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Abstract—Patients with spinal cord injury (SCI), stroke, and 

coronavirus patients must undergo a rehabilitation process 

involving programmed exercises to regain their ability to 

perform activities of daily living (ADL). This study focuses on 

the rehabilitation of the foot-ankle joint to restore ADL through 

the design and implementation of a rehabilitation exoskeleton 

with three degrees of freedom (abduction/adduction, 

inversion/eversion, and plantarflexion/dorsiflexion movements). 

increase the patients cause worker fatigue, emotional 

exhaustion, a lack of motivation, and feelings of frustration, all 

contributing to a decrease in work efficacy and productivity. 

The robotic exoskeleton was developed to overcome this 

limitation and support the medical rehabilitation section.   The 

main goal of this study is to develop a portable exoskeleton that 

is comfortable, lightweight, and has a range of motion (ROM) 

compatible with human anatomy to ensure that movements 

outside of this range are minimized, the anthropometric 

parameters of a typical human lower foot have been considered. 

In addition, it's a home-based rehabilitation device which means 

the exoskeleton can be used in any environment due to its 

lightweight and small size to accelerate the rehabilitation 

process and increase patient comfort.  The proposed 

autonomous exoskeleton structure is designed in Solid Works 

and constructed with polylactic acid (PLA) plastic, the reason 

PLA was chosen is its lightweight, available, stiff material, and 

low cost, using 3D printing technology the exoskeleton was 

manufacturing. Electromyography (EMG) and angle data were 

extracted using EMG MyoWare and gyroscope sensors, 

respectively, to control the exoskeleton. It was evaluated on its 

own then with 2 normal subjects and 17 patients with stroke, 

spinal cord injury (SCI), and coronavirus. The limitation that 

has been faced was that the sessions were limited due to the 

limited time provided for the study. According to the 

improvement rate, the exoskeleton has a significant impact on 

regaining muscle activity and improving the range of motion of 

foot-ankle joints for the three types of patients. The rate of 

improvement was 300%, 94%, and 133.3% for coronavirus, 

SCI, and stoke respectively. These results demonstrate that this 

exoskeleton can be utilized for physiotherapy exercises. 

Keywords—CAD; Robotic Exoskeleton; Rehabilitation; 

FDM; Active; Passive; EMG. 

I. INTRODUCTION 

Due to stroke, musculoskeletal disorders, spinal cord 

injuries, and coronavirus, many people cannot walk. These 

individuals have lost function in their lower limbs (hip, knee, 

ankle, foot, or a combination). Therefore, their treatment 

must be enhanced by employing modern rehabilitation 

techniques and robotic exoskeleton rehabilitation is one of 

them [1]-[4]. 

For stroke patients in the industrialized globe, the annual 

incidence of stroke is approximately 180 per 100,000 

inhabitants [5]. Three months after a stroke, one-third of the 

survivors are still alive. Approximately 80% of ambulatory 

patients are still dependent on a wheelchair, and their gait 

speed and endurance are substantially reduced [6]. 

Consequently, the restoration and enhancement of walking 

functions is a top priority for the desired social and 

occupational reintegration. Stroke patients are the individuals 

that benefit most from these exoskeletons. Stroke is a fatal 

disease that has recently shown accelerated growth and high 

death.  

Spinal cord injury (SCI) patients who suffer from 

paralysis can use these exoskeletons to enhance recovery [7]-

[9].  The SCI around the worldwide incidence ranges between 

250,000 and 500,000, The treatment of spinal cord injuries 

requires inter-professional collaboration. The acute phase 

requires professional emergency treatment, whereas the 

chronic phase is frequently accompanied by long-term 

complications, necessitating long-term rehabilitation, and 

nursing. For effective use of medical resources and the 

development of targeted preventive and nursing measures 

[10][11].  

People with strokes experience hemiplegia paralysis, 

which means that half of the body is paralyzed, either on the 

left or right side. While the SCI has paraplegia paralysis, this 

indicates that the lower limb is entirely paralyzed. 

 Exoskeletons are external devices attached to the human 

body that enable their users to perform at a level they cannot 

achieve on their own. Passive (P) or active (A) exercises are 

rehabilitation exercises. In passive exercises, therapists or the 

robot actively assist the subjects in moving the affected parts. 

