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Abstract: In this paper, a modular underactuated multi-fingered robot hand is proposed. The robot 12 

hand can be freely configured with different number and configuration of modular fingers according 13 

to the work needs. Driving motion is achieved by the rigid structure of the screw and the connecting 14 

rod. A Finger connecting mechanism is designed on the palm of the robot hand to meet the needs of 15 

modular finger’s installation, drive, rotation, and sensor connections. The fingertips are made of 16 

hollow rubber to enhance the stability of grasping. Details about the design of the robot hand and 17 

analysis of the robot kinematics and grasping process are described. Lastly, a prototype is developed 18 

and a grab test is carried out. Experimental results demonstrate that the structure of proposed modular 19 

robot hand is reasonable, which enables the adaptability and flexibility of the modular robot hand to 20 

meet the requirements of various grasping modes in practice. 21 

 22 
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 24 

1 Introduction 25 

With the development of robotics, providing robots with a pair of smart hands has gradually 26 

become a research topic of great interest. Multi-finger dexterous hands have more contact points with 27 

objects. If appropriate gripping methods and algorithms are adopted, theoretically, the grasping and 28 

manipulation of objects of any shape can be completed. Therefore, the multi-finger robot hand can 29 

perform the grasping and manipulation of various complicated-shape objects with high speed, 30 

stability, and reliability without replacing the end effector. 31 

At present, robot hands can be divided into two kinds according to their driving modes: fully 32 

actuated robot hand and underactuated robot hand. Among them, the fully actuated robot hand has 33 

independent driving sources at each finger joint, and each joint can be independently controlled. The 34 

advantage of full-drive is that the robot hand has higher controllability. In particular, when the robot 35 

hand grasps an object, it can control the gripping process more precisely by controlling the speed and 36 

movement angle of the joint, so that the robot hand can grasp the target almost perfectly. There are 37 

some typical fully actuated robot hands: such as Gifu-III [1, 2] from Japan's Gifu University, the 38 

Dexhand robot hand [3] developed by German Aerospace Center, Robonaut 2 [4, 5] developed by 39 

NASA, China HIT/DLR-II [6, 7] developed by Harbin Institute of Technology, and Sandia Hand [8] 40 

developed by Sandia National Laboratory. 41 
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An underactuated robot hand means that the number of driving sources is smaller than the DOFs 42 

(degrees of freedoms) of robot hand. The finger relies on the underactuated finger mechanism to 43 

achieve passive adaptation to the shape of the grasped object during grasping. It requires only a small 44 

number of drive components and a simple control system to have a wide range of gripping and good 45 

load capacity. Examples of such a system include the shadow robot hand [9] developed by Shadow 46 

Company, the MPJ robot hand [10], the GUCA robot [11], the PCSS [12] and PASA robots [13] 47 

developed by Tsinghua University, the prosthetic hand [14] developed by Bogazici University, I-48 

HYHAND [15] developed by Yale University, uGRIPP [16] developed by Tohoku University, the 49 

Pisa/IIT SoftHand 2 [17] developed by University of Pisa, and the ISR-SoftHand [18] developed by 50 

University of Coimbra. 51 

In recent years, robot hands using soft materials have attracted widespread attentions worldwide 52 

[19-21]. The soft hand fully exerts the natural flexibility of various flexible materials in the 53 

manufacturing process and fully utilizes the nonlinearity, viscoelasticity, and hysteresis of the 54 

material in the movement and control of the soft robot hand, which simplifies the complexity of the 55 

robot hand control system and increases the flexibility and interactivity of the robot hands. Some 56 

typical applications include the RBO hand 2 [22] of the University of Berlin, the OS-HAND four-57 

finger software hand [23] and the CSTA-II software robot hand [24] of Tsinghua University, BCL-58 

13 [25] developed by University of Hong Kong, and a software robot [26] developed by the University 59 

of Colorado.  60 

Most of the existing robot hands only have one set of working mode [27-32]. If the working 61 

mode changes, one has to replace the robot hand. The replacement process is very cumbersome, and 62 

the control system of the traditional robot hand is complicated because in order to determine the 63 

gripping posture many sensors need to acquire force, position, torque information and so forth [33-64 

