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Resumen: Este trabajo presenta el diseño mecatrónico de un prototipo de órtesis de 

rodilla para la rehabilitación de la marcha. El prototipo desarrollado utiliza un actuador en 

serie elástico, el cual es diseñado y evaluado con análisis de elementos finitos. El actuador 

elástico en serie está acoplado a un motorreductor DC que proporciona el par necesario 

para automatizar una terapia post-quirúrgica de rodilla. La órtesis está equipada con dos 

encoders incrementales y un interruptor de inicio para supervisar y controlar el 

movimiento de la articulación de la rodilla. Se desarrolla y valida experimentalmente un 

modelo matemático no lineal de la órtesis. Esto permite desarrollar un control basado en 

modelos, con una estrategia de control en espacio de estados por retroalimentación y un 

observador de estados. Finalmente, el prototipo se evalúa siguiendo una trayectoria 

periódica suave que reproduce las actividades terapéuticas. 
 

Palabras clave: órtesis de rodilla, diseño mecatrónico, articulación flexible, junta 

adaptable, actuador elástico serial. 

 

Abstract: This paper presents a mechatronic design of a compliant knee orthosis 

prototype for a gait rehabilitation. The prototype developed implements an elastic serial 

actuator (SEA), which is evaluated using finite element analysis method. An elastic serial 

actuator is coupled to a DC gearmotor that supplies the necessary torque to automate a 

post-surgical knee recovery therapy process. The orthosis includes two incremental 

encoders and a switch, which are used to develop a feedback control of the knee joint 

movement. In addition, a nonlinear mathematical model of the orthosis is developed and 

experimentally validated. Hence, a model-based control is implemented with a state 

feedback control strategy. Finally, the prototype is evaluated through the tracking of a 

smooth periodic trajectory that reproduce the movements of a therapy cycle. 
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1. INTRODUCTION 

Traumatic or inflammatory conditions of the knee 

are the main causes of consultation in clinics in 

cases of gait rehabilitation [1]. The care of these 

injuries in the lower extremities requires prolonged 

treatments with therapy sessions to activate and 

strengthen the muscles responsible for the normal 

movement of the knee. These treatments result in 

intensive and exhausting sessions both for the 

medical personnel in charge of performing the 

therapies and for the patients themselves. Situation 

that leads to different problems due to the rigor 

and repeatability that must be achieved in the 

different therapy sessions [2]. 

 

Therefore, a solution to the knee rehabilitation and 

therapy processes is analyzed for the problems set 

forth above, a proposal established from the field 

of Mechatronics Engineering and Biomedical 

Engineering, in which the design of a functional 

robotic device that guarantee more precise and 

efficient therapeutic processes [3]. In recent years, 

a new line of research focused on Rehabilitation 

Engineering has proposed novel technologies as 

alternatives to traditional treatments. An example 

of this are the electro-functional exercises that 

stimulate the motor cortex and promote the 

recovery of mobility [4]. About knee 

rehabilitation, isometric exercises are used as 

rehabilitation methods, which correspond to the 

extension of the quadriceps and the other are 

isotonic exercises that correspond to the use of 

weights and elastic resistance elements to activate 

and strengthen the muscles after a traumatic event. 

These exercises are constantly used for the 

treatment of the four most common pathologies 

that physiotherapists treat: simple contusion [5], 

ligament and meniscus injury [6], internal or 

external lateral ligament tear, and cruciate 

ligament tear [7]. 

 

The implementation of a robotic treatment is based 

on the complementary use of controlled devices to 

perform movement routines that allow 

personalization of rehabilitation therapies 

according to the needs of the patient and therefore 

a faster progress in their recovery can be obtained 

from an approach medical-technical. From the 

patients' perspective, these controlled treatments 

with the use of robotic systems decrease the time 

of hospitalization and postsurgical recovery. To 

support traditional therapy effectively, it is needed 

to achieve a natural movement that ensures patient 

safety; accordingly, the robots or rehabilitation 

machines need to meet some technical and medical 

requirements such as precise control of the applied 

torque, a movement synchronized with the 

frequency of the patient's muscle movement, as 

well as the driving of the knee movement 

characterized by a low mechanical impedance of 

the implemented mechanism [8]. 

