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Abstract— When an amputee walks around wearing a 

transtibial prosthesis that does not have adequate range of 

motion and cushioning, the person will have a very irregular 

gait. For this reason, this project is aimed at the design and 

implementation of an ankle and foot prosthesis, which takes 

advantage of technological advances, uses intelligent 

materials such as magnetorheological fluids (MRF) and 

applies computer processes to develop a prototype that 

guarantees a harmonious and functional gait without 

neglecting the aesthetic aspect; based on the study of the 

anatomy, biomechanics and locomotion of the lower limb, in 

order to provide a natural movement. A hybrid 

magnetorheological system was designed, equipped with a 

torsion limiting mechanism that emulates the movement of 

the ankle and foot that occurs in the sagittal plane, 

controlling the damping, rotation and stability, through a 

system that generates and controls the magnetic field that is 

applied to the MRF, providing greater adaptability to the 

patient. Tests have shown that the prosthesis meets the 

design requirements, as the electric actuator is positioned in 

such a way that the first contact with the floor is made only 

with the heel of the prosthesis, then the MR fluid damper 

absorbs the impact and finally the electric actuator gives the 

necessary impulse to complete the next step. The prototype 

is capable of replicating the angle and torsion patterns of the 

human ankle, for a stride speed of up to 2.8 m/s.  

 

Index Terms—ankle prosthesis, foot prosthesis, MRF fluids, 

active damping 

I. INTRODUCTION 

Amputation is a surgical procedure that causes an 

irreversible change in the person undergoing the 

procedure. Lower limb amputation involves new 

biomechanical gait and load patterns, with the risk of 

overload injuries [1]. The need to satisfy the growing 

demand for rehabilitation services and to provide an 

accurate and timely response to the conditions that affect 

motor performance implies the integration of different 

clinical and engineering disciplines that provide integral 

and lasting solutions to the complex problems that 

involve the human gait cycle [2] [3]. 

With all the technological advances, the aim is to 

develop a prosthesis capable of correctly emulating the 

normal gait cycle. Exploiting current technological 
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advances, it is intended to develop an ankle-foot 

prosthesis that is capable of correctly emulating the 

normal human gait cycle, by using intelligent materials 

such as magnetorheological fluids and new control 

strategies that include hybrid controllers that use EMG 

electromyography signals, non-linear PD-PID controllers, 

intelligent control (neural networks, genetic algorithms, 

fuzzy logic and expert systems), artificial intelligence and 

control based on the level of coordination [4] [5]. 

Linear actuators were also used to modulate the 

response of a joint, due to the advantages it offers in 

terms of efficiency, adjustability and speed of response. 

These systems are embedded in the prosthesis and 

electronically adjust ankle and foot flexion or extension 

according to the requirements of the gait cycle through 

control valves [5]. These intelligent prostheses provide 

amputees with the strength required to perform normal 

movements and facilitate walking activity. However, 

motorized prosthetics use batteries that tend to be bulky 

and expensive, which is a disadvantage [6] [7] [8]. 

Today, several researchers are developing prostheses 

that help people walk easily and prevent damage to their 

health. Therefore, the study of MRF is important to 

determine their properties as the magnetic field varies, 

and thus predict their behavior within the prototype 

developed, so as to ensure a range of motion and level of 

damping according to the activity performed by the 

amputee, thus contributing to the design of an intelligent 

and reliable prosthesis [9] [10] [11]. 

II. DESIGN AND IMPLEMENTATION OF THE PROTEST 

PROTOTYPE 

A. Systematization of Variables.  

Because the height of the person who will use the 

prosthesis is necessary to determine the efforts that the 

different components of the prototype must support, it 

was decided to design an ankle and foot prosthesis for an 

adult man of 1.75 meters in height and average weight 

FS= 69 kg (50th percentile male). The medical argument 

that the ideal length for amputations below the knee 

corresponds to 0.12 meters [1] was also considered, as 

shown in Fig. 1. Therefore, there is 0.383 meters of leg 

length that must be replaced by the prosthesis. This leg 

length has an average weight of 3.06 kg, which represents 
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the maximum weight that the prototype prosthesis can 

have to compensate for the weight of the amputated foot. 

 

Figure 1. Amputation level diagram. 

