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Abstract: A multifunctional human motion rehabilitation training robot named EEGO (electric easy
go) that could achieve four functions through structural transformation was designed. The four
functions achieved by four working modes: the Supporting Posture Mode (SM), the Grasping Posture
Mode (GM), the Riding Posture Mode (RM), and the Pet Mode (PM), which are suitable for patients
in the middle and late stages of rehabilitation. The size of the equipment under different functions
is determined by the height of different postures of the human. During the design process, the
equipment was lightweight using size optimization methods, resulting in a 47.3% reduction in mass
compared to the original design. Based on the Zero Moment Point (ZMP) stability principle, the
stability mechanism of the robot was verified under the three different functions. According to
the wanted function of the equipment, the control system of the equipment was designed. Finally,
a prototype was prepared based on the analysis and design results for experimental verification,
which can effectively assist patients in motion rehabilitation training such as gait, walking, and
other movements.

Keywords: rehabilitation robot; size optimization; ZMP; control system

1. Introduction

Aging issues affect various areas of society around the world. With an increase in
age, the muscle strength of human will decrease, leading to gait disorder [1]. In addition,
gait disorders are also common in stroke patients and Parkinson’s patients [2,3]. Patients
who suffer from gait impairment after the stroke need gait rehabilitation training to restore
motor ability [4–6]. Gait rehabilitation training is an effective method to improve motor
function, but it takes a long time [7].

In traditional rehabilitation therapy, physical therapists usually depend on manual
rehabilitation for patients [8]. However, limited by the insufficient number of therapists
at present, many patients cannot receive scientific rehabilitation training. In addition,
unskilled physiotherapists will lead to decline of rehabilitation effect [9]. Robot-assisted
rehabilitation training is considered to be an effective alternative as robots can meet the
need for highly effective, targeted, and sustained rehabilitation training [10]. Therefore,
to assist patients with scientific and long-lasting rehabilitation training and reduce the
work pressure of physiotherapists, the research and development of rehabilitation robots is
very important.

In recent years, with the development of robot technology, more and more rehabilita-
tion robots appear [11]. However, most current rehabilitation robots, such as end-effector
systems or exoskeleton-based systems, are mainly aimed at those patients in the early stage
of rehabilitation. DDgo Pro is an end-effector type rehabilitation robot that uses a five-link
mechanism to follow normal walking trajectory with three working modes: Passive Mode,
Active Assisted Mode, and Active mode for different needs of patients. However, the
structure and control system of the robot are complex for household use [12]. Mech-Walker
is a lower extremity gait rehabilitation robot with a single actuator, which is based on
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an optimized eight-bar Jansen’s mechanism to generate a natural ankle trajectory during
walking. However, the mechanism is also complicated and bulky for families [13]. A five
degree-of-freedom (DOF) hybrid end-traction lower limb rehabilitation robot was designed
for double-posture training (sitting posture/lying posture), but more appropriate EMG
signal processing methods should be developed for the robot to complete more precise
actions [14]. Lokomat is an exoskeleton rehabilitation robot, which consists of a pair of
robotic arms, a body weight-supported treadmill system and exoskeleton, and the robot
can assist stroke patients in gait training and help them recover. However, it is expensive
and huge, making it affordable only for large hospitals or rehabilitation centers and is not
suitable for home purchase and use by patients in the later stages of rehabilitation [15].
At the same time, there are many exoskeleton lower limb rehabilitation robots, which are
wearable to drive patients to achieve sitting, standing, walking, and even running move-
ments. And exoskeleton robot has more DOFs to help patients complete more complex
rehabilitation training motions, but some exoskeleton rehabilitation robots are not very ma-
ture in human–computer interaction, which possibly leads to passive motion or inefficient
rehabilitation training [16–18]. There is also a passive upper limb exoskeleton robot based
on muscle kinematics model, which consists of the arm module, shoulder module, and back
module, achieving bionic movement of upper limbs of patients [19]. The above examples
show that the rehabilitation robot has rich functions and broad practical scenarios. In the
design process of complex mechanical equipment, including rehabilitation robots, topology
optimization methods are often used to complete the design of equipment. For example, in
order to improve the payload capacity of the continuum robots in their curved configura-
tion and solve the stress concentration problem of high-torsional-stiffness joints, a multiaxis
design of flexure joints is achieved by a 3-D-topology-optimization-based method [20]. A
cable-driven soft robotic gripper with multi-input and multi-output is developed using a
topology optimization method, which could perform adaptive grasping, even rotating or
panning the target [21]. In this paper, a multifunctional rehabilitation robot is designed,
which can assist patients in achieving gait movements, serve as a transportation vehicle to
carry patients for activities, and even serve as a pet to accompany patients.