 

 

2. SEA ACTUATOR DESIGN 

Serial elastic actuators (SEA) are alternative 

elements to the traditional motion transmission 

systems with rigid mechanisms. This type of 

actuators contains an elastic element in series with 

the mechanical energy source. Among the main 

advantages of these elements is that it allows to 

achieve a low mechanical output impedance, has a 

tolerance to impact loads, increases the maximum 

output power and can establish a passive storage of 

mechanical energy. These properties align with 

robustness, high power output, and energy efficient 

requirements in physical therapy automation 

systems [9]. 

 

This paper proposes a SEA based on the 

mechanical design of the torsion spring, which in 

addition to allowing the transmission of movement, 

also attenuates the misalignment effect between the 

actuator's axis of rotation and the knee's axis of 

rotation. 

 

2.1 Design Parameters 

 

To establish the design parameters of the SEA, a 

study of the torque necessary to achieve the 

movement of the weight of the lower limb was 

carried out. This process takes into consideration 

anthropometric data from the lower limb of a 50th 

percentile from different people [10]. Next, with 

these data, the torque necessary to achieve the 

movement of the lower limb is calculated with 

equation (1). Assuming that the lower limb is 

suspended and that the patient does not perform 

any type of voluntary movement that generates 

external forces in the device attached to the lower 

limb. 

  

, (1) 

 

                   Nm. 

 

Considering the torque required for the device and 

the desired mechanical properties, SAE 5160 steel 

is selected for the manufacture of the spring, an 

alloy material with chromium of high hardness and 
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medium hardenability, ideal for the manufacture of 

coil springs. After a heat treatment process 

(quenched at 850 degrees Celsius), this material 

has an approximate elastic limit of 1020 MPa and a 

Young's modulus of 203.68 GPa [11]. On the other 

hand, the chosen motor is a 76 RPM Spur Gear 

motor, which has a 107: 1 gearbox, an encoder 

with 7 cycles per revolution hall effect magnetic 

sensors and a nominal output torque of 

approximately 14 Nm. 

 

Finally, the range of motion for the extension of 

the lower limb is selected from 0◦ to 90◦, ensuring 

that the knee can only move at a safe angle, thereby 

avoiding hyperextension or unnatural movements 

of the leg (Fig. 1). 

 

 
Fig. 1.   Sagittal plane of the knee joint.[12] 

 

2.2 Analysis and results of configurations by 

means of finite element analysis (FEM) 

 

According to the parameters defined above, 4 

possible topologies are established for the design of 

the SEA that adapt to the design requirements 

(figure 2). Then, a finite element analysis (FEA) is 

carried out, in which the dimensional parameters of 

the elastic component of the SEA are established 

as: external diameter of 100 mm, internal diameter 

of 85 mm and diameter of the central element of 

28mm [13,8]. 

 

Regarding to the stiffness of the SEA for assistance 

in locomotion, a selection of this parameter is 

estimated within a range between 100 Nm / rad and 

300 Nm / rad, the selection of a stiffness value of 

170 Nm / rad is proposed, given that the treatment 

of knee injury rehabilitation is sitting position [13]. 

Similarly, the thickness of the elastic element of 

the SEA is estimated in a range of 6mm and 8mm 

[8]. After performing the FEA analysis including 

the properties in the proposed models, a thickness 

of 6mm is defined to obtain the required stiffness. 

 

Regarding the analysis with the FEM method, two 

fundamental criteria were evaluated, the Von Mises 

stresses and the unit deformations. The Von Mises 

stresses guarantee that the element does not exceed 

the elastic limit of the implemented material and 

the unit deformations ensure that the element will 

not undergo plastic deformation due to the torque 

provided by the actuator, a torque of 14 Nm 

according to the technical specifications of the 

selected motor. 

