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Abstract: The current underactuated robot hands use a single actuator to drive multiple degrees of
freedom, enabling them to perform grasping functions. This paper design a multi-mode compound
grasping robot finger driven by linkage, called MCG hand. The MCG hand includes a base, two
motors, three phalanx, multiple shafts, two motors, two driving wheels, four linkages, three springs,
and two limit blocks. This unique design allows the MCG finger to perform various grasping
modes, such as parallel, coupling, middle, and distal phalanx self-adaptive, proximal, and distal
gesture-changeable modes, as well as their combinations. The device can independently control the
rotation of the proximal phalanx and the distal joint and realize the parallel pinching action of the
distal phalanx. It can also realize the coupling function of the proximal and distal phalanx. It has
automatic adaptability to objects of different shapes and sizes. Furthermore, the MCG finger provides
enveloping grasping with multiple contact points, resulting in a more stable grip. The easy switching
between modes through simple control, along with its wide application range and low manufacturing
and maintenance costs, make the MCG hand a versatile solution for various applications.

Keywords: robot hand; multi grasping modes; coupling grasping; self-adaptive grasping; gesture-
changeable grasping; underactuated finger

1. Introduction

The development of robotic hands that closely resemble the biological and kinematic
characteristics of the human hand has been a long-standing challenge [1,2]. Humanoid dex-
terous hands, which can perform various grasping and manipulation tasks, often require a
separate motor for each joint, resulting in significant challenges related to sensing, control,
and high costs. The delicate and precise DLR hand [3,4], the non-anthropomorphic Goldfin-
ger [5], and the highly versatile GIFU hand [6,7], can make them difficult to design, build,
and maintain. The challenges in controlling dexterous hands are exemplified by studies that
address the need for optimization techniques for motion control trajectories [8], highlight-
ing the sophisticated sensing and control algorithms required to coordinate movements
effectively. To overcome these limitations, researchers have been motivated to explore
alternative approaches.

Underactuated robot hands have attracted attention for their ability to provide a wide
range of grasping capabilities and higher output force with fewer motors and more joint
degrees of freedom. Laliberté and Gosselin introduced the design of two-degree-of-freedom
underactuated fingers, which demonstrated reduced complexity, lower cost, and improved
performance [9,10]. This innovative design has garnered significant attention in the field of
robotics, as evidenced by subsequent research on underactuated hands. Laliberte et al. [11]
provides a comprehensive overview of under-actuation in robotic grasping hands, and
Dollar and Howe [12] present a study on joint coupling design for underactuated grippers.
Recent advances in simulation tools, such as the work by Bencak, Hercog, and Lerher,
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focus on improving the efficiency and reliability of robotic grasping through pick-point
evaluation for a 2-F robotic gripper [13].

Underactuated fingers, including parallel (PA), coupling (CO), and self-adaptive (SA)
grasping fingers, have been developed to address the limitations of dexterous hands. The
distal phalanx of the parallel grasping finger always keeps the original posture relative to
the base when it moves, which is suitable for grabbing objects placed on a plane. When the
coupling grasping finger is leaning towards the object, all phalanxes rotate simultaneously,
and the speed ratio of the second phalanx to the first phalanx is a scalar greater than 1.
The coupling grasping finger is suitable for holding objects with the distal phalanx on
the desktop.

Self-adaptive grasping mechanisms allow robots to grasp objects of various shapes
and sizes with minimal input from the control system. When actuating the self-adaptive
finger, the proximal phalanx rotates, and the distal phalanx does not constantly rotate to the
proximal phalanx. When the proximal phalanx contacts the object and is blocked, the distal
phalanx continues to rotate automatically, which adapts to the different shapes and sizes
of the object and achieves the envelope grasping effect [14,15]. The self-adaptive grasping
mode benefits from synchronized finger and wrist movements, which can improve the
grasp success rates and mitigate object slippage during hand closure [16]. This can also
be achieved by using soft materials [17] and pneumatic or hydraulic actuation [18]. The
soft-rigid tendon-driven grippers investigated in [19] allow robots to grasp objects of
various shapes and sizes with minimal input from the control system. These adaptive
mechanisms have shown promise for improving grasp stability and versatility [20]. How-
ever, only the proximal phalanx is driven before grasping, and the distal phalanx does not
have a grasping motion. The limited range of motion of the distal phalanx in self-adaptive
fingers constrains their overall grasping capabilities.

