i:;l?é electronics

Article

Bionic Design of a Novel Portable Hand-Elbow Coordinate
Exoskeleton for Activities of Daily Living

Qingyun Meng 123

check for
updates

Citation: Meng, Q.; Liu, G.; Meng, Q.;
Xu, X.; Qin, L.; Yu, H. Bionic Design
of a Novel Portable Hand-Elbow
Coordinate Exoskeleton for Activities
of Daily Living. Electronics 2023, 12,
3326. https://doi.org/10.3390/
electronics12153326

Academic Editors:
Giuseppe Prencipe and Adel
M. Sharaf

Received: 5 April 2023
Revised: 2 August 2023
Accepted: 2 August 2023
Published: 3 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Guanxin Liu "2, Qiaoling Meng 2, Xin Xu 23, Liang Qin 13> and Hongliu Yu ?-*

College of Medical Instruments, Shanghai University of Medicine and Health Sciences,

Shanghai 201318, China; mengqy@sumbhs.edu.cn (Q.M.); 212302575@st.usst.edu.cn (G.L.);
qinl@sumhs.edu.cn (L.Q.)

Institute of Rehabilitation Engineering and Technology, University of Shanghai for Science and Technology,
Shanghai 200093, China; mql@usst.edu.cn (Q.M.); 202562463@st.usst.edu.cn (X.X.)

Shanghai Engineering Research Center of Wearable Medical Technology and Devices, Shanghai 201318, China
*  Correspondence: yhl_usst@outlook.com

Abstract: This paper presents the mechanical design and test of a portable hand-elbow combination
linkage upper limb rehabilitation robot, which can realize the joint movement of the hand joint
and elbow joint and reproduce the complete grasping action. The joints that need bionic support
are determined according to the characteristics of human upper limbs and hands, and the overall
bionic mechanism is designed. The Motion module in SolidWorks is used to simulate and analyze
the rehabilitation robot. The measurement experiment and grasping experiment of joint mobility
are carried out on the experimental prototype. As a result, the angular displacement and linear
displacement curves obtained via the simulation results are smooth. The measurement experiment
of the joint range of motion confirms that the joint range of motion is also within the range of the
normal joint angle of the human body, and the grasping experiment shows that the exoskeleton can
grasp and lift a 1.801-kg cylindrical object and other daily necessities of different shapes. This result
shows that the design of the portable hand-elbow combination linkage upper limb rehabilitation
robot is reasonable, can satisfy the rehabilitation training requirements of the hand and upper limb,
and has some ability to assist users in daily life.

Keywords: portability; exoskeleton; hand-elbow combination linkage; rehabilitation; joint range
of motion

1. Introduction

Stroke, which is a disease characterized by cerebral ischemia and hemorrhagic injury,
is known for its high incidence rate, high mortality, high disability rate, high recurrence rate,
and numerous complications [1,2]. According to the Global Burden of Disease Report pub-
lished by the World Health Organization, the year 2019 saw 12.2 million new cases of stroke
diagnosed, 101 million existing cases of stroke exist, 143 million disability-adjusted life
years (DALYs) attributed to stroke, and 6.55 million deaths caused by stroke [3]. Globally,
stroke remained the second most prevalent cause of death, accounting for 11.6% of total
deaths, and the third most prevalent cause of death and disability combined, accounting
for 5.7% of total DALYs, in 2019.