In contrast, the subjects must exert effort to move the affected 

parts independently during active exercises [12]-[15]. The 

therapists become increasingly stressed as the number of 

patients increases, and as the number of patients increases, 

the number of therapists may decrease. Furthermore, the 

rehabilitation process becomes less effective, and patients 

become less active. This will hurt the individual's ability to 

regain functional independence and daily activities. The 

introduction of such rehabilitation devices has the potential 

to solve the aforementioned issues in a significant manner, 

thereby enhancing the rehabilitation program's effectiveness. 

Several studies have demonstrated a correlation between 

restoring and enhancing motor skills and demanding and 

repetitive functional tasks [16][17]. 
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Significant progress has been made in rehabilitation 

robotics. However, obstacles continue to stand in the way of 

these developments and the full realization of the main 

objective (restoring bodily functions). The hardware's system 

and control mechanism may be partially responsible for these 

limitations. limitations in range of motion due to the 

hardware's implementation, complexity, cost, discomfort, 

weight, incompatibility with the human, mechanical 

structure, lack of safety features, and inefficient power 

transmission methods. 

Due to the importance of exoskeleton robotics in medical 

rehabilitation today, intensive and brief studies have been 

conducted over the past few years to learn about the devices, 

their characteristics, and their drawbacks. Additionally, 

studies have been conducted to compare prices, weights, 

effectiveness, power sources, and control systems, some 

these studies [18]-[21]. Some studies were toward the 

materials, actuations, and manufacturing methods [22]. 

While some studies were to know the last trends in the 

developments of 3D printing legs exoskeletons [23]-[25]. 

While some studies toward the control strategies of the lower 

limb exoskeletons [26]. 

Kalra et al. [28] wrote an analysis of the use of robotics in 

healthcare. They serve as a rehabilitation aid for the upper 

and lower limbs, The use of robotics in healthcare dates back 

to the 1960s for surgery and the 1990s for rehabilitation, and 

it has since evolved into a variety of inexpensive, accessible 

new technologies with diverse control systems, varying 

degrees of freedom, and distinct working methods. 

In 2021, Dong et al. [29] Developed a new ankle robotic 

system with three rehabilitation training strategies based on 

an admittance controller: patient-passive compliance 

exercise, isotonic exercise, and patient-active exercise, which 

take into account the patient's muscle strength and recovery 

stages, he parallel ankle rehabilitation robot features three 

degrees of rotation and two linear servo actuators and one 

servo motor. 

In 2023, Qu et al. [30] presents a novel ankle 

rehabilitation hybrid mechanism that can accommodate the 

size requirements of various adult lower extremities. This 

model relates to three categories of ankle movement modes, 

without axis offset, and can account for ankle joint 

movement. The mechanism's inverse and forward 

position/kinematics results are analyzed utilizing the closed-

loop vector method and the optimization of the particle 

groups algorithm. Also, there are more studies concerned 

with robotic devices and provided a great result for the users 

[31]-[38].  

All patients must have access to rehabilitation devices 

through their presence in hospitals and rehabilitation centers. 

As a result of their bulky size or for other reasons, medical 

devices are frequently immobile in hospitals. These 

restrictions impose a significant burden on patients in 

addition to the high cost and they do not reside close to any 

hospitals or rehabilitation centers.  

This study seeks to remedy these problems by 

overcoming limitations in current robotic exoskeleton 

designs and enhancing device specifications to make them 

more suitable for patients regardless of age, gender, or 

weight. The foot-plate was designed according to 

anthropometric data of the human body of males and females 

respectively, which means that the foot length was calculated 

to suit all the foot lengths of various patients. The weight of 

the foot was included and calculated according to 

anthropometric data meaning all the various foot weights the 

exoskeleton can handle.  

 The presented exoskeleton allows for three degrees of 

freedom (dorsiflexion/plantar-flexion, adduction/ abduction, 

and inversion/eversion) for use in ankle and foot 

rehabilitation. The performance and range of motion of such 

a device have been evaluated and analyzed; the device was 

assessed by itself and in cooperation with normal subjects. 

Utilizing Solid Works software and 3D printer technology, 

both of which can work with various materials, including 

plastic, the device's high-precision final construction is 

possible. The PLA material has been used to build the 

proposed exoskeleton, and its biodegradability, the primary 

advantages of PLA for fused deposition modeling (FDM) 

printing are its low glass transition temperature and absence 

of harmful gases during melting, allowing it to be printed 

without an exhaust system. Also, its affordability and 

lightweight [39]-[41]. 

