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Abstract 

Here instead of talking about the signs (that is just the application), I would talk more in general 

of two arbitrary positions.  

The design of a five-fingered wristed robotic hand is discussed. The robot is capable of     

showing two signs with fingers using a kinematic synthesis technique and one revolute joint per 

finger. 

The resulting candidate designs have two specified positions, first and second sign. This 

work deals with the implementation of these designs with minimal actuation. A coupled 

transmission system is designed in which all fingers are actuated by a single motor while each 

finger has its own separate reduction.  

The reduction ratios are modified in order to adapt to different finger signs. The difference 

in behavior between this implementation and an underactuated, compliant design is studied.  

Two different transmission systems; pulley-belt system and linkages system are compared 

in both planar and spatial case. 

To define the tasks, we used Motion Capture System to record data for two sets of positions 

of fingertips in space. After determining the Hand-Topology, and Task, we used Kinematic 

Synthesis method, to find all the design parameters of the robot. These include length of links, 

positions of joints, and angle between links. Finally, we sketched a 3D model of our robot with 

SolidWorks and made a real model using prototyping. If you want to explain the methodology in 

this paragraph, then you should talk about designing serial chains to reach the positiosn in a first 

step, and then designing the constrain system in a second step to obtain a 1-dof system for each 

finger. 



1 

1 Introduction 

1.1 Thesis Goals 

The goal of this thesis is design of a robotic hand which performs simple tasks such as 

showing two different sings or pick and place an object with minimum degrees of freedom 

(DOF). 

 To reach this aim, we choose a five-fingered robotic hand with one revolute joint for each 

finger and one revolute joint in the wrist. Methods of coupling between wrist joint and fingers 

joints, Pulley-Belt System and Linkage System in planar and spatial cases were analyzed. 

Finally, using SolidWorks software, the example was modeled a graphical model of a 

wristed-hand with five finger which uses the Bennet Linkage for connection between wrist and 

fingers. 

1.2  Literature Review 

Recent developments on the kinematic synthesis of tree topologies [4], [5] for a simultaneous 

task of all end-effectors, can be used for designing the robotic hands. In particular, if the task is 

given by two positions of each fingertip, it is possible to design a hand to show two signs with 

fingers or a simple pick-and-place task. 

As one of the first steps, a hand topology needs to be selected and checked for solvability. 

A complete chart of all solvable multi-fingered hands with identical fingers is presented by A. 

Makhal and A. Perez-Gracia [6].   
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Table [1] shows the special case of the family of one jointed hands. It can be seen that the 

family of one-jointed hands are solvable for several topologies. The kinematic synthesis of this 

family is studied by A. Perez Gracia [7]. In their study a simplified synthesis algorithm is 

presented and examples are shown for hands with one revolute joint at the wrist and multiple 

fingers. Each finger is attached to the palm with one revolute joint. In the present study we select 

a hand from five finger family, which is solvable for two positions for each finger. The hand that 

is synthesized in the present manuscript is designed for showing two different sings with fingers 

as a task.  

In this project there are chose two finger signs which were completely different, so it may 

not require full actuation of all fingers, but rather a system to switch from first sign to second 

sign. In order to accomplish this, a single actuator may be used to couple the motion of all fingers 

through an appropriate transmission system. [10], [11], [12] 

 In this work, synthesis algorithms [19] is used for designing this five-fingered robotic hand. 

Also two different reduction systems, pulley- belt [21] and Linkages system [8], [10], [20] will be 

analyzed in plane and space. Finally, Bennet linkages [15], [16] will be used for designing this 

robotic hand. 

1.3  Organization of the Thesis 

The thesis is organized as follows. Chapter 1 discusses the theme of the thesis and the 

literature review. Chapter 2 provides some basic definitions of the kinematics. In Chapter 3 

discusses the background of motion study. Chapter 4 focuses on mobility and number of 

reachable positions for a robotic hand. In Chapter 5, various types of robotic hands are explained. 

Chapter 6 focuses on process of designing a robotic hand, which followed with an example. 

Chapter 7 provides conclusions and future works. 
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2 Basic Kinematic Definitions 
 

2.1 Type of joints 

There are several different types of joints in kinematics [13]. Revolute Joint (R), Prismatic Joint(P) 

Cylindrical Joint, Universal Joint, Spherical Joint, Helical Joint, Plane Pair, Gear Pair, Cam Pair 

Figure [1] shows some of the popular types of them.  

  

 

                              Figure 1 :  Analyze the degree of freedom for six most popular joints [17] 
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Revolute Joint: As shown in Figure [1] this joint allows rotation (of the links) about an 

axis, therefore it has only one degree of freedom. 

Prismatic Joint: This joint allows one translation along a single direction (Figure [1]), 

therefore similar to the revolute joint it has only one degree of freedom. 

Screw Joint: In this joint, when the joint allows link rotates around an axis, that link has a 

translation along one direction (Figure [1]). So, there is a relationship between rotation and 

translation therefore similar to the two previous joints it has only one degree of freedom. 

 

Cylindrical Joint: Like screw joint, this joint allows a rotation around an axis and a 

translation along a direction. However, unlike screw joint, in a cylindrical joint the rotation and 

translation are independent (Figure [1]). As a result there are two degrees of freedom.  

 

Spherical Joint: In a spherical joint, links are free to rotate around all three axes X,Y,Z. 

In this type of joint there are 3D rotations and it has three degrees of freedom (Figure [1]). 

 

Planar Joint: A planar joint allows a rotation around an axis perpendicular to a plane and 

translation along two directions in the plane (Figure [1]). Therefore, it has three degrees of 

freedom. 
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2.2 Kinematic sketch methods 

Kinematic mechanisms can be shown in two different ways: 

Kinematic diagram or kinematic scheme: In this method only the connectivity 

between links and joints of a mechanism or machine is shown and the sketch is very simple 

(Figure [2]). 

Graph: In this method the links are shown with points and joints with lines(which appears 

to be in the opposite order of real shape). Also, in the graph method a point surrounded with a 

circle is used as a symbol for fixed link (Figure [2], [3]). To show the links are connected to each 

other with which type of joints, usually type of joint are wrote on top of its corresponding line. 

 

 

                           

                                                                                                                Figure 2 

                                                                              

     

                                                                                Figure 3 

                                                                 

  Real 

 

Kinematic Sketch 

 

Graph 

 

    R-Joint 
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2.3 Basic Definitions 

A graph is shown in the Figure [4]. In this graph, it can be defined: 

• Root Node (Base) : Fixed link (Ground) of the robot ( ) 

• End-Effector : Last points in the fingers of the robot (fingertips) which contact to object 

(Pink Points) 

• Chain : Series of joints and links 

• Branch: Serial chain starting at root node and ending in one end effector (there are three 

branches in this example) 

                                                      

                                                                                                                                                 

                                                                                                                                                   

                                         

                                                                                Figure 4 
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2.4 Hand Topology 

The number of joints, type of joints, number of fingers and fingertips, number of branches 

and connectivity between points define the Hand Topology. Defining the Hand Topology is one 

of the basic steps for designing any robotic hand. Two different hand topologies are shown in 

Figure [5] (different number of joints, number of branches, etc.). 

