
Ergonomics In Design, Vol. 77, 2023, 50–61

https://doi.org/10.54941/ahfe1003362

Integrating Human Factors in the
Systematic Mechanical Design of
NPU-Wrist Rehabilitation Robot
Yasheng Chen1, Weiwei Yu1, Jin Zhi2, Benali Abderraouf3,
and Runxiao Wang1

1Northwestern Polytechnical University, Xi’an, 710072, China
2Xi’an No1 Hospital, Xi’an, 710002, China
3Université de Versailles Saint Quentin en Yvelines, Paris, France

ABSTRACT

The wrist connecting the human hand and the forearm includes multiple joints and
interlaced ligaments. In addition, the dimensions of the hand, wrist, and forearm vary
from individual to individual, that lead to great challenges to design a wrist rehabili-
tation robot. However, most research on the mechanical design of wrist rehabilitation
robot is on the perspectives of actuators configuration, structure lightweight design,
or sensors layout optimization, there are few studies that focus on the systematic
study on human factors in the mechanical design, particularly how to apply human
body structural dimensions, functional dimensions, features of motor functions in the
design process. In this paper, we focus on the mechanical structure design of NPU-
Wrist rehabilitation robot based on human factors to ensure harmony between the
machine and the human body. Based on the analysis of the dynamic/static dimensi-
ons of the human body, the anatomy of the wrist, the kinematics of the wrist, and the
human-robot contact surface, the mechanical design of the robot is decomposed into
several sub-functional modules and each module is specific designed by combining
traditional robot design method with the human factors. Finally, a questionnaire was
administered on a group of users with different body static and dynamic dimensions.
Statistical analysis is conducted and the results show that our NPU-Wrist rehabilitation
robot has excellent adaptability to different individuals, safety and comfort.
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INTRODUCTION

With the development of social economy and medical technology, and the
extension of human average life expectancy, population aging has become
an important issue in the 21st century (United Nations, 2022). Due to the
deterioration of the functions of the elderly, the probability of the elderly suf-
fering from chronic diseases is greatly increased, and the majority of these
chronic diseases are strokes. After a stroke, patients may experience a vari-
ety of neurological deficits, among which hemiplegia is the most common.
Hemiplegia is a manifestation of central nervous system damage that leads
to motor dysfunction in some limbs of the patient. It becomes difficult for
the patient to move independently and lead a normal life. Therefore, timely,
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effective and economical rehabilitation treatment for patients after a stroke
is of great significance to individuals, families and society.

Robot-assisted therapy, as a rehabilitation method based on robot techno-
logy, can effectively solve the problems in traditional rehabilitation methods.
By using robot technology, rehabilitation physicians can be freed from labor-
intensive work, and one rehabilitation physician can train multiple patients,
reducing personnel costs (Maciejasz, 2014). Additionally, the upper limbs of
the human body perform more complex movements than the lower limbs,
and the recovery period after a stroke is longer, making rehabilitation trai-
ning for upper limb movements particularly important. The wrist not only
includes a variety of bones and muscles, but also includes multiple joints and
interlaced ligaments. Moreover, the dimensions of the hand, wrist, and fore-
arm vary from individual to individual, leading to significant challenges in
designing a wrist rehabilitation robot.

RELATED WORK

There are many research studies in the field of wrist rehabilitation robots
design. Some researchers adopt various flexible mechanical structures to
make the wrist rehabilitation robot as lightweight as possible. The WG2
robot omits the degree of freedom of wrist joint ulnar-radial deviation, the-
reby reducing the complexity of the mechanical structure to reduce the weight
of the entire rehabilitation robot and improve the compactness of the mecha-
nical structure (Saadatzi, 2015). Another wrist rehabilitation robot, referred
to asMOCH,offers portability and a low-cost, simple manufacturing process
by placing both actuators at the base, simplifing the design and removing the
complexity of feeding power to actuators on a rotating arm (Molaei, 2022).

Furthermore, some researchers aim to use a single motor to drive a
multi-degree-of-freedom rehabilitation robot, combined with ingenious reh-
abilitation training methods. In (Bouteraa, 2022) a flexible mechanical
transformation is designed to perform the two main degrees of freedom
(DOF), radial-ulnar deviation and flexion-extension derivation of the wrist
joint, with a single motor. CR2-Haptic is a one-DOF rehabilitation robot
based on the concept of modularity and reconfigurability (Khor, 2017). By
changing the robot orientation and the modular, different movements can
be trained. A single DOF wrist rehabilitation robot (WReD) for providing
flexion-extension motion is developed, which is portable to use in hospital
or home environment due to its reconfigurable structure design (Xu, 2019).

