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Abstract: Existing ankle rehabilitation robots are large, difficult to move, and mostly designed for
seated use, which cannot meet the early bedridden rehabilitation goals of stroke patients. To address
these issues, a supine ankle rehabilitation robot (S-ARR) specifically designed for early bedridden
rehabilitation of stroke patients has been proposed. The S-ARR is designed to be easily movable
and adaptable to different heights. It features a variable workspace with mechanical limiters at
the rotating joints. A kinematic model has been constructed, and the kinematic simulation of the
S-ARR has been analyzed. A control system scheme for the S-ARR has been proposed. Additionally,
experiments have been conducted on the prototype to measure joint range of motion and perform
rehabilitation exercises. The simulation and experimental results demonstrate that the S-ARR has
a feasible workspace and a relatively smooth motion process, enabling it to achieve supine ankle
rehabilitation training. This indicates that the design of the supine ankle rehabilitation robot is
reasonable, capable of meeting the requirements for ankle joint rehabilitation training, and has
practical utility.

Keywords: supine rehabilitation robot; ankle joint; early rehabilitation; stroke

1. Introduction

Stroke is an acute cerebrovascular disease which is caused by the sudden rupture of
cerebral blood vessels or the blockage of blood flow to the brain, resulting in damage to
brain tissues. It includes ischemic and hemorrhagic stroke. It is characterized by a high in-
cidence rate, high mortality rate, high disability rate, and various complications, especially
the tendency to cause hemiplegia and mild hemiplegia [1,2]. For stroke patients, the ankle
joint plays an important role in daily activities, and severe ankle joint contracture caused
by stroke greatly limits the mobility of stroke survivors [3,4]. Existing medical theories and
clinical experiments have shown that effective rehabilitation training can prevent muscle
atrophy and promote ankle joint recovery. Early intervention in rehabilitation training
contributes to the restoration of human motor function [5].