   

 

                

Figure 5 : The left Topology shows a hand with 8 End-Effectors and the right Topology shows a 
hand with 7 End-Effectors 

   

2.5 Task 

When we define a task for our robot, we need to know the positions and orientations of the 

fingertips for each End-Effector in space. For example as shown in Figure [6], if the robot is 

designed to get to two different positions, there must be two sets of information for each end-

effector of the robot in the space (position and orientation). 
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 Figure 6 : These figures show two positions of the End-Effectors for a five fingered-hand in 
space 

 

 

 

 

2.6 Solvability 

Define solvable as having a finite number of positions ≥ 2 for the hand without over-

constraining any finger.  

Let ‘m’ be the number of positions for the overall tree. Then 𝑚𝑖 ≥ 𝑚, when 𝑚𝑖 being the 

number of positions for each sub-graph of the tree graph, starting at the root rode or an end-

effector and ending at one or more end-effectors.  

 

 

 

 

First Position Second Position 
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2.7 Forward Kinematics     

Forward Kinematics refers to the use of the kinematic equations of a robot to compute the 

position of the end-effector from specified values for the joint parameters [18]. In absolute forward 

kinematic, the position of the joints (or length of the links and angle between them) are given and 

with using the Homogeneous Transform Matrix and matrix multiplication (It will be explained in 

the next chapter) the position of the end-effector will be found. However, usually the relative 

forward kinematic are utilized rather than absolute forward kinematic. For relative forward 

kinematic the multiplication of relative rotation from reference configuration of the joints will be 

equal to relative displacement of end-effector. With solving the equations, the positions of the 

end-effector will be found. 

Relative Forward Kinematic: 

[𝑆1(∆𝜃1
𝑖)] … . [𝑆𝑛(∆𝜃𝑛

𝑖 )] = [𝐷0𝑖]                                                                                    

∆𝜃𝑛
𝑖 = 𝜃𝑛

𝑖 − 𝜃𝑛
0  

 

2.8 Kinematic Synthesis  

The synthesis is a method which use for designing robotic hands. In the synthesis also we 

can use absolute or relative displacement. Opposite to Forward Kinematic, in this method the 

hand topology of our robot and the task (positions of the end-effectors) are given and this time the 

joint parameters are unknown. So first the solvability must be checked. Then for the Relative 

Synthesis same as Relative Forward Kinematic, we need to find the relative displacements of end-

effectors and take them equal to relative displacement of joints. However, this time the positions 

of the end-effector are known. With solving these equations the length of each link, position of 

each joint and all other design parameters that are needed for design of the robot will be found. 

In this chapter, some of the basic kinematic definitions such as Solvability, Forward 

Kinematics, and Kinematic Synthesis were reviewed which will be used in the fallowing chapters. 

The next chapter is about various types of displacement and motion. 

  

Equation (1) 
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3 Kinematics Background  
 

3.1 Finite Displacement  

3.1.1    Rigid Motion 

Any way of moving all the points in the plane such that the distance between points and 

angle between lines remains unchanged is named Rigid Motion. Totally there are four types of 

Rigid motions, translation, rotation, reflection, and glide reflection. In the next sub-sections the 

translation and rotation will be explained. 

 

3.1.2    Pure Translation  

All points move by the same amount (Figure [7]). A translation is expressed as a 3D 

 vector: 

 

                𝑡 = {

𝑡𝑥

𝑡𝑦

𝑡𝑧

}                                            

Composition of translation is vector addition. 

 

  𝑃 = 𝑝 + 𝑡                                                                                                        Equation (3)            

 ( 𝒑         Initial position, 𝑷         Final position) 

Equation (2) 
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                                                             Figure 7 : Pure Translation 

3.1.3 Pure Rotation  

 Origin remains fixed, all other points move proportional to the distance to the fixed axis 

(Figure [8]).  A rotation is represented as an orthogonal 3D matrix. 

 

                                            [𝑅𝑥] = [
1 0 0
0 𝐶𝑜𝑠𝜃 −𝑆𝑖𝑛𝜃
0 𝑆𝑖𝑛𝜃 𝐶𝑜𝑠𝜃

]  

                                            [𝑅𝑦] = [
𝐶𝑜𝑠𝜃 0 𝑆𝑖𝑛𝜃

0 1 0
−𝑆𝑖𝑛𝜃 0 𝐶𝑜𝑠𝜃

]                              Equation (4) 

                                             [𝑅𝑧] = [
𝐶𝑜𝑠𝜃 −𝑆𝑖𝑛𝜃 0
𝑆𝑖𝑛𝜃 𝐶𝑜𝑠𝜃 0

0 0 1
] 
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                                                      Figure 8 : Pure Rotation Around X Axis 

 

 

When a point transformed by a pure rotation, new position will be found by matrix 

multiplication (Equation [5]). 

 

             𝑃 = [𝑅] × 𝑝                                                                                          Equation (5) 

  ( 𝒑         Initial position, 𝑷        Final position) 

 

3.1.4 General Motion  

The General Motion is a combination of Rotation and Translation (Figure [9]). It is equal to 

composition of Rotation plus Translation 

            𝑃 = [𝑅] × 𝑝 + 𝑡                                                                                    Equation (6) 
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We can write rotation and translation as a special 4D matrix [T]. This matrix is called a 

Homogeneous Transform Matrix.  

                                                    [𝑇] = [

0

[𝑅]

0 0

𝑡

1

]                          Equation (7) 

 

The composition of Homogeneous Transform Matrix is the matrix multiplication (Action is 

matrix-vector product) 

Because we embedded our 3D space in a 4D space, we need to define points and directions 

as a 4 parameters vector: 

                       Points : 𝑃 = {
𝑝
1

}  ,   Directions : 𝑉 = {
𝑣
0

}                       Equation (8) 

 

                                                                   Figure 9 : General Motion 
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3.2 Composition of Displacements 

In this case we just need to find a new Homogeneous Transform Matrix which is a 

combination of all displacements produced by Homogeneous Transform Matrices. That will be a 

simple matrix multiplication (Figure [10]) 

 

                 [𝑻𝟑] = [𝑻𝟏][𝑻𝟐] = [

𝟎

[𝑹𝟏]

𝟎 𝟎

𝒕𝟏

𝟏

] [

𝟎

[𝑹𝟐]

𝟎 𝟎

𝒕𝟐

𝟏

] =

                                                              [

𝟎

[𝑹𝟏][𝑹𝟐]

𝟎 𝟎

[𝑹𝟏]𝒕𝟐 + 𝒕𝟏

𝟏

]                     Equation (9) 

 

 

                          Figure 10 : Composition of Displacement 
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3.3 Inverse Displacement 