38]. As a result, applicable robot hands that can be adapted to variable configurations and working 65 

modes remain a challenge. 66 

Different from the full flexible robot hands, the motor-driven robot hand does not need air source. 67 

So it is more convenient to install and use and can provide greater grasping force. Compared with the 68 

full rigid robot hands, the rigid flexible coupling robot hand has better safety in human-computer 69 

interaction and can operate on fragile objects. This paper presents a modular underactuated multi 70 

fingered robot hand, which can be configured with different numbers and structures of fingers 71 

according to work requirements. The mechanical finger adopts the rigid flexible coupling structure 72 

design, which further improves the grasping ability and safety of the robot hand. The finger rotating 73 

mechanism is designed to widen the operation range of the robot hand. Because the motor-driven 74 

robot hand needs to meet the needs of finger fixation, driving, rotation and sensor connection when 75 

changing fingers, the present robot hand is more complex in modularity. The installation mechanism 76 

of the robot hand is designed on the palm to meet the requirements of modular finger installation, 77 

drive, rotation and sensor connection. Using denavit-hartenberg (D-H) model, the fingertip trajectory 78 

is deduced and the workspace of manipulator is analyzed. The grasping process of the robot hand is 79 

analyzed theoretically and simulated. The rationality of the modular robot hand structure is evaluated 80 

by studying the swing angle and contact force of the joint in the grasping process. Experiments show 81 

that the manipulator can grasp different shapes of objects conveniently and safely. 82 

2 Structure design of modular underactuated multi-fingered robot hand  83 
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Modular underactuated multi-finger robot hand is robotic hand designed with a modular concept. 84 

The modular underactuated robot hand consists of modular fingers and palm, and the finger’s rotation 85 

mechanism is additionally designed on the palm to improve the adaptability of the robot hand to a 86 

long object. The modular underactuated robot hand adopts an underactuated driving method, and the 87 

palm design has six finger-mounting ports, so that modular fingers of different numbers and 88 

configurations can be freely configured according to the work requirements. Different hand 89 

configurations are shown in Figure 1. 90 

 91 

Figure 1. The structure figure of the robot hand configuration. 92 

2.1 The design of the drive system 93 

The robot hand adopts underactuated driving mode, in which a single motor is required to drag 94 

multiple fingers. The motor is connected to the lead screw nut through the timing belt drive, and the 95 

nut on the lead screw is connected with the intermediate sliding plate to change the rotary motion of 96 

the motor into the up and down movement of the sliding plate, and the middle sliding plate pushes 97 

the driving slider of the modular finger up and down and control the finger to open and close. The 98 

drive structure of the robot hand is shown in Figure 2(a). 99 

The different gripping modes of the robot hand are achieved by the finger rotating mechanism. 100 

After the finger is rotated, the robot hand’s grasp changes from the original centering grasp to a 101 

parallel grasp, which enhances the adaptability of the robot hand to long-shaped objects and expands 102 

the scope of robot hand. The schematic diagram of the finger rotating mechanism is shown in Figure 103 

2(b). 104 

     105 
 (a) The drive structure of the robot hand         (b) The finger rotating mechanism 106 

Figure 2. Schematic diagram of the driving part. 107 
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2.2 The design of the modular finger 108 

The modular finger adopts a rigid–flexible multi-rod hybrid series connection, the fingertip is 109 

replaced by a flexible hollow rubber structure. During the grasping process, the robot hand are brought 110 

into contact with the two surfaces by the original two points, which increases the contact area between 111 

the finger and enhances the stability of the grasping process. The modular fingers of the robot hand 112 

are shown in Figure 3(a). 113 

The modular underactuated robot hand can be freely configured with different numbers and 114 

structure of modular fingers depending on the job requirements. An additional finger interface is 115 

designed on the palm of the robot hand to meet the needs of modular finger’s installation, drive, 116 

rotation, and sensor connections. The finger interface is shown in Figure 3(b). 117 

 118 
 (a) The modular fingers                                (b) The finger interface 119 