 

In this way, three critical points are studied for this 

project, denoted on a scale from 1 to 3, in which 1 

being the maximum value and 3 the minimum 

value. The result of the FEA analysis is presented 

below for each of the 4 defined topologies of the 

project (Fig. 2). 

 

 
Fig. 2. CAD topological configurations. 

 
Then, the results of the previous studies are 

evaluated by analyzing the Von Mises stress 

criteria, displacements, and unit deformations 

(Fig.3) using a selection matrix, through a 

weighted comparative study of the different 

topologies previously exposed, in which the most 

suitable topology is chosen for the implementation 

of the knee orthosis design. Based on this, the 

comparative selection matrix is made (table I), in 

which the displacement is established as the most 

important criterion since it depends on the stiffness 

of the spring, followed by the mass with an 

intermediate evaluation and finally the tension of 

Von Mises and strains with a lower rating.  

 

Table 1: Selection Matrix 
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Fig. 3.   Displacement, stress and strain analysis of 

the main topologies 

 

Finally, based on the results obtained in the 

selection matrix, concept 1 is defined as the 

topology with the highest rate value. 

 

2.3 Spring characterization 

 

To identify the spring constant of the torsion 

spring for the selected topology, the FEA tools of 

the Solid-Edge software are used. In this process, 

the deformation of the spring under different static 

load values is measured. Next, a linear regression 

process is carried out that allows defining an 

estimate of the elastic constant of the spring at 

166.1145 Nm / rad, a value close to the constant 

defined in the design requirements of 170 Nm / 

rad, with only an error of less 2.3%. 

 

 
Fig. 4. Experimental results of the elastic constant 

 

To validate the estimation of the constant, the 

elastic constant was experimentally found. In this 

case, the duty cycle of the PWM signal that drives 

the motor is modified, which produces a change in 

the motor's torque output. This change is used to 

guarantee a constant mechanical load. 

Additionally, using dial comparators, the 

deformation of the spring is measured and then a 

linear regression procedure carried out with the 

previous simulation data, the result of which can 

be seen in Fig. 4. The data of the elastic constant 

of the spring is presented in Table II. 
 

Table 2: Elastic constant of torsion spring 

 

 
 

 

3. MATHEMATICAL MODEL – EULER 

LAGRANGE 

 

The mathematical model of the knee orthosis with 

the SEA is obtained considering that the gearmotor 

moves the lower limb through a torsion spring in 

series with the motor shaft. In addition, a metal 

sheet for the patient's lower limb support is 

included with the device and two encoders to 

measure motor angle and spring deflection angle. 

The schematic of the SEA model is presented in 

Fig. 5. 

 

 
Fig. 5. Model schematic for the SEA 

 
Considering the schematic representation shown 

above for the assembly of the SEA, the following 

mathematical model (Fig. 6) of the system is 

proposed by the Euler-Lagrange in equation (2). 
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Fig. 6. Mathematical model schematic 

 

 ,           (2) 

 

where:       

 

 
 

 
 

4. CONSTRUCTION AND VALIDATION 

 
The construction of the prototype is divided into 

three fundamental sections: the manufacture of the 

elastic actuator in series, the construction of a 

therapy bench where the physiotherapist can 

perform the therapies and the validation of the 

properties of the SEA actuator. 

 

4.1 Serial elastic actuator manufacturing. 

 

To manufacture the serial elastic actuator, it is 

carry out a tempering heat treatment to modify the 

physical properties of the material, which gave it a 

hardness of 40 on the Rockwell HRc scale. 

Regarding machining, first a pro-abrasion grinding 

process is carried out, followed by an EDM cutting 

process with wire that guarantees the precision and 

correct shape of the internal figure of the spring 

(Fig. 7). 

 
Fig. 7. Torsional spring 

 

4.2 Construction of a therapy testbed 

 

Considering that one of the primary requirements 

of the project is to prioritize the patient's posture 

with the axis of rotation of the mechatronic 

orthosis, the lower limb support is attached to the 

torsional spring, to avoid prolonged positions and 

allow the possibility of performing therapy at 

different angles, as is suggested by a physical 

therapist. This therapy testbed is built using 304 

stainless-steel, with its respective graduation of the 

backrest and the attached prototype (Fig. 8). 