In this part we will find a relationship between original displacement and inverse 

displacement. As you can see in figure [11], transform matrix [T2] is inverse of transform matrix 

[T1].  Therefore, [T1] [T2] = [Id]. Also, because [R1] is an orthogonal matrix, so  [𝑅1]−1 =

[𝑅1]𝑇 

 

[

𝟎

[𝑹𝟏]

𝟎 𝟎

𝒕𝟏

𝟏

] [

𝟎

[𝑹𝟐]

𝟎 𝟎

𝒕𝟐

𝟏

] = [

𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎
𝟎 𝟎 𝟏 𝟎
𝟎 𝟎 𝟎 𝟏

] 

 

                                   [

𝟎

[𝑹𝟏][𝑹𝟐]

𝟎 𝟎

[𝑹𝟏]𝒕𝟐 + 𝒕𝟏

𝟏

] = [

𝟏 𝟎 𝟎 𝟎
𝟎 𝟏 𝟎 𝟎
𝟎 𝟎 𝟏 𝟎
𝟎 𝟎 𝟎 𝟏

]          Equation (10) 

 

[𝑅1][𝑅2] = [𝐼𝑑]          [𝑅2] = [𝑅1]−1 = [𝑅1]𝑇 

 

[𝑅1]𝑡2 + 𝑡1 = 0          𝑡2 = −[𝑅1]𝑇𝑡1 

 

So :              [𝑻𝟏]−𝟏 = [

𝟎

[𝑹𝟏]𝑻

𝟎 𝟎

−[𝑹𝟏]𝑻𝒕𝟏

𝟏

]                                               Equation (11) 
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                                                     Figure 11 : Inverse Displacement 

 

 

3.4 Relative Displacement 

In kinematic synthesis relative motion is used rather than general motion. As shown in 

Figure [12], the relative displacement is a displacement between two positions coordinates in the 

fixed frame. The relative displacement is found by equation [12]. 
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                               Figure 12 : Relative Displacement 

 

 [𝑇12] = [𝑇2][𝑇1]−1                   𝑊ℎ𝑒𝑟𝑒 [𝑇12] 𝑖𝑠 𝑟𝑒𝑙𝑒𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡      Equation (12) 

 

In this chapter, various types of displacement and motion such as Finite Displacement, 

Inverse Displacement, and Relative Displacement were explained which will be used in the final 

design. In the next chapter, we will talk about Mobility and Reachable Positions. 
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4 Mobility and Reachable Positions 

4.1 Number of Reachable Positions 

4.1.1 Serial Robot 

As shown in part (2-4), one of the methods for design of a robotic hand is kinematic 

synthesis. In this method we assume that we have the positions of end-effectors, then equate 

Forward Kinematics (FK) for task displacements and solve the equations for all unknowns of FK. 

This also works with relative FKs  

[𝐹𝐾1𝑖] = [𝑃1𝑖] , 𝑖 = 2, … , 𝑚    (where m is the number of positions the robot can reach defined by its topology) 

For each relative position using matrix algebra, we can write 12 equations. 6 of these 

equations are independent with 3 translational equations and 3 rotational equations. 

Using equation [13] below. The number of positions reachable by a serial R-Robot is calculated: 

6(𝑚 − 1) = 4𝑛 + 𝑛(𝑚 − 1)                                                                     Equation (13) 

 𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑗𝑜𝑖𝑛𝑡𝑠, 𝑚 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠  

Therefore, 

For a RR robot : m=3  &  we have 36 equations (18 independent equations) 

For a RRR robot : m=5  &  we have 60 equations (30 independent equations) 

For a RRRR robot : m=9  &  we have 108 equations (54 independent equations) 

For a RRRRR robot : m=21  &  we have 252 equations (126 independent equations) 

And so on. Therefore, the number of equations that we need to solve, with adding each joint to the 

chain will increase rapidly.  

Also, the number of reachable positions of the robot in the plane is calculated from equation [14] 
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𝑚 =
𝑟+3

3−𝑟−𝑡
                                                                               Equation (14) 

 𝑟 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑒 𝑗𝑜𝑖𝑛𝑡𝑠, 𝑡 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑟𝑖𝑠𝑚𝑎𝑡𝑖𝑐 𝑗𝑜𝑖𝑛𝑡𝑠        

For any 𝑟 + 𝑡 ≥ 3 the robot can reach to any position in plane 

 

4.1.2 Tree Topology  

To find the maximum number of reachable positions for a tree topology, first we need to 

find the number of subgroups of that tree and then find the number of positions for each subgroup 

with equation [15]. The maximum number of reachable positions will be equal to minimum 

number of positions of these subgroups. For finding all subgroups, we need to eliminate edges 

one by one from the tree topology and make new subgroups. 

𝑚 =
𝐷𝑠

𝑒.𝐸−𝐷𝑐
𝑛.𝐵

𝐷𝑒𝑒
𝑛 .𝐵−𝐷𝑗

𝑒.𝐸
+ 1                                               Equation (15) 

Where, 

𝑫𝒔
𝒆 : Vector containing number of structural variables for each edge 

𝑬 : Vector of 1’s for edges 

𝑫𝒄
𝒏  : Vector of extra constraints for each branch 

𝑩 : Vector of 1’s for branches 

𝑫𝒆𝒆
𝒏  : Vector of Degree of freedom for End-Effector 

𝑫𝒋
𝒆 : Vector wit number of joint variables per edge  
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4.2 Mobility Equations  

We can find the degree of freedom (Mobility) of mechanisms with below equations: 

 

A) Mobility equation in the plane [14] : 

𝑀 = 3(𝑛 − 1) − 2𝑗𝑝 − 𝑗ℎ                                                        Equation (16) 

𝑛 = Total number of links in the mechanism  

 𝑗𝑝 = Total number of lower pair𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑒 ∗ (R − joint, P − joint) 

𝑗ℎ = Total number of higher pairs ∗∗ (Gear pair, Cam pair)  

 

 *  Lower pairs:  

In Plane : Revolute Joint (R),Prismatic Joint(P) 

In Space : Cylindrical Joint, Universal Joint, Spherical Joint, Helical Joint, Plane Pair 

**  Higher pairs: 

 

                       Gear Pair :                                                                 Cam Pair : 

                                                        

                                                                                       Figure 13 : Higher Pairs 

      

   



 
 

21 
 

 

B) The General Equation For degree of freedom (Mobility) : 

𝑀 = 𝐷(𝑛 − 1) − ∑ (𝐷 − 𝑓𝑖)
𝑗
𝑖=1                                              Equation (17) 

𝐷 = 𝑑𝑖𝑚𝑒𝑛𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑏𝑔𝑟𝑜𝑢𝑝 𝑜𝑓 𝑚𝑜𝑡𝑖𝑜𝑛(3 𝑓𝑜𝑟 𝑝𝑙𝑎𝑛𝑒, 6 𝑓𝑜𝑟 𝑠𝑝𝑎𝑐𝑒)  

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑛𝑘𝑠  

𝑗 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑗𝑜𝑖𝑛𝑡𝑠  

𝑓𝑖 = 𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 𝑗𝑜𝑖𝑛𝑡 𝑖  

 

4.3 Various Mobility Cases for Planar Robots 

4.3.1 Reduced Mobility or Constrained Robot  

 When the DOF of the robot is less than the DOF of space, the robot can move but there are 

some barrier for designing. In this case, the robot mainly can perform a task with less DOF.   

