
  

  

Abstract— Pinching and grasping are the key fundamental 

actions for manipulator to handle objects, and achieving high-

quality execution of these actions has always been an intense 

attention in robotics field. In this paper, a novel underactuated 

manipulator with composed multiple-linkage mechanism is 

proposed, which enables both precise pinching and powerful 

grasping functions. To eliminate trajectory errors of linear 

pinching, the linkage mechanism is optimized by genetic 

algorithm based on modelling and kinematic analysis of the 

finger. The optimized configuration results in a vertical 

displacement error less than 0.3mm and a linear deviation less 

than 1%. Furthermore, the envelope linkage mechanism is 

optimized by taking the uniformity of force distribution, which 

is chosen as a performance indicator. Additionally, a rotary 

mechanism is installed at the proximal interphalangeal of the 

finger to enable the manipulator to switch different grasping 

modes for various types of objects. Finally, the experiments on 

pinching small and thin objects and grasping objects with pose-

varied mode demonstrate that the developed manipulator is 

capable of both precise pinching and powerful grasping. This 

work offers a promising solution for the robotic manipulator to 

perform multi-type object grasping tasks. 

 
Index Terms— Multi-finger manipulator, Underactuated 

mechanism, Linkage mechanism, Linear pinching, Envelope 

Grasping. 

I. INTRODUCTION 

The most frequently used actions in human daily life are 
powerful grasp and precise pinch [1], which means that these 
two actions fulfill the requirements for using most objects in 
daily life. The same applies to robotic hands. On one hand, it 
requires that manipulators should be designed with the multi-
fingered configuration (more than three fingers). On the other 
hand, it also requires that manipulators possess both 
enveloping grasp and pinch capabilities, especially in the 
pinching function. The fingertips should be able to move in 
parallel for grasping small objects on a flat surface. However, 
it is challenging to directly apply mechanical structures to 
provide manipulator with powerful grasping and precise 
pinching capabilities. 

Multi-fingered robotic hands have attracted intensive 
attention due to their ability to flexibly and accurately 
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manipulate diverse objects. According to the configuration of 
the actuator and the degrees of freedom (DOF) of mechanism, 
robotic hands can be classified into two types: fully actuated 
[2] and underactuated [3]. Fully actuated means that each 
joint is powered by an actuator and can move independently, 
which can achieve precise motion control and high flexibility 
[4]. However, these kinds of hands have drawbacks such as 
complex structure, difficulty in control, and high cost. 
Underactuated means that the number of actuators is less than 
its DOF. This type of structure is more reliable, cost-effective, 
and easier to control compared to fully actuated hands due to 
the simplified actuation and transmission [5]. Therefore, 
underactuated structures are believed to have wider 
application prospects in robotic grasping tasks [6]. 

The transmission modes of underactuated manipulators 
include gear [7], tendon-driven [8] and linkage-driven [9,10] 
mechanisms. Tendon-driven designs offer a compact size and 
the joint motion characteristics, which can be adjusted by 
using tendons with different winding paths [11-14]. However, 
it is difficult to establish an accurate mathematical model for 
tendon-driven mechanisms [15-16]. Furthermore, the 
transmission efficiency is low, and there is uneven force 
distribution during grasping. In contrast, linkage-driven 
mechanisms are simpler, more reliable, and have higher 
transmission efficiency, allowing for greater gripping force 
[17], which is particularly attractive for prosthetic hand 
designs [18,19]. Several underactuated robotic hands have 
been designed using linkage mechanisms. Kim et al. [20] 
proposed a dexterous robot hand with biomimetic mechanism, 
and the finger is driven by four-coupled link mechanism with 
two linear actuators. Panipat et al. [21] designed a five-
fingered prosthetic hand that has multiple grip patterns with 
the use of only one actuator, the different move patterns are 
achieved through the use of multiple sets of rigid four-bar 
linkages, and Wu et al. [22] designed the fully rotational 
three-fingered hand based on the coupling grasping principle. 
Other examples include the pneumatically-driven linkage-
driven hand developed by Begoc et al. [23], the uGRIPP 
three-fingered robotic hand developed by Yamaguchi et al. 
[24], and the underactuated manipulator based on the 
metamorphic mechanism principle designed by Sun et al [25]. 
Although these underactuated robotic hands can perform 
powerful and stable grasping and holding tasks, it is difficult 
for them to grasp small and thin objects placed on the 
workbench. To solve this problem, Luo et al. [26] added 
linear actuators to the proximal finger joints to offer linear 
motion of the fingertips, and designed a two-fingered robotic 
hand VGS with a hybrid gripping mode. Li et al. [27] also 
proposed a linear adaptive mechanical gripper with a four-bar 
sliding base to compensate for finger-end displacement. 
Watanabe et al. [28] further designed a gripper based on a 
six-bar linkage mechanism that can perform parallel and 
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flipping grasping. Nevertheless, Zheng et al. [29] fixed an 
eccentric cam to the four-bar linkage mechanism of the finger 
to compensate the finger-end height and perform linear 
parallel grasping. 

