOCOMA and
commercialized under the brand name ARMEQ, is a general-
purpose six-degree-of-freedom rehabilitation robot for the
upper extremities that can be applied to spasticity treatment. Its
elbow part has the maximum torque capability of 27 N'm,
which was determined by measuring the maximum voluntary
contraction in healthy people [19]. KINARM was designed to
provide horizontal flexion and extension movements at both
the shoulder and elbow joints. The robot was primarily used
for spasticity assessment, and the maximum torque at the
elbow joint was rated at 16.5 N'm.

After the features of those two robots had been examined,
the aim was to develop a robot dedicated to both the mea-
surement and treatment of elbow spasticity; does reflect, at the
same time, the clinical needs and practices more closely; and
thus is readily applicable for clinical purposes. Specifically, we
aim to develop a robot with the following attributes and fea-
tures. First, we sought to develop a robot that could provide
accurate exercise levels for spasticity treatment and/or mea-
surements in post-stroke patients. Patients with spasticity may
have varying ranges of motiondepending on their condition
and may have a greater risk of injury than patients with normal
joints, particularly if the range of motion during treatment is
exceeded. Therefore, the robot should be able to operate accu-
rately in accordance with the condition of the individual
patient. In addition, it is proposed to develop the robot not only
for treatment but also for measurement purposes. In order to
consider the data recorded by the robot as meeting reliable
measurement criteria, it is necessary for the intervention to be
uniform. Therefore, an important aspect of robot development
is the accuracy of the device.

Second, a robot that could provide sufficient torque or force
was developed. Because patients with a high degree of muscle
and joint stiffness may impose a physical burden on therapists,
potentially leading to ineffective treatment, consideration was
given to the amount of force required to treat such patients
during the development stage. Accordingly, the robot was
designed to reduce the burden on the therapist and ensure that
effective treatment is easily accessible to patients with spas-
ticity.

The third objective was to develop a robot that could be
operated at the maximum safety level. Safety for both the
patients and therapists is of paramount importance in instances

where the robot is in close contact with patients. And as was
demonstrated in the survey results, there is always anxiety
about the stability of these robots [20]. To solve this problem,
the robot system must be equipped with multiple, overlapping
protection mechanisms. In addition, the robot was expected to
be able to provide patients with compliant movement in order
to deal with situations where a patient suddenly became stiff or
convulsive; if the robot continued to operate without regard to
such occurrences, the patient’s muscles and/or joints could be
seriously injured.

For this study, a robot device was developed with the above
described features and was applied in actual clinical practice to
determine its effectiveness. Previously, many rehabilitation
robots have been developed and reported on, but they have
rarely been used in hospitals except for the aforementioned
robots. There is also a lack of reports validating their per-
formance. especially when they were applied to spasticity.
Therefore, we aimed to provide robot based treatment for
patients with elbow spasticity who were undergoing actual
rehabilitation in a hospital. The study’s experimental design
was formulated to confirm the robot’s therapeutic effect in a
clinical setting.

In summary, a sensor fusion-based exoskeleton robot was
developed to address the clinical need for quantitative spas-
ticity assessment and therapeutic intervention.

2. DEVELOPMENT OF SYSTEM
2.1 Overall System Design

During the design process, the most important step is to
establish design targets. Our design targets were determined
based on an understanding of the patients and insights into
their needs. To understand patients and properly address their
needs, a lot of time and effort went into collaborating with
medical doctors and physical therapists. As a result of these
collaborations, we defined the design fargets in terms of the
target group and tasks.