4.3.2 Full Mobility Robot  

 When the DOF of robot is equal to DOF of space, robot can reach all the positions. 

4.3.3 Redundant Robot  

When the DOF of robot is more than DOF of space, even with some constrains, robot can 

reach all the positions. Actually, this allows the designer to more configurations for a 

single end-effector position, avoiding obstacles, etc.  

4.3.4 Over Constrained Robot 

When the mobility of a robot is less than zero (M <0), that means this robot can’t move 

(locked). Therefore, we need to eliminate some constraints or change the work space 

(for example maybe a robot be over constrained in space when it can move in plane).  
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4.4 Closed Chains 

Closed Chain or Hybrid Chain is when there is more than one path along the chain to reach 

the end-effector. In Figure [14] a 2R serial Robot and a 4R Closed Chain Robot are shown: 

    

     

                              Figure 14 :   A) RR Serial Robot   B) RRRR Closed Chain Robot 

 

Now if we calculate the mobility of these two mechanisms in space, we show that the 4R 

closed chain is an Over Constrained linkages and just movable for some special geometries.  

A) Serial 2R        𝑀6 = 6(3 − 1) − 2(6 − 1) = 2 

 

B) Closed 4R      𝑀6 = 6(4 − 1) − 4(6 − 1) = −2 

 

 

In the next two sections, two special geometries for a 4R Closed Chain Robot which is movable 

are explained. 

 

A B 



 
 

23 
 

4.4.1 Planar Case  

As shown in part 4-3-1, a Constrained Robot can change to a movable robot with a decrease in the 

DOF of work space. Here we will make our robot with four parallel revolute joints (Figure [15]). 

When all four revolute joints in a RRRR closed chain are parallel to each other, we can consider it 

as a planar case. So mobility in this special case becomes equal to one. Therefore, it will be 

solvable. 

Mobility of Planar Closed 4R Robot:         𝑀3 = 3(4 − 1) − 4(3 − 1) = 1    

 

                               

                                        Figure 15 : RRRR close chain parallel Robot 
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4.4.2 Bennet Linkage  

Another famous movable special geometry for a RRRR closed chain robot is called 

Bennet Linkage. For Bennet Linkages [15], [16], we need to have some relations between angle and 

distance of revolute joints. According to parameters in the Figure [16], for bennet linkage we need 

to have the following two equations.  

1.      
𝒂

𝑺𝒊𝒏 𝜶 
=

𝒈

𝑺𝒊𝒏 𝜸
                                                                                              Equation (18) 

2.     G . H = W . U                                                                                           Equation (19) 

 

                             

                                                      Figure 16: Bennet Linkage 

 

In this chapter, equations for calculating the number of reachable positions and degree of 

freedom were explained. Also, various type of mobility cases were defined. Next chapter, will be 

talked more about different types of robotic hands.   
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5 Robotic Hands 

5.1 Human Hand 

In this part we analyze a real human hand. In Figure [17] is shown skeleton of a human hand. 

• The human hand has five fingers and 27 bones, not including the sesamoid bone [1]. (29 

including the sesamoid bone) 

• The human hand has 27 degrees of freedom [2]  

• Four DOF for each finger, three for extension and flexion and one for abduction and 

adduction  

• The thumb is more complicated and has five degrees of freedom  

• Leaving 6 DOF for the rotation and translation of the wrist 

 

 

          Figure 17 : Joints and Bones in human hand 
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5.2 Problems with designing a robotic hand similar to human hand 

According to part 4-1, the addition of revolute joints to the robotic design result in a 

dramatic increase of the number of equations. Therefore, designing a robotic hand with same 

shape as human hand becomes challenging. 

 

Also as shown in 5-1, a human hand has 27 DOF. Therefore to design a robotic hand with 

the same shape of the human hand, at least we need 27 actuators (motors), because we need one 

actuator for each DOF. A robotic hand with at least 27 actuators is also too heavy compared to a 

human hand (for male 0.65% & for female 0.5% of total body [3] weight which become about 0.5 

Kg). Another problem with the large number of actuators is space limitation. The only space 

available for actuators is in the palm of the robotic hand which is a small space for 27 regular 

actuators. Also the price of small actuators is high so the final design with this actuators would be 

expensive. 
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5.3 Various Robotic Hands 

5.3.1 Commercial Robotic Hands  

 A good example of a robotic hand with advanced technology is Barret Hand (Figure [18]). 

Barret hand is a 3-fingered robotic hand which is available on the market. This robot uses small 

actuators and advanced technology and is able to do combination of many different movements. 

However, its high price makes it disadvantaged for common use.  

 

                             

                                                        Figure 18 :  Barret Hand 

                                                                                                                                                                              

 

 

 



 
 

28 
 

5.3.2 Robotic Hands with External Actuators 

 In this method, the user carries the actuators in a bag pack and they are connected to the 

joints with wire. However, because the user always needs to carry a bag pack, maybe that is not 

very comfortable in long time! 

 

                                   

                                                                Figure 19 : Scott-Hand 

5.3.3 Simple Robotic Hand Design 

The final aim for designing a robotic system is making an artificial mechanism which is 

capable of performing a particular tasks. About the robotic hand, usually we want to make a 

mechanism which is able to perform specific tasks similar to the human hand. For instance, 

grasping something or showing a sign. As a result, the best design is a design where the robotic 

hand using any hand topology can perform the task with less complexity and fewer actuators. So, 

if we can design a robotic hand with only one DOF, it needs only one actuator and therefore 

would be advantageous to pervious methods (price, weight, space, etc.) 
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6 Design of a Simple Wristed, Five-Fingered Robotic 

Hand 

6.1 Introduction 

In this chapter we discuss designing a simple robotic hand with minimum DOF. We will 

use the basic knowledge from previous chapters and design the process step by step followed by 

an example for clarification. First of all, we need to select a hand topology for our robot and find 

solvability. Then, define a specific task for the hand. Finally, in this chapter, I will talk about two 

different methods which we use for connectivity between joints in the wrist and fingers. 

 

 

6.2 Hand Topology and Solvability 

As we saw in part 5.3.3, usually the simpler hand design with less number of joints and 

minimum DOF will be better design. By this we mean, if a hand topology with just one DOF can 

perform the task for us, it will by definition be one of the best designs.  

