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Abstract - The amputation of a limb is a disabling condition that affects millions of people worldwide. This situation bolsters the 

necessity of devices that help the integration of those individuals into society. However, the design of such mechanisms faces many 

issues for their simple implementation, such as the reduced space to add actuators while maintaining an aesthetical design. This 

situation increases the complexities of manufacturing high dexterity upper arm prostheses. Thus, a cable-driven wrist prosthesis 

(CDWP) is proposed to solve these issues.  Besides, the Anti-Parallel-based local Transmission Index is presented as a performance 

index to optimize the device's dimensions. Ultimately, by applying the methodology proposed in this article, researchers would be able 

to dimension the proposed CDWP for a wide range of patients. 
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1. Introduction 
Upper limb amputation is the removal of any part of the forearm or arm. Only in the United States, this condition 

affects approximately 41,000 citizens [1, 2]. Besides, according to the results of Ziegler-Graham K. et al., this value may 

double by 2050 [3]. Thus, continuous efforts have led to the design of high dexterity terminal devices that imitate the 

movement of the human hand [4]. However, in comparison, little work has been done in developing prosthetic wrists, 

despite the important role of this joint in manipulation tasks [5, 6]. Furthermore, some researchers allegate that increasing 

the agility of prosthetic wrists may serve amputees better than a highly dexterous hand, mainly because of the reduction of 

complications occasioned from the compensatory body motions [7]. However, besides the apparent need for the 

implementation of active wrist mechanisms in prostheses, its utilization faces numerous issues. One of the main concerns 

that limit the utilization of wrist prostheses is the additional length resulting from the integration of a wrist system [8]. 

Although it is possible to reduce the forearm socket length to accommodate the extra space of the wrist, this is only 

applicable to amputees with relatively short residual limbs (proximal amputation) [9]. Another source of concern is the 

additional weight from a prosthesis, which can create discrepancies between limbs that impact coordination and aesthetics 

[10]. Ultimately, those two issues may result in the abandonment of part of the prosthesis user [11]. 

Diverse prostheses were found in the literature presenting issues related to their lengths and weights [8]. To name a 

few, Mahmoud R. et al. designed a three degree of freedom prosthesis actuated with three servo motors [12]. However, 

because of the use of serial chains, the system requires large space within the wrist socket. Other approaches use parallel 

robots to control the wrist as a spherical joint [13-15]. But, to increase their workspace, parallel robots require to increase 

their size, making them heavy and bulky. Thus, researchers have proposed the implementation of cable-driven parallel 

robots (CDPR) to minimize the size and weight of actuated wrist prostheses. In this context, Takeda H. et al. built a system 

of gears actuated by motors attached to a pulley transmission [16]; Controzzi M. et al. utilizes a differential mechanism 

(Bevel gears) actuated by Bowden cables [17]. However, those mechanisms also present various disadvantages. For 
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example, the former mechanism uses idle pulleys to maintain the tension and change the orientation of the cables, 

which increases the bulkiness of the system [18, 19]. The latter requires the utilization of special mechanisms to 

maintain the antagonistic forces that fix the position of the wrist, thus, adding additional requirements of torque to the 

actuators because of the high friction [20-22]. Nonetheless, Mustafa S. K. et al. developed a light 3-DOF wrist 

prosthesis using a motorized reel attached to anchor points[23]. However, the mechanism does not require a wide 

space within the wrist socket and is relatively light. It has unavoidable singularities because of the 

pronation/supination movements. Therefore, the design of a wrist prosthesis that overcomes the space and weight 

problems is still an open research problem. 

This research presents the optimal design of a cable-driven wrist prosthesis (CDWP) using performance indexes. 

Performance indexes are a well-known strategy for designing parallel robots, and many authors have proposed 

different indexes to analyze different mechanisms [24-26]. However, in the case of cable-driven robots, the utilization 

of this approach has been overlooked [27, 28]. Therefore, the following work proposes a performance index for the 

design of CDPRs based on the computations of anti-parallel vectors. Anti-parallel vectors are parallel vectors that 

point to opposite directions. E.g., consider a CDPR that is required to move in the positive or negative direction of the 

x-axis. The wrench feasible generated by the cables requires components in both directions of the x-axis. Thus, the 

obtained pair of components are a pair of anti-parallel vectors. This concept is extended to the axes of motion of the 

end-effector to define the Anti-Parallel based local Transmission Index (APLTI), which is used for the optimal design 

of the CDWP through the implementation of genetic algorithms (GA).  

This study is organized in the following order: Section 2 presents the description of the mechanism, including the 

inverse kinematics. Section 3 defines the APLTI and implementation for different cable-driven parallel robots. Then, 

section 4 shows the results of the optimization of the CDWP. Finally, section 5 presents the conclusions of this 

research. 

