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Abstract— Current robot hand grippers capable of self-
adaptive or coupled grasping often cannot perform linear-
parallel pinching at the physical end of the gripper, which
is widely used in industrial applications. For this reason, this
paper introduces a gripper with hybrid grasping modes— the
LPCSA hand. It can achieve three grasping modes: linear-
parallel pinching, coupled, and self-adaptive grasping. The de-
sign cleverly couples two kinds of Chebyshev linear mechanisms
to enable flat movement at the end of the finger. It also utilizes
the deformability of the parallelogram to achieve self-adaptive
grasping. Furthermore, the gripper uses an idle stroke and a
special component to facilitate the switch between the three
modes. The linear-parallel pinching function is suitable for
pinching objects of different sizes on the desktop. The self-
adaptive grasping mode can adapt to objects of various shapes
and sizes. The coupled grasping mode enables fast grasping of
irregular objects. This paper also analyzes the kinematics and
dynamics of the LPCSA hand. Combined with experiments,
it demonstrates that the LPCSA hand has a wide range of
grasping space and stable performance.

I. INTRODUCTION

The robot hand, as a key device of the robot, is tasked
with grasping, manipulating, and interacting with the outside
world[1], so its design and performance are critical. Robot
hands with less complex designs and fewer motors have
been created to grasp objects securely, they are underactuated
hand[2]. In 2004, Birglen[3] presented an analysis of self-
adaptive underactuated grasping patterns and control theory.
In 2007, Dollar[4] combines mechanical design and machin-
ing to propose the SDM hand, a underactuated robot hand
with four fingers.

As the research on underactuated fingers continues to
deepen, underactuated fingers capable of performing multiple
functions have been proposed. The coupled hand was devel-
oped to behave like the human hand, where the phalanxes
can touch objects almost simultaneously[5]. The coupled
and self-adaptive mode (called COSA mode) was further
proposed[6] and coupled and self-adaptive hands (such as
CDSA hand[7], COSA-E hand, etc.) were developed.
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In order to take advantage of the human-like pinching and
industrial grippers, the parallel and self-adaptive grasping
mode (called PASA mode) was proposed[8]. Since such
parallel grasping ends usually appear to have curved tra-
jectories and are not suitable for gripping fine objects[9],
various robot hands or fingers with linear-parallel self-
adaptive grasping mode was proposed. These linear-parallel
grasping modes can be realized with mechanisms such as
Chebyshev linkage[10], Y-shaped linkage[11] and Hoeckens
Mechanism[12]. On the basis of all this, there are also
many fingers and hands that combine some of the functions
of self-adaptive, coupling, parallel grasp and linear-parallel
pinching, and propose a hybrid grasping mode that can be
switched in different situations, like the SCHU hand[13] and
the LIPSA hand[14].

This paper presents a linear-parallel coupled self-adaptive
(LPCSA) robot hand (figure 1) featuring a three-joint
mechanism based on a novel Chebyshev linkage mech-
anism, characterized by the combination of an common
Chebyshev mechanism and a Hoechen linkage mechanism.
The proposed mechanism enables hybrid grasping, allowing
for switching between linear-parallel and coupled grasping
modes. The paper analyzes the functionality, grasping meth-
ods, movement, and forces involved in the design. To validate
the analysis, a prototype was manufactured.

Fig. 1: LPCSA hand devices.

II. DESIGN OF THE LPCSA HAND

The LPSCA Hand is composed of two fingers placed
symmetrically. The working principles of a single finger will
be explained in the following sections.
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A. Composition of the LPCSA Hand

The finger is mainly composed of two mechanisms, as
shown in figure 2: A Chebyshev Translating Table Linkage
(CTTL), and a Double Parallelogram Mechanism (DPM).
The parts associated with grasping are Finger Segment 1
(FS1), Finger Segment 2 (FS2), Finger Base (FB), Finger Tip
(FT). FB and FT are joined at Rotary Joint 1 (RJ1), allowing
FT to move with FB and tilt in respect to it. The rings on FB
and FT are joined by Extension Spring (ES), ensuring that
when unactuated, FT is parallel to FB. Drive Bar 1 (DB1)
and Drive Bar2 (DB2) of DPM are actuated by drive wheels.
CTTL (which combines two straight-line mechanisms: the
Chebyshev Linkage and the Hoecken Linkage) ensures the
linear-parallel motion of FB, and DPM is used to tilt FT for
self-adaptation.