II. ANATOMY OF THE ANKLE JOINT  

The anatomy of the ankle joint complex shows that it is 

not just a simple hinge joint but that of multi-axial motions 

occurring simultaneously to facilitate human gait. The human 

foot's anatomy and kinematics are explained. The human 

ankle consists of multiple joints. Talus is the middle bone. 

The cuboid and navicular bones surround it. The upper 

portion of the talus articulates with the tibia and fibula 

portions of the shinbone. This is the UAJ, the top joint of the 

ankle. It facilitates plantarflexion and rotational dorsiflexion. 

For rotation of the ankle joint in three-dimensional space, the 

movements of the fore bones are firmly connected. This 

allows the inversion/eversion rotation. Fig. 1 illustrated the 

ankle joint movements. There are a lot of studies that 

concerned with ankle-foot anatomy studies [42]-[56], and to 

know the mechanism of the ankle-foot movements in order to 

create a robotic exoskeleton suitable to the ankle movements 

a wide spread of studies have been done [57]-[62]. 

 

Fig. 1. Main foot rotations around the two axes of the ankle [42] 

III. DESIGN CONSIDERATION  

Because of their proximity to the human body, 

rehabilitation devices have stringent structural requirements 

that must be met. Since the ankle joint and foot provide 

movements around an axis that is not fixed, the mechanical 

structure must be built in such a way that it is compatible with 

the anatomical form of the human body. This allows the 



Journal of Robotics and Control (JRC) ISSN: 2715-5072 539 

 

Rafal Khalid Salih, Smart Robotic Exoskeleton: Constructing Using 3D Printer Technique for Ankle-Foot Rehabilitation 

device to be adjusted to accommodate patients of varying 

heights, weights, and ages, making the rehabilitation process 

more inclusive by taking the anthropometric data of leg-foot 

length and weight and designing the exoskeleton according 

to it to fit all leg-foot length and weight. The foot length and 

weight were calculated before the exoskeleton 

manufacturing, through the anthropometric data as illustrated 

in Table I. Beyond the device's safety and comfort features, 

the normal range of motion and the speed at which it works 

when dealing with the case of a patient in rehabilitation are 

among the most important factors to consider. By analyzing 

the device's ROM by the Gyroscope sensor with its own, the 

safety of the device was evaluated, indicating the maximum 

degree that the exoskeleton can reach, to prevent the 

exoskeleton from accessing the normal ROM of the human 

body, the ROM of the exoskeleton is two degrees less than 

that of the human body, the ROM of normal people and 

exoskeleton illustrated in Table II and Table III.  

The most important consideration is the comfort of the 

patients that used the exoskeleton, in this study an external 

device is worn in the patient's leg before the foot insertion in 

the exoskeleton to increase the comfort and safety of the 

patient's leg as illustrated in Fig. 18.   

TABLE I.  LENGTH AND WEIGHT OF LEG AND FOOT SEGMENTS [63] 

Segment  Variables Female Male 

Leg 
Length 25.70 24.70 

weight 5.35 4.75 

Foot 
Length 4.25 4.25 

weight 1.33 1.43 

Length and weight of segment are (%) of human body height 

 

The weight and length of the human body are known, the 

maximum body weight that was reached in this study is 

95Kg, 

Leg weight= 95*9.81*4.75%=44.267 N 

Foot weight=95*9.81*1.43%=13.326 N 

By collecting the weight of the foot and leg, the results 

are 57.593 N, which is less than the weight that the 

exoskeleton can handle which is 60 N as illustrated in the 

ANSYS section. The applied force in ANSYS is illustrated in 

Fig. 2. Fig. 3 Illustrated study methodology. 

 

Fig. 2. The applied force in ANSYS 

TABLE II.  NORMAL HUMAN ROM [63] 

Motion direction  ROM (degree)  

Dorsiflexion  20.3–29.8 

Plantarflexion  37.6–45.8 

Inversion  14.5–22.0 

Eversion  10.0–17.0 

Abduction  15.4–25.9 

Adduction  22.0–36.0 

TABLE III.  THE EXOSKELETON ROM 

Motion direction  ROM (Degree) 

Dorsi-Flexion 19.0-28.0 

Planter-Flexion  36.2-44.4 

Inversion  12.1-20.0  

Eversion  8.0-15.0  

Abduction  14.1-24.0 

Adduction  20.0-34.0 

 

 

Fig. 3. Study methodology 

IV. MECHANICAL DESIGN 

The joints and links of the lower limb including the leg 

and foot weight and length were implemented based on the 

anthropometric data shown in Table I. 