However, owing to the limitation of mechanical 
structures, the trajectory of the distal interphalangeal joint 
(DIP) of existing linkage-driven manipulators is usually arc-
shaped, resulting in displacement in the longitudinal direction, 
as shown in Fig. 1(a). Without displacement compensation 
algorithms or external assistance, it is difficult for the 
manipulator itself to grasp small or thin objects. Watanabe et 
al’ s manipulator [28] is able to grasp small objects without 
the need for such compensation, but it is not able to grasp 
larger objects with an enveloping grasp since it only has two 
fingers. 

Therefore, we proposed a composed multiple-linkage 
mechanism (shown in Fig. 1(b)) to construct an 
underactuated robotic finger with precise pinching and 
powerful grasping abilities. The DIP undergoes translation in 
the pinching mode as shown in Fig. 1(c), and after contact 
with an object, the proximal interphalangeal joint (PIP) and 
middle interphalangeal joint (MIP) have no relative motion, 
which can be regarded as a two-joint structure. If the MIP or 
PIP contacts an object before the DIP, the finger will switch 
to enveloping mode and perform powerful grasping, which 
can be regarded as a three-joint structure. The proposed 
finger will enable underactuated robotic hands to work in 
multiple modes for diverse grasping tasks. 

II. STRUCTURE AND OPTIMAL DESIGN 

A. The structure of underactuated manipulator 

According to the proposed composed multiple-linkage 
mechanism, the three-finger underactuated manipulator is 
designed as shown in Fig. 2, which has three typical working  

 

(a) 

 

(b) 

 

(c) 

Fig. 1. Diagram of manipulator. (a) Traditional pinching, (b) proposed 
pinching, (c) composed multiple-linkage mechanism. 

 

Fig. 2. The structure of underactuated manipulator. 
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modes, including three-finger centering grasping, three-finger 
parallel grasping, and two-finger symmetrical pinching. The 
developed underactuated finger mainly consists of a pinching 
linkage group, an enveloping linkage group, and a driving 
module. The pinching linkage group is used to enable the 
translational motion of the fingertip. The function of the 
enveloping linkage group is to endow the mechanical finger 
with powerful grasping ability. The driving module consists 
of a linear motor and a gear mechanism, providing torque to 
the robotic finger. The three finger joints are used to connect 
the two sets of linkage groups. There are torsion springs 
installed between the finger joints so that the PIP and MIP do 
not rotate relative to each other without contacting with any 
target, and the DIP will perform a translational motion. 
Conversely, the driving torque overcomes the constraint force 
of the torsion spring between the finger joints, resulting in an 
enveloping motion. In order to enable the underactuated 
robotic hand to switch finger configurations and adopt 
different types of grasping modes based on the shape of 
objects, as shown in the lower right of Fig. 2, we designed a 
rotary mechanism, which is driven by the servo motor. This 
rotary mechanism allowing the fingers to have a 90° 
repositioning freedom relative to the palm. 

The ratio of human finger bones length is approximately 
1:1:2 [30] and the length of the middle finger of a normal 
adult is about 120mm.The assembly size of the designed 
underactuated finger is shown in Fig. 3(a). Based on the 
features of human fingers and fine-tuning in the design 
process, we have set the lengths of the mechanical fingers as 
38mm, 30mm, and 63mm, respectively. The ranges of joint 
motion are measured by using SolidWorks as 0-73°, 0-62°, 
and 0-44°, respectively. The finger has two working modes: 
translational motion as shown in Fig. 3(b) and enveloping 
motion as shown in Fig. 3(c). 