Figure 3. Structure diagram of the modular finger. 120 

The finger installation process is shown in Figure 4. 121 

 122 

Figure 4. Installation process of modular finger. 123 

3 Motion and mechanics analysis of the modular underactuated robot hand 124 

3.1 Kinematics analysis of the finger 125 

Since all the finger structures of the robot hand are identical, one of the fingers is represented as 126 

a kinematic analysis, and the remaining fingers are the same in the calculation method and process 127 

when calculating the kinematics model [39-40]. Corresponding mathematical operations can be 128 

performed to obtain the corresponding D-H change matrix: 129 

1

0

0 0 0 1

i i i i i i i

i i i i i i ii
i

i i i

cos sin cos sin sin L cos

sin cos cos sin cos L sin
T

sin cos d

     

     

 

−

− 
 

−
 =
 
 
   

(1) 
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where, iL  indicates the length of each knuckle, where i is the number of joints; id  indicates the axial 130 

vertical distance of the two coordinate axes along the axis of rotation of adjacent bars; i  indicates 131 

the torsion angle of the corresponding knuckle; and i  indicates the angle between the opposite 132 

corner of the knuckle and the adjacent knuckle. 133 

The D-H coordinate system of the modular finger is shown in Figure 5 where 1 1 1( , , )x y z  is the 134 

fixed reference frame coordinate and the rest is the dynamic reference system. 135 

 136 

Figure 5. Finger D-H model coordinate system. 137 

The corresponding D-H parameters of the finger are shown in Table 1. 138 

Table 1. D-H parameter table for finger rod. 139 

Joint i θi αi Li di 

1 θ1 0 L1 0 

2 θ2 0 L2 0 

According to the transformation formula of the coordinates, the change matrixes of joints 1 and 140 

2 are respectively given in Eqs. (2) and (4). 141 

1 1 1 1 1 1

1 1 1 1 1 1 11
0

0 0 1 0

0 0 0 1

icos sin cos sin sin L cos

sin cos cos sin cos L sin
T

     

     

− 
 

−
 =
 
 
   

(2) 

1 1 1 1 1 1

1 1 1 1 1 1 12
1

1 1 10

0 0 0 1

icos sin cos sin sin L cos

sin cos cos sin cos L sin
T

sin cos d

     

     

 

− 
 

−
 =
 
 
   

(3) 

Therefore, one can be known from Eq. (1) that： 142 

12 12 1 1 2 12

12 12 1 1 2 120 1 2 0
2 0 1 2

0

0
=

0 0 1 0

0 0 0 1

C S L C L C

S C L S L S
T T T T

− + 
 

+
 = =
 
 
 

 (4) 

where ( )i i i j i jsin , , sin , cos( )i i ij ijS C cos S C     = = = + = + . 143 

Then, the position of the fingertip coordinate system in the base coordinate system is as shown 144 

in Eq. (5). 145 

G

L2

L1

y2

o2

x2

x1

y1

o1

θ2

θ1
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1 1 2 12

1 1 2 12

g

g

x L C L C

L S L Sy

  + 
=   

+      

(5) 

The whole-hand kinematics was based on single-finger kinematics, the most important aspect of 146 

which is to find out how each finger coordinate system transforms the entire palm coordinate system. 147 

We first established the coordinate relationship shown in Figure 6, where the palm coordinate system 148 

is {O0X0Y0Z0}, and the coordinate system of the three fingers is {O1X1Y1Z1}, {O2X2Y2Z2}, and 149 

{O3X3Y3Z3}, respectively. 150 

 151 

Figure 6. Schematic diagram of the palm coordinate system. 152 

Figure 11 can be used to analyze the transformation of each finger coordinate system relative to 153 

the base coordinate system. Only the base coordinate system needs to be rotated along the y axis, and 154 

then moved along the x axis to obtain the corresponding finger coordinate system. The details are 155 

shown in Table 2 below. 156 

Table 2. Transformation of finger coordinate system to base coordinate system. 157 

Name Rotation angle along Y axis (°) Moving distance along X direction (mm) 