Ankle joint rehabilitation plays a crucial role in the gait performance and daily activity
recovery of stroke patients [6]. Traditional rehabilitation training usually requires one-on-
one or group consultations, which are inefficient, labor-intensive, and lack scientific and
effective data monitoring and feedback. Robot-assisted therapy has been proposed as a
method to address these issues [7]. With the deep integration of rehabilitation medicine and
robotics, various models of ankle joint rehabilitation robots have been designed. Typically,
ankle joint rehabilitation robots can be divided into two types: wearable and platform-
based [8,9]. Zhang et al. [10] designed a parallel ankle rehabilitation robot with three
rotational degrees of freedom, driven by stepper motors. They also constructed a complete
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information acquisition system to improve human-machine interaction between the robot,
patients, and doctors. Amir Bahador Farjadian et al. [11] designed a virtual interface ankle
balance training robot (vi-RABT), which is a platform-based robot used for ankle joint and
balance rehabilitation. Minh Duc Dao et al. [7] developed an ankle joint rehabilitation
device for stroke patients with a simple and compact structure, convenient for patients
to wear and improve rehabilitation effectiveness. Cio et al. [12] proposed a novel Rutgers
Ankle CP robot, allowing young people with cerebral palsy to use it. After 36 rehabilitation
treatments, the patient’s function and quality of life improved, attributed to the increase in
ankle joint strength and control ability. Currently, mature products on the market include
European/Smart Wearable, which applies to both the left and right feet, guided by games,
and capable of active and passive training modes. Other similar products include Ankle
Motus™ developed by the Shanghai Fourier Intelligent Technology Company (Shanghai,
China). However, the above rehabilitation devices are bulky and expensive, suitable only
for use in hospitals or treatment centers, and not applicable for home use, posing difficulties
for stroke patients during the early bedridden stage. To address this drawback, the Dalian
University of Technology (Dalian, China) [13] designed a two-degree-of-freedom serial
ankle joint rehabilitation trainer suitable for bedridden patients and developed various
modes, such as circular trajectory, transverse serpentine trajectory, longitudinal serpentine
trajectory, and abduction-type elliptical trajectory, providing references for developing
specific muscle group training modes. Kocaeli University (Izmit, Turkey) created a low-
cost portable wrist rehabilitation robot (POWROBOT) that can be used at home as well
as in physical therapy centers [14]. The University of Calabria designed a novel bionic
robotic device for upper limb rehabilitation tasks at home, which is easily portable and
remotely managed by professional therapists [15]. The mobility of the above rehabilitation
devices ensures the continuity of rehabilitation exercises, which is essential in the patient’s
rehabilitation process. Lightweight and portable design are also important aspects in the
development of rehabilitation devices. Meanwhile, some ankle joint rehabilitation robots
designed for specific populations have been developed. Kevin Cleary and his team [16]
developed an Active Compliant End-Effector (ACE), which is a six-degree-of-freedom fully
rotational joint device used for ankle exercises in children with cerebral palsy. Furthermore,
Kevin Cleary’s research group developed two versions of an ankle joint robot [17] for
cerebral palsy children: one for home therapy and one for laboratory treatment. These
devices are connected to games, stimulating the children’s willingness for rehabilitation
therapy. Additionally, some ankle joint rehabilitation robots have been developed to accom-
modate different usage postures. Fang Ming Lim and others [18] developed a supine gait
training device aimed at early central nervous system rehabilitation for patients. However,
its design lacks adjustability, limiting its applicability to specific user groups. Jianfeng
Li and colleagues [19] created a novel reconfigurable muscle strength training robot to
increase users’ muscle strength and endurance. Nonetheless, the large size and expensive
price of this device restricts its usage in hospitals or rehabilitation training institutions.
On the other hand, an emerging trend is the use of flexible actuators and materials to
develop rehabilitation devices, which can provide patients with more compliance, safety,
and comfort, avoiding secondary injuries caused by rigid structures. Flexible actuators
are usually made of flexible materials such as elastomers, airbags, liquids, or stretchable
fibers that can deform or generate force when subjected to external stimuli such as gas,
electricity, or hydraulics, driving the movement of the device. For example, Tommaso Proi-
etti et al. [20] introduced a lightweight, fully portable, textile-based soft inflatable wearable
robot for shoulder elevation assistance, providing dynamic active support to the upper
limbs. Experimental results showed the great potential of this device in alleviating the
impact of muscle fatigue on patients with amyotrophic lateral sclerosis (ALS). Panagiotis
Polygerinos et al. [21] introduced a portable, assistive, and flexible robotic glove aimed at
enhancing the functional grasp rehabilitation of patients with hand pathology. Compared
to existing devices, this soft robotic glove may increase users’ freedom and independence
through its portable waist pack and open palm design. Zachary Yoder et al. [22] evaluated
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the performance of hydraulic amplification self-healing electrostatic (HASEL) soft actuators
for prosthetic hands, proposed methods to further enhance the force output of soft actuators,
and discussed the importance of the unique characteristics of Peano HASELs (University
of Colorado, Boulder, CO, USA) in the field of rehabilitation design, providing new options
for the design of rehabilitation devices. Zhang et al. [23] proposed a redundant drive recon-
figurable robot structure called Compliant Ankle Rehabilitation Robot (CARR). The robot is
driven by four Festo fluid muscles and provides adjustable workspace and actuator torque
to meet the motion range and muscle strengthening requirements of training. However,
rehabilitation devices developed using flexible actuators and materials are currently not
fully mature and only exist in the laboratory. The complexity and high cost of these devices
limit the translation of flexible rehabilitation devices into practical applications.

Some studies suggest that rehabilitation robots are equally as effective as traditional
therapies, but their lack of cost-effectiveness hinders their widespread application [24].
Therefore, reducing the manufacturing cost and increasing the mobility of rehabilitation
robots would be beneficial for their practical use [25]. Additionally, utilizing physiolog-
ical information from the human body to assist in rehabilitation exercises is an effective
approach. Integrating biological signals such as electromyography (EMG) into the rehabili-
tation robot system can enhance rehabilitation outcomes effectively [26-28].

Based on the aforementioned research and analysis, this study proposes a supine ankle
rehabilitation robot called S-ARR. It features a simple, compact, and portable structure
suitable for patients of different heights in the early stages of post-stroke rehabilitation. The
design of S-ARR aims to meet the rehabilitation needs of patients while being lightweight,
portable, and safe. This innovative mechanical structure sets S-ARR apart from other
ankle rehabilitation robots. A comparison of its mechanical structure with other ankle
devices is shown in Table 1, where the dimensions of this design serve as the reference
point for comparing the dimensions of other devices. This comparison considers the
device’s mobility, usage, and other factors, considering the relevant literature. Among
them, ‘mobility” refers to the robot’s ability to move, including considerations related
to robot design, weight, and purpose. A robot with good mobility can enhance user
experience, especially for early bedridden patients.