             

(a)                                         (b)                                       (c) 

Fig. 3. Mechanical structure of the finger. (a) The size of the joints, (b) 

translational motion, (c) enveloping motion. 

B. The optimization of pinching linkage group 

An inverted slider-crank linear guiding mechanism is 
used for the pinching linkage group. As shown in Fig. 4(a), 
AB is the driving rod. With the constraint of the elastic 
element, FE and EC rods remain collinear and the angle 
between GF and HF rods remains constant. The GF rod (DIP) 
can keep vertical motion by setting the angle between GF and 
HF. The linear guiding mechanism consists of AB rod, BJ 
rod, FE rod, and K slider, where BJ and FE can be regarded 
as a whole. Therefore, the mechanism can be simplified as 
shown in Fig. 4(b). 

   

(a)                                                     (b) 

Fig. 4. Inverted slider-crank linear guiding mechanism. (a) Diagram, (b) 

equivalent diagram. 

From the geometric relationship in Fig. 4(b), the 

coordinate of K(xK,yK) can be calculated as： 
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After transforming the equation (1), square both sides of 
the equation, as: 
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Then, eliminating θBK as: 
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Based on the cosine theorem, it can be obtained as: 
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Based on geometric relationships and equation (3) to (4), 

the coordinate of F(xF,yF) can be calculated as： 
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In order to further reduce the linear error of the DIP 
trajectory by optimizing the rod length of the equivalent 
inverted slider-crank mechanism. We select 10 equidistant 
points on the trajectory of point F, and take the average of yFi 
(i=1~10) as yFa. The line trajectory tracking error is defined 
as: 

 
10

2

1

( )Fi Fa

i

f y y
=

= −  () 

The translation range of the manipulator is set to 0-100 
mm, so the mechanical finger has a translational 50 mm 
motion range. The optimization of the rod length is carried 
out with the linear trajectory tracking error as the objective 
function. The lAB, lAK, and lBF are constrained separately to 
{[8,12], [16,24], [90,100]}, and optimized by using 
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MATLAB genetic algorithm toolbox (with default parameter 
settings). After that, the lAB, lAK, and lBF are estimated 
respectively as 10.069, 20.046, and 93.168, which can be 
rounded to 10, 20, and 93. The variation curve of F (xF, yF) 
with respect to θAB can be obtained by substituting xK=0, 
yK=20 mm, lAK=20 mm, and lBF=93 mm into (3), as shown in 
Fig. 5. It can be observed from Fig. 5(a) that yF remains 
almost constant within the range of 180°≤θAB≤360°.Based on 

translation range of the finger (50mm, that is xF∈[-25, 25]), 

the range of θAB can be set to [200.5°, 349.5°], and yF remains 
at about 83 mm. Fig. 5(b) shows the movement trajectory of 
F obtained through MATLAB simulation, which indicates 
that the longitudinal displacement of the DIP is about 0.13 
mm, the lateral displacement is 50 mm, and the linear 
deviation is 0.26% during the translational motion. 

 
(a) 

 
(b) 

Fig. 5. Kinematic profile of point F. (a) Displacement with respect to θ1, (b) 

trajectory. 

C. The optimization of enveloping linkage group 

The rod length of enveloping linkage group can be 
optimized by using the statics model of the envelope motion. 
As shown in Fig. 6(a), the driving torque is T0, and the points 
that the three finger joints contact with the object are 
respectively P1, P2, and P3, and the reaction forces are 
respectively F1, F2, and F3.  

The gravitational force of the finger and the friction 
between the finger and the object are ignored. According to 
the principle of virtual work, it can be derived that: 

 
T T=T ω F V  () 

where T is the input torque vector; ω represents the angular 

velocity vector; F represents the reaction forces applied to 

the three finger joints; V represents the velocity vector. 
There exists a Jacobian matrix JV, such that the velocity 

vector V and the angular velocity vector  satisfy the 
following relationship: 

 
V=V J θ  () 

The transformation matrix Jω is 
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From (7)-(9), it has: 
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The expression of grasping force can be obtained by 
calculating JV and Jω. The calculation of JV can be derived 
from (11), and the detailed derivation process can be found in 
reference [24]. 
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The solution of Jω, as shown in Fig. 6(b), the angular 
velocity relationship can be obtained through instantaneous 
center theory based on the velocity analysis of quadrilateral 
EPON, which are: 
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where h1 is the length of EQ1, h2 is the length of FQ2, m is the 
length of PE, and φ is the angle between PE and the 
horizontal line. These parameters can all be calculated based 
on geometric relationships. 