Finger 1 0 -a = 37.5 

Finger 2 120 -a = 37.5 

Finger 3 -120 -a = 37.5 

According to Table 2, the pose of three fingers can be obtained in the palm coordinate system, 158 

as shown in Eq. (6): 159 

( ) ( )

( ) ( )
D
B B

1 0 0 120 0 120

0 1 0 0 0 1 0 0
      

0 0 1 0 120 0 120 0

0 0 0 1 0 0 0 1

E

a cos sin a

T T
sin cos

−    − 
  
  = =
   −  
  
      

( ) ( )

( ) ( )
B

120 0 120

0 1 0 0

120 0 120 0

0 0 0 1

F

cos sin a

T
sin cos

 −  −  −
 
 =
 − −  − 
 
    

(6) 

According to the previous pose transformation matrix of a single finger, the pose of the three 160 

fingers in the base coordinate system can be obtained by： 161 

Y3

Y2

Y0

Y1



 7 of 20 

12 12 1 1 2 12

12 12 1 1 2 122
0

0

0

0 0 1 0

0 0 0 1

D D
BO B

C S L C L C a

S C L S L S
T T T

− + − 
 

+
 = =
 
 
   

(7) 

( )

( )

12 12 1 1 2 12

12 12 1 1 2 122
0

12 12 1 1 2 12

1 1 3 1

2 2 2 2

0

3 3 1 3

2 2 2 2

0 0 0 1

E E
BO B

C S L C L C a

S C L S L S
T T T

C S L C L C

 
− − + − 

 
 +

= =  
 
− − − +
 
 
   

(8) 

( )

( )

12 12 1 1 2 12

12 12 1 1 2 122
0

12 12 1 1 2 12

1 1 3 1

2 2 2 2

0

3 3 1 3

2 2 2 2

0 0 0 1

D D
BO B

C S L C L C a

S C L S L S
T T T

C S L C L C

 
− − − + − 
 
 +

= =  
 

− − +
 
 
   

(9) 

where ( )i i i j i jsin , , sin , cos( )i i ij ijS C cos S C     = = = + = + . 162 

According to Eqs. (7)-(9), the motion space of the three-finger fingertip in the palm base 163 

coordinate system, as shown in Figure. 7(a), can be obtained by MATLAB programming, that is, the 164 

working space of the entire robot in the state of grasping the three-finger envelope. At the same time, 165 

the working space for calculating the different configurations of the claws is shown in Figure 7(b)-166 

(f). 167 

    168 

 

 

Figure 7. Workspace of the robot hand mode. 169 

3.2 Contact force analysis in finger grasping process 170 
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Through the static analysis of the finger, the relationship between the driving force and the 171 

contact force of each finger joint on the object can be obtained. In envelope grabbing, The contact 172 

force of each finger depends on the external constraints and the structure of the finger. The mechanism 173 

sketch of the mechanical finger is shown in Figure 8. 174 

 175 

Figure8. Mechanism sketch of mechanical finger. 176 

According to the principle of virtual work, we can get: 177 

1

0
i

n

i r

i

W F 

=

= =
 

(10) 

After removing the binding force, the finger has a 2-DOF (degree of freedom) structure. We choose 178 

contact force 𝐹1 and 𝐹2, spring torque 𝑇 and driving moment 𝑇bc as generalized force. The angle of rotation 179 

of each connecting rod relative to the horizontal axis of the coordinate system is as follows: β1、β2、β3、180 

β4、β5. Then the coordinates of each contact point are: 181 

2

2

2

2

2 3

2 3

3 1 5

3 1 5

cos

sin

cos cos

sin sin

F B

F

F B BE

F BE

x x d

y d

x x l d

y l d





 

 

= +


=

= + −


= +  

(11) 

Apply virtual corner to finger△θ1、△θ2、△θ3, The virtual work done by contact force 𝐹1 is: 182 

1 1 3 5 3 1 1 5cos( )= BEW F l F d      −  +    (12) 

The virtual work done by contact force 𝐹2 is: 183 

2 2 2 3=W F d    (13) 

The virtual work done by spring torsion T is: 184 

5 3( )=TW T    −  (14) 

The virtual work principle equation of mechanical finger can be obtained by simultaneous equation 185 

