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In this paper, a lower limb extremity exoskeleton robot is presented to 

support people with disabilities in the walking process and rehabilitation. 

The first section presents the conceptual design of the robot model, which 

indicates that the robot has seven degrees of freedom. Then the dynamic 

model of the mechanical system of the exoskeleton has been shown. In 

order to dynamic simulation, the mechanical model is transferred from the 

CATIA to MATLAB and simulated in SimMechanics, by applying the 

system parameters and implementing a complete process of gait cycle. In 

the following, a combinative controller is designed based on the described 

system. Finally, the gained results planted on the prototype of the presented 

system and the given parameters are tested in a loop by placing the control 

system hardware in a real-time situation. And the results of this approach 

demonstrated a good response from the control hardware output of the 

learning system for the semi-active mode in the exoskeleton. 
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1. Introduction  

Improving quality of life is a goal of modern 

society. Quality of life studies assess the physical 

condition [1]. Population aging is one of the 

pressing global issues that can affect the quality of 

life, so it should demand an immediate response by 

implementing policies and programs to support the 

elderly and their families [2]. There are many 

 
* Corresponding address: Department of Mechanical Engineering, Islamic Azad University, Pardis Branch, Tehran, Iran,  

Tel.: +98 2176281010;  

E-mail address: farzad.samavati@iau.ac.ir. 

factors that reduce the functional capacity, 

including both ability and intensity, for movement 

tasks such as level walking or climbing stairs [2]. 

Robotic systems are purposed as one of the 

solutions for the issues that can assist healthcare 

providers in various tasks, such as medication 

administration, patient monitoring, and 

rehabilitation [3]. The rehabilitation robots are 

directly serving humans and have extensive 
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application prospects in rehabilitation therapy with 

high professional requirements [4]. Therefore, it is 

of great importance to develop advanced 

rehabilitation robots [5], [6]. Considering that these 

robots interact with humans in the applications of 

these types of systems, it should be noted that the 

robot must be capable of executing high-precision, 

error-free commands, as the robot generally must 

repeat the behavior patterns of the rehabilitation 

specialist with high accuracy [7]. In this paper we 

focus on one kind of rehabilitation robot which is 

called an exoskeleton. The exoskeleton is a 

wearable mechanical device worn in parallel with 

the human body and has become more 

commonplace in recent years [8], [9]. It is also 

known as a wearable robotic system which can be 

worn to help human beings to support and protect 

parts of their bodies [10]. It can also be described as 

helping people to achieve the highest level of 

performance, independence, and quality of possible 

life [11]. Exoskeleton robots include 

interdisciplinary topics including biomechanics, 

robotics, synthetic and biosensor technology, and 

control engineering [12]. Exoskeletons can increase 

user endurance, strength, and/or functionality of 

human movement. With this goal in mind, 

engineers have developed robotic exoskeletons that 

can aid healthy human users by reducing the muscle 

activation and muscle work required to perform 

some tasks [13], [14]. In many industries, 

exoskeletons have been used to increase worker 

strength [15]. Therefore, studies have shown 

exoskeletons as a potential intervention to reduce 

physical demands [16]. The application of the 

exoskeleton to the human body can be divided into 

three locations: (1) throughout the human body 

[17], (2) at the upper part of the human body, such 

as the torso and arms [18], and (3) at the lower part 

of the human body, i.e., from the waist down [19]. 

They also divided into active and passive general 

categories. For the upper body limb, the impact of a 

passive back-support exoskeleton on muscle 

activity and kinematics in a repetitive lifting and 

carrying task in a study showed that the exoskeleton 

decreased trunk muscle activity (3-7 percent), and 

the kinematic parameters also exhibited 

improvements, specifically in terms of the peak 

flexion angles [20], [21]. The lower limbs of the 

human body have more important roles than the 

other parts. This is because lower limbs generate 

more torque than other parts while walking [22]. So 

that for lower limb movement disorders, active 

rehabilitation training should be started as early as 

possible [23]. Although great progress has been 

made in the century-long effort to design and 

implement robotic exoskeletons, there are still 

many challenges. Many factors still continue to 

restrain the performance of exoskeletons; for 

example, the transition of the operation status can 

lead to a discontinuous system dynamic, making it 

challenging to achieve a stable, continuous, and 

accurate torque tracking [24]. A significant 

challenge is how to effectively control the 

exoskeletons to bring their performance into full 

play [25]. Because research has shown that the 

active exoskeleton improves the work performance 

aspect of users’ functional performance more 

compared to the passive exoskeleton [26]. 