After the onset of stroke, it is often accompanied by a variety of functional injuries,
such as language function, upper limb motor function, lower limb motor function, etc.
Among these functional injuries, upper limb motor function injury accounts for a high
proportion, and about 65% of stroke patients still have upper limb motor dysfunction
within 3-6 months of the operation [4]. Existing experimental studies have confirmed that
continuous passive enhanced periodic training of patients” upper limbs can effectively
prevent muscle disuse atrophy and contribute to the recovery of a patient’s upper limb
motor function [5,6].
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The traditional rehabilitation treatment method is to carry out one-to-one or one-to-
many special rehabilitation training for patients through physiotherapy, and most recently,
upper limb rehabilitation training [7] has become a research hotspot in society. Upper limb
exoskeletons are wearable exoskeleton devices specifically designed for the human upper
limbs, aiming to enhance upper limb function and mobility. They can support and assist
movements of the arms, shoulders, and hands, helping individuals with daily activities
and specific tasks. Upper limb exoskeletons are widely used in fields such as medical
rehabilitation, industrial workforce augmentation, and assistive functional activities. Upper
limb exoskeletons are considered to be a viable form of treatment for many conditions,
such as post-stroke rehabilitation, traumatic brain injury (TBI), spinal cord injury (SCI),
and neurodegenerative diseases [8]. Cappello et al. [9] described the design of a soft
exoskeleton with a single actuator for the elbow joint that can control flexion and extension
simultaneously, aiming to enhance the strength of human users. The design approach of
the CLEVER arm [10] allows the use of carbon fiber-reinforced 3D-printed links and the
design and control of the shoulder joint, reducing the weight of the exoskeleton while
maintaining high rigidity and torque. With the continuous development of exoskeleton-
related technologies, the increasing assistive capabilities provided by exoskeletons are
expected to address the issue of prolonged static posture [11]. However, the development of
such devices still faces the following challenges: (1). Power and energy management: upper
limb exoskeletons require efficient power systems to provide sufficient force and prolonged
battery life. The weight and size of the batteries need to be considered to ensure the device
is lightweight and portable. (2). Human—machine interaction and control: Designing user-
friendly and controllable interfaces is crucial for upper limb exoskeletons. Users should
be able to control the device easily and receive accurate feedback and sensations to help
them achieve natural and intuitive movements. (3). Degrees of freedom and adaptability:
upper limb exoskeletons need to have multi-joint degrees of freedom and flexible designs
that accommodate different arm morphologies and movements, ensuring the practicality
of the device.

At present, many types of upper limb rehabilitation training systems [12-15] have
been introduced into hospitals as intelligent equipment, but they have not been widely
popularized because of their non-portability, large volume, and high cost. And most of the
existing upper limb rehabilitation training devices can only recover the shoulder, elbow,
and wrist of the upper limb, which cannot effectively combine hand rehabilitation with
upper limb rehabilitation. The hand is an indispensable body part that people use in
activities of daily living. Indeed, 60% of the activities in life need to be realized using the
upper limb, and the function of the hand accounts for 90% of the function of the upper
limb [15,16]. It can be seen that hand rehabilitation is important to patients” upper limb
rehabilitation.

As is well known, the human upper limbs and hands have a total of 18 joints and
27 degrees of freedom. The coordinated functioning of these joints allows the human hand
to grasp objects in space in various postures. However, stroke patients experience issues,
such as muscle weakness or excessive muscle tone, related to the driving muscle groups
of these joints due to damage to the central nervous system, resulting in a reduction in
the range of motion of the joints. For example, after the onset of the disease, the shoulder
muscles may experience muscle relaxation, leading to shoulder weakness. The elbow
muscles may exhibit excessive tension in the biceps brachii and inadequate strength in the
triceps brachii, making elbow flexion and extension difficult. The hand muscles may suffer
from spasms after the disease, preventing independent extension of the hand joints.

According to the above characteristics analysis, it is necessary to design a bionic
mechanism to replace the human shoulder joint, elbow joint, and hand joint muscle groups
to realize joint drive. The driving torques that correspond to the three degrees of freedom of
the shoulder joint (pronation/extra rotation, flexion/extension, and adduction/abduction)
are 6.5 N-m, 11 N-m, and 5.5 N-m, respectively; The corresponding driving torque of elbow
flexion and extension is 4 N-m, and the driving torque that corresponds to the movement of
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one finger of the hand is 1 N-m [17]. Due to the characteristics of many degrees of freedom
and the large driving torques, the total weight of the shoulder joint driving system can
generally reach more than 2.2 kg [18], which is much heavier than that of the elbow and
hand joint driving system. Considering that the weight and volume of the rehabilitation
trainer are too large, the rehabilitation robots are not portable, which greatly affects their
popularization and application in families or communities, and the final rehabilitation
trainer discards the bionic shoulder joint and chooses to replace the elbow joint and hand
joint with the bionic mechanism. Moreover, in the design of the hand bionic mechanism,
considering that the position and function of the thumb are different from those of the four
fingers, the thumb mechanism should be separately designed. At the same time, the distal
interphalangeal joint of the four fingers has a certain work relationship with the proximal
interphalangeal joint [15-19], that is, the movement of the proximal interphalangeal joint
will drive the movement of the distal interphalangeal joint. Therefore, in the design of the
hand joint mechanism of the elbow joint rehabilitation trainer, the bionics of the proximal
interphalangeal joint and metacarpophalangeal joint can realize the complete flexion and
extension of fingers.