To overcome these drawbacks, researchers have focused on developing compound
grasping modes that combine the strengths of parallel, coupling, and self-adaptive fingers.

The integration of coupling and self-adaptive grasping mechanisms leads to the
development of the coupling adaptive composite grasping mode (COSA mode) [12]. Ma-
trone et al. [21] present a study on real-time myoelectric control of multi-fingered hand
prostheses using principal component analysis, hybrid flexible robotic gripper mechanism
presented by [22] allows for improved grasping capabilities, including the implementation
of a power grip through the sequential movement of the rigid link and the flexible mecha-
nism. This mode allows the robotic hand to initially adopt a coupling motion, where both
joints rotate in the same direction, and the distal phalanx rotates faster than the proximal
phalanx. Upon contact with the object, the hand automatically switches to the self-adaptive
grasping mode, enabling the distal phalanx to rotate until it touches the object. This results
in a more anthropomorphic and stable grasp, increased grasping efficiency, and more
reasonable force distribution [23,24].

This mechanism has been extensively studied and developed by researchers, leading
to several publications such as the COSA-FBA hand with five-gear mechanisms and built-
in actuators [25], and the COSA-LET finger with a linear empty-trip transmission [26].
Applications of the COSA finger in humanoid robotic hands have demonstrated its potential
to improve grasping performance [27,28].

Similarly, the parallel self-adaptive grasping mode (PASA mode) combines the strengths
of parallel and self-adaptive grasping mechanisms. A single-actuator gripper utilizing a
crawler on the fingertip is proposed, enabling the lifting of thin objects and transitioning
between grasp modes passively [29]. Ref. [30] introduces a parallel and self-adaptive underac-
tuated finger with novel belt and cam-link mechanisms. The Velo gripper [31] demonstrates
the ability to perform parallel, enveloping, and fingertip grasps using single active tendon
actuation and passive adaptation for increased versatility. In this mode, the robotic hand
initially adopts a parallel grasping motion, maintaining the posture of the distal phalanx
relative to the base. Upon contact with the object, the hand automatically switches to the
self-adaptive grasping mode, enhancing the practicability and versatility of the finger [32].



Appl. Sci. 2023, 13, 5550

30f19

Changing the initial position of each finger joint during grasping is called gesture-
changeable [33,34]. The gesture changeable grasping mode includes self-adaptive grasping
and pre-bending action functions. Before grasping the object, the mechanism can flexibly
adjust the ready posture (initial configuration) of the finger to hold the object according to
the size and shape of the object.

The second motor is added to the self-adaptive underactuated finger to obtain more
dexterity. This kind of finger adds the function of flexible changing position to the original
self-adaptive underactuated finger, forming a more dexterous underactuated finger.

Traditional robotic hands face challenges due to their complexity, sensing, control, and
high costs. Underactuated fingers, such as parallel, coupling, and self-adaptive fingers,
have been developed to address these limitations but still exhibit constraints in grasping
capabilities. To overcome these issues, this paper introduces a novel multi-mode compound
grasping robot finger driven by linkage (MCG finger), capable of performing six distinct
grasping modes, including parallel (PA), coupling (CO), middle phalanx self-adaptive
(M-SA), distal phalanx self-adaptive (D-SA), proximal gesture-changeable (P-GC), and
distal gesture-changeable (D-GC), as well as their combinations. The MCG finger addresses
the challenges faced by traditional dexterous hands by offering a versatile and adaptable
solution with reduced complexity and cost.

With its versatile range of motion, the MCG finger has a wide range of potential appli-
cations in industrial manufacturing [35], hand rehabilitation [36], medical treatment [37,38],
military robots [39], and other scientific fields. The importance of selecting the appropriate
gripper for a robotic manipulator, as it directly influences the efficiency and performance of
the system, is emphasized by the comprehensive review of various gripper classifications
and their applications provided in the work of [40]. This paper presents the design concept,
working principle, and concrete structure, as well as dynamic and kinematic analyses of
the MCG finger [41], making a contribution to the field by offering a novel and efficient
solution for robotic grasping.

