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Abstract— A wrist joint in upper limb prostheses 

significantly increases its handling capacity. However, current 

prostheses cannot reproduce the ability of torque combined 

with the volume and weight of the human wrist. Consequently, 

they do not provide high efficiency in handling and generate 
user dissatisfaction. In this context, this study aims to optimal 

design a wrist supination and pronation brake to improve the 

handling capacity of an upper limb prosthesis. The wrist 

actuator consists of an EC motor and harmonic drive parallel 

with a magnetorheological brake. The brake guarantees a fast 
response time, low energy consumption, controllability, and 

small dimensions. A particle swarm algorithm is applied to 

optimize design variables to minimize mass and energy 

consumption. As a result, the brake provided resistive torque of 

7.4 N.m with dimensions close to a healthy member and 
weighing 0.1972 kg. Finally, a finite element analysis confirmed 

a satisfactory magnetic flux for the magnetorheological brake 

operating conditions. The designed brake addressed all the 

desired characteristics and is suitable to integrate the forearm 

prosthesis with wrist rotation. 

 
Index terms— Prosthetic Wrist, Pronation/Supination, MR 

Brake, Optimal Design.  

I. INTRODUCTION 

Pronation and supination movements are essential f o r a n  

amputee's daily living activities [1]. The condition of the 

rehabilitation results is associated with analyzing the strength  
of pronation and supination of the forearm [2]. Although, the 

pronation and supination movement has been relatively lit t le  
discussed in the generation of wrist torque in prosthesis [1]. 

From a mechanical point of view, current actuators requ ire a  
larger space than is appropriate to represent rotational 
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movement with the same intensity as the human body [3]. 

Besides that, Wrist prostheses with pronation/supination 
movement tend to be passive, activated by body movement, 

and when active, present as a method of actuation of DC 
motors or ultrasonic motors [4]. These motors have a high 

torque and energy consumption ratio and promote heat 

dissipation [5].  

Prosthetic wrists do not have an ideal 

pronation/supination mechanism [4], compromising the 
ability to reproduce the human wrist in terms of torque, 

strength, and compactness. Consequently, they limit the 
manipulation of resources and the quality of life of amputees 

[6]. The challenge is to design prosthetic wrists that 

accurately control joint torque while allowing users to be free 
and comfortable to perform functional tasks, keeping the 

wrist at different angles and different arm postures without 

compromising workspace and execution speed [7, 8].  

One way to achieve this result is to use 
magnetorheological (MR) fluid, which has replaced 

conventional dry friction brakes and hydraulic brakes in 
prosthetic systems [9]. Brakes with MR fluid, or MR brakes, 

are devices that can reduce the angular velocity of a rotary 

axis immersed in the MR fluid [10]. Unlike hydraulic 
systems, the resistance offered by the MR fluid is activated 

instantly and only when the individual needs it [9]. MR 
brakes are very effective in maintaining the position of the 

joints against external forces, where the rotational stiffness of 
the joint can vary in real-time as the amputee needs it [5, 9]. 

In addition, they can maintain high output torque with less 

current and less heat dissipation than an electric motor [5]. 
Thus, fluid control ensures a range of motion, level of 

damping, and strength according to the activity performed by  
the amputee, contributing to the design of a reliable and 

intelligent prosthesis [11]. As it is a  fluid-filled brake, it does 
not make mechanical noise and, in addition, allows the 

development of devices with smaller sizes, higher dynamic 

ranges, low failure rate, and high regulation capacity [12, 13].  

The use of MR fluid in prosthesis design provides the 

user with greater comfort and reproduction of moving closer 
to the natural movement and with less energy consumption  

[14, 15]. In this context, this work aims to design a magneto -
rheological brake for the pronation and supination movement 

of a prosthetic wrist. Compared to existing wrist design 

approaches, it is expected to obtain a system with more 
adequate characteristics to reproduce the move, considering 

the resistive torque capacity, shape, weight, and energy 
consumption of the MR fluid. Although no studies are using 

the MR fluid in prosthetic wrists, studies that applied the MR 
fluid in joints similar to the wrist in haptics devices [16-18] 

and rehabilitation devices via telemedicine [19] confirmed 
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these results. In addition, the proposed wrist may have other 
applications since the development of prosthetic devices that  

represent the wrist joint can be used in other areas, such as in  

medical service robots and industrial manipulators [3]. 