Eq.15- Eq.17. 186 
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1 3 5 3 1 1 4 2 2 3 4 3 2cos( ) ( ) 0=BE BCF l F d F d T T         −  +   +   +   − −   (15) 

According to quadrilateral BCDE, the following equations can be obtained: 187 

3 3 4 4 2 1

3 3 4

2

4 122

=

cos = cos cos

sin sin sin sin

cos

BE DE BC CD

BE DE BC CD

l l l l

l l l l

      

      

   +


   +

+

+  
(16) 

By simplifying equation 16, equation 17 can be obtained. 188 

3 4
2

A B

C

 


 + 
 =  (17) 

In Equ.17. 189 

( )

( )

( )

3 1

4 1

2 1

sin

sin

sin

BE DC

DE DC

BC DC

A l l

B l l

C l l

 

 

 

= −

= −

= −
 

 

Plug equation 17 into equation 15: 190 

1 3 5 2 2 3 1 1 4cos( ) 0=BE BC BC

A B
F l F d T T F d T T

C C
   

   
  − +  − −   +  + −     

     
(18) 

Since Delta theta 3 and Delta theta 4 are linearly independent and independent, so: 191 

1 3 5 2 2

1 1

cos( ) 0

0

=

=

BE BC

BC

A
F l F d T T

C

B
F d T T

C

 


  − +  − − 

  + − 
  

(19) 

A，B，C in Equation19 is the same as that in Equation17. 192 

( )

( )

( )

3 1

4 1

2 1

sin

sin

sin

BE DC

DE DC

BC DC

A l l

B l l

C l l

 

 

 

= −

= −

= −

  

On torsional spring, there is an equation: 193 

0 5 3( )TT T K  = +  −  (20) 

There are also equations for the geometric relationship of mechanical fingers. 194 

3 2 3

5 3 1 5

sin cos

sin cos cos

B

B be

R x d

R x l d

 

  

= +


= + +  
(21) 

If the value of contact force is required, the grasping state of the robot hand needs to be analyzed. 195 

The static analysis of the grasping process is shown in Figure 9. 196 
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 197 

Figure 9. Force analysis of robot hand during grasping process. 198 

When the robot hand at a lower speed, the grasping process can be equivalent to always in equilibrium, 199 

and the contact forces F1 and F2 can be solved in arbitrary grasping state. Because every instantaneous 200 

robot hand is grabbing the object, the friction between the object and the knuckle should also be considered. 201 

In Figures 9 (a) and (b), the finger does not touch the object, and the contact forces F1 and F2 are 0. 202 

The force acting on the object is: 203 

SGF G=  (22) 

In Figure 9 (c), there is only contact force F2, and the robot hand has no lifting action, so there is no 204 

friction. The force (vertical direction) equation of the object is as follows: 205 

2 3cosSGF nF G= +  (23) 

At this time, the contact force F2 can be obtained only by measuring the rotation angle of each 206 

finger joint and the ground support force FSG of the object. 207 

In Figure 9 (d), there are both contact forces F1 and F2, and the friction produced by contact force F1 208 

is used to lift the object, and the friction produced by contact force F2 is resistance. Forces on an object: 209 

1 5 1 5 2 3 2 3( cos ) sin cos sinSGF nF n F nF G n F     + − + = + +
 (24) 

In conjunction with the previous equations, we can get: 210 

1 3 5 2 2

1 1

1 5 1 5 2 3 2 3

0 5 3

3 2 3

5 3 1 5

cos( ) 0

0

( cos ) sin cos sin

( )

sin cos

sin cos cos

=

=

BE BC

BC

SG

T

B

B be

A
F l F d T T

C

B
F d T T

C

F nF n F nF G n F

T T K

R x d

R x l d

 

     

 

 

  


  − +  − − 


  + − 


 + − + = + +


= +  −
 = +

 = + +  

(25) 

At this time, the contact force F1 and F2 can be obtained only by measuring the rotation angle of each 211 

finger joint and the ground support force FSG of the object. 212 

In Figure 9 (e), the contact force F1 begins to grasp the object close to the palm, and the friction force 213 