Implementation of the Ankle-Foot Exoskeleton was 

decomposing into major steps. First, a fixed base containing 

all exoskeleton components is fabricated. Next, a foot plate 

with one movement in the anatomical plane 

(dorsiflexion/plantarflexion) and two other movements 

(inversion/eversion, abduction/adduction) in the opposite 

plane are fabricated, resulting in an exoskeleton with three 

degrees of freedom 3DOF.   

The CAD software Solid Works was used to create all of 

these components. The program's ease of use and flexibility 

in accommodating the designer's requests for changes to the 

implemented structure to decrease the margin of error and 

address any implementation issues were significant factors in 

the designer's decision to use this tool. In addition to the 

aforementioned capabilities, it is also capable of converting 

and storing the implemented mechanical structure in a format 

compatible with all types of 3D printers, thereby enabling the 

subsequent fabrication of each component using 3D printer 

technology. Fig. 4 shows the CAD model of exoskeleton 

parts. The proposed exoskeleton is printed on an Any cubic 

Mega-S 3D printer, as shown in Fig. 5 and Fig. 6 the printed 

part of the exoskeleton and the assembly of it.  
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Fig. 4. CAD Model of the Exoskeleton Parts and its Assembly in Solid Work 

 

Fig. 5. Printed parts of the exoskeleton 

 

Fig. 6. Ankle-Foot Exoskeleton 

The main components of the proposed ankle-foot 

exoskeleton are: 

1. Myo-Ware 2.0 Muscle Sensor Module 

2. Gyroscope Sensor.  

3. Force Sensing Resistor 406 

4. Two push bottoms  

5. Two Arduino Uno 

6. Arduino Joystick  

7. DC motor Driver L298 

8. Two linear actuators 100mm  

9. Servo motor 50 kg.cm 

10. Liquid crystal LCD 4x20.  

Fig. 7 illustrates the electrical components assembly 

while Fig. 8 illustrates the operation of the control system. 

 

Fig. 7. The electrical component of the ankle-foot exoskeleton 

 

Fig. 8. Operation of a control system 

V. FORWARD KINEMATIC 

Kinematics is the branch of mechanics that describes the 

motion of bodies and fluids without reference to the forces 

that cause the motion. The purpose of kinematics is to 

describe the motion of the manipulator without regard to the 

forces and torques that cause the motion. Therefore, the 

kinematic description is geometric. First, we consider the 

forward kinematics problem, which involves determining the 

position and orientation of the end-effector given the joint 

variable values of the robot [64]-[66]. 

Kinematics is the study of the motion of multi-body, 

jointed mechanisms such as robots and, more specifically, 

exoskeletons. Kinematics is concerned with the analysis of 

the motion of each robot link in relation to a reference frame, 

and it involves the following steps: 

• An analytical description of motion as a function of time. 

• The nonlinear relationship between the position and 

orientation of the robot's end-effector and its 

configuration. 

Usually, homogeneous transformation matrices are 

utilized for robot kinematics analysis. The relative motion of 

links around a joint in multilink mechanisms with joints, such 

as robots, can be simply described by homogeneous 

transformation matrices. The transformation between 

successive coordinate systems takes the kinematics of robot 

joints into account. The joints of a specific robot are 

numbered from 1 to n, beginning with the base joint and 
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ending with the end-effector. Then, the subsequent steps are 

required: 

• Establish the base coordinate system OX0Y0Z0 with Z0 

lying on the axis of motion of joint 1. 

• Establish the joint axis by aligning Zi with the axis of 

motion of joint i + 1. 

• Establish the rest joint axis.  

Serial manipulator kinematics can be used to approximate 

foot kinematics. Employing Denavit Hartenberg-style 

homogeneous matrix transformations, abbreviated DH. Fig. 

9 displays the assigned relative frames Oi between the 

moving links in the foot-ankle exoskeleton. Table IV shows 

the values of the D-H parameters of the exoskeleton. The 

transformation matrix from Oi+1 into Oi is denoted by the 

notation 𝑇𝑖
𝑖+1 (1-1) in equation (1) [67][68]. 