Additionally, some researchers have focused on optimizing the weight
distribution of wrist rehabilitation devices to reduce inertia and required
torques. A design of two-degrees of freedom compliant and balanced wrist
rehabilitation device is proposed, which can provide the radial-ulnar devia-
tion and flexion-extension rehabilitationmotions (Yellewa, 2022). A custom-
designed series elastic unit is proposed to be coupled to the servomotor to
achieve the compliance. The WRES wrist exoskeleton is characterized by a
spherical serial kinematics, based on tendon transmissions, and adopting a
capstan-based tendon driven differential transmission (Buongiorno, 2018).
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Additionally, in (Liu, 2019) the Omega.7 end-effector robot can be used
for wrist joint rehabilitation. The Omega.7 is powered by servo motors and
provides three DOFs to the wrist joint. However, as a commercial pro-
duct, Omega.7 does not return feedback signal for interactive adjustment.
In (Mayetin, 2022) a low-cost three-degree-of-freedom practical force sensor
unit is manufactured for the robot. Some researchers also use new actuation
methods to design wrist rehabilitation robots, which make human-computer
interaction more secure (Marconi, 2019; Wang, 2019). Although it has not
yet met the strength requirements, it has great significance for the future
design of wrist rehabilitation robots.

Upon analyzing the current wrist joint rehabilitation robots, it can be
found that many robots have unique characteristics, but still exhibit some
shortcomings. While most research on the mechanical design of wrist rehabi-
litation robot focuses on the configuration, lightweight structure design, and
optimization of sensor layout. It is essential to incorporate human factors into
human-computer interaction when designing a medical device that directly
interacts with human body (Hussain, 2021). This includes considering human
body structural dimensions, functional dimensions, and motor functions
features during the design process of the wrist joint rehabilitation robot.

METHOD

Before designing the mechanical structure of the wrist rehabilitation robot,
it is necessary to fully consider the human factors of different individuals, by
analyzing the anatomy of the wrist joint, the kinematics of the wrist joint,
and the interaction between the human and the handle.

Wrist Anatomy Analysis

The anatomy of the wrist joint is generally the same across individuals, but
the sizes of the hand, wrist, and forearm vary from individual to individual.
When designing the mechanical structure of the wrist joint rehabilitation
robot, it is necessary to ensure the harmony and unity of the machine and the
human body. Therefore, according to the design concept in human factors
engineering, the type of “double-limit design” is selected. The data comes
from the anthropometric measurements of the human hand and forearm in
the national standard “Human Dimensions of Chinese Adults” (Standardiza-
tion Administration of China, 1988) Finally, the size adjustment range with
the percentile of P5∼P95 is selected, and the resulting human body size range
is shown in Table 1.

Table 1. Size range of different parts of the
human body.

Body parts Size range

Forearm length(mm) 192-257
Hand length(mm) 158-196
Forearm diameter(mm) 57-118
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Wrist Motion Analysis

Due to the complex skeletal structure of the wrist joint, including many joints
and many ligaments attached to it, the wrist joint has high flexibility. So, the
human hand can produce flexion-extension and radial-ulnar deviation.

It should be emphasized that the axis of flexion-extension of the human
body does not intersect with the axis of radial-ulnar deviation, and there is a
deviation between them, as shown in Figure 1. In order to better conform to
the rotation axis of the human wrist joint and achieve better rehabilitation
results, this deviation must also be considered when designing the wrist joint
rehabilitation robot.

Additionally, although forearm pronation-supination are not caused by
wrist motion, forearm pronation-supination have complex effects on wrist
function and hand position. Therefore, the designed robot needs to include
the DoF in the pronation and supination.

Through the analysis of the kinematic characteristics of the wrist joint, the
kinematic mode of the NPU-Wrist is determined. Due to individual differe-
nces, the range of motion of the wrist joint is also different, the maximum
angles that the human wrist joint can rotate are chosen. The corresponding
joint range of motion is shown in Table 2.

Human-Grip Interaction Analysis

In the interaction process between the wrist joint rehabilitation robot and the
user, the handle is the most direct and long-term contact structure, which has
the most direct impact on the patient’s physiology and psychology. When the
axis of the handle and the plane of the forearm are perpendicular to the front
of the body, the holding position of the handle should be 60◦∼70◦ from the
horizontal plane, which is conducive to keeping the wrist straight and redu-
cing fatigue and the resistance and repulsion of the user due to wrist fatigue.
In addition, the fit between the curved surface of the handle and the hand will

Figure 1: Axial distance between flexion-extension axis and radial-ulnar deviation axis.