 

2. Mechanism Description 
The proposed CDWP is a 3SPU-U parallel robot that uses cables for actuation. The S stands for spherical, P is for 

prismatic and the U for universal, and each kinematical chain SPU represents the length of each cable. Fig. 1 presents 

the CDWP, while Fig. 2 presents its kinematic diagram. The mechanism consists of two platforms, the base and the 

moving platforms, represented by the letters   and  , respectively. The center of the base platform is at point   , 

while the points    represent the position of the proximal anchor points. The following expression presents the values 

for    relative to   : 

    [
       

       

            
]           

 

 
      

  

 
 (1) 

 

 
Fig.  1: Cable-driven wrist Prosthesis 
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Where    is the radius of a circumscribed circle around the triangle formed by all the    points. At the center of the 

universal joint attached to the platform is point   , while the points    represents the position of the distal anchor points. 

The following expression presents the values for    relative to   : 

 

    [

       

       

           
]           

 

 
      

  

 
 (2) 

 
Where    is the radius of a circumscribed circle around the triangle formed by points   . The    points share a 

common plane, let    represents the normal distance between this plane and the universal joint. The origin of the global 

coordinate system is at point   , with the   axis in the direction    to   ; The   axis in the direction    to   ; and the   

axis is obtained from the cross product of    . The position of point    relative to point    is given by a displacement   

in the   axis. At point    lies the coordinate system that describes the orientation of the moving platform  , with the  ̂  

axis in the direction     to   . Where: 

  
        ̂  

 ̂  is the vector normal to the moving platform  . The  ̂  axis obtained from the cross product of  ̂   ̂ .  

 
Fig.  2: Kinematic diagram of the proposed cable-driven wrist mechanism 

 
2.1. Inverse kinematics 

The inverse kinematics is the equation that expresses the length of the cables as a function of the orientation of the 

moving platform. To obtain the inverse kinematics, the cable loop equation as presented in the following equation is used:  

 

         ̂        (3) 

 
Where the left super-index   represents the values of    and    in the global coordinate system. The unitary vector  ̂  
represents the direction that goes from      to     . To find the length of the links from Eqs. (3) , note that the moving 

platform   is a rigid body. Therefore, the position of point      relative to the moving platform is constant. Besides, the 

values of      are expressed in Eqs. (2). Thus, considering two rotation about the  ̂  and  ̂  axis of the moving platform   

by an angle    and   , respectively, the following relation for the points      holds:  
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              ⃗  (4) 

 
Where the matrix   represents two rotations of the moving platform, one in the  -axis, and the other in the  -axis, using 

rotation matrices. The vector      represents the position of    in the coordinate system of the moving platform  . The 

vector  ⃗  represents the position of    with respect to   , as follows:  

  ⃗  [
 
 
 
] (5) 

Thus, solving Eqs. (3) for    and performing the dot product of the result with itself, the solution for    is obtained in the 

following:                                                

    √    
      

      
  (6) 

 

Where the terms     ,     , and      are presented as follows:  

 

 

                              (  )                (  )                        (  )
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3. Objective function 
3.1. Anti-parallel based local transmission Index (APLTI) 

      To determine the objective function, the APLTI is proposed. To define this index, a cable-driven parallel robot with 

motion in the  ̂ ̂ ̂ directions. Each tension acting on the moving platform is represented by a unitary vector  ̂ , with each 

unitary vector pointing to the position of the distal anchor points. Then, assume that it is desirable to know if it is possible 

to transmit forces acting on the moving platform to the  ̂ direction for a particular position. Thus, to verify this statement, 

the following equation is proposed:  

 

   ̂   ̂    ̂   ̂    ̂ (8) 

 

Where  ̂ is a matrix that contains all the unitary tensions acting on the moving platform, as presented in the following 

equation:  

 

  ̂  [ ̂  ̂   ̂ ] (9) 

 

Where   is the total number of cables. The expression     ̂ is the norm of the positive or parallel projection of the 

tensions in the  ̂ direction, as expressed in the following equation:  

 

  ̂    ̂  
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 (10) 

 

Where the   sign stands for positive or parallel projection, while the   sign stands for the negative or anti-parallel 

projection. Similarly, the term     ̂ is expressed in the following equation: 
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This definition is also valid for the  ̂, and  ̂ directions. Thus, the APLTI for a cable-driven mechanism is obtained by 

the following expression:  

 

             ̂ ̂  ̂ ̂  ̂ ̂  (12) 

 

The range of the APLTI is [   ]. Where a value of   implies that the motors cannot transmit force to at least one of the 

directions of motion of the CDPR, in this case, the system is in a singular configuration. Otherwise, a value of   implies 

that by the actuation of one or various motors, the system can generate a force bigger or equal to the higher force 

transmitted by one motor in each direction of motion of the robot, in this case, the system is in an isotropic configuration. 