Therefore, control strategy is one of the most 

important issues [27]. In order to tackle the 

exoskeleton control problem, several approaches 

have been proposed, e.g., sensitivity amplification 

[28], predefined gait trajectory control [28], [29], 

model-based control [30], [31], adaptive control 

[32], fuzzy control [33], [34], and sliding mode 

control [35]. These control strategies are used for 

different exoskeletons, and each has its own 

advantages and disadvantages. Particularly, some 

control strategies require an exact model. 

Nevertheless, obtaining an accurate model is 

difficult in practice, since too many kinematic and 

dynamic variables are required to be recognized by 

utilizing diverse sensors. Furthermore, the control 

strategy should reduce the influence from external 

disturbances to ensure the stability of the system 

[36]. Wearable exoskeletons have attracted more 

research interests due to their wide range of 

applications, such as relieving the heavy 

rehabilitation work, helping paraplegic or 

quadriplegic people regain locomotion, 

empowering healthy people to carry heavy loads, 

and providing additional power for walking [37]. In 

this paper the steps of manufacturing of a lower 

limb exoskeleton has been shown which is designed 

to aid people for walking. Several control 

approaches are applied to reach the best procedure 

among them. 

2. Conceptual Design 

The main purpose in the design of this robot is to 

achieve an integrated mechanism that connects to 

the lower extremity and performs joint behavior 

with its own intelligence so that the disabled person 

can experience the walking process independently. 

The torque of each joint is supplied by electro-

motors that provide the rate of opening and closing 

of the links of each joint at each stage of the process. 

Therefore, the most important sensor associated 

with robot mechanics is the shaft encoder. Shaft 

encoders are placed on the shaft of each joint; 

therefore, the amount of change in the angle of each 

joint can be checked and the instructions required. 

Hydraulic and pneumatic jacks are high power, but 

in some cases electric motors are used to reduce 

energy consumption during the step process [38]. 

Figure 1 shows our mechanical hardware of the 
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exoskeleton robot with a passive wheel walker aid 

to keep user stable.  

 

 

 

 

Figure 1. Mechanical hardware of Exoskeleton robot, 

designed and simulated in CATIA. 

Then all components were designed based on the 

position and stresses. After structural modeling in 

CATIA software and completing the technical 

drawings, the stress analysis was performed 

according to the user's anatomy, so the model under 

study is capable of serving people with a height 

range of 170-190 cm and a weight range of 60-90 

kg during the operation, and the reliability 

coefficient was calculated for all under-stress 

components that are forming the robot platform. 

Figure 2 illustrates the contour for the foot piece 

tension and the joint shaft.  

 

Figure 2. Stress analysis of the foot related part and the 

connector shaft on Van-Mises criterion. 

3. Dynamic Modeling 

The human gait cycle consists of two phases: 

swing and stance. The walking cycle begins with 

the start of the stance phase (foot on the ground) at 

heel-strike, followed by toe-off and the swing phase 

(foot off the ground) beginning at around 60% of 

the cycle [10]. Dynamic equations of motion for a 

foot with three joints and three links can be 

achieved by directly applying Newton’s laws of 

motion by considering the final member as a joint 

connected to the ground and eliminating part of the 

step process that is actually a step in with both feet 

on the ground. Newton’s equations are relatively 

complicated to obtain. The Lagrange method is 

used in this paper. 

Firstly, kinetic energy and potential energy terms 

are calculated for each link, assuming that their 

movements do not leave the page. 

 

Figure 3. description of generalized coordinates in the leg 

model. 