Moreover, after the design of rehabilitation robot is completed, it is necessary to im-
prove the portability and economy of the equipment and reduce the mass of the equipment.
Using finite element analysis software to reduce the quality of equipment is a commonly
used method. For example, in order to achieve lightweight of the shell of a certain device
inside a spacecraft, the topology optimization method was successfully used to reduce the
mass of the spacecraft shell by 36.8%, greatly reducing the launch cost of the spacecraft [22].
Finite element analysis software is used to calculate static force and mode of the bus body
skeleton under four typical working conditions, optimize the size of the bus structure and
components, and successfully reduce the mass of the bus body by 10.57% [23]. Topology
optimization and size optimization are used to lighten a certain type of aircraft truss struc-
ture. In the process of optimization, topology optimization is used to obtain a new material
distribution, and size optimization is used to get a new section size, which greatly reduces
the mass of equipment and improves the performance of the aircraft [24]. Therefore, it is
necessary to use finite element analysis software to perform lightweight analysis on the
structure of the EEGO designed in this paper.

In this paper, we developed a multifunctional training rehabilitation robot, which
could be used for patients in the middle and later stage of gait rehabilitation. It included four
different working modes through structural transformation. Compared with traditional
rehabilitation equipment, the robot was multifunctional with simple structure, which was
conducive to household procurement and use. In Section 2, the overall design of the
rehabilitation robot was introduced in detail and illustrated with pictures. In Section 3,
the designed structure was lightweight through finite element analysis. In Section 4, the
stability of equipment was analyzed. Section 5 conducted motor selection and the control
system design. Section 6 provided the manufacturing process. Section 7 was the conclusion.
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2. Functional and Structural Design

A multifunctional human motion rehabilitation training robot that could achieve four
functions through structural transformation was designed with four modes: SM, GM, RM,
and PM. The four modes could be switched according to user’s needs and instructions as
shown in Figure 1. EEGO could not only provide corresponding walking speeds based on
the patient’s gait rehabilitation condition but also effectively provide weight support and
protection in preventing secondary injuries such as falls.
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Figure 1. Different working modes of rehabilitation robot.

SM was designed for those patients in the middle stage of gait rehabilitation, who
could only slowly stumble in a weight-supported state; the users can achieve weight
support through underarm lifting mechanism according to his height and weight, thereby
completing gait with lower upper body burden. GM was designed as walking aids for
those patients in the late stage of gait rehabilitation whose walking ability has basically
recovered, but need to grasp a handrail to gain a sense of psychological security during
walking training. RM was applicable for fully recovered patients who need to ride short
distances instead of walking indoors or outdoors to reduce physical exertion at a maximum
speed of 12 km/h. PM was designed for entertainment needs of patients to eliminate
loneliness. In this mode, EEGO could follow the user like a pet and switch the mechanical
structures according to user’s instructions at any time, achieving the entertainment function
as an accompanying pet for solitary people. The difference between RM and PM was only
the saddle posture. In PM, the saddle was regarded as a back wing of the companion pet
and could be stirred up and down to indicate the pet’s emotions, while in RM, the saddle
was in a sitting position and provided seat for the user.

An adult male (weight 71 kg and height 1.75 m) was assumed to be the user of the
motion rehabilitation training robot to conduct the structural design. According to the
Human Dimensions of Chinese Adults [25], the size of the robot mechanical structure was
calculated. Figure 2 showed different modes and the corresponding mechanical structure
dimensions of the EEGO. The designed width (520 mm) was narrow enough to ensure
that the robot possibly passed through various indoor entrances sufficiently. The designed
height (1150 mm) in GM could meet the needs of most normal height users, and the height
could be increased to 1400 mm from 1150 mm in SM to meet the height for underarm lifting
of most users.
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Figure 2. Size of different working modes of the designed rehabilitation robot.