With a view to simplify the calculation, an ideal grasping 
state of the mechanical finger is selected as the benchmark 
for optimization, as shown in Fig. 6(c). The rods a1b1, c1b1, 
a2b2, and b2c2 are perpendicular to each other, while ψ1 and 
ψ2 are set to135°. The lengths of each joint are set as l1=63 
mm, l2=30 mm, and l3=38 mm. The uniformity of force 
distribution of the finger in the ideal enveloping grasping 
state is adopted as the performance indicator. The following 
objective function f is defined as: 
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Adding geometric constraints as: 
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(a)                                                       (b)  

 

(c) 

Fig. 6. Enveloping analysis of the finger. (a) Force analysis, (b) geometric 
parameter, (c) ideal state. 

The variables including structural parameters a0, a1, a2, c1, 
c2, and angle θ1 are designated for optimization and then used 
to calculate h1, h2, m, φ. The driving torque T0 of the finger is 
1200 N·mm, and the forces generated by the torsion spring 
and joint friction are ignored. The value ranges for the 
optimized variables [a0, a1, a2, c1, c2, θ1] are set between the 
lower bounds [16, 22, 18, 12, 8, 40] and upper bounds [24, 28, 
25, 24, 20, 70]. The genetic algorithm (GA) in the MATLAB 
optimization toolbox is employed for optimization with a 
population size of 5000, a stall generation of 50, and other 
parameters adopt default values. The termination condition of 
the program is that the weighted average change of the fitness 
function is less than 10-6. After that, the rounded values of [a0, 
a1, a2, c1, c2, θ1] are [21mm, 25 mm, 24 mm, 20 mm, 15 mm, 
59°] respectively. Thus, the forces on the three finger joints 
can be calculated as F1=10.05 N, F2=9.87 N, and F3=9.74 N 
from (8)-(10).  

III. EXPERIMENTAL PLATFORM 

We built a special experimental platform to fully test the 
performance of the designed manipulator, as shown in Fig. 7. 
It consists of a UR robotic arm, an underactuated manipulator, 
a power module, and a control system. The power provides 
12V DC for drive module (L298N) of the linear motor 
(Stroke: 30mm, Thrust: 60N) and the servo motor (GDW 
RS0708-270°). The development board (Arduino mega2560) 
is used for controlling the linear motor and servo motor, as 
well as delivering the signals of the force sensor (FSR402) 
and angle sensor (SV01A103) to the computer in real time 
through serial port with 115200 baud rates. 

 
(a) 

 
(b) 

Fig. 7. Test platform for the manipulator. (a) Scheme of the control system, 

(b) experimental platform. 

IV. RESULTS AND DISCUSSION 

A. Motion linearity of the fingertip 

The method shown in Fig. 8 (a) was adopted for testing 
the linearity of the pinching motion of the fingertip. The laser 
displacement sensor was fixed to the fingertip to monitor its 
motion. The test was finished in 2.5 s, and the linear 
displacement was about 48mm. It can be seen from the 
trajectory curve is shown in Fig.8 (b) that within 2 seconds, 
the fingertip performs approximately line motion with a 
vertical displacement of about 0.3 mm and a quite low linear 
deviation of 0.63%. The deviation compared to 0.13mm 
(0.26%) in Fig. 5(b) mainly due to the accuracy of 3D printed 
parts and the unevenness of the workbench surface. From 2-
2.5s, the vertical displacement of the fingertip increased 
rapidly because the fingertip can only move linearly within  

 

(a) 

 

(b) 

Fig. 8. The motion trajectory of mechanical finger. (a) Test method, (b) 
experimental result. 
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48mm range determined by the mechanical parameters. 
Beyond the linear motion range, the finger will perform an 
enveloping motion under the action of the constraint structure 
so that the height measured by the laser sensor will rise 
rapidly. 