II. WORKING PRINCIPLE 

Pronation/supination can be seen as the movement of the 

forearm or wrist in which the forearm rotates around its 
longitudinal axis [1, 20]. The concentration of rotation on 

the wrist facilitates the development of mechanisms in the 
prosthesis without losing functionality and movement 

biomechanics. An average human forearm weighs about 1.1  

kg (excluding the hand), has a length of about 26 cm, and 
can be surrounded by a trunk cone with a larger base radius 

of 4.5 cm and a smaller base radius of 3 cm  [7]. The 
pronation and supination movement of the forearm has an 

amplitude of 180º [4]. However, a  100° rotation (50° 
pronation and 50° supination) is sufficient to perform most 

activities of daily living, such as opening a door, using the 

telephone, reading a newspaper, drinking, or eating 

something [21].  

The torque intensity of the pronation and supination 
movements for activities of daily living and work is well 

below the maximum values achieved by a forearm. Ciriello, 
et al. [22]  indicated that basic activities such as clockwise 

screwing of the right hand have a maximum isometric torque 
of 6.76 N.m. If performed for 15 min or 25 min, the proper 

torque is 1.46 N.m and 1.15 N.m, respectively. In industrial 

workers, the maximum acceptable torques to avoid 
discomfort and ergonomic problems vary from 1.15 N.m and 

1.88 N.m in pronation/supination activities, such as screwing 
[23]. Lorenz, et al. [24] showed that during orthopedic 

procedures, surgeons are subject to pronation/supination 
torques of 1.76 N.m in repetitive efforts. For activities of 

daily living, such as eating soup or eating vegetables, the 

maximum torque does not reach 1 N.m [25].  

Regarding the angular velocity of the pronation and 

supination movement, Kaneko, et al. [26] performed a test 
with 40 volunteers. The authors found that the highest  m ea n  

velocities were 73.5 rpm in pronation with the elbow in the 
180° position and 73.3 rpm in supination with the elbow in 

the 135° position. However, in basic activities such as 

transferring a cup or a place block, the maximum speed 
during the pronation and supination movement was 

approximately 50 rpm [27].  

 A prosthetic wrist must present a torque of at least 7 

N.m, with an approximate angular velocity of up to 50 rpm, 
and weigh a maximum of 1.1 kg, to reproduce the movement  

of the human wrist in activities of daily living. With these 
restrictions, an EC motor (EC 45 Flat, Maxon Motors, 

Switzerland) (70 W and 141 g) and a gearbox (CSG-14-100-

2A-RE, Harmonic Drive AG, Germany) (reduction ratio of 
100:1 and 90 g) were selected to guarantee the requirements 

and at the same time provide a compact system. This 
assembly offers 8.4 N.m of maximum torque and 47.5 rpm of 

angular speed. 

The proposed MR brake was designed to parallel this 

motor-reducer system. This configuration ensures sufficient 

resistive torque for the wrist pronation/supination movement 
with fast response time, high torque/weight ratio, high 

torque/volume, and easy controllability. Brakes are one of 
the most commercially used magneto-rheological fluid 

devices and are generally composed of rotor, stator, coil, and 

MR fluid [10]. The stator (light green) is designed to be 
connected to the amputee's residual limb (stump). In 

contrast, the rotor (dark green) is connected to the hand 
prosthesis, with relative movement between the stator and 

rotor, as shown in Fig. 1. 

The operating principle is based on using a small amount 

of magneto-rheological fluid located in the clearance 
between the brake rotor and stator [19]. As the fluid share 

tension increases, the friction force applied to the rotor will 
increase, resulting in a resistive torque on the brake output 

shaft [19]. Therefore, the resistive torque is obtained by 
passing an electric current through the magnetic core [17]. 

Consequently, the MR brake can reduce or stop the 

rotational speed of a shaft using the MR effect, which is 
generated between the rotor and the stator [28]. Furthermore, 

this proposed configuration can provide a sufficient resistive 
torque (90% of the maximum torque) in 80 ms, a fast time 

compared to other prosthetic devices [29]. 