Based on the above issues, this study designs a new type of portable elbow joint
rehabilitation trainer that is lightweight, portable, safe, and effective, primarily targeting
patients with upper limb hemiplegia. By wearing the portable elbow joint rehabilitation
trainer, patients can perform coordinated rehabilitation training for their hands and elbow
joints at any location, without the need to visit a designated rehabilitation center, thereby
saving rehabilitation time. After a stroke, patients with stiff finger joints initiate their
hand movements from a bent position. Achieving sufficient hand opening is crucial for
performing activities of daily living (ADL) [20]. When designing the exoskeleton joint
range, we primarily consider the following three aspects: (1). Feix et al. [21] found that a
grip size of 7 cm or smaller is sufficient to encompass 90% of objects in the grip dataset for
healthy individuals. In 83% of cases, the required grip size is less than 5 cm. Therefore,
to accommodate a wide range of objects for gripping, the device should be capable of
achieving at least a 5-cm grip size, and preferably a 7-cm grip size. To achieve an opening
greater than 5 cm with the average finger size, a bending angle of approximately 10° (MCP
joint) and 20° (PIP joint) in the index finger is necessary [20]. (2). Based on past research
into relevant hand exoskeletons, it has been proven that as long as the MCP and PIP joints
of the finger components each provide approximately 65° of range of motion (ROM), the
exoskeleton can perform various rehabilitation exercises [22]. (3). As the device is intended
for a population that includes patients with limited joint mobility in the early stages of
rehabilitation, early- and moderate-intensity activities can significantly reduce a range
of complications caused by prolonged bed rest [23]. To ensure patient safety and avoid
re-injury, an exoskeleton is chosen that has moderate angles and meets the requirements
stated in (1) and (2). The exoskeleton mechanism is designed to support daily activities
and assist in gripping everyday objects, ensuring that the joint range of motion of the
exoskeleton falls within the normal range of motion of a healthy human joint [24], as shown
in Table 1, which includes the specific mechanical parameters of the exoskeleton. Based on
the characteristics of the human upper limb and hand, this study determines the need for
bionic joints. Subsequently, a bionic mechanism is designed to replace the impaired muscle
groups responsible for the patient’s movement dysfunction, and motion simulation analysis
and force analysis of each joint of the elbow joint rehabilitation trainer are performed to
demonstrate the correctness of the structural design. Finally, measurement experiments of
joint range of motion and gripping capabilities are conducted on the prototype to examine
whether the exoskeleton’s range of motion falls within the normal range of motion of a
healthy human joint and whether it satisfies the function of assisting in gripping, thus
verifying the feasibility of the exoskeleton.
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Table 1. Mechanical parameters of exoskeleton.
Joint Angular Range (°) Healthy Human Joint Range (°)
Elbow Joint Flexion/Extension 0-120 Flexion/Extension 0-135
Four-Finger MCP Flexion 0-84 Flexion 0-90
Four-Finger PIP Flexion 0-73 Flexion 0-110
Thumb IP Flexion 0-49 Flexion 0-70

2. Overall Mechanical Structure Design

The portable hand-elbow combination linkage upper limb rehabilitation robot
(Figure 1) is mainly divided into an elbow function module and a hand function module.
Each functional module is driven by speed reduction motors of different specifications, and
the action of the thumb in the hand functional module is driven by a micro-speed reduction
motor alone. The elbow function module and the hand function module are connected by
a slider-crank mechanism that lacks a power source, which can adapt to the patient’s wrist
flexion and extension. In addition, to ensure the comfort of the elbow joint rehabilitation
trainer, breathable cushioning materials are placed at the contact part between the trainer
and the human body, and elastic bandages are used to fix the upper limbs of patients with
the re-habilitation trainer. To ensure the safety of patients and prevent secondary injury,
mechanical limits are set at each joint of the elbow joint rehabilitation trainer, and limit
switches are set at the output end of the reduction motor.