Also, from Solvable multi-fingered hands for exact kinematic synthesis by A. Makhal and 

A. Perez-Gracia [6], it can be seen that the family of one-jointed hands is solvable for many 

topologies. We can find the number of positions solvable by the robot using equations [13], [14] 

and [15]. You can see the family of wristed-robotic hands with one joint for each finger in Table 

[1]. For more than five fingers, number of reachable positions for the robot becomes less than 

two, which means that the robot just reaches to one position and making it useless. In this family, 

the number of reachable positions of the last one, a five finger robotic hand, is sufficient for pick-

and-place or showing two signs with fingers. Additionally, it is the most similar to a human hand 

with sufficient fingers for grasping objects properly or showing various types of common signs. 
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                       Table 1 : Family of wristed-robotic hand with one joint for each finger 

 

 

Graph 

 

 

 

 

 

 

 

 

 

 

Number 

 of  

Fingers 

 

     1-Finger 

 

      2-Finger 

 

      3-Finger 

 

      4-Finger 

 

     5-Finger 

Hand 

Topology 

1 − (1) 1 − (1,1) 1 − (1,1,1) 1 − (1,1,1,1) 1 − (1,1,1,1,1) 

Reachable 

Positions 

           

        m=3 

        

        m=2.33 

        

        m=2.14 

          

       m=2.05 

         

         m=2 

Solvability     Solvable       Solvable        Solvable        Solvable      Solvable 

 

 

6.3 Task 

The final goal of this project is designing a robotic hand which can pick and place an object 

or show a sign with fingers. In this case we need to have two sets of data for positions of the end-

effectors. We use Motion Capture System to record these data. The Motion Capture System is a 

set of high speed cameras which can record the positions and orientations of points in space. As 

you can see in the Figure [20], we stick a sensor to each end-effector and one sensor to 

somewhere on the forearm (fixed point) as the Rote Node which allows for comparison of 

position and orientation of each point to the Rote Node as Origin. We selected two different 

finger signs as a task for the robot as shown in Figure [21]. The data for positions of the end-

effector for this task are given in the Table [2].   
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                                                    Figure 20 : Motion Capture System 

 

      Table 2 : Initial and final position of fingertips (End-Effectors) in dual quaternion form 

   

Finger 

 

              

                Initial Position 

                    

                     Final Position 

 

Finger 1 

 

−0.30 − 0.26𝑖 + 0.30𝑗 + 0.87𝑘 +
𝜀(−3.81𝑖 − 3.38𝑗 + 3.90𝑘 − 3.70)  

 

 

−0.08 + 0.05𝑖 − 0.14𝑗 + 0.98𝑘 +
𝜀(−1.70𝑖 − 0.65𝑗 − 5.05𝑘 − 0.85)  

 

Finger 2 

 

 −0.13 − 0.04𝑖 + 0.17𝑗 + 0.97𝑘 +
𝜀(−6.14𝑖 − 1.71𝑗 + 7.99𝑘 − 2.33)  
 

 

0.03 − 0.01𝑖 − 0.08𝑗 + 1.00𝑘 +
𝜀(3.00𝑖 − 1.28𝑗 − 7.48𝑘 − 0.71)  
 

 

Finger 3 

 

−0.25 − 0.04𝑖 + 0.97𝑘 +
𝜀(−2.32𝑖 − 0.39𝑗 − 0.63)  
 

 

−0.04 − 0.01𝑖 + 0.11𝑗 + 0.99𝑘 +
𝜀(−3.27𝑖 − 0.45𝑗 + 9.16𝑘 − 1.18)  

 

Finger 4 

 

−0.19 + 0.05𝑖 + 0.98𝑘 +
𝜀(−2.35𝑖 + 0.64𝑗 + −0.48)  

 

−0.09 − 0.02𝑖 + 0.24𝑗 + 0.97𝑘 +
𝜀(−2.68𝑖 + 0.63𝑗 + 8.26𝑘 − 2.31)  

 

 

Finger 5 

 

−0.07 + 0.02𝑖 + 0.08𝑗 + 0.99𝑘 +
𝜀(−5.86𝑖 + 1.34𝑗 + 6.91𝑘 − 1.03)  
 

 

0.09 − 0.002𝑖 − 0.29𝑗 + 0.95𝑘 +
𝜀(1.14𝑖 − 2.26𝑗 − 6.35𝑘 − 2.09)  
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                                            Figure 21 : Two Finger signs as a task for robot 

6.4 Methodology of Finding the Positions and Orientations of Joints  

In this section, there is a general information about the method we will use in the next 

section. Here we use synthesis methods to find the positions of the joints. In this method we need 

to know the task generated by the positions of end-effectors from motion capture system. Here we 

prefer to use the quaternion form of positions rather than matrix form, so using Mathematica 

transform the positions to dual quaternion form (Table [2]). After this step, we need to find the 

relative displacements, since each fingertip reach to only two positions, there will be just one 

relative displacement for each finger. Then relative displacements are set equal to relative 

Forward Kinematic and because the last component of the dual quaternion for each joint solution 

must be equal to zero, we will have 5 new set of equations. With eliminating the common part 

from equations (𝑐𝑜𝑡
∆𝜃0

2
), they result in four sets of equations (Equation [33]). In addition, we 

have two extra constraint equations for the wrist screw (Equation [34]). On the other hand, we 

have six unknowns for the wrist. With solving these equations at same time, we find the dual 

quaternion of joint of the wrist. Finally, with using the information from joint of the wrist and 

connection between this joint and all joints of the fingers, we can make new sets of equations 

between the joints of fingers and joint of the wrist and solve them to find the dual quaternion form 

of the joints of the fingers as well (Equation [28]). In reality, we need to add some constraints to 

make the design as the shape we want. 
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6.5 Constrain the Motion 

There are two popular methods to make a connection between joints in a robotic hand. In 

this project, we work on both methods and the following parts will explain each of these methods 

in planar case and spatial case. 

 

6.5.1 Pulley and Belt System in Plane 

In this method, due to space limitations in the area where the fingers connect to the palm, 

we will use one revolute joint with a standard size and shape for each finger. On the other side, 

we will use a pulley system in the wrist (Figure [22]). Therefore, our design has one revolute 

joint in complex with five pulleys with various ratios. All revolute joints in fingers are connected 

to this pulley system with belts. Therefore, when the pulley system connects to an actuator and 

rotates, each finger will move in specific ratio-metric form. Therefore, for any given task, we can 

calculate and design a different pulley system with a different radius within each pulley (Figure 

[23], Equation [20]). Also, in the final design between the wrist and each finger we added two 

extra rollers which allow us to change direction of belts to desired way. 