2. Design of MCG Finger
2.1. Design Concept

The PA, CO, M-SA, D-SA, P-GC, and D-GC modes are six basic grasping types for the
MCG fingers.

2.1.1. Paralleling Grasping Mode (PA Mode)

Paralleling grasping means that when grasping the object, the proximal phalanx
rotates positively, and the distal phalanx rotates negatively at the same angle, which keeps
the posture of the distal phalanx unchanged relative to the base. As shown in Figure 1a.

Figure 1. (a) The PA grasping mode and (b) the CO grasping mode. 1-Base; 2-Proximal shaft;
3-Proximal phalanx; 4-Middle shaft; 5-Middle phalanx; 6-Distal shaft; 7-Distal phalanx.
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2.1.2. Coupling Grasping Mode (CO mode)

The coupling grasping mode is tailored for objects with tapered or conical geometries.
In this mode, the distal phalanx rotates in the same direction and at a proportional rate as
the proximal phalanx, which adapts to the object’s shape and minimizes slippage during
handling, as shown in Figure 1b.

2.1.3. Middle Phalanx Self-Adaptive Grasping Mode (M-SA Mode)

Middle phalanx self-adaptive grasping is a mode of grasping where the middle finger
joint can adjust to the shape of irregularly shaped objects. In M-SA grasping, the middle
phalanx rotates independently from the proximal phalanx and passively rotates in response
to the movement of the distal phalanx. This helps the finger to conform to the shape of the
object, which results in a more stable and secure grip on objects with varying curvatures.
M-SA grasping is particularly useful for grasping objects with irregular surfaces, as it
allows the finger to adapt to the object’s shape more effectively, as shown in Figure 2a.

Figure 2. (a) The M-SA grasping mode and (b) the P-SA grasping mode.
2.1.4. Distal Phalanx Self-Adaptive Grasping Mode (D-SA Mode)

Distal phalanx self-adaptive grasping involves the passive rotation of the finger’s
distal phalanx until it comes into contact with the object. This gripping mode is only
activated after the proximal and middle phalanges have been fixed in position. The D-SA
mode of grasping is particularly well-suited for gripping objects with small protrusions or
irregularities at their distal end. This is because the distal phalanx continues to rotate until
it contacts the object, thereby providing a self-adaptive envelope-grasping function. This
unique gripping mechanism allows the MCG finger to securely grip objects with complex
geometries, providing an efficient and effective way to handle such objects, as shown in
Figure 2b.

2.1.5. Proximal Gesture-Changeable Grasping Mode (P-GC Mode)

Proximal gesture-changeable grasping allows the finger to adjust its proximal phalanx
position during grasping by controlling the two actuators” speed. This versatility enables
the finger to handle objects with varying thicknesses or adjust the grip during manipulation,
ensuring a stable and secure hold regardless of the grasping mode used, as shown in Figure 3a.
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P-GC grasping D-GC grasping

(a) (b)
Figure 3. (a) The P-GC grasping mode and (b) the D-GC grasping mode.

2.1.6. Distal Gesture-Changeable Grasping Mode (D-GC Mode)

Distal gesture-changeable grasping allows for independent adjustment of the distal
phalanx during the grasping process while keeping the proximal and middle phalanges
unchanged. This mode is suitable for handling objects that require precise positioning of
the distal phalanx or objects with uneven surfaces where the distal phalanx needs to be
adjusted for a stable grip, as shown in Figure 3b.

As to the design concept of the MCG finger, six grasping modes are fused to improve
the grasping performance. Through the combination of these six grasping modes, a
variety of composite grasping modes can be obtained, such as PA-M&D-SA grasping
mode and CO-M&D-5SA grasping mode(shown in Figures 4 and 5, which is suitable for
flexible application in multiple environments. Different grasping modes can be switched
by controlling the speed of rotation and the rotation and stop of the two motors. Various
composite grasping modes broaden the application fields of MCG fingers, which can
be widely used in industrial manufacturing, hazardous environment operation, marine
resources detection, and other scientific fields.