Table 1. Mechanical structure comparison with other ankle rehabilitation robots.

Features S-ARR vi-RABT Device [7] CARR Trainer [13]

Type Platform-based Platform-based Platform-based Platform-based Platform-based

Size Little Little Moderate Moderate Moderate

Single foot/ . . . .

Double foot Single Single Single Single Double

Driving method Motor drive Motor drive Motor drive Flexible drive Motor drive

Posture Sitting and lying Sitting Sitting Sitting Lying

Usa attern: Combining with Fixed Fixed seat Fixed Combining with
sage patterns the bed Position 1xed se Position the bed

Mobility Easy Easy Harder Harder Easy

In the early stages of post-stroke rehabilitation, most patients are confined to bed
rest. During this stage, supine position rehabilitation training can alleviate the weight-
bearing on the patient’s buttocks and legs and increase the range of motion of the lower
limb joints [29]. However, most existing ankle rehabilitation trainers only support seated
rehabilitation and do not effectively utilize the crucial early stage of stroke rehabilitation.
Early rehabilitation is considered a key aspect of effective stroke care, and literature suggests
that early rehabilitation strategies for stroke are safe and effective [30,31]. Therefore, this
study has the following highlights:

(1) Design a structurally simple, compact, and cost-effective supine ankle rehabilitation
robot that can be conveniently moved and integrated with the patient’s bed for fixed
positioning, enabling both seated and supine rehabilitation training.
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(2) Adjustable design: Considering the size differences among individuals, the robot can
incorporate adjustable features. For example, the length and position of the lower leg
can be adjustable, and different-sized footplates can be replaced to accommodate the
needs of different individuals.

(3) Functional variability: The robot has variable functional modules to adapt to different
rehabilitation tasks and training requirements. For instance, the robot can adjust the
range of motion limitation device to achieve different rehabilitation training goals.

(4) The design includes a joint range of motion and rehabilitation motion experiment
to restore ankle joint mobility. Additionally, a control system scheme for S-ARR is
proposed to provide patients with more effective rehabilitation training.

This paper first conducted research and analysis on the characteristics of the human
ankle joint. Then, the mechanical structure and control system scheme of S-ARR were
introduced. Additionally, a kinematic model was built to analyze the workspace, and
motion simulation analysis was performed to validate the correctness of the structural
design. The device prototype was fabricated, and the total cost of fabrication and assembly
was $600. A joint range of motion measurement experiment and rehabilitation motion
experiment were conducted on the prototype, demonstrating the feasibility of S-ARR.

2. Materials and Methods
2.1. Analysis of Human Ankle Joint Movement Characteristics

The ankle joint is the most weight-bearing joint in the human body and is involved in
the majority of lower limb movements. Its bony structure consists of the tibia, the lower
end of the fibula, and the talus bone, as illustrated in Figure 1.

Fibula

Figure 1. Skeletal structure of the ankle joint.

The movement of the ankle joint can be classified into six actions, including Dorsi-
flexion (DO) and Plantarflexion (PL) around the coronal axis, Internal (IN) and External
(EX) around the vertical axis, and Inversion (IN) and Eversion (EV) around the sagittal axis,
as shown in Figure 2. Additionally, the three rotational movements of the ankle joint can
occur individually or simultaneously. The movement parameters of the human ankle joint
are summarized in Table 2 [32].

Z
EXpq 4 IN

Figure 2. The movements of the human ankle joint.



Machines 2023, 11, 787

50f19

Table 2. The parameters of ankle movements.