F1 is resistance, which satisfies the equation: 214 

1 5 1 5( cos ) sinnF n F G  − − =
 (26) 
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At this time, the contact force F1 can be obtained only by measuring the rotation angle of each finger 215 

joint and the gravity of the object. 216 

In Figure 9 (f), the object is in equilibrium at this time, and the object does not move relative to the 217 

robot hand, so there is no friction force. The force on the object is as follows: 218 

1 5 2 3( cos ) cos SPnF nF G F − = + +
 (27) 

In conjunction with the previous equations, we can get: 219 

1 3 5 2 2

1 1

1 5 2 3

0 5 3

3 2 3
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 

 
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
  − +  − − 


  + − 


 − = + +


= +  −
 = +

 = + +  

(28) 

At this time, the contact forces F1 and F2 can be obtained only by measuring the rotation angle of 220 

each finger joint, the supporting force FSP of the ground and the gravity of the object. 221 

In conclusion, the contact force in the process of grasping robot hand can be calculated by measuring 222 

joint rotation angle and ground support force. In the actual grasping process, the factors such as contact 223 

material, contact deformation, damping and so on should be taken into account. The contact force changes 224 

in the grasping process of the robot hand will be comprehensively analyzed by the multi-lift dynamics 225 

simulation software. 226 

4. Dynamics simulation analysis of robot hand grasping process 227 

In this paper, multi-body dynamics software ADAMS is used to simulate and analyze the three-finger 228 

Heart Mode, three-finger parallel mode and six-finger Heart mode of the robot hand. The characteristic 229 

curves and contact force of each finger joint in the process of grasping are obtained, and the theoretical 230 

model is verified. The target is a rigid sphere with radius R=50mm and gravity G=19.6N. 231 

Before grasping simulation, the contact force between the finger and the grasping target of the robot hand 232 

should be set. In ADAMS, the IMPACT function method is used to define the contact force, and the friction 233 

force between objects is considered. Contact force settings are shown in Table 3. 234 

Table 3. parameters of each finger contact force. 235 

Contact force parameters Second knuckle Third knuckle 

materials Steel and aluminium  Steel and rubber 

Stiffness coefficient/（N/mm） 35000 2855 

Force Exponent 1.5 1.1 

Damping/（Ns/mm） 28 0.57 

Penetration Depth 0.1 0.1 

Static friction coefficient 0.25 0.25 

Dynamic friction coefficient 0.2 0.2 

 236 

4.1 Three-fingered Heart Mode 237 

The process of gripping the sphere in three-fingered mode is shown in Figure 10 (a) ~ (f). 238 
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 239 

Figure 10. The process of grabbing objects in Three-fingered Heart Mode. 240 

The angular displacement curves of the second and third knuckles are shown in Figure 11.a and the 241 

contact force of the second and third knuckles are shown in Figure 11.b. Because the underactuated robot 242 

hand are symmetrical, the contact force and angular displacement curves of the three fingers are the same, 243 

so one of them is selected for analysis.  244 

 245 

(a) Angular displacement curves of the second and third fingers 246 

 247 

(b) Contact forces of the second and third knuckles 248 

Figure 11. Characteristic curve of Three-fingered Heart Mode 249 

In order to verify the validity of the static model in the previous section, a random set of numerical 250 

values under four states is taken for calculation in the process of grasping the robot hand. The results are 251 

shown in Table 4. 252 

Table 4. Comparison table of simulation analysis and theoretical analysis in Three-fingered Heart Mode 253 

Operating state of robot hand C D E F 

time 4.7764 6.2 8 10 

Second knuckle swing angle 40.2414 34.5424 31.3628 31.5035 

A、B C D E F

A、B C D E F
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Third knuckle swing angle 11.4072 35.3133 46.2652 45.9919 

Ground support force 19.7691 6.3345 0 0 

Palm support force 0 0 0 25.3979 

Simulation value of Contact force of second 

knuckle 
0.6233 0 0 0 

Simulation value of Contact force of third knuckle 0 7.3308 15.444 27.1728 

Calculated value of contact force of second knuckle 0.679 0 0 0 

Calculated value of contact force of third knuckle 0 6.8327 17.67 27.9212 

Error 8.00% 6.70% 14.00% 2.60% 

4.2 Three-finger Parallel Grab Mode 254 

The process of grasping cylinder of robot hand in parallel grasping mode is simulated as shown in 255 