PA-M&D-SA grasping

Figure 4. The PA-M&D-SA grasping mode.
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Figure 5. The CO-M&D-SA grasping mode.

2.2. Structure of MCG Finger

According to the design concept, the MCG finger combines six grasping modes and
achieves a variety of grasping effects through the joint driving of two motors. The detailed
structure is shown in the 3D assembly model shown in Figures 6 and 7.

(@) (b)

Figure 6. (a) Side view and (b) front view of the MCG finger. 1-Base; 2-Proximal shaft; 3-Proximal
phalanx; 4-Middle shaft; 5-Middle phalanx; 6-Distal shaft; 7-Distal phalanx; 8-11-15t-4th linkage;
12-14-1%*-3" shaft; 15-1% motor; 16-1% reducer; 17-1% worm; 18-1% worm gear; 19-1% gear; 20-1°*
driving gear; 21-2" motor; 22-2" reducer; 23-2" worm; 24-2" worm gear; 25-21d gear; 26-214
driving gear; 27-28-1st-2"! pushing block; 29-31-1%/-3" spring; 32-33-1%/-2"? limit block. All the
numbers in the following figures represent the same component of the MCG finger.
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The MCG finger comprises the base, proximal phalanx, middle phalanx, distal phalanx,
proximal shaft, middle shaft, distal shaft, the first to the third shaft, the first to the fourth
linkage, the first and second transmission mechanism, the first and second driving wheel,
the first and second pushing block, the first to third spring piece, the first and second
limiting block. The center lines of the proximal shaft, middle shaft, distal shaft, and first to
third shaft are parallel to each other.

To simplify the description, set the center points of the proximal shaft, middle shaft,
distal shaft, and first to the third shaft as A, B, C, G, E, F; set the end point of the distal
phalanx as D. The second linkage AE has equal length as CE. The sum of the lengths of
the proximal phalanx AB and the middle phalanx BC is equal to the length of the fourth
linkage EF, as shown in Figure 8.

(b)

Figure 7. Oblique view (a) and main view (b) of inner parts of MCG finger.

D

Figure 8. Structure sketch of the MCG finger.

2.3. Working Principle of MCG Finger

In its initial state, the MCG finger is set up so that the first linkage makes contact with
the first pushing block, the second linkage contacts the first limiting block, and the middle
phalanx connects with the second limiting block, thanks to the force exerted by the first to
the third springs. By coordinating the movement of the two motors, the MCG finger can
switch between various composite grasping modes.
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During the initial stage, the first, second, and third springs will pre-stretch and create
a contact angle {;_3 between the first linkage and the first pushing block, the second
linkage and the first limiting block, and the middle phalanx and the second limiting block,
respectively. As the first and second pushing blocks are connected to the first and second
motors, respectively, this ensures that the MCG finger remains in a stable state prior to
grasping.

According to the structure of the MCG finger, the working principle is as follows
(shown in Figures 9 and 10):

Figure 10. Working principle of the MCG finger (P-GC, CO and D-GC mode).
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One of the characteristics of underactuated robot fingers is that they can grasp without
complicated control. Therefore, when controlling the movement of MCG fingers, each
motor will have three different output states: stop (speed is zero), rotate(speed is 0.5v), and
rotate(speed is v). v is the speed of the motor at rated voltage, and correspondingly, 0.5v is
the speed at half of the given rated voltage. For different grasping modes, different output
speeds can be set for the two motors; details can be seen in the graph, which is shown in
Table 1.

Table 1. The state and the speed of the two motors.

Mode STATE 1 SPEED 1 STATE 2 SPEED 2
PA R™ v 572 0
CcO R 0.5v R v

P-GC R v R v

D-GC S 0 R v

M-SA R&S v&0 R&S v&0

D-SA R&S &0 R&S &0

3

TR represent rotate. 2s represent stop. "3 vis a constant speed.