EEGO included three main mechanisms: structural transformation mechanism, sup-
porting mechanism, and chassis-driven mechanism, as shown in Figure 3. The structural
transformation mechanism was located on top of and can rotate 180◦ around the supporting
mechanism driven by an altitude-adjusting steering gear, achieving structural transforma-
tion between RM(PM) and SM(GM). As shown in Figure 3, brushless hub motor and a
steering gear were installed on the chassis of EEGO, cooperating to drive the 301 driving
and rudder wheel and 302 directional wheel to lead EEGO to anywhere the user wants
to go. To achieve mechanical structure switched between different functional modes, two
steering gears were employed to drive the two 101 handrails rotating around the horizontal
axis of 102 head capsule to change the posture between GM and SM, and a push rod
motor in the 103 Neck shell could lengthen or shorten to adjust the height of the structural
transformation mechanism for users of different heights and weights.
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Figure 3. Mechanism design of EEGO. (1) Structural transformation mechanism: 101 handrail,
102 head capsule, and 103 neck shell. (2) Supporting mechanism: 201 saddle mechanism, 202 front
rod, 203 main rod, 204 wheel fork, and 205 pedal. (3) Chassis-driven mechanism: 301 front wheel and
302 rear wheel.
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3. Optimization of the Mechanism

EEGO was mainly designed for rehabilitation of patients, so while ensuring safety, the
effective lightweight of the robot could improve portability and reduce manufacturing costs.
The main load-bearing components of EEGO were thin-walled components, so that size
optimization was used to design the mechanical structure for lightweight equipment [26].
The initial wall thickness of each member was 5 mm. The robot had four working modes,
but the difference between PM and RM was only the posture of the saddle, and the bearing
force of the equipment in RM with a rider was much greater than that in PM. Therefore,
to improve analysis efficiency, only the mechanical structures in RM, GM, and SM were
analyzed. The material was steel with density of 7850 kg/m3, Poisson’s ratio of 0.3, elastic
modulus of 210 GPa, and yield strength of 270 MPa.

3.1. Load Calculation in RM, GM, and SM

The load distribution of the mechanical structures in RM, GM, and SM was related to
the quality of each limb segment of the user and the human–machine interaction status,
which is shown in Figure 1. According to the inertia parameter table of Chinese adult
human body, the weight of volunteers and the mass of each limb segment of human body
could be obtained, as shown in Table 1 [27].

Table 1. Mass of each limb segment of human body.

Body Segments Weight (kg) Body Segments Weight (kg)

Hand 0.454 Lower torso 19.3
Upper arm 1.72 Thigh 10.1

Forearm 0.887 Shank 2.61
Head and neck 6.12 Foot 1.05

Upper torso 11.9 - -

In RM, the user sat on the saddle with feet on the pedals and hands on the handrails,
as shown in Figure 1a. Based on the human–machine interaction state, the maximum
pressure borne by the robot at each loaded position during RM was calculated, where the
handrail bore the load from the hand grip and partial gravity of the hand, upper arm, and
lower arm; the saddle bore the majority of the weight from the subject’s whole body; the
two pedals bore the load of stepping feet and partial gravity of the thighs, calves, and feet.
The values of these loads are shown in Figure 4a. In GM or SM, the user stood within
the range of two front rods with the hands grasping the handrails or with the armpit area
pressing onto the transformed handrails, as shown in Figure 1b,c. Considering extreme
working conditions, the user’s weight was assumed to fully distributed to the handrail of
the mechanism. Correspondingly, the force analysis of the mechanical structure is shown
in Figure 4b,c.
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3.2. Finite Element Analysis of the Mechanism

Three dimensional model was set up in CATIA software with fixed wheels and then
imported to HyperWorks software for finite element analysis in gravity field with load
according to the force analysis in Figure 4.