 

 
Fig. 8. Therapy testbed 

 

4.3 Validation of the model 

 

For the validation of the model, it was proposed to 

implement a cross-validation technique, in which it 

can be verified if the proposed model can 

reproduce the output data for inputs that are not 

within the initial estimation, as shown in the 

following experiments. In this way, carrying out 

the validation of the system with these two 

experiments, a linear approximation of the 

nonlinear model is proposed that adjusts to the 

dynamics of the system around an operation point, 

represented by the following transfer function: 

 

   (3) 

 

 
5. CONTROLLER DESIGN IN STATE SPACE 

WITH OBSERVER 

 

5.1 Controller design parameters 

 

A model-based controller is implemented to track a 

reference signal with a ramp shape. Additionally, 

an overshoot (Mp) with a range less than or equal 

to 2%, for which a damping coefficient ζ = 0.8 is 
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selected that ensures approximately a Mp = 1.52%, 

expressed in equation (4). Likewise, a stabilization 

time (ts) is chosen, a parameter that allows finding 

the natural frequency, defined in equation (5) as 

ts=3s, which meets the tolerance criterion of 2%. 

This frequency is useful to find the poles that meet 

the established conditions of the system. 

 

                   (4) 

                       (5) 

 

To meet the requirements of ts and Mp, the poles 

are defined as: 

 

      (6) 

 

To implement the controller into a microcontroller, 

a sampling period is selected based on the fastest 

pole, which is s=-25. Given the following equation: 

 

,                          (7) 

 

the stabilization time of the plant is approximately 

0.16s, which allows to defined a sampling period 

of T=0.01s. Then, the poles in discrete time are: 

 

                   (8) 

                    

                 
 

Since the plant has four states, the controller has 

two states, four more poles are added to the desired 

dynamics, which are listed below: 

 

 
 
 

 
 

5.2 State space controller proposal 

 

The controller’s dynamics is defined with a state 

feedback control law, which is assisted by a state 

observer that is shown in the Fig. 9. The control 

law is defined as:   

       

 
 

where: 

                       
 

To define the controller and observer gains, a 

discrete model of the plant is given by a zero-order 

hold approximation as: 

 

 
 

 
 

This allows to define an augmented system that 

includes the controller and system dynamics. This 

augmented system is defined as: 

 

 (10) 

 

The augmented representation allows to define the 

the closed-loop dynamics, which is given by: 

 

 

  (11) 

 

Finally, using a pole-placement algorithm, the 

controller gains are 
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A classical Luenberger state observer is designed 

to estimate the unmeasured system states. 

Following the separability principle, the observer 

poles are selected to be: 

 

 
 

which are obtained through the selection of the 

observer gains as: 

 

 
 

6. EXPERIMENTATION AND RESULTS 

 

When implementing the controller in the 

microprocessor, a time of 13 seconds and a 

maximum position of 1.5708 rad were 

parameterized, equivalent to 90º in the trajectory 

movement, results that can be observed in Fig. 10. 

 

 
Fig. 10. Controller tracking result experiment 

 

As it can be seen, the implemented control system 

meets the requirements of the trajectory tracking 

implemented during the test. 

 

 

7. CONCLUSION 

 

A mechatronic knee orthosis for rehabilitation is 

developed using a compliant mechanism, which 

results in a serial-elastic actuator. This allows 

attaching a patient’s lower limb to the orthosis to 

perform therapy with a self-adaptive alignment. 

The orthosis includes a gearmotor with a feedback 

controller that ensures a predefined motion pattern. 

This strategy allows physicians to track the 

evolution of the therapy and guarantees the 

reliability of the treatment. The orthosis is 

experimentally evaluated in a testbed that shows its 

robustness and performance. Thus, evidence shows 

potential for applications on post-surgical knee 

recovery treatments. 
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