In order to effectively switch between different grasping modes, the MCG finger relies
on the contact conditions with the object and the desired outcome during the grasping
process. For active modes (PA, CO, P-GC, and D-GC grasping modes), the MCG finger
proactively adjusts its position and movement based on predefined commands, which are
determined by the object’s shape and the desired grip. On the other hand, the passive
modes (M-SA and D-SA) are activated in response to contact with the object, allowing
the finger to adapt to the object’s shape for a more stable and secure grip. The contact
points and the sequence in which the phalanges interact with the object determine the
appropriate grasping mode. As the MCG finger encounters an object, the contact conditions
are evaluated in real-time, allowing the system to adapt and choose the most suitable
grasping mode.

The specific grasping process is shown below (take the PA-M&D-SA mode, for example):

The first motor rotates forward at speed v, drives the first worm through the first
reducer, the first worm wheel rotates, and the first transition shaft rotates to drive the first
gear to rotate so that the first transmission wheel rotates forward, and the first pushing
block rotates forward, pushing the first linkage to rotate around the proximal shaft, and
then pushing the distal phalanx through the third linkage.

Because the second motor is not started, the second driving wheel and the second
pushing block are not moved. The second spring connects the second linkage with the
second pushing block, which makes the second linkage maintain the initial posture relative
to the base. Before the proximal phalanx and the middle phalanx do not contact the object,
the quadrilateral ACFE maintains the parallelogram, so the phalanx FC remains parallel to
the phalanx AE, that is, the distal phalanx keeps the initial posture unchanged relative to
the base. Thus, the parallel clamping process is realized.

When contacting objects, there are three possible results:

1.  The distal phalanx first contacts the object, the grasping is finished, and the parallel
clamping function for the object is realized.

2. The middle phalanx first contacts the object, and it will be blocked. Then the first
motor will continue to rotate. The first linkage will push the distal phalanx to rotate
around the distal shaft until the distal phalanx touches the object, which is the distal
self-adaptive grasping mode. At the same time, since the second motor does not
rotate, the second linkage will leave the second pushing block, and the second spring
will be stretched.

3. The distal phalanx first contacts the object, and it will be blocked. The MCG finger
will automatically switch to the middle phalanx self-adaptive grasping mode. The
movement of the first motor will continue to push the distal and middle phalanxes to
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move forward, which will make the second phalanx overcome the pre-bending force
between it and the second limit block and rotate around the middle shaft. After the
middle phalanx touches the object, the MCG will perform D-SA mode.

The movement process of the other grasping modes of the MCG finger is similar to
the PA-M&D-SA mode, so it will not be repeated here.

Importantly, there is an interference problem when driving the first motor and the
second motor at different speeds. For example, in the distal self-adaptive grasping stage,
the first motor continues to rotate, and its impact on the second linkage is greater than
that of the second motor, which will make the second linkage overcome the pull of the
second spring and leave the second pushing block. Similarly, in the distal phalanx gesture-
changeable grasping mode, only the second motor rotates at speed v. The rotation of the
distal phalanx will also make the first linkage overcome the tension of the first spring and
leave the first pushing block. Compared with the direct driving of two different linkages,
the driving system of pushing block, spring, and linkage is more effective in improving the
switching stability between different modes.

3. Mechanical Analysis and Simulation

In this section, we will discuss the parameters that affect MCG fingers in detail. The
kinematic and dynamic model of the MCG finger is shown in Figure 11. The grasping force
of the MCG finger when grasping an object is analyzed to evaluate the stability of grasping.
The simulation results are given by MATLAB, which shows the grasping function of the
MCG hand.

Figure 11. Kinematic and dynamic model of the MCG finger.

f1—Angle of the first linkage concerning the base, which is the angle between AG and
the negative direction of the x-axis, rad;

h—Angle of the second linkage concerning base, which is the angle between AE and
the negative direction of the x-axis, rad;

«1—Rotational angle of the transition shaft, which is the angle between AB and the
negative direction of the x-axis, rad;

xy—Angle of the first phalanx concerning the second phalanx, which is the angle
between AB and BC, rad;
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mj_y—Mass of the proximal, middle, and distal phalanx, second, fourth, first, and
third linkage, respectively, kg;

I;_y—Length of AB, BC, CD, AE, EF, AG, and GF, respectively, m.

B—The angle between the line from the distal shaft to the centroid of the distal phalanx
and the line CF in the distal phalanx, rad.

k1_3—Torsion coefficient of the first, second, and third spring, respectively, N/rad.