Figure 1. Overall 3D model.
Figure 1 depicts the three-dimensional representation of the entire mechanical structure.

2.1. Elbow Function Module

The elbow function module (Figure 2) is composed of an upper arm bracket, elbow
speed reduction motor, secondary deceleration synchronous belt, and pre-loaded spring.
The upper arm bracket is made of memory alloy material, which can adapt to upper arms
of different sizes. The position of the upper arm bracket can also be adjusted by pressing
the spring pin on the arm bracket. The secondary deceleration synchronous belt is used to
move the elbow speed reduction motor up to the lower part of the triceps brachii, which
can reduce the load torque of the body weight on the shoulder joint and prevent the locked
rotation of the elbow speed reduction motor. The pre-loading of the built-in coil spring at
the elbow joint of the rehabilitation trainer can realize the gravity balance of the forearm
mechanism and the hand mechanism, reduce the energy loss of the motor, and increase the
flexibility of the mechanism (see Appendix A for the parameters of the exoskeleton).
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Figure 2. Elbow function module.

In addition, the upper arm bracket adopts the underactuated slider mechanism. As
shown in Figure 3, s represents the distance between the two underactuated sliders, M
represents the driving torque that the elbow drive module can provide, and 4 represents
the distance between the center of the pre-loaded spring and the elbow rotation center.
With the movement of the whole elbow function module, the value of 6 can be reduced to
zero to achieve the coincidence of the two centers of rotation.
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Figure 3. Schematic diagram of underactuated slider mechanism.

At the same time, the forearm bracket can adaptively slide on the upper arm bracket
in the process of elbow flexion and extension movement. Thus, the motion impact caused
by the misalignment of the rotation centers of human-machine joints can be eliminated.

2.2. Hand Function Module

The hand function module is composed of a hand support plate, a four-finger training
module, and a thumb training module. The four-finger training module (Figure 4a) includes
a reduction motor, a reduction gearbox, and a four-finger actuator. The reduction motor
and reduction gearbox are installed and fixed on the hand support plate, and the reduction
motor transmits the power to the four-finger actuator through the reduction gearbox.
The four-finger actuator is composed of a spatial four-bar mechanism and slider-crank
mechanism (Figure 4b), which can synchronously drive the metacarpophalangeal and
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proximal interphalangeal joints of the four fingers. The geometric dimensions of the slider—
crank mechanism are determined based on the dimensions of the proximal and middle
phalanxes of the human hand. The rotational centers of the mechanism can adaptively
match the metacarpophalangeal joints and proximal interphalangeal joints of the hand,
ensuring the effectiveness and safety of the hand function module during the operation
and training processes.

Spatial four-bar linkage
Reduction

Slider-crank
gearbox

mechanism

Gear motor

Hand support plate

(@)
Adaptive finger
Crankrod ~ adiustment  Curved chute
mechanism mechanism

(b)

Figure 4. Hand mechanical structure. (a) four-finger training module; (b) slider—crank mechanism.

The thumb training module (Figure 5) includes a three-degree freedom damping link,
a micro reduction motor, an incomplete gear set, and a thumb actuator. By manually
adjusting the angle of the three degrees of freedom damping connecting rod, the position
of the thumb actuator can be changed to cooperate with the four fingers to realize the
multi-posture grasping action. When the micro-reduction motor moves, the output end of
the motor passes through the external incomplete gear set and transmits the power to the
thumb actuator to drive the thumb flexion and extension movement. The thumb actuator
is a slider—crank mechanism.
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Figure 5. Thumb training module.

3. Kinematic Simulation Analysis

The correct grasping motion of the human hand toward objects in space is achieved
by first approaching the object through movements of the shoulder and elbow joints,
before adjusting the grasping posture through the wrist joint and, finally, achieving precise
gripping through movements of the hand joints. Therefore, when simulating the motion of
the elbow joint rehabilitation training device, it is necessary to sequentially simulate the
movements of the elbow and hand joints to verify the correctness of the structural design
of the elbow joint rehabilitation training device.