                                             

                                                              Figure 22 : Pulley System 
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                                      Wrist                                   Finger 

                                          𝑺𝟏                                        𝑺𝟐 

POS 1                                                            

                                               𝜽𝟏
𝟏                                           𝜽𝟐

𝟏 

                                

                                           𝑺𝟏                                         𝑺𝟐 

POS 2                                    𝜽𝟏
𝟐                                              𝜽𝟐

𝟐    

 

 

 

 

𝒓𝒂𝒕𝒊𝒐 =
∆𝜽𝟏

∆𝜽𝟐
=

𝒓𝒑𝒖𝒍𝒍𝒆𝒚𝟐

𝒓𝒑𝒖𝒍𝒍𝒆𝒚𝟏
                                                              Equation (20)                                

 

 

6.5.2 Result of in Plane Pulley Belt System  

In the section 6.4, it was explained how we can find the positions of wrist and fingers 

joints. We then proceeded to find the positions of guide rollers when the length of belt between 

the pulleys become minimum, the guide rollers don’t have any intersection with rollers and 

joints, and they are in a specific area (palm). For getting to final design, it is necessary to add 

some extra constraints too. Let us start with a simple example. As you can see in the Figure [24], 

the Pulley C1 connected to Pulley C2. In this figure we assume position of C1, radius R1 and R2 

are known. In this problem we want to find the position of C2 when the length of t1t21 become 

minimum (α1 and α21 are unknown). 

 

Figure 23 
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                                                                          Figure 24 

 

First we need to find t1 and t21 from equations [21] and [22]. 

t1=c1 + {R1*Cos [α1], R1*Sin [α1]} 

t21 = c2 + {R2 ∗ Cos [α21], R2 ∗ Sin [α21]}  

Then from equations [23], [24], and [25], we can find a formula for length of t1t21.  

  
t1c1 =  t1 −  c1  

t21c2 =  t21 −  c2  

 

t1t21 = [(c2 + t21c2) − (c1 + t1c1)]. [(c2 + t21c2) − (c1 + t1c1)]  

 

Now let us go back to our five fingered hand and continue with that. As you can see in 

the Figure [25], there are four pulleys for each finger in the real case. Therefore, we will have 

three belt length calculation same as equation [25] for each finger (Equation [26]). 

 

𝐿𝑒𝑛 1 =  [t1t21 + t23t32 + t34t4]  

 

Equation (21) 

Equation (22) 

Equation (23) 

Equation (24) 

Equation (25) 

Equation (26) 
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Then we can write the same equation for all five finger and solve them at same time for 

minimum length of belt to find the positions of the guide rollers (Equation [27]). 

 

𝑎 = Minimize[{len1 + len2 + len3 + len4 + len5}, {x21, x31, y21   

, y31, α11, α211, α231, α321, α341, α41, x22, x32, y22, y32, α12, α212  

, α232, α322, α342, α42, x23, x33, y23, y33, α13, α213, α233, α323, α343,  

              α43, x24, x34, y24, y34, α14, α214, α234, α324, α344, α44, x25, x35, y25,  

y35, α15, α215, α235, α325, α345, α45}]  

 

As it mentioned before for preventing the intersection between pulleys and rollers, we 

can add several extra constraints to Equation [27] and then solve it for minimum length of belt 

(Equations [28]).  

 

con1 = (c21 − c22). (c21 − c22) − (R21 + R22 + 0.2)^2  

Equation (27) 

Equation (28) 
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                                                                     Figure 25 

 

 

 

6.5.3 Pulley and Belt System in Space 

In the process of modeling this system, there were many problems. The first problem was 

the connection between pulleys and belts. Actually, when two revolute joints (wrist & a finger) 

are not in the same plane and they are not parallel to each other, the twist force over belt causes it 

to come out of the rail during rotation (Figure [26]). For solving this problem first we designed a 

new pulley with covered parts which prevented the belt from coming out of the rail (Figure [27]). 
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                                                                                    Figure 26 

 

  

                                                                            Figure 27 

 

However, this new designed only allows the pulley to rotate for 45° and after that the 

covered edges prevent the belt from moving around the pulley.  

 

Common Pulley 

 

New Designed Pulley 
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A solution for this problem is mixing three revolute joints ( each one can rotate around 

one axis) and made a complex joint (Figure [28]). Because this joint is free to rotate in any 

direction, the twist force by the belt causes two joints to rotate and stay in the same plane. By 

changing the position and oriantation of the joints, they can adapt themselves to new conditions. 

Using this design, the belts remain within the joints. Because of rotation, angular velocity of each 

joint and the belt velocity will be different. In this project we just analyzed the pulley and belt 

system up to this point and leave it for more research in future work.  

                                          

                                                                               Figure 28 

 

 

6.5.4      Linkage System in Space 

As shown before, in reality during design of a robotic hand for showing several sings or 

grasping something, we usually encounter a spatial case. We present description of one finger 

and after that we will analyze the whole hand at once. In this design we use one joint for each 

finger which is connected to the one common joint in the wrist. So, we have a serial RR robot for 
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each finger. As we know from chapter 4, this robot has 2 DOFs and according to the final aim 

we want to design a robot with just one DOF. Therefore, we can use the same trick that we used 

in the planar case and with adding some links to system decrease the number of DOFs. 

 

 One of the simplest linkages we can use in this case is a four bar linkage. As we saw in 

chapter 4 the mobility of this linkage in space is negative (Over Constrained Robot) and just 

movable in some special cases (parallel or Bennet linkage). Because in designing a hand we 

can’t put the finger joints and wrist joint parallel to each other, the Bennet linkage will be the 

best option. 

 

For linkage systems in space, same as pulley-belt system, we used synthesis method. 

Thus, using the positions of end-effectors in space from motion capture system. After 

transforming the positions of end-effectors to dual quaternion, we calculated the relative 

displacements. Because this hand has five fingers (five end-effectors), we have four relative 

displacements. The relative displacement of each end effector will be equal to relative 

displacement of the wrist multiplied by the relative displacement of finger joint of the same end 

effector [7], as shown in equation [29]. In this equation we have used exponential model of joints 

relative displacement.  

 

     𝑒 𝑆̂𝑗

∆𝜃𝑗

2 = (𝑒𝑆̂0
∆𝜃0

2 ) ∗ 𝑃̂𝑗                                               Equation (29) 

 * Donates the conjugate unit dual quaternion 

 

From [7], we can expand equation [29] and extract equation [30],   
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(𝑐𝑜𝑠 
∆𝜃𝑗

2
+ 𝜀𝑠𝑖𝑛

∆𝜃𝑗

2
) 𝑆̂𝑗 = (𝑐𝑜𝑠 

∆𝜃0

2
− 𝑠𝑖𝑛

∆𝜃0

2
𝑆0) (𝑝𝑗0 + 𝜀𝑝𝑗7 + 𝑃𝑗) 

      𝑗 = 1, … . ,5                                                                       Equation (30) 

 

 

Where, 

 

𝑆̂𝑗 = 0 + 𝜀0 + 𝑆𝑗 = 0 + 𝑠𝑗𝑥𝑖 + 𝑠𝑗𝑦𝑗 + 𝑠𝑗𝑧𝑘 + 𝜀(𝑠𝑗𝑥
0 𝑖 + 𝑠𝑗𝑦

0 𝑗 + 𝑠𝑗𝑧
0 𝑘 + 0) 

                                                                                                                              Equation (31) 