¢1-3—The pre-rotation angle of the first, second, and third spring, respectively, rad.

T1—p—The torque applied by the first motor, and the second motor, respectively,
N/rad.

The MCG finger controls three degrees of freedom through two actuators, which is an
underactuated system. In the simulation analysis of the MCG finger, it is found that when
the first and second links are driven to control the motion of the MCG finger, the simulation
results are extremely complex. This is because the torque exerted by the first driver on
the first linkage acts on the first phalanx and the second phalanx comprehensively, so the
solution is more complex. To simplify the simulation while obtaining the kinematics and
dynamics analysis of the MCG finger, this paper chooses to place the first and second virtual
drivers at the proximal and middle joint axes, respectively, to equivalently replace the effect
of the first motor on the proximal and middle phalanx. In real motion, the kinematics curve
of the first driver can be inversely solved by using the motion angle of two virtual motors
during simulation. If the parameters of the first driver solved are used as input, the results
equivalent to the simulation can be obtained.

Take point A (Proximal shaft) as the origin; the horizontal direction is the x-axis, the
vertical direction is the y-axis, and the vertical point A outward is the z-axis to establish the
coordinate system as shown in Figure 11. The coordinate of point A can be obtained directly:

a=[0 0 0 1)

The length of AB (proximal phalanx) is /1, the angle between AB and the negative
direction of the x-axis is a1, so the coordinate of B is:

rg = [~lycos(ay) Iysin(a) O] 2)

The length of BC (proximal phalanx) is I, the angle between AB and BC is a5, the
calculated coordinate of B can be obtained:

rc = [—lpcos(ay +ap) — lycos(ay) Ipsin(ay + ap) + Iy sin(ag) 0] 3)

The length of AE (second linkage) is Ip, the angle between AB and BC is 6, the
coordinate of E can be obtained:

rg = [—lycos(01) Igsin(6p) O] 4)

The parameters of the MCG finger are mainly determined by the second driver and the
first and second virtual drives. Therefore, after the coordinates of points A, B, C, and E are
determined, the parametric coordinates of all linkage positions of the MCG finger can be
solved by the geometric method. The coordinates of the solved D, F, and G points are complex
and will not be shown here. In this paper, they will be expressed by rp, rr, 1, respectively.

3.1. Statistics Analysis of MCG Finger

Through static analysis, we can obtain the response of MCG finger structure under a
given static load. Given the angle of the first and second linkages and the input torque of the
first motor acting on each linkage, respectively, we can derive the output force of the proximal,
middle, and distal phalanx under this condition. Through the simulation results, we can judge
the grasping effect of each grasping mode by analyzing the stress state of each phalanx.
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Since we have obtained the coordinates of each key point of the MCG finger, the unit
vector of each linkage can also be obtained.

eup = (rp—14)/1h ©)
epc = (rc —18)/1 (6)
eup = (rp—14)/ls @)
epc = (rc —rp)/ly ®)
€rr = (rp—1g)/I5 )
€6 = (rg —1a)/ls (10)
ecr = (rr—16)/I7 (11)

The first linkage and the first pushing block are connected by the first spring. Initially,
the first spring has a pre-rotating angle ¢;, which will make them closely connected. The
output torque of the first motor is 71, which acts on the first linkage through the first
pushing block. The force of this moment acting on point G is:

Fc=11/lg R, _gp° - €ac (12)

where R, _gge is the rotation matrix of —90 degrees around the z-axis (the angle of counter-
clockwise rotation is positive).
The angle #; between Fg and €gr is:

F'-e
-1 G " ©GF
1=0C08 | = (13)
/ <||FG|'||9GP|>
The force at point G acts on point F through the third linkage:
Fc"-€Gr-€cr
F = 14
T cos () .