3.1. Motion Simulation of the Elbow Function Module

The hand-elbow combination linkage upper limb rehabilitation robot adopts the
motion simulation analysis carried out via the motion simulation module using SolidWorks
software [25]. The rated speed of the elbow reduction motor is set at 40 r/min, and the rated
torque is set at 1.8 N-m. After passing through the secondary deceleration synchronous belt
with a reduction ratio of 4:1, the final output speed of the elbow is 10 r/min. At the same
time, in order to prevent stroke patients from experiencing secondary injury caused by
excessive stretching of the limbs under the condition of excessive elbow muscle tension, the
maximum joint range of motion of the elbow of the rehabilitation trainer is set at 120° [26].
Therefore, the calculation of simulation period is shown in the following formula:

0 x 60

T =2X 3 %n

@
where 6 (°) is the motion angle of the driving output rod, and n (r/min) is the final output
speed of the joint. We apply the elbow data to Equation (1) to obtain a simulation cycle of
T=4s.

The angular displacement curve of the elbow joint and the linear displacement curve
of the metacarpophalangeal joint (the reference point is the metacarpophalangeal joint of
the index finger when the angular displacement of the elbow joint is 0°, and the vertical
direction is the positive direction) can be obtained by extracting and analyzing the data
after motion simulation. The simulation results are shown in Figures 6 and 7.
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Figure 6. Angular displacement curve of elbow joint.
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Figure 7. Linear displacement curve of metacarpophalangeal joint.

It can be seen in the simulation curve that the angular displacement curve of the elbow
joint and the linear displacement curve of the metacarpophalangeal joint gently change
in the process of one-time flexion and extension simulation of the elbow function module.
This outcome shows that the starting and ending movements of the rehabilitation trainer
mechanism are slow, and the movement process is stable, which is consistent with the
movement of the human elbow joint.

3.2. Motion Simulation of the Hand Function Module

Since the four fingers have the same physiological characteristics and bionic mech-
anism, in this study, the forefinger is taken as the simulation object of the four fingers.
To ensure the safety of patients using the hand-elbow combination linkage upper limb
rehabilitation robot, the set values of the range of motion of each joint of the hand are within
the range of motion of healthy people [27]. The rated speed of the reduction motor of the
four-finger training module is 1100 r/min, and the rated torque is 0.062 N-m. After using a
reduction gearbox with a reduction ratio of 100:1, the final output speed is 11 r/min, the
output torque is 6.2 N-m, and the movement angle of the four-finger push rod connected to
the output shaft of the reduction gearbox is 130°.

When the data of the four-finger training module are applied to Equation (1), it can be
concluded that the simulation cycle of four-finger training is 3.94 s. The rated speed of the
micro reduction motor of the thumb training mechanism is 60 r/min, and the rated torque
is 0.055 N-m. After passing through the incomplete gear set with an external reduction ratio
of 10:1, the final output speed is 6 r/min, and the output torque is 0.55 N-m. The motion
angle of the thumb push rod connected to the output shaft of the incomplete gear set is
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71.5°. By applying the data of the thumb training module to Equation (1), a thumb training
simulation cycle of 3.97 s can be obtained. After a complete hand grasping simulation,
the angular displacement curves of the metacarpophalangeal joint of the index finger, the
proximal interphalangeal joint of the index finger, and the interphalangeal joint of the
thumb can be obtained. The simulation curve is shown in Figure 8.

90 —DIP joint

80 ++MCP joint

70 =PIP joint

601

50

40

30

20

Angular displacement of each joint of hand (%)

0 05 1 15 2 25 38 35 4
Time(s)

Figure 8. Angular displacement curve of each joint of hand.

In Figure 8, the angular displacement curves of each joint of the hand gently change,
and the ranges of motion of the metacarpophalangeal joint, proximal interphalangeal joint,
and thumb interphalangeal joint are 0~84°, 0~73°, and 0~49°, respectively. The angular
displacement curve of the proximal interphalangeal joint stays at the maximum angle for
about 0.3 5, as there is no relative displacement between the slider and chute of the proximal
interphalangeal joint in the four-finger actuator during this time period.