For this research, the foot was analyzed as the most 

distant link from the lower limb and the structural base of 

the locomotor apparatus [12], an argument that helped to 

simplify the analysis of forces present during take-off and 

heel contact, resulting in an ideal design according to a 

normal gait cycle of a person. From the mechanics of the 

foot and the static analysis of the force system shown in 

Fig. 2, the tensile force, FT=989 N, exerted by the 

gastrocnemius and soleus muscles in the heel bone 

through the Achilles tendon, and the force of reaction, 

FRA=1515 N, of the ankle joint applied by the tibia in the 

felling dome are determined. 

 

Figure 2. Synthesis of the analysis of forces. 

B. Design of the Damping System 

In order to provide an adequate damping that responds 

in real time to the impact forces that occur during each of 

the phases of the gait cycle and to the gait conditions in 

the different activities performed by the amputee, it was 

decided to use LORD's MRF-140CG fluid which has a 

density of 3740 kg/m^3 and a viscosity of 0.28 Pa*s [13]. 

To characterize the MRF and determine its rheological 

properties at different magnetic field strengths (H), a 

rotational rheometer MCR-501 (Anton Paar Physica) 

equipped with a magnetorheological cell MRD-70/1Text 

was used. From the data obtained in the tests, Fig. 3, it 

was determined that MRF-140CG behaves like a 

Bingham plastic, evidenced by a variable shear stress [14]. 

Fig. 3 shows that in the absence of a magnetic field the 

MRF has a maximum shear stress of 440.9 Pa at 20°C, 

while under the action of a magnetic field the MRF 

reaches a maximum shear stress of 41,12 kPa at 800 mT 

and 20°C. 

 

Figure 3. Behavior of MRF-140CG fluid. 

For the MR fluid damper design, it was considered that 

the fluid operates under the valve mode with direct cut, 

known as parallel plate mode [15], shown in Fig. 4, 

where the intensity of the applied magnetic field allows to 

regulate the flow of fluid from one chamber to another 

inside the cylinder. In addition, the principle of a single-

tube cylinder was used. The MR fluid damper is 

represented by a spring-mass system where must consider 

many factors in order to develop an effective valve, such 

as: the mass (𝑚) of the body; the rigidity (𝑘) of the 

actuator; the coefficient of viscous damping (𝑐) and the 

force F(t) applied (Fig. 4). 

 

Figure 4. Mass-spring of a MR fluid damper. 

Under the applied force F(t), the damper develops a 

total resistance force FRT (1) composed of the controllable 

force Fτo due to the shear stress dependent on the field (2) 

and the uncontrollable force Fη due to the viscosity of the 
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fluid (3) independent of the field and the friction 

produced [15]. 

   (1) 

                  (2) 

                                       (3) 

Another important aspect of the damper design is to 

determine the maximum stroke Df that the piston should 

travel during the entire gait cycle. As shown in Fig. 5, 

this stroke is calculated from the length Lp, which varies 

according to the different angles that the ankle and leg 

form during the support phase of the gait cycle (from 15° 

to -10°). From Fig. 5, it is determined that for a normal 

walk Df =15 mm. However, it was considered to increase 

the stroke of the piston to 30 mm, with the aim of 

providing a greater range of damping in extreme 

operating conditions of the prosthesis, such as the case in 

which the amputee wishes to run or jump [16]. 

 

Figure 5. Determination of the cylinder stroke MR 

In order for the complete piston stroke to take place in 

the time it takes to take a step in a normal walk 

(approximately 1.0 seconds), the average piston rod speed 

is νo=0.03 m/s, generating a flow of fluid Q=2.88*10
-5

 

m
3
/s, for a cylinder with an internal diameter of D=35 

mm and a gap h=0.35 mm. By applying (1), (2) and (3), 

we obtain the forces FRT = 559.2 N, the controllable force 

Fτo = 221.0 N and the uncontrollable force Fη = 338.1 N.    

From Fn, the length of the magnetic pole L is calculated, 

resulting in 20 mm. However, in order to improve the 

effectiveness of the magnetic pole it is divided into 4 

sections of 5 mm length each to increase the cutting areas, 

involving greater difficulty for the passage of MRF-

140CG fluid. 