Torque transmissibility in the MR brake occurs in shear 

mode, commonly used in prostheses because it provides 
small forces [10]. The fluid is sheared parallel to the rotating 

disk relative to the other disk, with a magnetic field applied 
perpendicular to the direction of movement of these shear 

surfaces [30], according to Fig. 2. The multidisc 

 

Figure 2. Configuration of the MR brake. L is the width of the MR 
brake, L1 is the width of the coil, L2 is the thickness of the thickness of 
the side disks, L3 is the aluminium cover thickness, L4 is the thickness 

of the input/output disks, L5 is the thickness of the insulation layer of 
the thickness of the coil, h is the working gap thickness, r1 is the iron 

core, r2 is the lower inner radius of the iron core, r i is the inner radius of 
the disks and r0 is the outer radius of the disks. The light green color 

represents the structure connected to the stator and the dark green color 
represents the structure connected to the rotor. 

 

Figure 1. Cutaway view of the wrist prosthesis. The light green color 
represents the structure connected to the stator and the dark green color 

represents the structure connected to the rotor. 
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configuration provided better torque density in prosthetic 

devices [29, 31, 32]. 

The functioning of the prosthesis occurs actively when 

only the motor is working and resistively when only the 
magneto-rheological brake operates. The movement will be 

free when both are in the off state. An example of the 

operating mode for the activity of eating soup is shown in 
Fig. 3. In this case, it considered the initial movement with 

the forearm resting on the table (event 1), the user taking the 
cutlery and taking it to the plate (event 2), taking a certain 

amount of soup to his mouth (event 3), returning with his 
forearm to the table (event 4) and staying with the forearm on 

the table (event 5). For events 1 and 5, where there is no need  

for the presence of torque control, to have movement, it is 
necessary to overcome the inertia of the motor-reducer 

system (MR brake off and EC 45 Fla t off). For events 2 to  4 , 
a  control strategy can be developed to ensure energy sa v ings 

and movement stability, establishing the best moments for 
active, semi-active, or passive movement. For example, in 

event 3, when the user has a quantity of food in the spoon, 

the action can only be passive (MR brake on and EC 45  Fla t  
off). If it is necessary to reproduce an active movement  (MR 

brake off and EC 45 Flat off) due to, for example, the need to  
tilt the spoon, the control strategy can activate the motor-

reducer system. The system also provides a fourth mode of 
operation, functioning as a semiactive prosthesis, when, for 

example, the system's battery is low. 

These operation modes can be applied to any activity of 

daily living, as they contemplate any torque phase during a 

pronation and supination movement. Machine learning as a 
control strategy will be proposed in future work. Activity 

classification can be done through a previous database or in 
a real control interactively. Such functioning increases the 

device's potential as a prosthetic application since the 
pronation and supination movement do not have a sta ndard  

curve torque and may require resistive torque for a long time 

and in different periods depending on the activity performed. 
It will determine the best operating mode and, consequently, 

improve energy consumption and system stability. 

III. OPTIMAL DESIGN OF MR BRAKE 

A.  Dimensioning of the Magnetorheological Brake 

For prosthetic applications, the fluid shear rate is small. 
So, the Bingham model can predict the rheological behavior 

of the fluid [23]. Bingham plastic materials act a s a rigid 
body at low stresses and behave like a viscous fluid at high 

stresses [12]. The output torque of the MR brake is calculated 
through the fluid flow stress interaction with half the total 

area of the disks as only half of the disks are sheared by the 
fluid, while the other half is connected to the stator. The 

resistive output torque (T) of the multidisc configuration is 

defined by (1) [33]. N is the total number of gaps, τy is the 
fluid shear limit stress that varies as a function of the applied  

external magnetic field, r0 is the outer radius, ri is the inner 
radius, ω is the angular velocity of the disks, μMR is the 

dynamic viscosity of the MR fluid and h is the height of the 

gaps. 

T = 2Nπ τy/3  ro
3 − ri

3  + ωμMR /4h ro
4 − ri

4     (1) 

The first term in the equation (more to the left) is the 

torque induced by the magnetic field. The second term 
represents the off-state torque, which is the only term presen t  

in the absence of a magnetic field. Once the torque is defined, 
the coil must provide a sufficient magnetic flux density to 

reach the desired yield strength for the correct functioning of 
the brake. Therefore, it is necessary to evaluate the magnet ic 

intensity applied to the MR fluid gap. As shown by Andrade, 
et al. [33], the flux of the magnetic field (φ) defined by (2) is 

a function of the number of turns in the coil (Nb), current (I), 

width (li), magnetic permeability (μi), and cross-sectional 
area (Ai), where i represents the infinitesimal component of 

the magnetic circuit. 

           (2) 

The denominator of (2) represents the equivalent 
reluctance of the magnetic circuit. The equation variables and 

the magnetic flux of the MR brake are geometrically 

represented in Fig. 2.  