Kinetic energy for the first link (thigh) is coming 

below: 

T1 =
1

2
[m1(lCG1θ̇1)

2
+ ICG1(θ̇1)

2
] (1) 

Second link (shank) kinetic energy equation is: 

𝑇2 =
1

2
𝑚2[(𝑙1𝜃̇1)

2
+ (𝑙𝐶𝐺2(𝜃̇1 + 𝜃̇2))

2
+

2𝑙1𝑙CG2𝜃̇1(𝜃̇1 + 𝜃̇2) cos 𝜃2] +
1

2
𝐼2(𝜃̇1 + 𝜃̇2)

2
  

(2) 

And the third link (foot) is: 

T3 = (
1

2
m3(l1θ̇1)

2
) +

1

2
m3 (l2(θ̇1 + θ̇2)) +

1

2
m3 (lCG3(θ̇1 + θ̇2 + θ̇3))

2
+m3l1l2θ̇1(θ̇1 +

θ̇2) cos θ2
2 +

1

2
m3l1l3θ̇1(θ̇1 + θ̇2 +

θ̇3) cos(θ1 + θ2) +
1

2
m3l2l3(θ̇1 + θ̇2)(θ̇1 +

θ̇2 + θ̇3) +
1

2
I3(θ̇1 + θ̇2 + θ̇3)

2
  

(3) 

Now the potential energy of links shown in 8 to 

10 equations respectively: 
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𝑈1 = 𝑚3𝑔𝑙𝐶𝐺3 cos(𝜃1 + 𝜃2 + 𝜃3) +
1

2
𝑘3𝜃3

2  (4) 

 

𝑈2 = 𝑚2𝑔𝑙3 cos(𝜃1 + 𝜃2 + 𝜃3) +

𝑚2𝑔𝑙𝐶𝐺2 cos(𝜃1 + 𝜃2) +
1

2
𝑘2𝜃2

2  
(5) 

 

𝑈3 = 𝑚1𝑔𝑙3 cos(𝜃1 + 𝜃2 + 𝜃3) +
𝑚1𝑔𝑙2 cos(𝜃1 + 𝜃2) + 𝑚1𝑔𝑙𝐶𝐺1 cos(𝜃1) +

1

2
𝑘1𝜃1

2  

(6) 

Then the general equations for one leg shown as 

follows. 

𝑴(𝜽)𝜽̈ + 𝑪(𝜽 + 𝜽̇)𝜽̇ + 𝑷(𝜽) = 𝑸  (7) 

In which 𝑀(𝜃) is a 33 matrix of inertia which 

is a function of angle. 𝐶(𝜃 + 𝜃̇) is a 33   

centripetal and Coriolis forces matrix. 𝑃(𝜃) is a 

gravity torque vector is a 13  matrix. Finally, 𝑄 

which we describe it as generalized forces, refers to 

the external forces applied to the system. These 

forces are the torque generated by the actuators 

mounted on each joint, which is applied as a 13  

vector, and the operation of these actuators is 

related to the joint angle at any given moment. also, 

the force exerted by the pilot on the robot as well as 

the surface reaction are applied in the form of other 

vectors in this generalized force that are not 

currently discussed and will be presented in later 

work. For the equation related to the motion of the 

other leg, there is an equation with the same feature 

that will be generated. The only difference between 

the two equations is the difference in the angles of 

the same joints [39]. 

To simulate the mentioned equations in 

SimMechanics space (or meclib) in MATLAB, 

some factors are needed. So, by using the material 

properties and geometrical parameters of the 

CATIA model of the robot, the values of the 

moment of inertia matrix of each link are obtained. 

Also, values were applied in dynamic simulation for 

a user with a height of 179 cm and a weight of 80 

kg. In the present approach, the dynamic features of 

the robot and the user's limb are considered in the 

model at the same time, so the studied system is the 

lower limb of the user with the robot. As a result, 

inertia matrices for the thigh, shank, and foot are 

calculated at this stage. Which are indicated in table 

1. 

Table 1. inertia momentum of each extremity  

Links 
2 3[ ] 10xxI kg m  

 yyI
 zzI

 
Thigh 73 66 15 

Shank 66 60 11 

foot 13 11 4 

By considering the mentioned coordinate as the 

coordinate reference system (CRS), the center of 

masses for each member will be reachable. Center 

of mass is shown in table 2. Also, we should know 

that the positions below are related to the CRS, and 

they have been validated with CATIA. 