The torque output by the second motor acts on the second linkage. In the initial state,
the second linkage maintains contact with the second pushing block under the action of
the second spring, and the pre-rotation angle of the second spring is assumed to be ¢,. The
spring will have an impedance effect on the output of the second motor, so the force at
point E is:

Fr=1/ls-R; o - €4E (15)

Similar to Fg, The angle #, between Fr and egr and the force at point E acts on point
F through the forth linkage are:

Fel-¢
-1 E EF
» = COS —_ (16)
1 <|FE| : ||eEF||>
F:T-6cr-¢
Fro, = YE " ©EF " €EF (17)

cos2(1)
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Combining the output torque of the two motors, the resultant force at point F is:
Fr =Frq +Frq, (18)

Considering the situation that only the distal phalanx is stressed. It is advisable to
make the contact point between the distal phalanx and the object to be grasped as point D.

The rotation axis of the distal phalanx is the distal axis. The component force of the
force at point F in the FC direction directly acts on the rotation axis of the distal phalanx,
so this force does not affect the object being grasped. The force exerted on the object by
the rotational moment generated after the force component of point F acting in the vertical
direction of FC acts on the distal phalanx.

Under the action of the third spring and the second limit block, the proximal phalanx
and the middle phalanx have not moved relatively. As a sequence, the quadrilateral AEFC
maintains the parallelogram state, so the output torque of the second motor is transferred
to the distal phalanx and directly acts on the object.

Combining the stress of these two parts, the force exerted on the object when contact
with the distal phalanx is shown as follows:

F3 =R, _gp° - (FF,TIT' (Rz90° - €FC) '3CD> Iy/I3+12/13- R, 900 - €cp (19)

In order to facilitate the analysis of the middle self-adaptive grasping mode, it is
assumed that points B and C is the contact point between the proximal and middle phalanx
and the object, respectively. The force on the middle phalanx comes from the component
force Frc of the force at point F in the FC direction. The force perpendicular to the BC
direction acts on the middle phalanx, and the pressure along the BC direction acts on the
middle axis (point B).

To make the middle phalanx contact with the second limit block, the third spring has
a pre-bending angle 3. There is resistance from the third spring when the middle phalanx
rotates relative to the proximal phalanx. The support force of the second limit block on
the middle phalanx is offset by the resistance of the spring. Before the relative motion of
the proximal and middle phalanxes, the proximal phalanx and the middle phalanx can be
regarded as a whole. The force exerted by the proximal and middle phalanxes on the object
is derived from the component of the force received at point C in the vertical direction
of AC:

T
Fo = (Fe” - @rc-@rc) - (Ro g @nc) - (Ry,—ope - Enc) 20)
During middle phalanx self-adaptive grasping mode, the middle phalanx rotates angle

«; relative to the proximal phalanx. Therefore, the exact contact force from the middle
phalanx on the object is:

T
Fo M—sA = (FPT -€rc '3Fc) (R, —90° - €pc) - (R, 90 - €pc) — ko(az 4+ €3) /12 - R, _gge - €pC (21)

Lastly, consider the situation when only the proximal phalanx touches the object. Addition-
ally, we will consider the middle phalanx self-adaptive grasping mode. Suppose point B
is the contact point between the proximal phalanx and the object. The proximal phalanx,
middle phalanx, and second spring are regarded as a whole, and the force exerted by the
proximal phalanx on the object can be obtained as follows:

T
Fl = (FFT . /e\FC . /e\FC) . (Rz’igoo . /e\AB) . (RZ,7900 /e\AB) (22)

After the grasping mode is completed, the first and second pushing blocks rotate
counterclockwise to make the first and second linkages return to the initial position through
the first and second springs.
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So far, given the input torque of the first and the second motor, the input force
generated when the proximal, middle, and distal phalanx contacts the object at different
positions has been solved.

3.2. Simulation

According to the derivation in Section 3.1, given the input torque and parameters in
Table 2, we can obtain the force simulation when each phalanx of the MCG finger touches
the object. The joint angle of the first linkage is obtained by the joint angle of the second
linkage, middle phalanx, and middle phalanx. After re-arranging the joint angle, we can
obtain the force of each phalanx in the x and y directions under the different joint angles of
the first linkage and the second linkage.

Table 2. The parameters of the MCG finger.