Fig. 2: Core mechanisms of the LPCSA Finger. CTTL is
turned transparent and DPM is set as opaque. FS1, FS2 and
FB belong to CTTL while FT, DB1, DB2 belong to DPM,
as shown. FT and FB are jointed at RJ1. ES is not modelled
and is drawn in the figure instead.

The finger has two types of motion, as shown in figure
3: The linear motion of FB, resulting from Drive Wheel 1
(DW1) actuating DB1, and the tilting motion of FT, resulting
from Drive Wheel 2 (DW2) actuating DB2. DW1 and DW2
are rigidly attached onto the Drive Shaft (DS). Actuating the
finger refers to the motor driving DS through a gear set.

As shown in figure 4. DW1 drives DB1 through a Torsion
Spring (TS), with a Limiting Block (LB) constraining DB1’s
forward motion. Meaning that if the finger contacts an object,
CTTL stops moving, but due to the spring, DW1 (along with
DW2) can continue to rotate for the rest of the action to take
place.

As shown in figure 5. DW2 drives DB2 through a drive
block. There are two slots for inserting the drive block, and
its choice controls the idle stroke of tiling relative to linear
motion: Slot 1 means that tilting only begins after linear
motion, Slot 2 results in tilting along with linear motion. In
effect, the slot choice decides whether tilting is decoupled

from or coupled to the linear motion.

Fig. 3: Driving mechanisms of the LPCSA Finger. DW1,
DW2 and DS are shown as opaque. DS is shown as a bold
screw.

Fig. 4: Close-up of DW1. TS, LB and DB1 are shown.

B. Working Principle of the LPCSA Hand

The finger has three types of grasping modes: Linear-
Parallel Pinching (LPP), Linear-Parallel Self-Adaptive
Grasping (LPSAG), and Coupled Grasping (CG). The work-
ing principle is explained as follows. The LPCSA finger
Schematics are shown in figure 6 and the grasping modes
are shown in figure 7.

For LPP and LPSAG, DW2 is set to slot 1. When the
finger is actuated, FB (along with FT) moves forward in a
linear-parallel fashion. When the finger contacts an object,
CTTL stops but DS continues to be actuated. When DS turns
enough for DW2 to start actuating DB2, FT attempts to tilt.
If FT is already in contact with the object, then it remains
parallel to FB, pinching the object (LPP). If FT is not in
contact, then it tilts until contacting the object, resulting
in a better adaptation to the object’s shape, achieving self-
adaptive grasping (LPSAG).

For CG, DW2 is set to slot 2. When the finger is actuated,
FT tilts along with the forward motion, and the finger stops
upon contact with an object, completing the grasp. Without
waiting for the idle stroke to complete, CG finishes grasping
more quickly than LPSAG.
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Fig. 5: Close-up of DW2. Slot 1, Slot 2, Drive Block and
DB2 are shown. Drive Block is inserted in Slot 1.

Fig. 6: LPCSA finger Schematics. (a) the red dashed line is
Chebyshev mechinsm; (b) the green dashed line is Hoechen
mechinsm; (c) linear-parallel pinching Schematic; (d) self-
adaptive grasping Schematic.

Fig. 7

III. ANALYSIS OF THE LPCSA FINGER

To investigate the performance characteristics of the
LPCSA hand, we performed Kiematic analysis and grasping
force analysis on a single LPCSA finger.

A. Kinematic Analysis of the LPCSA Hand

Firstly, a mathematical model of the robotic finger was
established by representing the axle as a point and the rod
as a line, as illustrated in Figure 8.

Fig. 8: Mathematical model.