3.3. Workspace Analysis

The workspace of an exoskeleton is an important indicator used to evaluate its feasi-
bility. It represents the motion performance of the robot and directly influences its practical
application value. In the elbow joint rehabilitation trainer, we take the palm position point
P of the trainer as the endpoint (Figure 9a). By imposing angle constraints on the wrist and
elbow joints and using the Monte Carlo random sampling method, we generate a large
number of endpoint positions to visualize the robot’s workspace (Figure 9b).

Wrist
e
Joints
:

Figure 9. Cont.



Electronics 2023, 12, 3326

10 of 17

z—axis(millimeter)
N
3
8

—100

—150

(b)

Figure 9. Workspace Analysis: (a) schematic diagram of endpoints; (b) trainer workspace.
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As shown in the figure, the simulated workspace results align with the human
workspace and conform to the physiological parameters of the human body. This result
proves that the robot is capable of meeting the requirements of rehabilitation training.

4. Prototype Experiment

After completing the motion simulation of the mechanism, a prototype of a portable
elbow-linked upper limb rehabilitation robot was produced, and the prototype had ad-
justable settings to accommodate different users. Non-load-bearing components of the
experimental prototype were fabricated using 3D printing technology, resulting in it hav-
ing a total weight of approximately 1.5 kg. To verify the operational performance of the
upper limb rehabilitation robot, this study recruited six healthy adults to participate in
joint range of motion measurement and grip experiments while wearing the experimental
prototype. The information of the participants is shown in Table 2, and all participants had
no neurological impairments or diseases.

Table 2. Participant body data.

ID Gender Age Height Weight
1 Male 24 175 cm 60 kg
2 Male 25 177 cm 65 kg
3 Male 26 175 cm 58 kg
4 Female 43 162 cm 62 kg
5 Female 25 158 cm 42 kg
6 Male 27 170 cm 71 kg

4.1. Joint Range of Motion Measurement Experiment

The joint range of motion measurement experiment was primarily conducted to obtain
the range of motion of the elbow joint, finger joints (proximal interphalangeal joint and
thumb interphalangeal joint), and wrist joint when patients wore the exoskeleton for
rehabilitation training. Under the passive control mode, Participant 1 and Participant 2
wore the exoskeleton while in a standing position and performed five cycles of flexion
and extension movements. The extreme positions of each flexion/extension motion were
captured using a camera, and the joint range of motion was measured based on the marked
points on the participants’ joints. In this context, the symbol « represents the elbow joint
range of motion, the symbol (3 represents the range of motion of the index and middle
finger joints, the symbol y represents the range of motion of the proximal interphalangeal
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joint, and the symbol 6 represents the range of motion of the thumb interphalangeal joint.
The angles of each joint were determined for each motion cycle and averaged, as shown in
Tables 3 and 4. Throughout the entire experimental process, the movements were smooth
and stable and lacked any interference, confirming the rationality of the design structure.

Table 3. Range of motion of each joint of Participant 1.

Angle 1 2 3 4 5 Average Value
o 114.6 114.9 115.5 115.3 115.7 115.2
B 76.2 76.0 75.8 75.4 75.7 75.8
Y 719 715 722 714 71.7 717
0 375 37.8 38.1 38.2 37.9 37.9

Table 4. Range of motion of each joint of Participant 2.

Angle 1 2 3 4 5 Average Value
o 1153 114.7 1144 115.6 115.0 115.0
B 75.5 76.2 76.0 75.6 75.5 75.7
Y 71.1 71.4 72.3 71.6 715 71.5
0 37.7 37.6 38.0 38.2 38.5 38.0

By comparing the actual maximum joint activity of each joint with the maximum
joint activity of the simulation analysis, we found that the actual measured value was less
than 5-10° of the simulation result in Figure 8. This outcome occurred because the human
body is not a pure rigid body. While wearing the hand-elbow joint rehabilitation trainer,
there is still relative motion between the experimenter’s muscles and bones, which would
result in the range of motion of the human skeleton being slightly smaller than that of the
hand-elbow joint rehabilitation trainer. The testing process is shown in Figures 10 and 11.