In the finite element analysis process, the load was uniformly applied to the corre-
sponding load position (saddle, armrest, or pedal), and the three wheels of the chassis-
driven mechanism are fixed. The preliminary resulted weight of the mechanism was
49.07 kg. The stress distribution of the mechanisms in RM, GM, and SM is shown in
Figure 5. It could be seen that the maximum stress values of the three modes were all less
than the allowable stress of steel, and the mechanism could be further lightweight.
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Size optimization on the mechanisms in RM, GM, and SM was performed using
Formula (1) where the thickness of all thin-walled components was the independent
variable, the allowable stress of 270 MPa was the constraint condition, and the minimum
mass was the objective function. And the optimization results are shown in Table 2.

minM =
n
∑

i=1
mi, i = 1, 2, . . . , n

mi = f (xi), i = 1, 2, . . . , n
δmax ≤ 270

, (1)

where the M is the mass of the mechanism; mi (i = 1, 2, 3, 4, 5, 6, 7, 8) is the mass of handrail,
head capsule, neck shell, main rod, front rod, wheel fork, pedal, and saddle mechanism,
respectively; f is the mass function; xi (I = 1, 2, 3, 4, 5, 6, 7, 8) is the wall thickness value
of handrail, head capsule, neck shell, main rod, front rod, wheel fork, pedal, and saddle
mechanism, respectively, where these wall thickness values of parts are design variables.
δmax is the maximum stress.

The wall thickness values resulting from size optimization were reassigned to the
components in RM, GM, and SM, and the corresponding stress values were obtained as
shown in Figure 6. The results showed that all stress values were less than 270 Mpa,
meeting the design requirements. The total mass of the mechanism had decreased from
49.07 kg to 25.87 kg with a decrease of 47.3%.
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Table 2. Size optimization results in RM, GM, and SM.

Part
Original

Thicknesses
(mm)

Range of
Thicknesses

(mm)

Optimized
Thicknesses
in RM (mm)

Optimized
Thicknesses
in SM (mm)

Optimized
Thicknesses
in GM (mm)

Optimized
Thicknesses

(mm)

Final Integer
Thicknesses

(mm)

Handrail 5 1–10 1 1.53 1.32 1.53 2
Head capsule 5 1–10 1 3.969 3.33 3.969 4

Neck shell 5 1–10 1.53 3.89 3.37 3.89 4
Main rod 5 1–10 1 4.52 3.62 4.52 5
Front rod 5 1–10 1 1 1 1 1

Wheel fork 5 1–10 1 1 1 1 1
Pedal 5 1–10 1 1 1 1 1

Saddle
mechanism 5 1–10 1.04 1 1 1.04 2
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4. Stability Analysis of the Mechanical System

The Zero Moment Point (ZMP) stability theory was often used as stability measure-
ment of a mechanical system, which was related to the motion of the center of mass [28,29].
When the projection of ZMP was in the supporting polygon, the system was in the state of
zero moment balance. In this part, the stability of the system was determined based on the
projection position of the Zero Moment Point. Mechanism stability under human–machine
interaction in RM, GM, and SM, as shown in Figure 7, was analyzed based on the ZMP
stability theory. The ∆ ABC in Figure 7 was the stable area of the system. When the pro-
jection of ZMP was in ∆ ABC, the system was stable. PM could be considered as a special
case of RM without rider. The ground projection points of human gravity, mechanism
gravity, and the resultant force of them were all located inside ∆ ABC, and the action point
of the resultant force of ground reaction should also be located inside ∆ ABC. Therefore,
the projection of ZMP was in the supporting polygon, and the system was stable. The
equipment could safely assist the patient to complete gait movements.
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5. Motor Selection and Control System Design

Based on the optimized mass and size of the robot, as well as expected maximum
weight of subjects to be carried, the power selection of the drive motors used in each
function was carried out, and corresponding control systems were further designed based
on the required operating functions under different working modes.