Figure 12. 256 

 257 

Figure12. The process of grabbing objects in Three-finger Parallel Mode 258 

The simulation data are analyzed by ADAMS post-processing module. The angular displacement 259 

curves of the second and third knuckles are shown in Figure 13.a and the contact force of the second and 260 

third knuckles are shown in Figure 13.b. Because the number of fingers on both sides of the robot hand is 261 

not equal in parallel grasping mode (There are two fingers on one side and one finger on the other.), the 262 

data of one finger from left to right are compared and analyzed.  263 

 264 
(a) Angular displacement curves of the second and third fingers. 265 

A、B C D E F
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 266 
(b) Contact forces of the second and third knuckles. 267 

Figure13. Characteristic curve of three-fingered parallel mode. 268 

In order to verify the validity of the static model in the previous section, a random set of numerical 269 

values under four states is taken for calculation in the process of grasping the robot hand. The results are 270 

shown in Table 5. 271 

 272 

 273 

 274 

 275 

 276 

Table 5. Comparison table of simulation analysis and theoretical analysis in three-fingered parallel mode. 277 

Operating state of robot hand C D E F 

time 4.9642 5.2891 5.6332 10 

The number of finger One Two One Two One Two One Two 

Second knuckle swing angle 23.455 31.073 23.077 28.428 22.084 23.564 22.789 23.681 

Third knuckle swing angle 37.999 26.176 42.312 33.339 47.667 44.785 48.873 47.067 

Ground support force 21.9013 14.0854 0 0 

Palm support force 0 0 0 9.0459 

Simulation value of Contact force of second knuckle 3.826 1.8351 0 0 0 0 0 0 

Simulation value of Contact force of third knuckle 0 0 8.0293 3.8692 24.107 12.000 31.473 15.669 

Calculated value of contact force of second knuckle 3.8491 1.8443 0 0 0 0 0 0 

Calculated value of contact force of third knuckle 0 0 6.7034 3.3317 31.721 15.326 32.559 16.157 

error 0.6% 0.5% 16.5% 13.9% 31.6% 27.7% 3.5% 3.1% 

4.3 Six-fingered Heart Mode 278 

The six-finger heart-to-heart mode capture process is shown in Figure 14. 279 

 280 

Figure 14. The process of grabbing objects in Six-fingered Heart Mode. 281 

A、B C D E F
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The simulation data are analyzed by ADAMS post-processing module. The angular displacement 282 

curves of the second and third knuckles are shown in Figure15.a and the contact force of the second and 283 

third knuckles are shown in Figure 15.b. Because the underactuated robot fingers are symmetrically placed, 284 

the contact force and angular displacement curves of the six fingers are the same, so one of them is selected 285 

for analysis. 286 

 287 

(a) Angular displacement curves of the second and third fingers 288 

 289 

(b) Contact forces of the second and third knuckles 290 

Figure 15. Characteristic curve of six-fingered heart mode 291 

In order to verify the validity of the static model in the previous section, a random set of numerical 292 

values under four states is taken for calculation in the process of grasping the robot hand. The results are 293 

shown in Table 6. 294 

Table 6. Comparison table of simulation analysis and theoretical analysis in six-fingered heart mode 295 

Operating state of robot hand C D E F 

time 4.8 5.8 7.4 10 

Second knuckle swing angle 40.2409 37.2725 32.0832 10 

Third knuckle swing angle 11.5202 27.1133 44.6789 32.1903 

Ground support force 19.9984 9.0452 0 0 

Palm support force 0 0 0 35.4912 

Simulation value of Contact force of second knuckle 0.7698 0 0 0 

Simulation value of Contact force of third knuckle 0 3.3721 9.6837 17.6286 

Calculated value of contact force of second knuckle 0.8009 0 0 0 

Calculated value of contact force of third knuckle 0 3.379 9.2647 17.5522 

Error 4.0% 0.2% -4.3% -0.4% 

A、B C D E F

A、B C D E F
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Through the simulation analysis of three grasping modes, the following problems can be found by 296 

comparing the error between the theoretical value and the simulation value of contact force. 297 