B. Contact force of the finger 

To analyze the grasping ability of the developed 
manipulator, a test was conducted on the grasping force by 
using the FSR402 force sensor, as shown in Fig. 9(a) and (b). 
The finger was driven to envelope the cylinder-shaped 
sellotape, and the obtained contact force data is shown in Fig. 
9(c). It can be found that during the process of enveloping, 
the PIP will first come into contact with the object, then 
followed by the MID, and finally the DIP. The process of 
releasing the object is the opposite. During the instantaneous 
touch and release of the object, there will be a sudden change 
in the contact force. This may be due to the momentary 
uneven force applied on the pressure sensor with the initial 
stage of grasping and unloading. In addition, during the 
process of enveloping, the maximum force applied to the PIP 
is about 9.3 N, the force on MIP is about 8.7 N, and the 
minimum force on the DIP is about 8.2 N. Due to the 
influence of unmodelled factors such as friction, the 
measured force is generally smaller than that of simulation 

and theoretical calculation (F1=10.05 N，F2 =9.87 N，F3 

=9.74 N). The contact forces on the three joints are similar to 
each other. This indicates that the force distribution on the 
finger joints is relatively uniform and consistent with the 
designing expectations. 

 

(a) 

 

(b)                                                          (c) 

Fig. 9. The contact force test of mechanical finger. (a) The calibration of 
FSR402 force sensor, (b) experimental method, (c) experimental result. 

C. Grasping ability of the manipulator 

A grasping experiment was designed to demonstrate the 
capability of the proposed manipulator for grasping small and 
thin objects, and the target objects are a campus card with 

thickness of 0.9 mm, a sandpaper with thickness of 0.3 mm, 
and an M3 screw. The process of pinching can be divided 
into three steps: approaching the object, establishing a stable 
grasp, and lifting the object. as shown in Fig. 10. The robotic 
arm lowers the manipulator to make contact between the 
fingertips and the workbench. The experimental results show 
that the manipulator can grasp prescribed objects placed on 
the workbench without the need for additional displacement 
compensation by the robotic arm. This grasping function of 
manipulator relies on the pinching linkage mechanism 
proposed in this paper. Furthermore, the grasping 
experiments with pose-varied mode of manipulator were 
conducted to further verify the flexibility of the designed 
three-finger underactuated manipulator. As shown in Fig. 11, 
the target objects included sponge ball, screwdriver, cylinder-
shaped sellotape, calculator, disinfectant spray bottle, and tea 
canister. For spherical objects, the designed manipulator can 
grasp the object from a flat surface with enveloping state. For 
other objects, it needs to be slightly raised for executing 
envelope grasp. 

 

(a) 

 

(b) 

 

(c) 

Fig. 10. Experiments of pinching small and thin objects. (a) Campus card 
with a thickness of 0.9 mm, (b) sandpaper with a thickness of 0.3 mm, (c) 
M3 screw. 

 

Fig. 11. Grasping objects with pose-varied mode of manipulator 
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D. Load capacity of the manipulator 

The load capacity of the manipulator is an important 
indicator for evaluating its performance. As shown in Fig. 12, 
this test method employed the UR3 robotic arm to guide the 
manipulator to grasp a dumbbell with two 1.5 kg weights, 
and then lift it. As shown in Fig.12(b), the manipulator can 
grasp the dumbbell and maintain a stable state without falling. 
The experimental results demonstrate that the manipulator 
has a load capacity greater than 3 kg. 

 

Fig. 12. Using the designed manipulator to grasp a dumbbell with two 1.5 kg 
weights. 

V. CONCLUSION 

This paper applies the inverted slider-crank line guiding 
mechanism to the structural of underactuated finger, and 
proposes a mechanical finger design scheme based on a 
multiple-linkage mechanism, which successfully makes the 
precise pinching and powerful grasping actions of the 
manipulator possible. Based on the geometric relationship of 
the linkage mechanism, the length configuration of the 
pinching linkage group is optimized to effectively reduce the 
trajectory error during the translational motion process, 
resulting in 0.26% for the line deviation. Furthermore, the 
structural parameters of the envelope linkage mechanism are 
optimized based on the uniformity of force distribution with 
the kinematic and contact force models of the underactuated 
finger, which is beneficial for the stability of grasping. The 
experimental results show that the designed manipulator has 
different grasping modes and a load capacity of more than 3 
kg, which implies that it can adapt to grasping tasks of 
objects with different size, shape, and weight. 
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