Motion Angle Range (°)
Internal 0~20
External 0~30
Dorsiflexion 0~30
Plantarflexion 0~50
Inversion 0~40
Eversion 0~30

2.2. Mechanical Design

Based on the concept of integrated design, S-ARR consists of motion functional mod-
ules and fixed support modules, as shown in Figure 3. The functional modules are divided
into Dorsiflexion and Plantarflexion and Internal /External rotation modules, each driven
by different specifications of reduction motors. Mechanical limiters are installed at each
joint of S-ARR, and limit switches are placed at the output ends of the reduction motors,
along with the installation of a nine-axis IMU sensor and thin film pressure sensor to moni-
tor the patient’s posture in real time. Movable limit structures are designed at the joints to
allow patients to switch between rehabilitation training for the left and right foot. In the
design of the fixed support module, to ensure the comfort and effectiveness of wearing the
supine ankle rehabilitation robot, calf support is installed at the back of the robot, lined
with breathable cushioning material. Elastic straps are used to secure the patient’s calf,
preventing compensation movements. The height of the robot is determined based on the
degrees of freedom of a normal ankle joint and the workspace simulation analysis of the
robot. The length of the robot is determined according to the average length of a normal hu-
man calf, enabling it to perform supine human-robot collaborative rehabilitation training.

Fixed Support
Component | ‘ ' Sports
| Function
Components

Figure 3. Mechanism of the ankle rehabilitation robot.

2.2.1. Motion Function Component Design

The motion function components are the main executing mechanisms for rehabilitation
training. They consist of reduction motors, bearings, nine-axis IMU sensors, etc., as shown
in Figure 4. In the Dorsiflexion and Plantarflexion section of the rehabilitation robot,
two DC brushless reduction motors are installed on the left and right sides to achieve
gravity balance, reduce motor energy loss, and enhance the smoothness of the mechanism’s
operation. The model used is the DJI M2006 P36. The motors for Internal /External rotation
are installed at the rear and connected to the transmission components. The nine-axis IMU



Machines 2023, 11, 787

60of 19

sensors and thin film pressure sensors are parallelly mounted on the foot support plate to
monitor the patient’s posture in real time and ensure patient safety. The motor’s output
is directly transmitted to the executing mechanism through corresponding mechanical
structures, replacing the movement of human muscles, and thus achieving ankle joint
motion, as shown in Figures 5 and 6, to accomplish rehabilitation training objectives.
Mechanical limits are set at each degree of freedom, and limit switches are installed at the
motor’s output end. The robot is also equipped with an emergency stop button for the
motors and multiple protective measures to ensure patient safety.

:Q #  Thinfilm R
- pressure sensor Nine-axis IMU

|

Micro DC geared | l
motor |
|

Mechanical
limit

Motor  Bearing
fixing
plate

Rotating  motor

Micro DC
shaft sleeve shell

geared motor

Transmission
system

Figure 5. Transmission components for Dorsiflexion/Plantarflexion.

Transmission

Bearing components

Transmission
system

DC geared motor

Mechanical limit

Motor fixing

plate Bearing

Bearing
sleeve

Figure 6. Transmission components for Internal /External.
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2.2.2. Fixed Support Component Design

The fixed support module consists of a calf support board, a foot support platform,
an auxiliary support frame, and bearing sleeves, as shown in Figure 7. The calf support
board is made of photosensitive resin material and is secured using elastic straps. It can
accommodate different sizes of calves and is lined with breathable cushioning material to
enhance the user experience of the rehabilitation robot. The foot support platform is also
made of photosensitive resin material and comes in different sizes to accommodate feet of
different sizes. The bottom of the foot platform has holes that can be used to install foot
stimulation devices to assist patients in their rehabilitation. It is also secured using elastic
straps. During rehabilitation exercises, the auxiliary support frame is fixed to the bed using
straps to prevent the risk of the rehabilitation robot tipping over. The holes in the support
frame are used for strap fixation. Figure 8 shows the three-dimensional model of a patient
using the S-ARR.

Elastic strap

Calf support Foot support board [ — — — — =

Supporting
bracket

Figure 8. Three-dimensional model of patient using S-ARR.

2.2.3. Mechanical Limitation and Adjustable Structure Design

In the movement of the human ankle joint, extreme joint motions should be avoided
as much as possible. Therefore, to ensure patient safety, it is necessary to design limit
devices at the joint rotations of S-ARR. According to Table 2, we set the range of motion
for the ankle rehabilitation robot as Plantarflexion 50°, Dorsiflexion 30°, Internal 20°, and
External 30° [32]. On the other hand, a single-foot ankle rehabilitation robot should have
the capability of bilateral foot interaction training and an adjustable length for the calf
support to meet practical training needs.