Assuming that the reference coordinate system is estab-
lished with each rotational joint of the finger as the origin,
the D-H parameters for the mathematical model of the finger
can be obtained, as follows:

TABLE I: Standard D-H Parameters for LPCSA Finger

link αi ai di θi
1 0 L1 0 θ1
2 0 L2 0 θ2

From the D-H table, the transformation matrix is:

Ai =


cosθi −sinθi 0 Li cosθi
sinθi cosθi 0 Li sinθi

0 0 1 0
0 0 0 1

 (1)

The transformation matrix of the two rods are:

T 0
1 = A1,T o

2 = A1A2 (2)

Introduction of the Jacobi Matrix:

ξ = Jθ̇ ,ξ =

[
V 0

n
W 0

n

]
,J =

[
Jv
Jw

]
(3)

Jvi = Z0
i−1 ∗ (On −Oi−1) ,Jwi = Zo

i−1 (4)

According to the above equation and combined with
the kinematic simulation software, when the mechanism is
driven by a uniform velocity, the motion characteristics of
its fingertip can be known, as shown in figure 9.
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Fig. 9: Motion characteristic of the LPCSA hand. (a) hori-
zontal kinematic characteristic of the mechanism; (b) vertical
kinematic characteristic of the mechanism.

As shown in the diagram, here, we focused on the finger-
tip’s motion, finding its movements are smooth except at the
start from the x direction, ideal for fragile items like eggs;
from the y direction, the displacement is approximately zero,
which verifies the linear motion.

Combining the above kinematical equations using the
Lagrangian method to derive the kinetic equations, the Jacobi
matrix can be derived to find the velocity and angular
velocity of the finger during motion and the kinetic energy
of the rigid body:

K =
1
2

mvT v+
1
2

ω
T

ω (5)

P =
2

∑
i=1

Pi = (m1Lc1 +m2L1)gsinθ1 +m2Lc2gsin(θ1 +θ2)

(6)
Then substituting into the robot dynamics equations:

M (θ) θ̈ +C
(
θ , θ̇

)
θ̇ +G(θ) = τ (7)

In practical robotic hand design work, the results of the
above equations can be used as a reference for mechanism
design and optimization.

B. Grasping force analysis of the LPCSA Hand

In addition to the kinematic analysis, this subsection
carries out the analysis of the static mechanics of the LPCSA
finger, and the static model established based on the structure
of the fingers and the corresponding physical meanings of the
symbols are shown in figure 10 and the table.

TABLE II: Physical Symbols and Their Meanings

quantity notation unit

F1,F2,F3
Grasping power of the first, second and

third phalanxes. N

L1,L2,L3 Length of the first, second and third phalanxes. mm

h1,h2,h3

Vertical distance of the contact point
of the first (second or third) phalanx
from the proximal connection joint.

mm

G1,G2,G3
Point of contact of the first (second or

third) phalanx with the object. mm

T Torque transmitted by the actuator to
the drive rod. Nmm

k Coefficient of strength of springs. N/mm

θ1,θ2,θ3
Angle between the first, second and

third phalanxes and the vertical direction. rad

In the linear parallel grasping mode, as shown in figure
10(a), the coordinate system is established with point E as
the coordinate origin. Since the first and second phalanxes
only provide support, so as to simplify the analysis, only the
grasping force of the fingertip is analyzed. According to the
moment equilibrium condition the equation is obtained as:

T = F3 ∗ (h3 +L2 cosθ2) (8)

Fig. 10: Hydrostatic model. (a) linear-parallel pinching force
analysis; (b) self-adaptive grasping force analysis.

Let T =20N*mm and L2=70mm. From the equation, we
can obtain the relationship with the grasping force and the
the angle of rotation of the second finger segment or the
hight of contact point, as shown in figure 11(a).

Fig. 11: Analysis on the grasp force. (a) parallel grasp stage;
(b) self-adaptive grasp stage.

The LPCSA finger enters the self-adaptive grasping mode
when the object comes into contact with the first phalanx or
the second phalanx and obstructs the movement of the first
phalanx or the second phalanx. To simplify the analysis, only
analyze the grasping force of the second and third phalanxes.
The force analysis in the self-adaptive grasping mode is
shown in figure 11(b), in which the spring for limitation
applies a moment in the opposite direction.

The vector expressions for the contact points of the two
finger segments with the object are

−→
F2 = (F2 cosθ2,−F2 sinθ2) (9)
−→
F3 = (F3 cosθ3,−F3 sinθ3) (10)

The imaginary displacement of the contact point can be
obtained: −→

G1 = (h1 sinθ1,h1 cosθ1) (11)
−→
G3 = (L2 sinθ2 +h3 sinθ3,L2 cosθ2 +h3 cosθ3) (12)
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According the Newton-Euler equations,

[T − kθ3]

[
δθ2
δθ3

]
=
[−→

F2
−→
F3

][
δ
−→
G2

δ
−→
G3

]
(13)

[T − kθ3] = [F2 F3]J (14)

J =

[
h2 0

L2 cos(θ2 −θ3) h3

]
(15)

F2 =
T
h2

+
kθ3L2 cos(θ2 −θ3)

h2h3
,F3 =−kθ3

h3
(16)

And J in Eq. (19) refer to the Jacobi matrix. According
to Eq. (14-21), the relationship between each parameter and
the grasping force can be obtained, as shown in Fig. 12(b).