Table 2. The range of motion angles of wrist joints and NPU-wrist.

Direction of joint motion Max value of NPU-Wrist Max value of wrist

Wrist flexion-extension +65◦/-65◦ +60◦/-60◦

Wrist radial-ulnar deviation +45◦/-20◦ +35◦/-15◦

Forearm pronation-supination +80◦/-80◦ +75◦/-75◦
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affect the comfort of the handle. So, a handle that fits the physiological cha-
racteristics of the human hand will be considered to improve the comfort of
the user, thereby increasing the enthusiasm for rehabilitation training. For the
psychological characteristics of the users, reasonable adjustments should be
made to the shape of the handle on the basis of satisfying the basic ergonomic
comfort.

Through the analysis of the human factors involved in the wrist joint
anatomy, wrist kinematics and human-machine contact, combined with the
design requirements of traditional robots, the design requirements of the
mechanical mechanism of the wrist joint rehabilitation robot are summarized
as follows.

Adaptability to different individuals: The mechanical structure should be
adjustable to meet the adaptability requirements of different patients.

Realization of motion function: The mechanical structure needs to have
three active degrees of freedom. It can reach the range of motion of the wrist
joint, and can perform multi-degree-of-freedom coupling motion.

Safety: Wrist joint rehabilitation robots will directly interact with the
human wrist during rehabilitation training, and the safety needs to be
guaranteed.

Availability of sensor: Its mechanical structure design needs to consider the
size of different sensors, and make reasonable planning for the layout of the
sensors.

Human-machine contact comfort: The wrist joint rehabilitation robot
should be designed with the user’s comfort in mind, taking into considera-
tion factors such as its shape, roundness, and the softness of its materials to
ensure a positive interactive experience.

MECHANICAL STRUCTURE DESIGN OF NPU-WRIST ROBOT

According to the mechanical structure design requirements, the overall stru-
cture of the NPU-Wrist designed in this paper is shown in Figure 1. The
rehabilitation robot contains three active degrees of freedom (red arrows),
which can respectively realize radial-ulnar deviation, flexion-extension, and
pronation-supination of the wrist joint, 7 adjustable degrees of freedom
(blue arrows), which respectively represent the adjustable displacement of
different mechanisms. The robot is designed to accommodate different indi-
vidual sizes and compensate formisplacement in the human-machine rotation
joint through adjustable sizing of the mechanical structure. In the figure 1,1l
represents the axial distance between the flexion-extension movement axis
and the radial-ulnar deviation movement axis.

To describe the mechanical structure of the rehabilitation robot in detail
it can be divided into six parts: adjustment mechanism at elbow, pronation-
supination mechanism, wrist fixation mechanism, radial-ulnar mechanism,
flexion-extension mechanism, and handle structure. In this section, the
placement of sensors is also described.

Adjustment Mechanism at Elbow: The function is to provide adjustabi-
lity of the spatial position of the elbow rest, which is used to lift the user’s
elbow during rehabilitation training. This mechanism is installed on the base
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Figure 2: Mechanical overall structure model of NPU-wrist.

and supports the entire structure. The mechanism consists of an adjustment
mechanism box which is associated with a position-fixing knob and a height-
adjusting knob. These knobs enable the elbow rest to be adjusted in two
directions, allowing for a customized fit for the individual user. Figure 3
shows the adjustment mechanism at elbow.

Pronation-supination mechanism: The function is to enable the robot
to assist the human wrist in achieving pronation-supination, as shown in
Figure 4. The mechanism and the adjustment mechanism for the elbow are
fixedly connected by bolts. The motor drives the entire transmission box
to move along the arc-shaped chute to realize the pronation and supination
motion of the rehabilitation robot.

Wrist Joint Fixation Mechanism: The function is to comfortably fix the
user’s wrist on the robot, as shown in Figure 5. The wrist joint fixation mech-
anism can adjust the height of the wrist by rotating the height adjustment
knob, and the wrist can be fixed by rotating the wrist clamp adjustment knob.

Radial-Ulnar Mechanism: The function is to drive the radial-ulnar move-
ment, as shown in Figure 6. In the radial-ulnar mechanism, motor output is
transmitted through a pair of bevel gears. So, when the motor rotates, its
output torque is reversed through the bevel gear train.

Figure 3: Adjustment mechanism for elbow diagram.
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Figure 4: Pronation-supination mechanism diagram.