5.1. Motor Selection

As part of the electrical system design, it was necessary to calculate the motor driving
torque of the robot during manned driving with maximum load as shown in Figure 8a, then
select the motor. The output torque of the brushless hub motor was calculated as follows:{

T1 ≥ G1 · sin θ1 · h1 + G2 · sin θ1 · h2 − G1 · cos θ1 · µ · r − G2 · cos θ1 · µ · r
T1 ≤ G1 · sin θ1 · h1 + G2 · sin θ1 · h2 + G1 · cos θ1 · µ · r + G2 · cos θ1 · µ · r

, (2)

where T1 is the output torque of the brushless hub, G1 and G2 are the gravity of human
seated on the saddle mechanism and the gravity of equipment, respectively, θ1 is the
maximum climbing angle of the equipment, r is the radius of rear wheel, h1 is the vertical
distance between the center of front wheel and the center of the rear wheel, h2 is the vertical
distance between the center of gravity of the equipment and the center of the rear wheel,
and µ is the friction coefficient.

Altitude adjusting steering gear was the key component that drives the structural
transformation mechanism to rotate around the supporting mechanism driven within
180-degree to achieve structural transformation between RM(PM) and SM(GM). The force
analysis of the altitude adjusting steering gear is shown in Figure 8b, whose maximum
torque was calculated as follows:

T2 = G3 · cos θ2 · d1 + G4 · cos θ2 · d2, (3)

where T2 is the output torque of the altitude adjusting steering gear, G3 and G4 are the
gravity of the head shell and the rotating neck, respectively, d1 and d2 are the force arms of
the head shell and rotating neck to the rotating shaft of the altitude adjusting steering gear,
respectively, and θ2 is the included angle between the axis and the horizontal direction of
the rotating neck after 90-degree clockwise rotation.

Specific parameters of all the power components in the electrical system are shown in
Table 3. The hardware control schematic diagram and working logic flow chart of EEGO
are shown in Figures 9 and 10.
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Table 3. Parameters of power components.

Power Components Rated Voltage (V) Rated Torque (N m)/Thrust (N)

hub motor 24 20 N m
steering gear 6 2.5 N m

seat altitude adjusting steering gear 6 2.5 N m
altitude adjusting steering gear 6 6 N m
handrail adjusting steering gear 6 2.5 N m

push-rod motor 24 100 N
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5.2. Control System Design
5.2.1. Riding Posture Mode

In RM, EEGO was used as a vehicle, which could provide speeds in three gears
for users: slow speed (3 km/h), medium speed (6 km/h), and fast speed (12 km/h).
After selecting the initial speed gear, the current speed could also be adjusted with a
variation of 1 km/h through acceleration or deceleration commands during driving. In the
speed control, a PWM wave with different duty cycles was used as the control signal to
adjust the speed. It was necessary to analyze the relationship between the steering angle
and the maximum turning speed to prevent EEGO from tipping over due to excessive
turning speed during turning. When EEGO detects that the turning speed was close to the
maximum allowable turning speed under the current steering angle, it would automatically
slow down to prevent tipping and thus avoid user injury. The relationship between the
steering angle of the driving wheel of the equipment and the maximum turning speed was
as follows:

v2
max =

l · g · µ

k · sin θ
, (4)

where vmax is the maximum turning speed of EEGO, l is the track width of the front and
rear wheels, g is the acceleration of gravity, µ is the coefficient of friction, k is the safety
factor, which was taken as 1.5 here, and θ is the steering angle of the driving wheel.

The correlation diagram between the steering angle of the driving wheel and the
maximum turning speed is shown in Figure 11.
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5.2.2. Grasping Posture Mode

In GM, when the user grasps the corresponding position of the handrails, the heart
rate sensor at that position begins to work. When the user’s heart rate was monitored
to reach 110 bpm, it would automatically brake and issue a warning to remind the user
of abnormal physical condition. The hub motor was in constant speed control mode to
prevent the device from sliding up and down a slope resulting in injury to the user. When
the torque that the hub motor could provide was not enough to maintain the current speed,
the hub motor would automatically stop and self-lock to prevent slipping.

5.2.3. Supporting Posture Mode

In SM, the two handrails were raised and rotated to a horizontal position for the
user’s upper limbs to be placed flat on, providing support and assistance for the user. The
hub motor was also in constant speed control mode at three alternative speeds (1 km/h,
2 km/h, or 3 km/h) to meet those of patients in the middle stage of gait rehabilitation, who
can only slowly stumble in a weight-supported state. When the user feels tired during
gait rehabilitation training, he could control the EEGO shutdown at any time through the
control panel.