To design the shank, because the power cables must be 

independently insulated, a hollow shank with an internal 

diameter of 4 mm is assumed, then the required outer 

diameter is calculated to prevent it from bending due to 

the FRT compression force, using Johnson's short column 

equation, resulting in 10 mm [17] [18]. As for the spring, 

it has a maximum length of 50 mm and an internal 

diameter of 18 mm, so a 25 mm diameter wire with 6 

coils and a pitch of 7 mm is chosen. The design result is 

shown in Fig. 6. 

 

Figure 6. MR fluid damper working in mode plate-parallel. 

C. Design of the Electromagnet. 

To generate the magnetic field that allows the 

saturation of the MRF-140CG fluid inside the damper, 

the design of an electromagnet based on the solenoid 

principle was proposed, where the field lines are directed 

between the North and South poles cutting the fluid 

perpendicular to the direction of movement, as shown in 

Fig. 7. The field produced by the solenoids distributed 

equidistantly on the piston plunger tends to generate a 

magnetic field perpendicular to the direction of the fluid, 

with the greatest intensity being observed deepening 

inside it. 

 

Figure 7. Distribution of magnetic fields. 

Therefore, three coils are created, due to the number of 

sections of the magnetic pole; thus three 14 mm long 

coils are available connected in series, in order to create 

opposite directions and maintain a constant field during 

convergence. The number of waits (4) for each coil is 22 

and the number of layers (5) is 15, which is intended to 

intensify the lines of the internal field. With the 

calculated parameters the theoretical magnetic induction 

inside the solenoid (6) is identified, as well as in the fluid 

cutting area (7). 

                                          (4) 

  (5) 

                                                            (6) 
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                                         (7) 

D. Actuator Selection 

Based on the biomechanics of the foot, an electric 

actuator is selected to simulate the tension force 

independently of the damping, thus allowing the rotation 

to be controlled during operation. Therefore, an actuator 

is needed that is light, fast, provides the necessary force 

and has a compact geometry due to limitations in the 

working area. The choice was the "Heavy Duty" linear 

actuator. 

E. Assembly of the Prosthetic Prototype.  

In view of the need to design a technological prototype 

that facilitates the integration of a patient with lower limb 

amputation, a standard model of prosthesis was chosen, 

innovated by electronic, mechanical and magnetic 

components. In addition, it incorporates weight and 

positioning sensors to give greater response and stability 

to a person's normal gait cycle, maintaining the primary 

characteristic of low cost. (Fig. 8) [18] 

 

 

Figure 8. Assembly of the prototype of ankle and foot prosthesis. 

F. Implementation of the Prosthetic Prototype 

The prototype ankle-foot prosthesis consists of two 

main parts which are integrated to achieve the goal of a 

normal and efficient gait cycle; thus the first part is the 

control of the magnetorheological actuator whose 

function is the absorption of impacts during walking, 

while the second part is the control of the electric actuator 

intended to generate the dorsiflexion and planar flexion 

movements.  

The damping force of the magnetorheological cylinder 

varies according to the weight supported by the prosthesis 

in each of the gait phases, so there are 3 load sensors, two 

FSR402 resistive sensors, one on the heel and the other 

on the sole of the prosthetic foot, as well as a 100kg 

Uxcell extensometer gauge between the two parts of the 

foot structure.  

Once the data from the load sensors is acquired from 

the Arduino Nano controller board, the PWM signal is 

calculated and sent to the TB6612FNG motor driver, 

whose function is to vary the current intensity supplied to 

the magnetorheological actuator to control the damping 

distance according to the force required.  

The movement of the prosthesis is generated by the 

extension and compression of the electric cylinder, which 

requires both the data acquired by the FSR402 resistive 

sensors and the value of the angle acquired by the 

MPU6050 accelerometer located at the top. The 

combinations between these variables in each phase of 

the walk are those that indicate the type of movement that 

the actuator must perform in order to meet the standards 

of normal walking.  

All the electronic components are located on the left 

and right-side walls of the prosthesis, hidden under the 

casing made in 3D printing on thermoplastic elastomer 

material, to have an aesthetic and functional prototype, as 

shown in the Fig. 8. 

III. RESULTS 

A. Magnetorheological Actuator Tests 

To check the force that the magnetorheological 

cylinder is capable of withstanding, the actuator was 

subjected to a damper test to obtain graphical and 

numerical results corresponding to the compression and 

extension forces under the variation of the current 

intensity supplied to the magnetic induction system.  