2.2 System Specification

To meet the aforementioned design target, and with clinical
relevance in mind, we derived the corresponding design
specifications. Consideration of the target group and target
task enabled the specification of the maximum torque,
degrees of freedom (DOF), and range of motion, all of which
are required by the patients and must be supplied by the
robot. These specifications determine the detailed specifi-
cations of the kinematic structure of the robot, its actuators,
sensors, and other details.
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2.2.1 Torque/Motion

Because the MAS 3 patients in the target group required the
highest torques owing to the severest muscle tone [21,22],
these torques were used to represent the maximum torque. In
practice, there was a scarcity of MAS 3 patients, and only two
male patients were available for torque measurement. For
these patients, the required torques were measured using a dig-
ital dynamometer (MicroFet 2; Hoggan Scientific, USA), as
38.16 N'm and 30.70 N-m. These torques were measured by a
male therapist according to the standard procedures for MAS
score assessment. While he exerted forces on the patients by
grasping their hands, the forces were measured using a digital
dynamometer attached between their hands. The maximum
force was then converted to the maximum torque. We set the
maximum torque to 45.99 N'm, so that the robot would be able
to provide sufficient stretching torques for all patients in the
target group.

In addition, the target task of providing elbow flexion and
extension movement made it straightforward to determine the
following kinematic structure: the robot was required to be of
an exoskeleton type with one DOF revolute joint rotating from
140° (flexion) to -10° (hyperextension). Stretching exercises
were to be performed at a sufficiently slow rate, especially in
patients with spasticity, similar to that provided by conven-
tional physical therapy.

2.2.2 Control

The control was conducted in the presence of resisting
torques originating from the muscle tones. The control objec-
tive is the concurrent control of both position and compliance
in the presence of substantial resisting torques.

As feedback controller, we employed time-delay con-
trol(TDC) [23,24], whose control law is described as

r=1(t—L)- Mj(t— L)+ M( §,+K,é+K,e) (1)
da T 07T PT

Time delay estimation

Insertion of desired dynamics

where 7 denotes control input caused by a motor; ¢, q, q the
angular position, velocity, and acceleration, respectively ; e,
the desired value of e; ¢ = g, — ¢ the tracking error. L is a very
small time delay (L = 0.002 s), which is intentionally
introduced to estimate and compensate for the robot dynamics
and uncertainties, such as the resisting torques. Here, M rep-
resents the control gain for the TDC, and K, and K, denote
feedback gains. These were set to M = 0.3 kg'm?’, K, = 20,
and K, =100. In (1), any desired dynamics can be inserted in
the second bracket, including the desired compliance (or
impedance) for patient safety and comfort [25-27]. As such,
we employed typical compliance dynamics as

Md(‘.].d _Q)+Bd(q.d _4)+Kd(qd _q):Te,rr @

where M,, B,, and K, denote the desired mass, damping, and
stiffness, respectively; z,,, the interaction torque on the human
limb exerted by the robot, which is to be measured by the
torque sensor.

As a result of these compliance dynamics, the TDC controls
the dynamic interaction between the robot and the environ-
ment — the patient’s elbow in our case — such that the robot
behaves as if it were a virtual mass, combined with a spring
and damper interacting with the environment. This allows the
robot’s actions to be somewhat adaptive or compliant when the
patient exhibits sudden spasms or when there is a sudden
increase in stiffness. Consequently, the compliance control
equation becomes

r=1(t-L)~Mj(t = L)+ MG, + M (B +Ke-7,))  (3)

Insertion of desired cmpliance dynamics

where M, = 20Nm's’, B, = 89.44N-m's, and K, =
10.0 N'm. The ¢ is measured by the encoder, whereas ¢ and
q are determined by numerical differentiation using low-pass

filtering, and 7,,, is measured by the torque sensor.

ext
2.2.3 Safety

For safety, excessive torque and motion beyond the range of
motion (ROM) are prevented by a triple-protection mechanism
consisting of a soffware-based element, an electrical element,
and a mechanical element.

Specifically, the software-based element features a set of
control codes that use the encoder signal to monitor the robot’s
position with respect to the ROM. If the robot moves beyond
this, then the control code is to halt that movement. As the
electrical means for protection, the input to the motor driver is
to be restricted to = 10V, which corresponds to the torque limit
of £ 59.4 N'm. Note that this torque limit is the sum of the
maximum resisting torque, 45.99 N'm, and the extra torque to
drive the mechanism itself. Any torque exceeding this limit is
to be truncated to prevent excessive torque. Mechanical stops
were installed in cases where all the aforementioned means
failed. These adjustable stops were designed to be placed at
both the maximum and minimum ROM so that no motion was
allowed beyond the ROM. In addition to these three methods,
an emergency stop button is designed.