(1) Excessive impact results in large deformation of spring and affects grasping stability. 298 

(2) The impact size is related to the motion function of the actuator. If the speed of the actuator is 299 

reduced when it approaches the target, the impact can be significantly reduced. 300 

(3) When calculating friction force, it is necessary to consider the motion state of the object. 301 

(4) Because of the different number of knuckles on both sides of the parallel grasp mode, the object 302 

oscillates during the grasp process. The friction between the object and the ground should be considered 303 

in the theoretical calculation. 304 

(5) The movement process of the fingers on both sides of parallel grasping mode is not uniform. 305 

The friction may occur when one side is lifting force and the other side is resisting force. 306 

5. Grasping experiment of modular robot hand 307 

The physical grasping experiment of the modular underactuated robot hand consisted of two 308 

parts: (1) The first is the experiment of mechanical finger in the mode of center-of-mind arrangement. 309 

The purpose is to verify the working state of the robot hand when it grasps a similar sphere. (2) The 310 

second is the experiment of mechanical finger in the mode of parallel arrangement. The purpose is to 311 

verify the working state of the robot hand when grasping long strip shape objects. The state after the 312 

robot had finished grabbing is shown in Figure 16. 313 

 314 

Figure 16. Robot hand grabbing experiments: (a) oranges; (b) cup; (c) egg; (d) big orange ; (e) tea cans ; (f) 315 

bottle; (g) electrodrill ; (h) Hexagon wrench. 316 

During the experiment, the fingertip hollow flexible rubber worked as a good buffer. The film 317 

pressure sensor worked normally and could feed the contact force back to the control system. The 318 

rotation angle of knuckles, the deformation of fingertip rubber and the center of mass of the irregular 319 

object will affect the collected data when the robot hand grabs the irregular objects, and the data of 320 

multiple grabs is not regular, So we choose a few regular grabbing data for analysis. The value of the 321 

contact force during the gripping process of the robot is shown in Figure 17. The driving torque of 322 

the motor is shown in Figure 18 323 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 17. Experimental contact force curve: (a) orange; (b) cup; (c)tea cans; (d) bottle. 324 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 18. Experimental motor torque curve: (a) orange; (b) cup; (c) tea cans; (d) bottle. 325 

The experiments showed that the robot hand could adapt well to objects of different shapes and 326 

capture a variety of objects. In the experiment, the sensor in the middle of the palm was stable, and 327 

the contact force of the three knuckles was basically equal when in centripetal mode. When in parallel 328 

mode, the force of the left and right fingers was about double, and the contact force value was 329 

basically consistent with the simulation result. The robot hand can grasp objects according to the 330 

contact force feedback value, and control the grasping process to enhance its adaptability to various 331 

objects. 332 

6 Conclusions 333 

A modular underactuated multi-finger robot hand with a variable configuration was designed for 334 

the actual functional requirements of the mechanical gripper. The mathematical model of the finger 335 
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was established according to the D-H method. The forward kinematics analysis was carried out on 336 

the robot hand, and the working space of the robot hand was simulated and verified. Further, a system 337 

analysis of the robot grabbing process was carried out, and the contact force during the gripping 338 

process of the robot hand was analyzed. Then, a virtual prototype model of the robot hand was 339 

constructed to verify the rationality of the structural design and calculate the key data based on 340 

ADAMS. Finally, the test platform of the modular underactuated multi-finger robot hand was built 341 

and the grabbing experiment was carried out. Experiments showed that the robot hand was designed 342 

reasonably to meet the gripping requirements of a variety of objects. 343 

Featured Application: The modular underactuated multi-finger robot hand designed in this paper 344 

can meet various grasping requirements. It can flexibly change the configuration and layout according 345 

to the actual work needs. It is very suitable for the work needs of intelligent factories and robotic 346 

terminals. 347 
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