B.  MR Brake Optimization 

The objective of ideal design is to find significant 

geometric dimensions of MRF-based devices that minimize 

an objective function considering typical characteristics such  
as resistive torque, mass, and energy consumption [30]. In 

this way, a Particle Swarm Optimization (PSO) algorithm 
was implemented to promote the optimization of the MR 

brake. The PSO is a computational method commonly used 
in prosthetic design with MRF that optimizes a problem by 

iteratively improving a candidate solution with low operating 
cost and a fast convergence rate [9, 33]. The objective 

function (OBJ) was defined for the mass and energy 

consumption of the MR brake (3).  Reducing these 
parameters is relevant to permitting heavy components' 

installation, longer battery life, and providing a lightweight 
prosthetic device [33-35]. Therefore, a  weight factor (α) of 

70% was adopted for mass (M) and a weight factor (β) of 
30% for the energy consumption evaluated by power (P), a s 

well as the work developed by Andrade, et al. [29].  

OBJ = αM/Mmax  + βP/Pmax         (3) 

Considering that the forearm has a mass of 1.1 kg, the 

motor-reducer assembly has 0.231 kg, and it is necessary to 

allocate a portion of the mass to electronic components a nd  
batteries (0.5 kg), the maximum mass (Mmax) allowed for the 

MR brake was 0.4 kg.  The maximum power (Pmax) adopted  

 

Figure 3. Operating modes of the system (MR brake + EC 45 Flat / 

Harmonic drive) during the soup activity. 
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was 14 W, equivalent to 20% of the engine power. As the 
objective is to present an actuator that better addresses user 

issues, mass reduction is a priority to provide better torque 
density, followed by power reduction to improve the energy 

consumption of the prosthesis. 

The total mass of the MR brake is given by the sum of a ll 

parts of the system, as shown in Fig. 2, calculated by (4) 

where mcoil, mdiscs, mMRF, mcore and mal represent the m a ss o f  
the coil, the disks, the fluid, the core and aluminum 

(insulating layer and covering material), respectively. 

M = mcoil + mdiscs + mMRF + mcore + mal    (4) 

The total power of the system is given by (5) as a function 

of current (I) and coil resistance, represented by the product 
of the coil average diameter (dc), the electrical wire resistance 

per length (rw), the number of turns in the coil (Nb) per π. 

P = I2dc
   rw Nbπ          (5) 

Five design parameters were optimized: disks outer radius 

(r0), core base radius (r2), gaps numbers (N), fluid magnetic 

flux density (BMR), and current (I). These parameters presen t  
restrictions, whose lower or upper limit values are obtained 

by trial and error during the optimization process [36]. The 
disks outer radius (r0) was limited to 23 mm, considering that  

the wrist has a radius of 30 mm [7], with 2 mm for the cover 
thickness (L3) and 5 mm for the prosthesis finishing. The 

radius of the core base (r2) must be greater than the radius o f  
the core inner (r1) but less than the radius of the sum of the 

core inner radius with the side disks, since this thickness 

must have the same thickness as the core base, so there is no  
saturation. Therefore, the radius of the core base (r2) must not 

exceed 8 mm. Due to manufacturing capacity, the number o f  

gaps (N) was limited to 24. 

The commercial fluid used is MRF 140-DG fluid from 
Lord Corporation. Depending on fluid properties, to reduce 

the non-linearity of the MR brake and facilitate fluid contro l, 

the maximum allowable MR flux density is 0.7 T [29]. As 25  
AWG wire was used in coil manufacture, the maximum 

permissible current (I) is 2.5 A. The total mass (M) and the 
coil's power (P) must respect the conditions imposed on the 

objective function.  

The lateral discs thickness (L2) is restricted to the 

constructive character of the core. The shear limit stress and 

the relative magnetic permeability of the fluid must be 
considered for BMR < 0.7 T so as not to saturate the system. 

The coils are designed in solenoid shape and multiple layers, 
allowing for a more compact form [29]. The core material is 

a  low carbon steel (SAE 1020), a  ferromagnetic material to 
increase magnetic flux density. This material presents 

magnetic saturation at 2.1 T. To avoid magnetic saturation in  
the brake core and disks, made of the same material, a  

magnetic flux density in the lower part of the core Bcore (T) 

was limited to 2.0 T. 