(b) (c)

Figure 10. Participant 1 tests the diagram: (a) measurement of elbow joint angle; (b) angle measure-

ment of index finger joint; (c) angle measurement of interphalangeal joint of thumb.

Figure 11. Participant 2 tests the diagram: (a) measurement of elbow joint angle; (b) measurement of
hand joint angles.
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4.2. Grasping Experiment

To verify the bionics of the portable hand-elbow joint rehabilitation exoskeleton robot,
a grasp strength test platform [28] (Figure 12) was built to test the hand grasp strength of the
hand-elbow combination linkage of the upper limb rehabilitation robot. The experimenter
was not permitted to use his strength during the grasp test, and the elbow joint had
to be kept in a horizontal position. By grasping two kinds of cylinders (943 mm and
@65 mm, respectively) that were similar to the diameter of the water cup used in daily
life and slowly pulling them vertically and horizontally until relative sliding started to
occur, the value of the tension meter was read. After five tensile tests were performed on
the cylinders that were @43 mm and @65 mm in diameter, respectively, and taking the
average value, it was concluded that the average grasp force of the @43-millimeter cylinder
was 11.34 N, the average grasp force of the @65-millimeter cylinder was 17.65 N, and the
grasp force was equal to the weight of the cylinder grasped by the hand-elbow combined
rehabilitation trainer.

exoskeleton

(@) (b)
Figure 12. Grasp strength test platform: (a) schematic diagram of test platform; (b) tension test prototype.

Additionally, multiple everyday items with significant geometric variances were
used in the grasp test, and Participant 1 conducted the physical grasp test while wearing
the upper limb rehabilitation robot. Seven commonly used items were selected: a pen
(a cylindrical object measuring 150 mm in length and 10 mm in diameter), card (a rect-
angular object measuring 88 mm in length, 63 mm in width, and 1 mm in height), book
(a rectangular object measuring 230 mm in length, 170 mm in width, and 10 mm in height),
water cup (a cylindrical object measuring 160 mm in height and with a maximum diameter
of 70 mm), apple (a spherical object with a diameter of 80 mm), towel (a rectangular object
measuring 70 mm in length, 50 mm in width, and 33 mm in height), and water bottle
(a bottle measuring 220 mm in height, 64 mm in bottle body diameter, 30 mm in bottle
mouth diameter, and 52 mm in bottle bottom diameter). All items were tested once, and
the grasping experiments were all successful. As shown in Figure 13, the exoskeleton was
capable of grasping items of various sizes, which shows that the portable hand-elbow
combination linkage upper limb rehabilitation robot can provide some daily life assistance
to people with upper limb motor dysfunction. In the next phase of our work, we will focus
on increasing the sample size and testing the accuracy of the exoskeleton.
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Figure 13. Grasp test 1: (a) grasp pen; (b) grasp card; (c) grasp book; (d) grasp water cup; (e) grasp
apples; (f) grasp paper towels; (g) grasp bottled drinking water.

Furthermore, to verify the universality of the designed exoskeleton, Participant 3
used the exoskeleton hand to perform a physical grasping experiment. During the ex-
periment, Participant 3 was able to complete the task of picking up and drinking from a
cup with the assistance of the exoskeleton device without applying any active force, as
shown in Figure 14. The experimental object used was a porcelain cup with a volume of
300 mL (which was filled with water during the experiment), and no significant shaking
or abnormalities occurred during the experiment. The experiment demonstrated that the
exoskeleton was able to successfully perform the pre-determined action of retrieving water,
thus exhibiting good auxiliary gripping capability.

Figure 14. Grasp test 2.