Table 2. Center of masses of each extremity  

Links 
3[ ] 10CGx m 
 CGy

 CGz
 

Thigh 298 -106 -241 

Shank 222 -573 -329 

foot 360 -957 -141 

According to the data we have, we will produce 

a dynamic model in the toolbox of MATLAB 

software. This system consists of 7 members that 

are connected by 6 joints. The entire upper body is 

named as “trunk” in the model. The following 

figure shows the knees model, which contains the 

knee patella condition in the software, according to 

the ordinary name of members. 

 

Figure 4. the knee patella for dynamic model of robot in 

SimMechanics space. 

4. Controller Design 

Since the nature of the system under study is 

defined as a tool for rehabilitation, it must be able 

to interact with a variety of lower limb disabilities. 

Therefore, in the process of the combined control 

system, two methods have been used to fulfill this 

task. A schematic of the control system is given in 

Figure 5. 
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Figure 5. The robot interaction with the pilot in presence 

of a combined control system. 

At the beginning of the explanation of the figure, 

it should be noted that rehabilitation equipment will 

accustom the muscles to perform the correct pattern 

related to a specific behavior by repeatedly 

repeating a behavior in a defective limb [40]. 

Therefore, the robot must be able to be used both 

for people with complete disabilities and for people 

who have lost part of their limb’s ability.  
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For the first case, when the user has completely 

lost the ability of his lower limb, it is so that because 

all the torque required by the joints will be provided 

by the actuators, we will only need to control the 

position of the actuators with the shaft encoders, 

which are built-in for the robot, and using their 

feedback by a PID controller, it will be done. But 

for another capability of this robot, when part of the 

torque required by the gait cycle is provided by the 

person himself, in other words, the user has not lost 

all the power of his lower limb, the importance of 

one part of the model shown in Figure 5 as a 

learning system will appear in the controller. Thus, 

the maximum torque that a person needed is entered 

into the learning system, and the applied torque is 

obtained by load cells that are installed in each part 

of the exoskeleton. Then, the PID controller, by 

playing its role and controlling the position of the 

joint, applies torque to the joint, the amount of 

which will be re-examined by the learning system.  

The system generates a torque pattern from the 

combination of the two feedbacks and transmits it 

to the controller, which prevents the actuator from 

applying additional force by considering a target 

function that depends on the pilot power intensity. 

According to the recent explanation for the learning 

system, we will need a function estimator to 

combine the two input functions and obtain the 

objective function. To achieve this, two types of 

artificial neural networks have been used, which are 

radial basis networks and multi-layer perceptrons. 

In this section, the MLP and RBF artificial neural 

networks designed for the hip joint are introduced, 

and their results are announced in figure 6 and 

figure 7. In order to estimate the force function on 

the hip joint, the results of the previous sections 

were used. This MLP network consists of three 

neurons in the middle layer, two neurons in the 

input layer, and one neuron in the output layer. For 

the RBF, it should say, this network has a maximum 

of 10 neurons. The neurons of the force input are 

estimated by the user with 80% of the body power 

and also the second input of the force applied to the 

joint by the hip operator. Therefore, we have: 

 

Figure 6. The MLP Neural Network results 

 

Figure 7. The RBF Neural Network results 

In order to check Figure 6 & 7, it is necessary to 

mention some points. At first, we will introduce the 

four available charts in each figure, and then we will 

check their results. The upper left diagram shows 

the adaptation of the network output data to the 

target data, which can be said to match each other 

with a good approximation. The upper right graph 

shows the correlation coefficient of the objective 

function and the output of the network, which has 

reached its maximum value of 1. The lower left 

diagram shows the amount of network error in the 

entire training process, which is very small, and the 

network tries to make this amount as low as 

possible. Also, in this graph, the mean square error 

(MSE) and its square root (RMSE) are also 

calculated and shown. And the final diagram is the 

error dispersion, which shows the level of reliability 

of the network. It also shows the standard deviation 

diagram, which obviously, the lower the bandwidth, 

the higher the accuracy of the network. The average 

error and standard deviation values are shown 

numerically. 