 

 

According to equation [30], the last component of the dual quaternion must be equal to 

zero for each joint solution. As a result, the second part of equation [29], (𝑒𝑆̂0
∆𝜃0

2 ) ∗ 𝑃̂𝑗 to have 

also last component equal to zero and creates one equation on the parameters of the first axis 𝑆0 

from each finger equations [7], 

 

𝑐𝑜𝑠 
∆𝜃0

2
𝑝𝑗7 + 𝑠𝑖𝑛

∆𝜃0

2
(𝑠0. 𝑃𝑗

0 + 𝑠0
0. 𝑃𝑗) = 0,      𝑗 = 1, … . ,5  

                                                                                                                 Equation (32) 

 

Or 

 

𝑐𝑜𝑡
∆𝜃0

2
=

−(𝑠0.𝑃𝑗
0+𝑠0

0.𝑃𝑗)

𝑝𝑗7
 ,           𝑗 = 1, … . ,5                 Equation (33) 
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Because  𝑐𝑜𝑡
∆𝜃0

2
 is same for all five equations, we can eliminate it and end up with four 

linear equations in the Plucker coordinates of the axes (equation [34]) plus two Plucker 

constraints (equation [35]) and solve them for six unknown parameters. 

 

 

 

 

(𝑠0.𝑃𝑗
0+𝑠0

0.𝑃𝑗)

𝑝𝑗7
=

(𝑠0.𝑃𝑗+1
0 +𝑠0

0.𝑃𝑗+1)

𝑝(𝑗+1)7
,      𝑗 = 1, … . ,4            Equation (34) 

 

 

𝑠0. 𝑠0 = 1,     𝑠0. 𝑠0
0 = 0                                                Equation (35) 

 

With solving these equations, we will find four solutions which two of them are repeated 

because of double covering of SO(3), so finally we will have two different solutions. For each of 

these solutions, we calculate the value of 𝜃0 from equation [33]. Then, with these value, we can 

make the quaternion form of  𝑠0 (wrist axis) and find the quaternion of each finger axis from 

equation [29].  

 

With finding the positions and orientations of wrist and finger axis, now we just need to 

find the position and orientation of the extra joints of Bennet Linkage for each finger. In this case 

we have 14 unknown (10 independent) and 17 equations (10 independent), five Bennet Linkage 

constraint equations (equations [18], [19]), relative displacement equality between wrist-finger 

joints and two other joints (8 equations) and four Plucker constraint equations (Equation [36]). 

 

Rel01= quatmultSep [S0,S1]    

Rel3141= quatmultSep [S31, S41] 

Eq01= (Rel3141-Rel0) = 0     

                     

Equation (36) 
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In the next step, we solve these equations and find the positions and orientations of whole 

joints of the hand. For getting to this aim, one of the Matlab toolboxes (optimtool) were used. 

fsolve-Nonlinear equation solving and Levenberg-Marquardt were chosen as the solver and 

algorithm respectively. The final error was less than 10−15, so we can disregard it. You can see 

the dual quaternion form of all four joints of Bennet Linkage for each finger in Table [3] and 

Table [4] for first and second solution respectively. Notice the first joint for all Bennet Linkage 

is for the wrist, so it will be similar for all fingers. 
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Table 3 : Dual quaternion form of all four joints of Bennet Linkage for all fingers for the First 
solution 

First Finger 

 

Wrist Joint 0.08 + 0.02𝑖 − 0.37𝑗 + 0.92𝑘 + 𝜀(−23.64𝑖 + 16.52𝑗 − 3.93𝑘) 

Finger Joint −0.28 − 0.40𝑖 + 0.47𝑗 + 0.73𝑘 + 𝜀(19.87𝑖 − 26.52𝑗 − 10.56𝑘) 

Bennet 13 Joint 0.23 + 0.01𝑖 + 0.09𝑗 + 0.95𝑘 + 𝜀(0.01𝑖 + 0.03𝑗 + 0.26𝑘) 

Bennet 14 Joint 0.06 + 0.03𝑖 + 0.08𝑗 + 1.00𝑘 + 𝜀(0.003𝑖 + 0.04𝑗 + 0.03𝑘) 

Second Finger 

 

Wrist Joint 0.08 + 0.02𝑖 − 0.37𝑗 + 0.92𝑘 + 𝜀(−23.64𝑖 + 16.52𝑗 − 3.93𝑘) 

Finger Joint −0.15 − 0.10𝑖 + 0.46𝑗 + 0.87𝑘 + 𝜀(21.11𝑖 − 23.19𝑗 + 2.07𝑘) 

Bennet 23 Joint 0.27 + 0.10𝑖 + 0.35𝑗 + 0.89𝑘 + 𝜀(0.12𝑖 + 0.23𝑗 + 0.32𝑘) 

Bennet 24 Joint 0.15 + 0.16𝑖 + 0.09𝑗 + 0.98𝑘 + 𝜀(0.02𝑖 + 0.02𝑗 + 0.04𝑘) 

Third Finger 

 

Wrist Joint 0.08 + 0.02𝑖 − 0.37𝑗 + 0.92𝑘 + 𝜀(−23.64𝑖 + 16.52𝑗 − 3.93𝑘) 

Finger Joint −0.34 − 0.15𝑖 + 0.45𝑗 + 0.81𝑘 + 𝜀(14.87𝑖 − 19.07𝑗 + 5.06𝑘) 

Bennet 33 Joint 0.001 + 0.005𝑖 + 0.002𝑗 + 1.00𝑘 + 𝜀(0.003𝑖 + 0.001𝑗 + 0.004𝑘) 

Bennet 34 Joint 0.04 + 0.11𝑖 + 0.12𝑗 + 0.99𝑘 + 𝜀(0.12𝑖 + 0.08𝑗 + 0.01𝑘) 

Forth Finger 

 

Wrist Joint 0.08 + 0.02𝑖 − 0.37𝑗 + 0.92𝑘 + 𝜀(−23.64𝑖 + 16.52𝑗 − 3.93𝑘) 

Finger Joint −0.35 − 0.02𝑖 + 0.56𝑗 + 0.75𝑘 + 𝜀(12.97𝑖 − 19.90𝑗 + 7.13𝑘) 

Bennet 43 Joint 0.25 + 0.07𝑖 + 0.13𝑗 + 0.93𝑘 + 𝜀(0.23𝑖 + 0.28𝑗 + 0.03𝑘) 

Bennet 44 Joint 0.09 + 0.07𝑖 + 0.05𝑗 + 0.99𝑘 + 𝜀(0.04𝑖 + 0.04𝑗 + 0.03𝑘) 

Fifth Finger 

 

Wrist Joint 0.08 + 0.02𝑖 − 0.37𝑗 + 0.92𝑘 + 𝜀(−23.64𝑖 + 16.52𝑗 − 3.93𝑘) 

Finger Joint −0.05 − 0.03𝑖 + 0.16𝑗 + 0.98𝑘 + 𝜀(23.19𝑖 − 14.98𝑗 + 4.67𝑘) 