𝑇𝑖
𝑖+1 = [

𝐶(𝜃𝑖) −𝐶(𝛼𝑖)𝑆(𝜃𝑖) 𝑆(𝛼𝑖)𝑆(𝜃𝑖) 𝑎𝑖𝐶(𝛼𝑖)

𝑆(𝜃𝑖) 𝐶(𝛼𝑖)𝐶(𝜃𝑖) −𝑆(𝛼𝑖)𝐶(𝜃𝑖) 𝑎𝑖𝑆(𝛼𝑖)

0 𝑆(𝛼𝑖) 𝐶(𝛼𝑖) 𝑑𝑖
0 0 0 1

]   

 (1) 

where The relation states the transformation matrix from the 

final coordinate system to the initial coordinate system (2). 

𝑇3
0 = 𝑇1

0𝑇2
1𝑇3

2 (2) 

There are two frames located at the ankle: 

• The base frame dorsiflexion–plantarflexion, X0Y0Z0 

• inversion–eversion, X1Y1Z1. 

• The end-effector is placed at the tip of the longest toe, 

X3Y3Z3. 

 

Fig. 9. Ankle-Foot Frame 

TABLE IV.  D-H PARAMETER OF ANKLE JOINT 

Joint ai αi di θi 

Ankle 0 0 0 θ1 

Ankle (0→1) 0 π/2 0 θ2 

Toe (1 →2) L1 0 0 θ3 

 

The angles 𝜃1 (dorsiflexion/plantarflexion) and 

𝜃2 (inversion/eversion) are the model's independent 

variables, whereas 𝜃3 is constant. The foot is considered to be 

in the zero configuration of the equivalent serial manipulator 

when it is in the upright standing position. Substituting the 

DH parameters from Table II in equation (1) the result is 

shown in equation (3). 

𝑇3
0 = [

𝑐123 + 𝑠123 𝑐12𝑠3 − 𝑠12𝑐3 0 𝑙1
𝑠12𝑐3 − 𝑐12𝑠3 𝑠123 − 𝑐123 0 0

0 0 1 0
0 0 0 1

] 

 (3) 

where 𝑠1, 𝑐1, 𝑠2, 𝑐2, 𝑠12, 𝑐12, 𝑠13, 𝑐13, and 𝑐123 referred 

to 𝑠𝑖𝑛𝜃1, 𝑐𝑜𝑠𝜃1, 𝑠𝑖𝑛𝜃2, 𝑐𝑜𝑠𝜃2, 𝑠𝑖𝑛(𝜃1 + 𝜃2), 𝑐𝑜𝑠(𝜃1 +
𝜃2), 𝑠𝑖𝑛(𝜃1 + 𝜃3), 𝑐𝑜𝑠(𝜃1 + 𝜃3), and 𝑐𝑜𝑠 (𝜃1 + 𝜃2 +  𝜃3) 

respectively. The 3x3 upper-left partitioned matrix of 

equation (3) represents the orientation of the joint with 

respect to the base frame while the upper-right 3x1 

partitioned matrix represents the position vector. It has been 

cleared that the position vector (Pi) of all exoskeleton joints 

(i) with respect to the joint (i-1) is equal to zero. 

VI. BEFORE EXOSKELETON MANUFACTURING PROCESS  

This stage includes the exoskeleton materials selection 

and test. The test includes the tensile test and the tensile test 

results used in ANSYS as a boundary condition, PLA 

material is selected as the appropriate material due to its 

significant properties and cost. The mechanical tests for PLA 

material were done to find the PLA mechanical properties. 

The PLA specimen's dimension according to ASTM standard 

type I is illustrated in Fig. 10 While the PLA specimens of 

the tensile test before and after fracture are illustrated in Fig. 

11. The results of mechanical tests are shown in Table V.  The 

ANSYS software performed continuously to improve the 

design and choose the appropriate thickness for even the 

smallest sections of the device to ensure the greatest 

resistance the device can withstand during use and the 

greatest weight the robot can support. FEA is used to evaluate 

the device's reliability, stress distribution, and potential 

deformation to predict the stress and deformation under foot 

and limb load.  Then the exoskeleton components were 

constructed. All of the exoskeleton's components were built 

and configured using the additive technique known as 3D 

printing, which is a method for creating virtually any form of 

computer-aided design (CAD) using thermoplastic materials 

such as polylactic acid (PLA). The PLA material is suitable 

for withstanding the aforementioned environmental 

properties and is also inexpensive and lightweight [69]-[71]. 