The aforementioned compliance control is used to ensure
security by making the robot comply with patients when they
exhibit sudden, abnormal behavior.

excessive physical strain, enabling clinicians to promptly
adjust the intensity of the therapy [12]. The joint angle sensor
utilizes an encoder to accurately measure the joint angles in
real time, providing essential feedback regarding the patient's
ROM, which is a critical metric for evaluating rehabilitation
progress [13]. A flexible pressure sensor embedded within the
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wearable gloves was used to measure the pressure distribution.
This sensor captures data on grip strength, weight distribution,
and postural balance and offers valuable insights into motor
recovery [14].

2.3 Prototype

Fig. 1 shows the fabricated robot, where Figs. 1 (a), (b), and
(c) display its anterior, lateral, and superior views, respectively.
Its parts are as follows.

2.3.1 Mechanism

The exoskeleton robot developed for elbow rehabilitation
consists of three major parts: an upper-arm support that holds
the upper arm, a driving part that rotates the elbow joint, and
a forearm support that holds the forearm and provides move-
ment (Fig. 1 (d)).

The driving part of the robot system, used to provide elbow
flexion and extension movement, is composed of a brushless
DC motor (EC-4pole 30, Maxon Motor, Swizerland; nominal
torque 136 mN'm), a planetary gear head (GP-42C; Maxon

e Tilting frame

- " r7 ROM limiter
| £ =

Resting upper-arm splint

Resting olecranon
splint
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(b) Lateral view

Motor and
encoder

Torque sensor ~
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(d) Anterior view
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(c) Superial view

Fig. 1. Elbow exoskeleton robot. (a) Anterior view of exoskeleton
robot that mainly illustrates the driving part of the robot, (b)
lateral view of exoskeleton robot showing splint locations, (c)
superior view, (d) anterior view showing extension of the
upper limb.
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Motor, Switzerland; gear ratio 6:1), a harmonic drive (CSG-
20B-100, THK, gear ratio 100:1), and a torque sensor (TRT-
500; Transducer Techniques, USA; capacity range 56.49 N-m).
Via this configuration, the final output torque is 59.49 N'm,
similar to the value specifically required to control the increase
in muscle tone owing to spasticity in patients with a MAS
score of 3. In addition, the motor was equipped with a
quadrature encoder with a resolution of 500 pulses/rev,
equivalent to the resolution of 0.3x10” ° at the elbow joint.

2.3.2 Control

The robot control system is composed of a hardware plat-
form and a real-time operating system. The hardware platform
comprises an industrial PC, Intel Core i3-3240 based, and a
dedicated interface board (Sensoray s626 board), used to inter-
face with the motor and sensors. On this platform, a real-time
Linux OS (Ubuntu 14.04, 64 bit) and a real-time application
interface (RTAI 4.1) were installed. The TDC was imple-
mented in this environment [23] with a sampling time of
0.002 s (500 Hz).

2.3.3 Safety

We tested whether the safety software was functioning prop-
erly; it was confirmed that it successfully halted the robot
movement upon detecting joint values exceeding the ROM. It
was also verified that any input voltage to the motor drive
exceeding = 10 V was truncated to = 10 V. In addition, we
checked that all the mechanical stops shown in Figs. 2 (a) and
(b) and the emergency button in Fig. 2 (c) functioned as they
were supposed to be.

2.3.4 Misc

In addition, accessories were installed to provide patients
with comfortable and stable arm postures. For example, there
are two resting splints shown in Fig. 1 (b) that support the fore-
arm and upper arm, which are specifically tailored to the
human body shape to provide patient comfort. The forearm
support part has a length adjuster that can meet the lower 5%
of length of a female forearm and the upper 5% of that of a
male forearm derived from previous Korean anthropometric
data [28]. The handgrip portion of the forearm prevents the
hand from shaking or moving.