Further, grasp tests using the hand exoskeleton were conducted by participants 4,
5, and 6. During the experiment, each participant performed grasping tasks with the
assistance of the hand exoskeleton and using different objects. Participant 1 grasped a
pen (a cylindrical object measuring 150 mm in length and 10 mm in diameter), Participant
2 grasped a tissue box (measuring 195 mm in length, 120 mm in width, and 50 mm in
height), and Participant 3 grasped a water cup (with a maximum diameter of 88 mm and a
minimum diameter of 60 mm), as shown in Figure 15. Throughout the experiment, there
were no noticeable tremors or anomalies. The experiment demonstrated that the hand
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exoskeleton performed well in executing the intended grasping actions, exhibiting excellent
auxiliary grip capabilities. The device can effectively achieve the designed goal of assisting
users with daily living activities.

Figure 15. Grasp test 3: (a) Participant 4; (b) grasping the pen; (c) Participant 5; (d) grasping the
tissue box; (e) Participant 6; (f) grasping the water cup.

5. Conclusions

This paper presents a portable hand-elbow combination linkage upper limb rehabilita-
tion robot, which can carry out rehabilitation training of hand and elbow joints, as well as
reproduce the complete grasping action of the upper limb. After wearing the hand-elbow
joint rehabilitation trainer, the user can carry out rehabilitation training at any location.
The portable hand-elbow joint rehabilitation trainer adopts a bionic mechanism to replace
the dysfunctional muscles of each joint. Through the motion simulation and mechanism
mechanics analysis of each bionic joint of the hand-elbow joint rehabilitation trainer, and
compared to the motion parameters of healthy people, it was proven that the movement of
hand-elbow joint rehabilitation trainer conformed to the movement law of healthy people’s
upper limbs and hands, and the rehabilitation requirements for patients with upper limb
hemiplegia could be realized. Finally, the joint ranges of the motion measurement and
grasp experiments were implemented while using the experimental prototype. The experi-
mental results show that the portable hand-elbow joint rehabilitation trainer is reasonably
designed, can grasp and lift a 1.801-kg cylindrical object, and has a certain ability to assist
in daily life. The test results have also preliminarily demonstrated the feasibility of the
exoskeleton, though further testing is still required to validate it at a clinical level, which is
one of our future tasks.

A series of passive rehabilitation training movements in healthy subjects verified
the structure and control strategy of the hand-elbow combination linkage upper limb
rehabilitation robot, which will be used as part of the upper limb rehabilitation system.
However, the rehabilitation of stroke patients with upper limb dysfunction is a complex
process. The future work direction will include the structural design of the variable-length
adjustment structure of the upper limb exoskeleton to ensure that it adapts to the size of the
upper limbs of different wearers, which would ensure that the superposition of the patient’s
upper limb joints align with the center of the upper limb rehabilitation exoskeleton. The
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future development of the control system will use compliance control to control the flexible
upper limb exoskeleton rehabilitation training system to form an active training mode, a
passive training mode, and a booster training mode.

Future work also includes the application of various sensors, such as myoelectricity,
force, and posture sensors, to intelligently identify the movement state of limbs in rehabili-
tation training and evaluate limb function in real time based on this process. Based on the
evaluation results, the rehabilitation training plan is changed in real time to help patients
to unconsciously perform adaptive rehabilitation training. The future system can not only
improve the fluency of training, but also improve the participation of patients, promote the
interaction between perception and learning, and provide doctors with real-time treatment
reports to improve the effectiveness of rehabilitation treatment.
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Appendix A

Table Al. Exoskeleton parameters and component selection.

Exoskeleton

Features

Manufacturing Materials
Total Weight

Total Length

Hand Weight

Hand Length

Elbow Exoskeleton Drive Motor

Four-Finger Module Drive Motor

Thumb Module Drive Motor
Motor Driver

Controller Main Chip

Torque Sensor

IMU (Inertial Measurement Unit)

Photosensitive Resin, Aluminum Alloy 6061
1.5kg

520 mm

0.45kg

184 mm

EC-i-52, Swiss Maxon,

EPOS4 Module 50/8, Swiss Maxon

Motor (2224U006SR, Faulhaber, Stuttgart),
Planetary Gearhead (gear ratio 9.7:1, Faulhaber,
Stuttgart)

ZGA20RU, Shenzhen Zhengke Motor
A3950S (Allegro, MA)

STM32F407ZGT6

TJN-1, China TianGuang Sensor Company
LPMS-ME1, LP-RSEARCH In
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