We analyze the grasping force, displacement, and angle
during linear gripping.In the parallel mode, the grasping
force remains stable except at the start.In the adaptive mode,
when θ2 is near 50 degrees, the second segment’s force
increases, while the first segment’s force is proportional to
θ3.

Additionally, we conducted a workspace analysis of the
LPCSA hand. If a mechanism comprises numerous link-
ages, they will undoubtedly occupy a significant amount of
space during operation, which will markedly reduce space
efficiency. Therefore, this consideration was thoroughly ad-
dressed in the design of the LPCSA hand. As for its single
finger, it utilizes 15 linkages (including equivalent linkages),
two linear linkage mechanisms, and one parallelogram mech-
anism. We identified the optimal connection axis positions to
maximize the overlap of each mechanism’s workspace. As
illustrated in Figure 12, blue area represents the workspace
of the parallelogram mechanism and the fingertip, while red
area represents the workspace of the two linear linkage mech-
anisms. Calculations reveal that the overlap area between
blue area and red area accounts for 47.35 percent of the
total area, indicating that our design significantly enhances
the compactness of the LPCSA hand structure.

Fig. 12: Workspace analysis. Blue area represents the
Workspace of the parallelogram mechanism and the fin-
gertip;Red area represents the workspace of the two linear
linkage mechanism.

IV. EXPERIMENTS

In order to verify the feasibility of this LPCSA finger
design, a prototype based on the it is made and grasping
experiments are conducted. As shown in figure 13, the
LPCSA finger has a linear-parallel grasping range of 0-80mm
and a self-adaptive range of 0-90 degrees.

Fig. 13: LPCSA Finger Physical Grip.

This experiment used an FSR402 resistive thin film pres-
sure sensor, installed at the end of the gripper’s second joint,
to fully touch objects. The sensor was in contact with both
rigid and flexible objects, and the pressure changes over time
were observed, as shown in figure 14. The experimental
results indicate that the gripper exhibits different grasping
strengths when in contact with objects of varying stiffness. In
the experiment, the LPCSA hand demonstrated its ability to
grasp objects of different stiffnesses, depend on the pinching
mode experiment, primarily detecting the pressure changes at
the fingertip of the second phalanx. For further development,
it is suggested to consider placing a matrix of force sensors
on both finger phalanxes to monitor the pressure changes
throughout the entire process, ensuring accurate control.

Fig. 14: Experimental device.

The other LPCSA finger is symmetrical to it, and the
two fingers are combined to form the LPCSA gripper to
grasp physical objects, as shown in Fig. 15. The LPCSA
gripper allows three gripping modes, allowing objects of
different sizes, shapes, and postures to be grasped with a
single actuator. When it is necessary to grasp objects with
high friction, an elastic material with a high coefficient of
friction (rubber or silicone) can be added to the finger surface
to improve the stability of the grasp.

V. CONCLUSIONS
In essence, mechanical systems generally consist of vari-

ous parts (e.g., gears, racks, sliders, linkages). The unique
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Fig. 15: The application of the gripper.

feature of the mechanical hand designed in this paper is
its multi-link mechanism (with the worm and gear only for
transmission). This simple and easy-to-implement mecha-
nism, coupled with two linear mechanisms, stabilizes and
enhances the flexibility of the fingers’ linear-parallel pinch-
ing mode. The instability and deformability of the double
parallelogram further improve this mode. The double par-
allelogram also increases the adaptive grasping range. The
pure linkage mode mechanism operates at high speed, and
the LPCSA fingers achieve smooth and substantial grasping
force while maintaining rapid transmission. Its linear-parallel
pinching capability allows it to grasp objects of different
sizes, making it suitable for future applications in household
humanoid robots for tasks like folding clothes or industrial
robots. To improve the robot hand, precise control of finger
segments still needs improvement through the application of
sensors and control algorithms.
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