3. EXPERIMENTAL SETUP AND RESULTS
3.1 Experimental Setup
3.1.1 Subjects
Twenty-two hemiparetic stroke patients (mean age 55.64

years + 8.36, range 42-77; 14 males and 8 females) were
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~
—

(c) Emergency button

Fig. 2. Safety devices. (a) mechanical stopper that prevents move-
ment over the range of motion from the power axis, (b)
mechanical stopper that prevents movement over the range of
motion from the effector stage, (c) emergency stop button.

recruited to this study. The following inclusion criteria were
applied: (1) first ever stroke; (2) over 20 years old; (3)
severe spasticity of the affected elbow flexors MAS score >
2); (4) no contracture of the affected elbow; (5) no history
of peripheral nerve injury or musculoskeletal disease (e.g.,
arthritis, musculotendinous injury, and bone fractures ); (6)
patients without severe cognitive problems (MMSE>25); (7)
ability to sit independently; and (8) no history of any inva-
sive procedure for the treatment of spasticity (botulinum
toxin injection, neurolysis, or surgery) within six months of
the start of this study. Drugs capable of affecting spasticity
were administered throughout the study. All patients were
randomly assigned to either the intervention group (11
patients; 7 males; mean age, 55.10+7.06 years) or the con-
trol group (11 patients; 7 males; mean age, 56.18+9.80
years). Three patients in the intervention group dropped out
of the study due to personal reasons. As a result, eight
patients (8 patients; 6 males; mean age, 54.50 + 7.33 years)
finished the intervention program. No significant differences
in demographic and baseline clinical data (MAS scores)
were detected between the intervention and control groups
(» > 0.05) (Table 1).

To investigate the correlation between the MAS score mea-
sured by the therapist and the values measured by the robot,
three patients at each MAS score level (MAS score 1, 1+, 2,
3) were recruited. The MAS score for each patient was remea-

Table 1. Demographic and clinical data of the patient and control

groups.
Intervention Inter-group
aroup Control group Total P value
ge, year  54.50 (7.33) 56.18 (9.80) 55.47 (8.66) 0.97
Sex, male/ 6/2 7/4 13/6 0.72
female
Handedness,
right/left 7/1 11/0 18/1 0.66
Affected side,
right/left 3/5 5/6 8/11 0.78
MAS score at
baseline 329 (0.55) 3.12 (0.62) 3.19 (0.58) 0.60

Values indicate mean (standard deviation), MAS: Modified Ash-
worth Scale, Baseline: the first assessment time

20
4 MAS score 1

¢ MAS score 1+
* MAS score 2

R=0.76
T MAS score 3

Maximum torque (Nm)

0 1 2 3 4 5
Mean of MAS (score)

Fig. 3. Relationship between maximum torque recorded by the robot
and therapist-derived MAS scores.

sured by three blinded therapists, and the average of those
MAS scores was used as the representative score. The cor-
relation between the MAS scores measured by the therapists
and the maximum torque value among the torque values mea-
sured by the robot is presented in Fig. 3. The value of the cor-
relation coefficient (R) for that relationship was 0.76,
indicating a strong relationship.

3.2 System performance evaluation

3.2.1 Clinical Evaluation

The spasticity of the affected elbow was assessed three
times over 2 weeks. The first assessment (Pre) was per-
formed before the start of the stretching program, the second
(Post-1) after the first week of therapy, and the third (Post-
2) immediately after the end of the program. Assessments
were conducted by determining each participant’s MAS
score, which was used to evaluate the severity of spasticity
in the flexors of the elbow joint. The MAS scores were as
follows: 0 = no increase in muscle tone; 1 = slight increase
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in muscle tone, manifested by catch and release or by min-
imal resistance at the end of the ROM when the affected
parts were moved in flexion or extension; 1° = slight
increase in muscle tone, manifested by a catch followed by
minimal resistance in less than half of the ROM; 2 = a more
marked increase in muscle tone throughout most of the
ROM, but with passive movement difficulty; and 4 =
affected part rigid in flexion or extension [3]. MAS score
categories 1" to 4 were modified to fall within the range of
2-5 for the statistical analysis.