Fig. 4 shows the CAD data of the exoskeleton that has been 

added to the 3-D printer. A large-scale 3D printer from Any 

Cubic was employed in this study as seen in Fig. 12 The 

printer's dimensions are 300*300*305 mm, and it has a 350W 

power source that can produce temperatures of up to 260 C 

for the extruder and 100 C for the construction plate. The 

printer settings are managed by the Cure slicer, which 

produces G-code lines from the slicer program. Additionally, 

it is possible to directly alter the G-code, which is a great 

technique to get the required result. Although time-

consuming, it is effective. 

The extruder temperature was set for the experiment at 

around 210 °C, depending on the qualities of the material. 

Based on several printing efforts, the building plate 

temperature has also been shown to be a sensitive 3D printing 

parameter, and PLA works best at 60 °C. The printing speed 

was 45 mm/s, and the nozzle diameter was 0.4. The height 

between layers was 0.15 for gloves and 0.2 for mold, the print 

resolution was (0.2–0.15), the layer height was (0.2), and the 
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total time to print all parts was approximately 62 hours. The 

exoskeleton parts are printed, and each part was printed 

alone. Following the 3-D printing, the assembly process was 

done by screw.  

 

Fig. 10. Dimensions of tensile test specimens 

 

Fig. 11. Tensile Test Specimens before and after a fracture 

TABLE V.  TENSILE TEST RESULTS 

Number of 

samples 

Ϭb max 

(MPa) 

E flexural 

(GPa) 

Max.Load 

(N) 

Stress 

Bending 

(Mpa) 

Sample 1 82 1.5 140 - 

Sample 2 94 3 160 76 

Sample 3 82 3 140 70 

 

 

Fig. 12. Any Cubic printer 

VII. ANSYS ANALYSIS  

A finite element analysis (FEA) was performed on the 

most critical parts to identify potential load failures. The 

mechanical structure was modified to accommodate the 

anticipated maximum loads. All exoskeleton components 

were subjected to FEA to determine stresses, deformation, 

and safety factors. The loads applied to exoskeleton 

components were distributed across their respective areas. 

The load applied is 60 N in Fig. 2, and the safety factors of 

all movements are shown in Fig. 13. The result of the 

mechanical test shows that the maximum yield stress is 54 

MPa, and the maximum Von-Mises stresses values are 34.6 

MPa for Inversion, 33.3 MPa for Eversion, 26.7 MPa for 

Dorsiflexion and finally 22.9 MPa for Plantarflexion.  

Therefore, the exoskeleton is safe during all movements 

because the Von Mises is less than the yield stress. Fig. 12 

illustrates the stress analysis and the obtained safety factor. 

Fig. 14 the (Von-Mises) equivalent stress.  

 

Fig. 13. ANSYS data, the factor of safety of inversion/eversion; 

abduction/adduction, and plantarflexion/dorsiflexion 

 

Fig. 14. Von-Mises Stress 

Fused deposition molding (FDM) technology [72]-[77] 

was used to create the exoskeleton in its various parts. 

According to CAD software instructions, FDM works by 

melting a filament or metal wire from a coil to an extrusion 

nozzle, which can then move in horizontal and vertical 

directions according to instructions from computer-aided 

manufacturing (CAD) software. Parts printed in this manner 

have significantly more strength along the plane of printing 

than they would have been printed in the conventional 

direction, as each heating layer makes contact with the 

subsequent layer and is drawn with each other. As a new layer 

is printed, the previous one solidifies and cools. 

VIII. ELECTRONIC DESIGN 

The exoskeleton was pre-wired with electronic 

components such as a gyroscope sensor for angle 

measurement located at the exoskeleton's footplate (to pick 

up all three movements of the exoskeleton) and 

electromyography (EMG) sensor that is used to show the 

muscles activity. Also, the EMG sensor operates the active 

mode. And Arduino Uno controller; the motors and 
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gyroscope, EMG sensors were programmed to provide 

information emulating that of a normal human's range of 

motion and to evaluate this information, respectively. 