So that the controller is useful for the system in 

several ways. First, people who have lost part of 

their power in their limbs suffer from muscle 

tremors during their activities. And the artificial 

network, by choosing the right weights for inputs, 

can remove the vibrations. Therefore, the output of 

the joint operator does not have extra noises. The 

second advantage is that the patterns in the control 

system must change robustly because of its usage 

for rehabilitation. So that if, due to tiredness or 

nervous shocks, a sudden force from the pilot to the 

system causes the controller to not react quickly, or 

the necessary power is not supplied. Unless the 

functional pattern changes for the system 

repeatedly, so that the network can train with the 

new pattern and adjust the command settings again 

to a new pattern. This causes the pilot to be forced 

to apply the appropriate force, and if the power 

increases, it will not return to the previous state. It 
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will also increase the user range of this robot. Thus, 

for disabilities with different intensities, it is enough 

to go through the training steps according to the 

pilot's ability in the robot to achieve the robot 

settings in a suitable state with the pilot. In the 

following, we will investigate the diagrams 

obtained from the simulation of the above items on 

the hip joint and thigh as a sample in MATLAB 

software. 

The diagram of changes in hip torque during the 

gait cycle is also shown in Figure 8. 

To
rq
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N
-M

)

Time (Sec)

Figure 8. Torque changes required by the hip joint for the 

gait process. 

The figure shows a state of operation in which 

the user does not apply any force; in other words, 

the user has a complete disability for the thigh 

muscle. In the following, we will investigate the 

situation in which the user will be able to provide 

part of the required force to the hip joint; thus, the 

torque pattern is entered into the system in a noisy 

form for a person whose thigh muscle is 20% 

capable, and it is shown in Figure 9, which is the 

torque produced by the operator.  
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Figure 9. user input torque on the hip for semi-active 

mode. 
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Figure 10. Input torque from hip joint actuator in semi-

active mode. 

According to figure 10, the output torque of the 

actuator does not consist of any noise, which is an 

advantage for the combined controller. 

Then it must be ensured that this simulation 

process can be implemented practically. Therefore, 

the steps are performed according to Figure 11, 

known as the “V” Diagram, which is used to model-

based designed systems. This is a generalized and 

abstract rendition of the “V” process that is familiar 

to automotive engineers.  

Requirement & 
System 

Specifications

Acceptance 
Testing

Control Design
Compliance 

Testing

Rapid Control 
Prototyping 

(RCP)

Hardware in the 
Loop

Automatic Code 
Generation

Design Validation

Figure 11. V-Diagram for Model Based System Design. 

The V-Diagram model is a development process 

model that can be viewed as an extension of the 

waterfall model. Instead of moving down linearly, 

the process steps are redirected upward after the 

coding phase to form the typical V shape like Figure 

12. The V-Diagram model demonstrates the 

relationships between each phase of the 

development life cycle and its associated phase of 

testing [41]. 

First, the output of the Simulink model must be 

executed in real-time, not when the program is set 

by default. For this purpose, the real-time Windows 

target is used. In this approach, the operating system 

time (Windows) will be available and will not be 

determined by the computer processor (CPU) clock. 

Next, with the help of the ability to auto-code 

generate in MATLAB software, we convert the 

Simulink model into a "C" programming language 

code. The Simulink space is initially set as a 

variable step. In this way, it considers the 

integration steps in proportion to the speed of the 

function change rates. However, in order to perform 

the desired operation, the integral steps must always 

be set in a fixed step. Where the appropriate solution 

method must be selected. Since in dynamic systems, 

the more severe the system changes, the more 

integral error there will be, and there are no such 

changes in this robot, the Runge-Kutta rank 4 

method gives us proper results. It should be 

mentioned that in this prototype, an ARDUINO 

2560 processor has been used as the main 

processing core of the robot.  

After these steps, the system processor is placed 

in a loop with the computer in which the system is 

dynamically modeled, with the difference that this 

time the controller is not present in Simulink, and 

instead the processor receives the model outputs via 

serial cable and the appropriate control command. 

Sends to the model again via serial connection. This 

step is inevitable to validate the performance of the 

control system on the processor. So that it would be 

expressible that the controller is reasonably 

successful in performing its tasks in the loop.  