5.2.4. Pet Mode (PM)

In PM, the user could control the hub motor and steering motor of EEGO through a
remote control to change its speed and direction, thereby simulating the ground motion
state of a pet at different speeds and turning postures.

At the same time, the saddle mechanism could also be driven by an embedded drive
motor to achieve posture adjustment of fixed axis lifting or lowering, simulating state of
flapping wings as an insect does to provide users with fun companionship.

6. Manufacture and Evaluation of Prototype

Based on the above functional design and structural optimization, a prototype was
manufactured, which contains multiple components, including control boards, micropro-
cessors, batteries, transformers, and various drive motors. To reduce the volume of the
prototype body and head, it was necessary to coordinate the installation positions of vari-
ous components inside the body and head. The installation and distribution positions of
the parts are shown in Figure 12. The electric circuit flow chart of the equipment is shown
in Figure 13.
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The structural transformation mechanism was located on top of and can rotate
180-degree counterclockwise around the supporting mechanism from inclined state to
vertical state, driven by an altitude adjusting steering gear, and achieved structural trans-
formation between RM(PM) and SM(GM). The seat altitude adjusting steering gear can
rotate 25-degree clockwise, so that the user can alight from the saddle. In the process of the
equipment changing from the GM to SM, the handrail adjusting steering gear could rotate
180-degree clockwise to drive the handrail to rotate, and then the push-rod motor could be
raised to the corresponding position. The conversion process between different modes is
shown in Figure 14.
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In this part, the functionality of the EEGO was evaluated through experiments. The
main function was to assist the patient’s gait, reduce the pressure on the lower limbs during
the gait, and sometimes it could also be used as a mobile equipment to help the patient
movement. The RM and PM were basic functions without structure transformation that
were not needed to verify. In order to verify the function of EEGO in GM and SM, six
volunteers (age = 25 ± 3 years, mass = 70 ± 10 kg, height = 170 ± 10 cm) participated
in experiments. All the six volunteers had no lower limb diseases and could complete
gait movement independently. During the experiment, volunteers first performed gait
movement without EEGO’s assistance, then performed gait movement with EEGO’s as-
sistance in GM and PM, respectively, and filled out the usage perception questionnaire.
The experimental protocol was approved by the Human Ethical Review Committee of
the First Hospital of Jilin University (No. 2023-258). Written and verbal instructions of
testing procedures were provided, and written consent was obtained from the subject
prior to testing. The distance of each gait movement was 20 m. In order to avoid the
interference between consecutive gait movements, the volunteers should rest fully after
each gait movement before proceeding to the next one. The operation process of a volunteer
performing experiments in both GM and PM is shown in Figure 15. The results of the usage
perception questionnaire are shown in Table 4.

The results showed that the power-assisted effect of the equipment was good, and the
design goal of the equipment was achieved.
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Table 4. The results of the questionnaire of six volunteers.

Volunteers Feeling in GM Feeling in SM

Volunteer 1 Relaxing Relaxing
Volunteer 2 Relaxing Relaxing
Volunteer 3 Relaxing Relaxing
Volunteer 4 Relaxing Relaxing
Volunteer 5 Relaxing Relaxing
Volunteer 6 Relaxing Relaxing

7. Conclusions

Rehabilitation equipment was very important for promoting patients’ rehabilitation
and reducing the work pressure of medical staff. A multifunctional human motion reha-
bilitation training robot named EEGO that could achieve four functions (RM, SM, GM,
AM) through structural transformation was designed and optimized. EEGO were suitable
for patients in the middle and late stages of rehabilitation. The weight of the equipment
was light, and the size of the equipment was suitable for indoor use. Finally, a prototype
was prepared based on the analysis and design results of experimental verification, which
could effectively assist patients in motion rehabilitation training such as gait, walking, and
other movements.

In future research work, we would further reduce the weight of the equipment by
changing the types of materials. In addition, we would further optimize the internal space
of the equipment, reasonably placing the motor, battery, and other parts to reduce the size
and weight of the equipment.
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