3.2.2 Intervention Program

The intervention group patients placed the affected forearm
and upper-arm on the respective resting splints, and the fore-
arm and upper-arm were fixed in the splints by using Velcro®
straps. Subsequently, the elbow joint axis of the robot must be
adjusted such that it aligns with the lateral and medial epi-
condyles of the patient’s elbow. All interventions were carried
out by stretching from a starting angle of 120° (flexion) to -10°
(hyper extension). For assessment, three therapists entered the
room separately (to maintain objectivity), and each therapist
measured and recorded the patient’s MAS scores. The robot
was then attached to the patient and it started to stretch the
patient’s elbow under the supervision of a therapist. When
—10° hyperextension was reached, the robot maintained that
stretched position for 10 s and then returned to the initial flex-
ion position of 120°. This was repeated twice, and the robot
was stopped. We then performed stretching exercises at rates
of 5 %s, 15 °/s, and 25 °/s and collected data for each patient.
These stretching speeds were selected based on clinical prac-
tice and previous studies that demonstrated the velocity-depen-
dent characteristics of spasticity, as defined by the Modified
Ashworth Scale.

The patients in the intervention group received robotic exer-
cise treatment for approximately 20 min, five days/week for
two weeks at a stretching speed of 5 °/s and a stretching hyper-
extension hold time of 30 s [29].

3.2.3 Data Analysis

Statistical analysis was performed with SPSS (SPSS Inc.
Released 2006. SPSS for Windows, version 15.0. SPSS Inc.,
Chicago, IL, USA). Demographic data, MAS scores, and sen-
sor values between the intervention and control groups were
compared by using the Mann-Whitney U test. Statistical sig-
nificance was accepted for p values of < 0.05.

3.2.4 Results

Eight patients completed the intervention program without
any side effects or complications. The upper graph in Fig. 4
shows the change in the mean elbow MAS scores in the inter-
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Fig. 4. Changes in mean values in the intervention and control
groups over the two week study period: (top) changes in
mean MAS scores, (middle) changes in mean maximum
torque values, and (bottom) changes in mean of torque val-
ues.

vention and control groups over the two-week treatment
period. A significant difference was observed in the mean
elbow MAS scores between Pre (MAS = 3.29) and Post-2
(MAS = 2.25) assessments in the intervention group (p <
0.05). There was no significant difference in the control group
between Pre (MAS = 3.12) and Post-2 (MAS = 3.06) assess-
ments (p > 0.05).

A significant difference in the mean maximum torque was
detected between the intervention group (9.27) and the control
group (11.84) in the Post-2 assessment (p < 0.05). A significant
difference was detected in the Post-2 period (p < 0.1) between
the intervention group (3.89) and the control group (4.71).
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4. CONCLUSIONS

In this study, we developed and clinically validated a sensor
fusion-based elbow exoskeleton robot designed for the treat-
ment and measurement of elbow spasticity in hemiparetic
stroke patients. The proposed system demonstrated high accu-
racy, sufficient torque output, and a high level of safety
through the integration of torque, position, and compliance
control mechanisms.

The clinical results confirmed the effectiveness of the robot
in reducing spasticity, as evidenced by significant improve-
ments in the Modified Ashworth Scale (MAS) scores and
torque measurements in the intervention group. Moreover, the
strong correlations between the therapist-assessed MAS scores
and robot-measured torque values support the utility of this
system as an objective assessment tool for spasticity.

Future studies should focus on refining the adaptive control
algorithms of the system to enable fully personalized treatment
protocols. Additionally, we plan to integrate the measurement
and treatment functionalities in real-time, allowing on-the-fly
adjustment of therapeutic parameters based on the patient’s
condition. Expanding the clinical trials to larger and more
diverse populations will further verify the applicability of
robots in real-world healthcare settings. We aim to enhance the
adaptability of robots by integrating real-time physiological
feedback (e.g., EMG signals) and machine-learning algorithms
to personalize therapy protocols. Furthermore, wireless con-
nectivity and cloud-based data analytics should be explored to
facilitate remote monitoring and longitudinal patient tracking
in home-based rehabilitation settings.
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