Machines 2023, 11, 787

8of 19

Limit chute

Mobile chute -——-"“i I
(a)

(a)

Calf support

S-ARR incorporates a movable limit structure that allows patients to switch between
left and right foot rehabilitation training. In the Internal/External rotation component,
sliding limit blocks, fixed limit blocks, and limit grooves are designed at the upper end. The
sliding limit block can slide horizontally into the A- or B-end limit groove. When S-ARR
is used for left (right) foot rehabilitation training, the sliding limit block is positioned in
the A (B)-end restriction groove, working in conjunction with the fixed limit to restrict the
movement of the movable limit block within the range of motion, as shown in Figure 9.
Limit grooves and movable limit blocks are designed for Plantarflexion/Dorsiflexion to
meet angle limitations, which will not be further discussed here. Additionally, a movable
groove is designed at the rear end of S-ARR to achieve adjustability of the calf support plate,
allowing for arbitrary adjustments within a range of 100 mm to accommodate patients with
different calf lengths, as shown in Figure 10.

Sliding Fixed limit Fixed limit

limit block Sliding

limit block

Sliding
limit block

(b) (©

Figure 9. Mechanical limitation diagram for Internal and External rotation. (a) Schematic diagram of
limitation structure. (b) Limitation device for left foot rehabilitation training. (c) Limitation device
for right foot rehabilitation training.

Mobile chute

Calf support

(b)

Figure 10. Adjustable calf support. (a) Shortest position. (b) Longest position.

2.3. Procedure and Control System Design

When patients use S-ARR for rehabilitation training, the first step is to securely fix the
S-ARR to the bed. Then, adjust the length of the calf support to match the patient’s calf
length. Finally, select rehabilitation training parameters as shown in Figure 11. The control
system consists of a main control module, detection module, selection module, and drive
module. The USART HMI provides a graphical interface for users to complete various
training tasks, such as setting motion parameters, to achieve the desired goals. The main
control module uses an STM32 controller as the control core, receiving instructions and
converting them into corresponding signals. The controller controls the motion of three
brushless DC motors through the CAN bus, thus completing the rehabilitation training
actions. Meanwhile, encoders and detection modules continuously monitor the patient’s
condition to observe the user’s current information.
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Figure 11. S-ARR utilization process and control system scheme.
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The control system of the ankle rehabilitation robot mainly consists of a host computer,
an STM32 controller, a CAN communication module, a pressure sensor, a nine-axis IMU
sensor, three sets of brushless DC motors, and multiple encoders. The nine-axis IMU sensor
(N100, WHEELTEC, Dongguan, China, with an angle accuracy of 0.1 RMS) installed on
the footplate, along with the thin film pressure sensor, can collect pressure data and angle
information of the patient’s foot, forming the basis for force feedback and position feedback.
In rehabilitation training, different key values are used to achieve the motion actions of
the S-ARR. During the motion process, the real-time collected angle and position signals
from the motor encoders and nine-axis IMU sensor are continuously corrected for the error
between the measured and the desired projection. This ensures more precise control over
the motion. The Proportional-Integral-Derivative (PID) controller is a three-term controller
that is simple to use and provides efficient control performance, making it a common
controller in industrial environments. The expression for the PID controller is as follows:

d

uc(t) = kpe(t) +k1/te(‘f) + de—i 1)
Among them, kp, kj, and kp are the proportional gain, integral gain, and derivative
gain, respectively. u.(t) and e(t) represent the output and error input of the PID controller,

respectively. The control block diagram is shown in Figure 12.

> K,
Desired vt Actual
position f‘/\ e) | K £/ U® | Ankie joint Position -
AN o : A v robot >
A A
» KD

Figure 12. PID control block diagram.
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According to the input instructions provided by the program, different motion actions
of the rehabilitation robot are achieved through different key values. During the motion
process, the real-time collected angle and position signals from the motor encoders and
posture sensors are continuously corrected based on the error between the measured values
and the desired trajectory, ensuring more precise control over the motion. The PID software
control flowchart is shown in Figure 13.

System initialization and
peripheral configuration

T
v )

| Adjust the current motor speed [ CAN reception interruption
Y ¢
Adjust according to the target CAN data analysis
speed PID -
N i ¥
N Sending CAN data to C80 for Current motor speed
electrical adjustment I

Receive motor stop command

Figure 13. PID control software flowchart.