The motors' control strategy is dependent on the angle 

data transmitted by the gyroscope sensor. In the absence of 

angle data from the patient, the exoskeleton will operate in 

passive mode; otherwise, it will switch to active mode. The 

Gyroscope and EMG connection with Arduino Uno is shown 

in Fig. 15 and Fig. 16 illustrates the FSR, Gyroscope and 

EMG sensors. 

According to some studies that studied the EMG values 

of the normal people in several positions such as running, 

sitting. The EMG values for normal human body were 

between 200-350 mv [78]-[80]. 

 

Fig. 15. The Gyroscope and EMG connection with Arduino Uno 

 

Fig. 16. FSR, Gyroscope, and EMG sensors 

IX. AFTER EXOSKELETON MANUFACTURING PROCESS  

This section includes the Exoskeleton Test, the ROM on 

its own, and two healthy subjects. After the test has been done 

successfully, the exoskeleton is finally applied to patients. 

The ROM is performed to ensure safety, comfort, capacity to 

carry and withstand heavy loads, and suitability for patients 

of all ages, sizes, and genders were also evaluated. This 

testing has been conducted to ensure that the exoskeleton can 

be used to rehabilitate patients and assist them in resuming 

their daily activities. Table III displays the exoskeleton's 

resulting range of motion. Fig. 17 depicts the ROM of the 

device on its own of the three movements. The exoskeleton 

mode of operation has two modes; the first mode is the 

passive mode which operates the exoskeleton via a Joystick 

without any intervention from the patient. The second mode 

is the active mode which operates via an EMG sensor. The 

sensor is put on the Gastrocnemius muscle and moves the 

device by muscle construction. Fig. 18 illustrates the whole 

Ankle-Foot exoskeleton assembly, mechanism, and 

components.   

 

Fig. 17. Exoskeleton ROM of inversion/eversion; abduction/adduction and 

plantarflexion/dorsiflexion 

 

Fig. 18. Ankle-Foot Exoskeleton mechanism and components 

Two healthy subjects and 17 paretic patients participated 

in experiments throughout the study. Nonetheless, the modes 

of operation were evaluated with each subject. The subjects' 

data are shown in Table VI. Before participating in 

experiments approved by the physiotherapy center of the 

Fallujah teaching hospital's Department of Physiotherapy, all 

healthy and sick subjects were informed of the experimental 

protocols and consented. In addition, precautions were taken 

to protect the subjects' privacy and the confidentiality of their 

personal information. All healthy subjects were able to 

perform full movements of the ankle joint. The rehabilitation 

lasts for two months (eight weeks, each week two sessions) 

the results are 16 sessions for each patient. In this study, three 

cases are tested which are as follows: 

• 12 patients have strokes,  

• Only one patient has coronavirus,   

• 4 patients have spinal cord injury (SCI).  
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TABLE VI.  PATIENTS' DATA 

No. Name Sex Age 
Mass 

(Kg) 

Type of 

Disease 

Time since 

injury 

1 J.H. F* 66 57 Right stroke 2Y* 

2 A.KH. M* 53 90 Right stroke 13Y 

3 T.M. F 62 78 Left stroke 7M* 

4 KH.J. M 51 85 Left stroke 5M 

5 S.J. M 69 91 Left stroke 1Y 

6 S.N. M 27 66 Right stroke 2Y 

7 S.KH M 47 80 Left stroke 2Y 

8 N.J. M 59 75 Left stroke 3M 

9 N.W. M 51 70 Right stroke 3M 

10 W.H. F 10 40 Right stroke 3Y 

11 Y.KH. M 50 95 Right stroke 5M 

12 N.H. F 70 84 Left stroke 1M 

13 A.H. F 16 55 Corona 7M 

14 A.M. M 23 58 SCI 10Y 

15 S.N. M 30 90 SCI Y 

16 L.S. M 35 86 SCI 1Y 

17 Y.Y. M 33 70 SCI 2Y 

*F=Female, M=Male.  *Y=Year, M=Month 

 

The EMG signals of muscles are recorded for each 

patient, and the muscle improvements of stroke patients were 

so satisfied. As illustrated the sessions last for two months, 

which means 16 sessions. Fig. 22 to Fig. 24 illustrates the 

ROM progression during the 16th session for the stroke 

patients, SCI patients, and coronavirus patient. The first EMG 

muscles' reading of the stroke patients was between 75.11 - 

95.04 mV, while in the last session was between 301.12 - 

340.13 mV. Fig. 19 illustrates the EMG progression for 

gastrocnemius and anterior tibialis muscle during the first and 

last sessions.  