Figure 5: Wrist joint fixation mechanism diagram.

Figure 6: Radial-ulnar mechanism diagram.

Flexion-extension mechanism: The function is to drive the flexion-
extension, as shown in Figure 7. Among them, the flexion-extension link is
driven by the torque transmitted by the pulley-toothed belt. In order to adjust
the distance between the flexion-extensionmovement axis of the human body
and radial-ulnar movement axis, the wheelbase adjustment mechanism is
designed. In addition, the flexion and extension mechanism are also equip-
ped with a mechanical limit structure to make sure the range of flexion and
extension is forced to move only within the range of −65◦∼65◦.
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Figure 7: Flexion-extension mechanism diagram.

Figure 8: Handle of NPU-wrist.

Handle structure: The function is to contact the human hand and perceive
human-computer interaction force, as shown in Figure 8a. The grip structure
can slide on the link to change the distance between the grip axis and the
flexion-extensionmovement axis, thereby adapting to andmeasuring the cur-
rent user’s hand length. The manufacturing process of the handles is shown
in Figure- 8b.

Sensors placement: Three torque sensors are connected to the motors
respectively for further complex compliance control. Two pressure sensors
and a gyroscope are installed on the handle to measure the patient’s grip force
and handle’s posture. A six-dimensional force sensor is mounted to connect
the handle and flexion-extension link.

RESULT

After the above analysis and design, the prototype of NPU-Wrist is finally
obtained, as shown in Figure 9. In order to verify whether the robot meets
the requirements, a questionnaire survey is conducted on a group of users
with different static and dynamic dimensions of the human body.

Figure 9: Prototype of NPU-wrist.
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Evaluation Scale Design

This subjective evaluation scale is based on a 5-point Likert scale, which is
used to evaluate the comfort of the upper limb exoskeleton rehabilitation
robot. More specifically, the questionnaire options were: “very uncomfor-
table,” “relatively uncomfortable,” “average,” “relatively comfortable,” and
“very comfortable.” The scale consisted of 9 questions. The overall sample
size of this study is 12 people, with 3 people in each group. The grouping
of experiments is determined by the size of the human body. In other words,
samples will be grouped according to forearm length, forearm diameter.

Statistical Analysis

The evaluation results between the four groups were compared using one-
way ANOVA, all data in this research were tested for normality and homo-
geneity. A histogram can be used to determine whether the data conforms
to a normal distribution, as shown in Figure 10. In the variance homoge-
neity test, the results based on the median are more robust; when P>0.05,
it can be judged that the data passed the variance homogeneity test. Finally,
one-way ANOVA is performed. The corresponding significance of F is grea-
ter than 0.05, so it is consistent with the original hypothesis that there is no
significant difference between the four groups of data, that is, the comfort
evaluation of NPU-Wrist is not affected by the group.

Figure 10: Normality test.

Table 3. Homogeneity test.

Question F P Question F P Question F P

1 0.083 0.967 4 1.733 0.237 7 2.476 0.136
2 0.633 0.614 5 2.074 0.182 8 0.267 0.848
3 1.2 0.37 6 1.63 0.258 9 1 0.441

Table 4. One-way ANOVA.

Question F P Question F P Question F P

1 0.083 0.967 4 1.733 0.237 7 2.476 0.136
2 0.633 0.614 5 2.074 0.182 8 0.267 0.848
3 1.2 0.37 6 1.63 0.258 9 1 0.441
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Figure 11: The distribution of attitudes towards the same question among the four
groups.

The Results of the Ergonomics Assessment

A total of 12 subjects were recruited 6 males and 6 females. The grouping of
experiments is determined by the size of the human body. The scores from
0 to 4 are represented by different colors; red corresponds to 0 and green
corresponds to 4; more green means more positive evaluation of the system
as shown in Figure 11. It can be seen that everyone participating in the expe-
riment is relatively satisfied with the performance of NPU Wrist robot as
shown in Figure 11.

CONCLUSION

In this paper human factor design factors are introduced, and the research is
carried out on the design of wrist rehabilitation training robot. The structu-
ral design of the rehabilitation robot is carried out in combination with the
human factor design factors such as the motion characteristics of the human
wrist joint and the dynamic/static size of the human body. Then the prototype
of NPU-wrist is manufactured, assembled and debugged. The questionnaire is
administered on a group of users with different human body static and dyna-
mic dimensions. The statistical analysis is conducted and the results show that
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our NPU-Wrist rehabilitation robot has excellent adaptability to different
individuals, safety and comfort.
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