During the patient’s rehabilitation motion process, the controller controls the motor
motion based on the received signals and the control algorithm. The real joint angles of
the robot are then fed back to the main control module through the motor encoders and
posture sensors, forming a closed-loop control system. It can continuously monitor and
adjust the patient’s rehabilitation status in real time.

3. Rehabilitation Robot Theoretical Foundations
3.1. Kinematic Modeling

Kinematic analysis plays a crucial role in the workspace analysis, motion trajectory
planning, and feasibility assessment of robots. Therefore, it is necessary to establish a
kinematic model to analyze the relevant kinematics of the robot. The Cartesian coordinate
system is established using RPY angles. Firstly, a fixed X4Y4Z4 space rectangular coordi-
nate system {A} is established with the robot’s rotational center as the reference frame. Its
Z-axis is parallel to the footplate plane and points towards the far end of the footplate, the
X-axis is perpendicular to the footplate plane and points upward, and the Y-axis is parallel
to the footplate plane and points towards the right side of the footplate. At the same origin,
a moving XpYpZp coordinate system {B} is established, which moves together with the
platform. Its coordinate axes are similar to coordinate system {A}, representing the footplate
plane after movement, as shown in Figure 14. The relationship between coordinate system
B and coordinate system A describes the state of the object.
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(b)

Figure 14. Robot coordinate diagram. (a) Model coordinate diagram. (b) Coordinate simplified diagram.

The forward kinematic analysis is as follows:

Where v, 3, and « represent the rotation angles of coordinate system B around X4,
Y4, and Z4, respectively.

When performing Internal /External and Dorsiflexion/Plantarflexion movements, the
rotation angle around axis Z4 for coordinate system {B} is O, i.e., @ = 0. Therefore, the
kinematic equation can be simplified as

1 0 O[[c¢g O sB][1 O O ¢ sPsy sPcy
8Rxyz(1,B,8) =Rz(@)Ry(B)Rx(7y) =10 1 0[| 0 1 0|0 ¢y —sy|=|0 ¢y -sy| (@
0 0 1J|—sB 0 cB] [0 sy cy —sB c¢Bsy cPcy

The inverse kinematics analysis is as follows:
Given a rotation matrix derived from XYZ fixed angles represented by RPY, let

M1 2 113 cacB  casPsy —sacy casPcy + sasy
ARyyz (7, B0) = |11 1 13| = |sacB sasPsy+cacy sasPcy — casy ©)]
r31 TR 133 —sp cPsy cBey

First, by squaring and summing the elements (1,1) and (2,1) on both sides of the
equation, we can obtain

(cacB)’ + (sacB)’ = PP =17, + 15 4)
Therefore, we can conclude that

cBp=+\/r3 +71} (5)

When cf # 0, dividing —r31 by ¢ gives us tanf. Taking the inverse tangent (arctan)
of this value will give us the solution for £:

g = Atan2<—l’31, v/ r%l + r%1> (6)
And, when ¢ # 0,

a = Atan2(rp1,111); B = AtanZ(—7’31, \/r%l + r%l);’y = Atan2(r3p,733) (7)

When cf =0,
,ao=0,v= Atan2(r1p, ) (8)

0,7 = —Atan2(r1p,72) )

=
|
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Among them, Atan2(y, x) is a bivariate arctangent function, and its range is (—,
7t]. According to the normal range of ankle joint movement in the human body and the
mechanical limitations of robots, we know that —50° < g < 30" and cB # 0. Therefore,
when performing Internal /External and Dorsiflexion/Plantarflexion movements, & = 0,
and the RPY angles are

a=0;8=Atan2(—r3,r11); 7 = Atan2(r3p, ¥33) (10)

3.2. Workspace Analysis

The workspace of a robot is an important indicator for evaluating the feasibility of a
robot, as it represents the robot’s range of motion and directly affects its practical application
value. Based on the kinematic model of an ankle rehabilitation robot, the Monte Carlo
method is used to calculate the robot’s workspace. In the parameter matrix, due to the
presence of offset during joint motion, theoretically, the offset is determined based on the
motion angle. The solution approach involves the robot operating within the corresponding
range of angles, and the collection of random values for the far end point P of the footplate
forms the robot’s workspace. The visualization of the robot’s workspace is achieved, as
shown in Figure 15.

450

400

z—axis(millimeter)

250 = : = 50
300 : . -50
350 — —100

x—axis(millimeter) y—axis(millimeter)

Figure 15. Robot’s operational workspace.