 

 
Fig. 19. EMG progression for gastrocnemius and anterior tibialis muscle 

during the first and last sessions 

The first EMG muscles' reading of SCI patients was 

between 37.0 - 90.1 mV, while in the last session was 

between 66.19 - 175.00 mV. Fig. 20 illustrates the EMG 

progression for Left and Right leg muscles during the first 

and last sessions. 

 
 

 

Fig. 20. EMG progression for Left and Right leg muscles during the first and 

last sessions 

The first EMG muscles' reading of the corona-virus 

patient was between 78.50 - 90.00 mV, while in the last 

session was between 199.00 - 210.00 mV. Fig. 21 illustrates 

the EMG progression for Left and Right leg muscles during 

the first and last sessions. 

 

Fig. 21. The EMG progression for Left and Right leg muscles during the first 

and last sessions 
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Fig. 22. ROM progression during the 16th session for the stroke patients 

 

Fig. 23. ROM progression during the 16th session for the SCI patients 

 

Fig. 24. ROM progression during the 16th session for the coronavirus patient 

X. DISCUSSION   

The study aims to implement and build a novel 

exoskeleton structure that rises above the constraints and 

challenges of previously proposed exoskeleton structures. 

The manufacturing process was treated with lightweight, 

inexpensive, and durable materials, resulting in a device with 

specific portability, affordability, and weight-independent 

use among multiple patients. This device was designed with 

three degrees of freedom to provide a comprehensive 

qualification of foot-ankle joints via a presetting training 

program with three modes of operation determined by the 

patient's rehabilitation progress and defect type. Because the 

exoskeleton was programmed to work primarily at lower 

velocities, its reflected range of motion is slightly less than 

half that of a normal human; however, the proposed velocities 

will be increased as the patient improves during the 

rehabilitation process via an increase in the voltage of the 

power supply. 

XI. CONCLUSION 

This study included foot anatomy to identify and design 

the principal foot and ankle movements. It also includes the 

mechanical test that is used as a boundary condition in the 

ANSYS program.  The solid work (CAD) is then used to 

prepare the mechanical design for 3-D printing. The results 

indicated that the patients in this study had excellent 

outcomes. The material that has been used is PLA material 

due to its lightweight, strong, and economic. To improve the 

effectiveness of ankle rehabilitation, a lightweight robot with 

only three rotational degrees of freedom was developed. The 

proposed 3-DOF consists of an upper foot platform, two 

actuators for PF/DF motion, and one servomotor for IN/EV 

and AB/AD motion. The objective of this study was to 

develop an ankle exoskeleton with a minimum weight and 

cost. The total weight of the device is 4.500 kg, and it costs 

approximately $900. The aims of testing the system on 

healthy subjects are as follows: 1) to demonstrate that the 

system can modify the natural ankle joint with a high degree 

of repeatability; 2) to ensure the wearer's safety during 

experiments; and 3) to assess the accuracy of the ankle-foot 

rehabilitation operations mode. In addition to its small size, 

the EMG sensor aids in displaying the patient's progress via 

output readings. In addition to the role of repetitive 

evaluation, the entire therapy encouraged patients to 

enthusiastically complete their therapy. Also, this device 

allows the patients to exercise at home and during their 

available time. The results show the patient's progress 

through the EMG signals determining muscle strength. The 

proposed Ankle-foot exoskeleton shows promising results 

that would make the rehabilitation process faster and easier. 

For future recommendations, for patients with two 

paralyzed legs, such as those with a spinal cord injury, a 

second foot plate can be added so that rehabilitation can be 

conducted simultaneously on both legs. Also, instead of a 

press button, the device can be remotely controlled via 

Bluetooth. Additionally, it can connect via a mobile app and 

be controlled via the app. incorporating Internet of Things 

(IoT) technology into the exoskeleton. The Internet of Things 

(IoT) refers to physical objects (or groups of such objects) 

with sensors, processing ability, software, and other 

technologies that connect and exchange data with other 

devices and systems over the Internet or another 

communications network, which means that the data of a 

home-based exoskeleton is collected and transmitted to the 

physiotherapy via the Internet. 
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