The coil's turns number Nb, which is restricted to the 

maximum cross-sectional area of the coil, can be written as in 
(6) [29]. In this case, it is considered that no circuit element 

has changed, L5 is the insulation layer, L1 is the width of the 
coil, and Af represents the cross-sectional area of the coil 

wire. 

  Nb ≤   ri − L5 − r2 L1 /Af      (6) 

Maximizing the resistive torque has a strong negative 

effect on the off-state torque and the weight of the brake [36]. 
It is because the ability of the handle to rotate freely when 

desired is essential [37]. Therefore, the off-state torque (Toff) 
was limited to 0.5 N.m not to impose restrictions on free 

movement. And the output torque (T) of an MR brake has the 

minimum value of 7.0 N.m required to meet activities of 

daily living, as mentioned above. 

A short amputation (near the elbow) allows at least 108 
mm for a wrist prosthesis [38]. The motor-reducer system is 

approximately 58 mm long. Therefore, the total width (L) of 
the brake MR must be a maximum of 25 mm to provide 

space for the other components of the prosthesis. For medium 
and long stump amputations, the pronation and supination 

movement can present a residual rotation of at least 100°, 

making the application of the MR brake less relevant [38]. 

Before any interaction of the PSO algorithm, the 

objective function was equal to 0.4280, with the mass and 
power equivalent to 0.1970 kg and 3.8837 W, respectively. 

After 150 interactions, the objective function converged, 
obtaining the minimum value of 0.3808. As a result, a  mass 

of 0.1929 kg and a power of 2.0165 W were obtained. 

However, the number of gaps acquired is not an integer 
during the optimization process. The values of the optim ized  

design variables are listed in Table I, and the number of ga ps 
was rounding to the first upper interior. The results indicate 

that all the values obtained to meet the design constraints. 
The MR brake has a torque/mass ratio of 17.28 N.m/kg. The 

result is superior to the density of the human wrist , which is 

7.27 N.m/kg, and the wrist with high torque density (8.38 
N.m/kg) proposed in Chu, et al. [7]. The CAD drawing of the 

optimized prosthetic wrist is shown in Fig. 4. 

C. Finite Element Analysis 

The optimization results were verified using the finite 
element method (FEM), using ANSYS Mechanical APDL 

software. For this, the mesh with 0.15 mm was considered in 
a 2D configuration of the MR brake. The chosen relative 

permittivity was 1.0 for non-ferromagnetic materials. As 

input, the load was applied to the coil region. Finally, the 
magnetic flux was parallel to the outer edges as the MR brake 

elements were surrounded by air. 

 

 

Figure 4.CAD model of the wrist prosthesis with the optimized 
dimensions of the MR brake. The light green color represents the 

structure connected to the stator and the dark green color represents the 
structure connected to the rotor.   
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The results of the analysis via FEM are shown in Fig. 5. 

The magnetic flux density indicates that the magnetic field  is 
perpendicular to the MR fluid region. This condition 

guarantees maximum shear strength, promoting better system 

functioning [29]. The maximum magnetic flux density is 
1.8264 T. This value is similar to the value obtained in the 

optimization (1.9085 T), which confirms the developed 
equation. Furthermore, the FEM analysis shows that the 

variability of the magnetic flux density in the fluid region is 
low. Finally, there is no magnetic saturation in any part of the 

MR brake, and it works appropriately for the restrictions 

imposed. 

The control and experimental validation of the project 

will be done in future works. Although the wrist has a 
satisfactory torque density, it is necessary to adjust the design  

to introduce other degrees of freedom, such as flexion and 

extension of the prosthesis. 

IV. CONCLUSION 

This work presented the design of an MR brake for the 

pronation and supination movement of a prosthetic wrist. The 

device is composed of a geared motor (EC 45 Flat motor and  
CSG-14-100-2A-RE Harmonic drive) responsible for the 

active torque, arranged in parallel with an MR brake, and is 
accountable for the resistive torque. With this configuration, 

the wrist actuator can replicate the kinetic characteristics of 
the human wrist in prono-supination movement. The 

dimensions of the MR brake were optimally designed with a 

PSO algorithm to minimize the mass and energy 
consumption of the system. The final design reached 0 .1972  

kg and 2.0821 W. The results indicate a great torque/volum e 
and torque/mass ratio for prosthetic devices. In future work, 

we intend to manufacture a prototype for experimental 

validation and add the other degrees of freedom of the wrist. 
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