The results obtained on the Dyno-Shock 11 test stand 

for the current values of 0, 0.5, and 0.8 A are shown in 

Fig. 9. The force range in which the cylinder works 

within these three current values is 61.05 to 83.44 kg, so 

the controllable force of the actuator can be said to be 

22.39 kg. It should be noted that the compression force is 

much greater than the extension force, because during the 

various tests the damping system was fully tested, i.e. the 

spring was coupled for the respective return to the 

cylinder. 

 

Figure 9. Force - Displacement Test. 

B. Tests of Operation during the March. 

The tests were carried out in a working space of 5 

meters, as shown in Fig 10, in which 6 complete walking 

cycles are completed in a time of 8.14 seconds, thus 

determining the movement speed of 90 steps per minute 

which is very close to the average of 100 to 115 rpm. Fig. 

10 shows the damping values of the prosthesis in each 

cycle, with respect to the distance where they are 

produced, obtaining an average stride length of 0.91m, 

which is less than the average of 1.50 metres but which 

can easily be increased according to the needs and 

maneuverability of the patient using the prosthetic 

prototype. 
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Figure 10.  Damping point trajectory and values in running cycle. 

In the test shown in Fig. 11 to measure the damping 

distance of the MR fluid damper piston during the gait 

cycle, it is determined that the values vary between 10 

and 20 mm, with an average value of 15 mm, which is 

equal to the maximum stroke value Df calculated for the 

piston, obtaining a positive result due to the fact that it is 

within the permissible range according to the design 

carried out. 

 

Figure 11. Damping graph. 

Using the Kinovea software, experimental ankle angles 

were obtained in each of the gait cycles, obtaining values 

within a person's normal range of motion in dorsiflexion 

and planar flexion. Two of the most important aspects of 

the walk are speed and acceleration, which is why the 

values were obtained throughout the test trip, obtaining 

the results shown in Fig. 12 and 13. 

 

Figure 12.  Prosthetic foot velocity chart. 

The variation in the speed graph is due to the non-

uniform walk that takes place during the test, since the 

prosthesis reacts according to the movements of the 

transtibial zone, therefore, the speed will depend directly 

on the individual, in this case the maximum speed 

reached is 2.8 m/s and takes place in the interval of 4.8 

seconds, exactly during the change between the third and 

fourth cycle of the walk. In addition, acceleration is 

directly proportional to the speed so that its maximum 

value is given at the same instant of time reaching an 

equivalent of 24.5 m/s
2
.  

 

Figure 13. Acceleration chart of the prosthetic foot. 

In Fig. 12 and 13, you can see the red cushioning 

points, the speed graph shows the decrease in the value 

when the prosthesis comes into contact with the ground 

and at that moment there is a deceleration that favors the 

absorption of impacts. 

IV. CONCLUSIONS 

The incorporation of magnetorheological fluids in the 

prototype allowed to obtain an improvement in the 

functionality of the foot and a significant cost reduction 

in relation to the existing prostheses in the market, taking 

as the most notable characteristics its quick response, its 

simple interface between the input of electrical energy 

and its mechanical output power, as well as its 

controllability and integration in the prosthetic system. 

The mechanism successfully emulates the locomotion 

action during a walking cycle, since when the heel 

contacts the ground, the body's center of mass descends 

and the ankle tends to slow it down, an action represented 

by the magnetorheological system.  

The use of the magnetorheological shock absorber in 

the ankle-foot prosthesis is appropriate, since it tends to 

stop the body's inertia produced during the initial contact 

of the heel with the ground, i.e. the prototype effectively 

fulfils the action of shock absorption and cushioning.  

The prototype of ankle and foot prosthesis presents a 

passive and active functionality with a behavior very 

close to the normal walking cycle, achieving to offer a 

better comfort and an initiative of overcoming 

physiological, aesthetic and psychological problems that 

a disabled person presents. 

The selection of the load sensors and the signal 

amplifier module was carried out correctly, as they met 
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the response times required for proper data acquisition in 

real time.  

By means of the scope achieved with the prototype of 

ankle and foot prostheses involving semi-active 

suspension systems, specifically the use of 

magnetorheological shock absorbers, the development of 

new technologies in our country can be generated and 

promoted, taking as a reference point the studies and 

advances already existing. 
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