Based on the figure, it can be observed that the robot’s range of motion aligns with
the physiological parameters of the human body. The simulated results of the workspace
correspond to normal joint movements of the human body. The blue region in the figure
represents the workspace when the left foot is being used, while the red region represents
the workspace when the right foot is being used. The workspace analysis demonstrates
that the robot can meet the requirements of rehabilitation training.

3.3. Robot Motion Performance Simulation

To validate the rehabilitation training capability of the robot, simulation software is
utilized to simulate the robot’s stability. After importing the model, preprocessing settings
are performed. The joint driving parameters of the robot are set using the step function.
Post-processing analysis is then conducted using the testing module to analyze the motion
speed, angular velocity, and angular acceleration for each motion mode. The simulation
time is set to 8 s. The simulation results are shown in Figure 16.
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Figure 16. Motion performance simulation. (a) Variation of motion angle. (b) Variation of motion
angular velocity. (c) Variation of motion angular acceleration.

From the simulation curves, it can be observed that during a simulated rehabilitation
process, the ankle joint exhibits smooth changes in both the angle and angular velocity
curves. This indicates that the motion of the rehabilitation training device in the simulation
process starts and stops slowly and progresses smoothly. As the motor experiences instan-
taneous increases in angular velocity when starting and changing direction, the angular
acceleration curve shows slight discontinuities at 0 s, 3 s, and 8 s, which is normal.

4. System Validation and Performance Analysis

After completing the motion simulation of the mechanism, a prototype of the supine
ankle rehabilitation robot was created, as shown in Figure 17. The non-load-bearing
components of the experimental prototype were produced using 3D printing, while the
rest of the materials used were 6061 aluminum alloy. To verify the biomimetic and practical



Machines 2023, 11, 787

14 of 19

aspects of the supine ankle rehabilitation robot, three healthy subjects were recruited
for this study, and their physical information is presented in Table 3. All subjects had
no neurological impairments. After wearing the experimental prototype, the subjects
underwent experiments for joint range of motion measurement and rehabilitation exercises.

o | — -y
|Fixed Supportl Sports
I Component Function

Components

Figure 17. S-ARR prototype.

Table 3. Participant body data.

ID Gender Age Height Weight
1 Male 25 175 cm 60 kg
2 Female 25 160 cm 42 kg
3 Male 26 180 cm 65 kg

4.1. Joint Range of Motion Measurement Experiment

The joint range of motion measurement experiment is primarily conducted to obtain
the ankle joint movement range of the wearer during rehabilitation training using the
rehabilitation robot. In the passive control mode, Subject 1 and Subject 2 performed five
rehabilitation movements in the supine position using the robot. The extreme positions of
each movement were captured by a camera, and then the ankle joint range of motion for
the subjects was measured based on the calibrated markers on the human body, as shown
in Figures 18 and 19. Here, the ankle Dorsiflexion range of motion is represented by the
symbol «, the ankle Plantarflexion range of motion is represented by the symbol {3, the
ankle Inversion range of motion is represented by the symbol v, and the ankle Eversion
range of motion is represented by the symbol 6. By processing the images, the angles of
each joint for each movement were determined and averaged, as shown in Tables 4 and 5.

Figure 18. Joint angle measurement for Subject 1. (a) Dorsiflexion angle measurement. (b) Plan-
tarflexion angle measurement. (c) Internal angle measurement. (d) External angle measurement.
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Figure 19. Joint angle measurement for Subject 2. (a) Dorsiflexion angle measurement. (b) Plan-
tarflexion angle measurement. (c) Internal angle measurement. (d) External angle measurement.

Table 4. Range of motion of the joints for Subject 1.

Angle 1 2 3 4 5 Mean
o 49.5 49.7 49.2 48.8 49.3 49.3
B 29.4 28.7 29.6 28.8 29.6 29.2
Y 19.8 19.6 19.2 18.5 19.4 19.3
0 28.8 29.7 28.9 29.0 29.3 29.1

Table 5. Range of motion of the joints for Subject 2.