Using Simulink for the processor requires 

receiving an Arduino toolbox in the Simulink 

environment to be able to use its inputs and outputs. 
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It also transmitted data as code through data transfer 

bases to its CPU and received the necessary outputs 

from it. In serial data transfer, the volume of data 

must always be reduced. This is because the time 

interval for each transfer period is reduced, and the 

operating frequency of the system can be 

considered less to reduce system noise. Therefore, 

the data must be sent as packet data. To be able to 

manage data transfer from different sensors through 

one port. Since each sensor can send two bytes of 

data, which transmit six bytes of data per foot at a 

time, and to prevent errors in receiving data, two 

bytes are identified as a header for each packet. 

Also, to avoid the system error, two bytes are 

provided to sum all data bytes, which are called 

Check Sum, so the sent data packets contain 10 

bytes.  

5. Conclusions 

After the above steps, the motion animation was 

run, and the robot's walking cycle was reviewed. All 

the links that make up the system were entered in 

the software, and then the result was presented in 

animation mode in Figure 12.  

Figure 12. Image of animation model running commands. 

Then the correctness of the results was checked 

with the help of other outputs, such as determination 

of error on system response, which is shown in 

Figure 13. 

Figure 13. system error in presence of combined 

controller for right thigh. 

According to Figure 13, the initial error of the 

PID mode is less than that of the integrated 

controller, but in the continuation of the process, the 

integrated controller shows better performance, and 

its steady-state error is less than that of the PID 

controller. As a result, the integration process of the 

controller has had a positive effect on the system's 

performance. In the following, to verify the models 

and compare the results, we will examine the 

torques for the hip joint in a state other than the 

previous state. For this purpose, the diagram in 

Figure 14 is extracted, in which the torque applied 

by the user to the robot is shown in purple. Also, the 

total torque required for the hip joint in the gait 

cycle is shown in red. Other diagrams are the 

remaining torques, which are applied by the control 

system to supply all the needed torque in the whole 

cycle, which the pilot is unable to apply.  

Figure 14. Comparison of torques entered the system and 

their reactions. 

In this case, the user is only able to apply 40% of 

the required torque, which is accompanied by 

vibrations due to medical considerations. 

According to the diagrams in Figure 14, it can be 

said that the behavior of the system with the 

presence of two types of neural networks is almost 

the same. Also, due to the robust structure of this 

type of controller, noise behavior is not seen in 

comparison to the PID controller. There are several 

advantages. Firstly, it does not cause vibration to 

the user's body, and secondly, it prevents the 

depreciation of the actuators, etc. Another thing that 

can be explained about this diagram is that since this 

diagram is drawn for the hip joint and for a person 

with 40% of the limb power in the thigh muscle, it 

can be said that the result of the robot and user 

output forces will provide the required force of the 

joint well. Also, the presence of the combined 

controller allows adjusting the actuators torque 

accordingly by constantly repeating the individual 

behavior so that the controller is going to train by 

increasing the power of the pilot (if the 

improvement process is positive), and then the 

actuators apply less torque to the pilot’s limbs. In 

this context, the performance of the joint to adapt to 

the target function should also be examined and 

compared for different situations.  



International Journal of Robotics, Vol. 11, No. 1, (2025) M. A. Kermanshahi et. al. 

 

40 

Figure 15. diagram of hip angle change in presence of 

controllers during the gait cycle. 

In Figure 15, it should be noted that our target 

function diagram is drawn in black. However, due 

to the very proximity of the controllers' output 

diagrams to each other, the magnification of the first 

two seconds of this cycle is shown in Figure 16. 

This is a comparison of different performance 

modes of the system for the dynamic model.  

Figure 16. the first two seconds of gait cycle 

magnification in presence of different control approaches. 

In the explanation of figure 16, it should be said 

that initially the distance from the desired angle for 

the controllers is large, but then they have a good 

adaptation to the target function. Also, according to 

the diagrams, the system response with the 

integrated controller is closer to the target than the 

PID controller. 

Since all approaches have the capability to be 

used in every mentioned mode of robot, our focus 

is on the semi-active. So that we show in active and 

semi-active modes of the exoskeleton in 

collaboration with each kind of ANNs system, the 

response would be more stable and reliable in 

known and unknown situations. Finally, Figure 17 

shows the exoskeleton robot on the pilot’s body.  
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Figure 17. the first two seconds of gait cycle 

magnification in presence of different control approaches. 
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