Note that the results for the APLTI are easily extendable to rotations in multiple orthogonal directions. Thus, consider the 

following expression for a rotation about the  ̂ direction: 

 

  ̂ ̂  
 ̂   ̂  ̂   ̂

 
 (13) 

 

Where  ̂ is a vector that contains all the torques generated by the unitary tensions acting on the moving platform, as 

presented in the following equation:  

 

  ̂  [
    ̂ 

      

    ̂ 

      
 

    ̂ 

      
] (14) 

  

Where    is a vector that goes from the center of the moving platform until the distal anchor point corresponding to the 

unitary tension  ̂ .   is a vector that contains the magnitudes of each vector    as presented in the following equation:  

 

   [             ] (15) 

 

Thus, in the present of rotations, using Eqs. (10), (11), and (13), Eqs. (12)  is modified to include the rotation about the 

 ̂ ̂ ̂ directions, as follows: 

  
          ( ̂ ̂  ̂ ̂  ̂ ̂  ̂ ̂   ̂ ̂  ̂ ̂) (16) 

 
3.2. Anti-parallel based local transmission Index (APLTI) 

To apply Eqs. (16) on the wrist mechanism, consider that the moving platform is attached to a universal joint. Then, 

since the universal joint allows independent rotations in two directions, the tensions acting on it generates two torques in 

the  ̂ and  ̂ directions. Therefore, the vector  ̂ of the wrist mechanism is presented in the following equation:  

 

  ̂  [
      ̂ 

     

      ̂ 

     

      ̂ 

     
] (17) 
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Note that the term     , as defined in Eqs 4, is equivalent to   . Besides, since the term  ̂  is a unitary vector pointing in 

the direction of the   cable,  ̂  is equivalent to  ̂ , then, the following equation expresses the value of  ̂  obtained by solving 

Eqs. (3): 

 

  ̂  
     

   

  
 (18) 

 

 Additionally, the following relation holds for the terms      : 

 

                   √  
    

  (19) 

 

Thus, the following equation is used for the calculation of the APLTI for the CDWP:  

 

           ( ̂ ̂   ̂ ̂) (20) 

 
3.3. Anti-parallel based local transmission Index (APLTI) 

The calculation of the Global anti-parallel transmission index (GAPTI) considers the distribution of APLTI in the 

workspace of the CDWP. A popular tool to find the distribution of an index in the workspace is the mean of a function 

[29], defined in the following equation:    

 
       

∑   
   ∑   

                  

  

 (21) 

 
Note that the workspace of the CDWP is defined by two rotations, one about the  ̂ direction and the other about the  ̂ 

direction. Thus, the workspace was subdivided in differentials     and    . Then,   and   are the total number of partions 

of     and    . Lastly,  Eqs. (21) is the objective function for the optimization of the CDWP.  

 
5. Optimization of the CDWP 
     In the following, an GA [21] is implemented to optimize the design of the CDWP. Table 1 presents the 

minimum, maximum, and optimum of the optimization variables.  

 
Table 1. Minimum, maximum, and optimum of the optimization variables in mm. 

 Minimum Maximum Optimum 

   22 42 30.70559 

   19 40 40 

  50 120 120 

   13 22 19 

 
Note that, for the calculation of       , we considered that each orientation    and    moves within the interval 

          . This interval was obtained from considering the workspace spanned by the human wrist [30]. The evolution 

of the objective function along generations is presented in Fig. 3. As can be seen, the optimization reached its maximum 

value around the 100 generation. Thus, the maximum values of        is       . 
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Fig.  3: Evolution of the objective function along  the generations of the GA. 

 

The distribution of the index within the workspace is presented in Fig. 4. Both the maximum and minimum values of 

the        are 0.7959 and       , which are located at the configuration                    and            , 
respectively.  

 
Fig.  4: Distribution of         

6. Conclusion 
In this research, the optimal design of a CDWP is presented. To conduct the design, a performance index called the 

APLTI is proposed. This index allowed us to know the relation between the transmission of the torque or forces on a 

parallel robot. Then, by the application of genetic algorithms, the CDWP is optimized. Thus, the two main contributions of 

this research are the implementation of a methodology that allows the dimensioning of an easy to manufacture prosthesis 

for upper limb amputees and the definition of a performance index that allows the fast dimensioning of CDPR for diverse 

applications. 
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