Bennet 53 Joint 0.05 + 0.02𝑖 + 0.09𝑗 + 0.99𝑘 + 𝜀(0.02𝑖 + 0.02𝑗 + 0.02𝑘) 

Bennet 54 Joint 0.03 + 0.06𝑖 + 0.05𝑗 + 0.99𝑘 + 𝜀(0.14𝑖 + 0.06𝑗 + 0.03𝑘) 
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Table 4 : Dual quaternion form of all four joints of Bennet Linkage for all fingers for the Second 
solution 

First Finger 

 

Wrist Joint −0.49 + 0.40𝑖 − 0.46𝑗 + 0.63𝑘 + 𝜀(−5.44𝑖 − 0.56𝑗 + 5.39𝑘) 

Finger Joint 0.29 − 0.75𝑖 + 0.21𝑗 + 0.55𝑘 + 𝜀(3.50𝑖 − 2.19𝑗 − 12.61𝑘) 

Bennet 13 Joint 0.07 + 0.18𝑖 + 0.17𝑗 + 0.93𝑘 + 𝜀(0.24𝑖 + 0.26𝑗 + 0.28𝑘) 

Bennet 14 Joint 0.11 + 0.26𝑖 + 0.25𝑗 + 0.92𝑘 + 𝜀(0.06𝑖 + 0.05𝑗 + 0.19𝑘) 

Second Finger 

 

Wrist Joint −0.49 + 0.40𝑖 − 0.46𝑗 + 0.63𝑘 + 𝜀(−5.44𝑖 − 0.56𝑗 + 5.39𝑘)  

Finger Joint 0.41 − 0.52𝑖 + 0.44𝑗 + 0.61𝑘 + 𝜀(4.57𝑖 − 3.16𝑗 − 7.88𝑘) 

Bennet 23 Joint 0.33 + 0.10𝑖 + 0.38𝑗 + 0.91𝑘 + 𝜀(0.14𝑖 + 0.08𝑗 + 0.10𝑘) 

Bennet 24 Joint 0.08 + 0.06𝑖 + 0.04𝑗 + 0.99𝑘 + 𝜀(0.10𝑖 + 0.07𝑗 + 0.07𝑘) 

Third Finger 

 

Wrist Joint −0.49 + 0.40𝑖 − 0.46𝑗 + 0.63𝑘 + 𝜀(−5.44𝑖 − 0.56𝑗 + 5.39𝑘) 

Finger Joint 0.25 − 0.58𝑖 + 0.37𝑗 + 0.68𝑘 + 𝜀(−4.06𝑖 − 3.10𝑗 − 2.13𝑘) 

Bennet 33 Joint 0.08 + 0.22𝑖 + 0.09𝑗 + 0.97𝑘 + 𝜀(0.03𝑖 + 0.19𝑗 + 0.09𝑘) 

Bennet 34 Joint 0.06 + 0.10𝑖 + 0.02𝑗 + 0.97𝑘 + 𝜀(0.03𝑖 + 0.23𝑗 + 0.23𝑘) 

Forth Finger 

 

Wrist Joint −0.49 + 0.40𝑖 − 0.46𝑗 + 0.63𝑘 + 𝜀(−5.44𝑖 − 0.56𝑗 + 5.39𝑘) 

Finger Joint 0.16 − 0.56𝑖 + 0.51𝑗 + 0.63𝑘 + 𝜀(−3.19𝑖 − 1.75𝑗 − 0.88𝑘) 

Bennet 43 Joint 0.21 + 0.20𝑖 + 0.16𝑗 + 0.97𝑘 + 𝜀(0.09𝑖 + 0.20𝑗 + 0.13𝑘) 

Bennet 44 Joint 0.09 + 0.24𝑖 + 0.22𝑗 + 0.97𝑘 + 𝜀(0.14𝑖 + 0.16𝑗 + 0.15𝑘) 

Fifth Finger 

 

Wrist Joint −0.49 + 0.40𝑖 − 0.46𝑗 + 0.63𝑘 + 𝜀(−5.44𝑖 − 0.56𝑗 + 5.39𝑘) 

Finger Joint 0.58 − 0.27𝑖 + 0.32𝑗 + 0.70𝑘 + 𝜀(3.30𝑖 − 2.33𝑗 − 8.00𝑘) 

Bennet 53 Joint 0.19 + 0.05𝑖 + 0.11𝑗 + 0.90𝑘 + 𝜀(0.18𝑖 + 0.26𝑗 + 0.11𝑘) 

Bennet 54 Joint 0.28 + 0.33𝑖 + 0.10𝑗 + 0.88𝑘 + 𝜀(0.05𝑖 + 0.14𝑗 + 0.15𝑘) 
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Finally, we can start to model the hand with one of the CAD software. In this project we 

use SolidWorks for modeling. As you can see in the Figure [29], we have 20 links and 16 joints 

which is really difficult and time consuming to model and assemble it. Therefore, in this project 

with help of Macro in SolidWorks and automatic hand and skeleton design program [9], I designed 

a five finger hand with one revolute joint for each finger and one common revolute joint in the 

wrist (Figure [30]).  

 

 

                 

                      

                                            Figure 29 : Five finger robotic hand with Bennet Linkage 
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Figure 30 : SolidWorks Model of a five finger hand with one revolute joint for each finger 
and one common revolute joint in the wrist in the First position 
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In this chapter, first hand topology and solvability was checked for the robot and task was 

defined. Then, two different types of constrain the motion for planar case and spatial case were 

analyzed. Finally, a five-fingered robotic hand with using bennet linkage was designed.  
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7 Conclusions 
In this project we design a five finger robotic hand with one revolute joint for each finger 

and one revolute joint in the wrist. We selected this hand topology for our robot to decrease the 

DOFs. Since in this robot, each finger can reach to two positions, this robot can perform simple 

tasks such as pick and place an object or showing two signs with fingers.  

 

On the other hand, we analyze two methods for connection between joints, Pulley-Belt 

System and Linkage System, in the planar case and spatial case. Finally, we designed a hand 

which could show two different signs using Bennet Linkages for finger and wrist connections. 

 

In the Pulley-Belt System, we chose a pulley system in the wrist with five different ratio 

with each one connecting to a revolute joint in a finger. The joints in the fingers had the same 

size, so while rotating the pulley system in the wrist, all fingers moved with various ratios to 

perform the task. Therefore, to perform different tasks we just need to change the pulley system. 

However, in the Linkage System, for designing a hand to perform different task, we need to 

design a new Bennet Linkage, change the length of links and angle between joints.  

 

In future, we decide to work on Pulley-Belt System in the space and find the relation 

between joints and belt angular velocity. Try to design an adjustable pulley system in the wrist 

which we can easily switch to different tasks. On the other side, we have plan to design a hand to 

perform more complicated tasks with using Bennet Linkage or other Linkage systems.  
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