Angle 1 2 3 4 5 Mean
o 48.7 49.3 494 48.6 48.5 489
B 28.4 29.2 28.5 28.9 29.5 28.9
Y 19.2 18.7 18.5 18.3 19.0 18.7
0 28.4 29.0 28.6 28.3 28.5 28.6

By comparing the measured joint ranges of motion with the simulated joint ranges of
motion, it can be observed that the measured joint ranges of motion are slightly smaller
than the normal ranges by approximately 2°. This is because the human body is not a rigid
body, and there is slight movement when wearing the robot. Additionally, to ensure wearer
comfort, the straps cannot be excessively tightened, resulting in a small gap between the
wearer and the device during movement. Overall, the joint range of motion measurement
results fluctuate within an acceptable range, demonstrating that the prototype can meet the
requirements of rehabilitation.

4.2. Rehabilitation Training Experiment

To validate the practicality of the supine ankle rehabilitation robot, a rehabilitation
training platform was set up, as shown in Figure 20. This platform was used to test the
motion performance of the supine ankle rehabilitation robot. During the testing process,
Subject 1 and Subject 3 were tested separately in a supine position without the use of their
own strength. A nine-axis IMU sensor was used to monitor the patient’s posture and obtain
the motion performance of the robot, as shown in Figures 21 and 22.



Machines 2023, 11, 787 16 of 19

Figure 20. Rehabilitation training testing platform.
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Figure 21. Ankle joint angle variation for Subject 1. (a) Dorsiflexion/Plantarflexion motion.
(b) Internal /External motion.
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Figure 22. Ankle joint angle variation for Subject 3. (a) Dorsiflexion/Plantarflexion motion.
(b) Internal /External motion.

5. Conclusions and Future Work

This study proposes a simple and portable supine ankle rehabilitation robot (S-ARR)
that can adapt to patients with different physical conditions and is used for early-stage
ankle rehabilitation after a stroke. The main conclusions are as follows:
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(1) The kinematic model of the robot was established, and simulation analysis was
conducted on the ankle joint rotation angle, angular velocity, and angular acceleration
curves. The simulation analysis of the S-ARR workspace demonstrated its ability
to meet the training needs of patients. The analysis confirmed the rationality and
feasibility of the mechanism design.

(2) A prototype system was constructed, and joint range of motion measurement ex-
periments were conducted. The results showed that the measured joint angles were
slightly smaller than the preset values (approximately 2°). The fluctuations in the
measured joint range of motion were within an acceptable range, indicating that the
prototype could meet the rehabilitation requirements. The rehabilitation training
experiments demonstrated the smooth operation of the robot, with the maximum
angle slightly smaller than the specified angle, achieving satisfactory performance for
supine rehabilitation training.

This robot can be used for early-stage rehabilitation training, saving rehabilitation time
and improving rehabilitation outcomes. Future work will focus on further optimizing the
structural design and control methods of S-ARR. Clinical trials will be conducted to validate
the effectiveness of active training and rehabilitation after functional completion. Stroke
rehabilitation for patients with functional impairments is a complex process, particularly
in terms of scale control during early-stage rehabilitation training. Future directions will
include hierarchical control of the supine ankle rehabilitation robot and the design of
adjustable angle structures to meet the requirements of ankle rehabilitation at different
stages. This will involve increasing the degrees of freedom of the robot and ensuring
alignment between the rotation center of the ankle joint and the rotation center of the
supine ankle rehabilitation robot. The development of the control system will incorporate
compliant control to achieve active training, passive training, and assistive training modes
for the supine ankle rehabilitation robot. In further designs, the use of soft actuators and
materials will be considered to develop subsequent versions of rehabilitation devices,
which can provide patients with increased safety and comfort.

Future work will also include the application of plantar electrical stimulation systems
and the integration of various sensors (such as electromyographic signals) to intelligently
monitor ankle joint movements during rehabilitation training. Based on these measure-
ments, real-time assessment of ankle joint function can be performed. Additionally, un-
foreseen circumstances such as abnormal muscle tension resulting in unusual forces can
be addressed by the robot through sensor-based evaluation. Depending on the evaluation
results, the robot can decide whether to stop its operation and update the rehabilitation
training plan, allowing patients to engage in adaptive rehabilitation training at an early
stage. Another potential direction is the integration of virtual reality technology to enhance
the enjoyment of the rehabilitation training process. In the future, this system will not
only improve the smoothness of training but also enhance patient engagement, promote
interaction between perception and learning, and ultimately improve the effectiveness of
rehabilitation therapy:.
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