Notation Value Unit
mi_y 0.04, 0.04, 0.2, 0.03, 0.08, 0.07, 0.06 kg
lh_7 0.040, 0.040, 0.035, 0.030, 0.080, 0.060, 0.050 m
C1-3 1/9-7t,1/9-7,1/9- rad
k1,3 5,55 N/rad
B 2/9-1 rad
T_2 1,1 N-m

3.2.1. Simulation of the Proximal Phalanx

As shown in Figure 12, the force in the x-direction of the proximal phalanx has a peak
when the joint angle of the first linkage is 30—40 degrees. This is because when the joint
angle of the proximal phalanx is around 90 degrees, its component force in the horizontal
direction is large. Correspondingly, the force in the y direction decreases with the increase
in the joint angle. In the coupling grasping mode, such characteristics will help multiple
fingers to grasp objects together.
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Figure 12. Force simulation of the proximal phalanx (a) in x direction and (b) in y direction.

3.2.2. Simulation of the Middle Phalanx

The structure of the grasping force of the middle phalanx is the same as that of the
proximal phalanx at different joint angles. Therefore, this section mainly analyzes the
impact of the middle phalanx self-adaptive grasping mode.

As shown in Figure 13, the greater the rotation angle of the middle phalanx relative to
the near phalanx, the smaller the force in the x and y directions. This is mainly because the
middle phalanx needs to overcome the tension exerted by the third spring to maintain the
attitude of the proximal and middle phalanxes during the M-SA mode. Therefore, within
a specific angle range, the spring has a negligible impact on the grasping force, and the
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adaptive middle finger is helpful for the enveloping grasping effect of the object. However,
when the adaptive angle is too large, the resistance of the spring will excessively affect the
grasping stability.

25

g 20

(a) (b)
Figure 13. Force simulation of the middle phalanx. (a) in x direction and (b) in y direction.

3.2.3. Simulation of the Distal Phalanx

The grasping force distribution of the distal phalanx reflects the characteristics under
different grasping modes. As shown in Figure 14, the corresponding grasping modes of
different angles have been marked.

5F / 23 I‘ v /I‘ I‘ 16
—_—— l/ v/ //Il II ——— II / //’l II
PAMode---» / /D-$A'Modé PA Mode -==» / /B-$A'Modé "
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2 0
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Figure 14. Force simulation of the distal phalanx. (a) in x direction and (b) in y direction.

In the parallel grasping mode, the grasping force in the x-direction of the distal
phalanx remains large and stable. In the coupling grasping mode, the component force in
the y direction reaches the maximum value in the negative direction, which is consistent
with its characteristics suitable for enveloping grasping. In the distal gesture changeable
grasping mode, the component force in the y direction increases with the rotation of the
distal phalanx, which is suitable for picking up objects. The proximal gesture changeable
grasping mode is mainly responsible for the position switching, which is in the middle
position in the distribution shown in Figure 14, and is helpful for the switching between
various grasping modes.

3.3. Analysis of the Simulation Results

By synthesizing the mechanical analysis and simulation results of the three phalanxes,
it can be concluded that the stress state of the MCG finger is stable in each grasping mode.
In the prototype, we can control the first and second motors, respectively, according to the
speed and state in Table 1, so as to control different grasping modes.
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4. Prototype and Experiments

The prototype of the MCG finger has been manufactured and assembled, shown in
Figure 15. The grasping experiments’ results show that the MCG finger can finish the PA,
CO, P-GC, D-GC, M-5A, and D-SA grasping modes and their combinations. The grasping
experiment shows that the MCG finger has a good and stable grasping effect.

Figure 15. Grasping experiments of the MCG finger. (a) Initial state of parallel grasping mode,
(b) Initial state of coupling grasping mode, (c¢) Gesture changeable grasping mode, (d) Coupling
grasping mode, (e,f) paralleling grasping experiments, (g) Coupling grasping experiment, (h) Middle
phalanx and distal phalanx self-adaptive grasping experiment.

5. Conclusions

The multi-mode compound grasping robot finger driven by linkage (MCG finger)
is an innovative underactuated robot finger design that aims to address the challenges
associated with dexterous hands, such as complex control systems and high costs. This
paper proposes a new approach to robot finger design that integrates the flexibility of
dexterous fingers with the simplicity of underactuated fingers. By adding a second actuator,
the MCG finger is able to perform a variety of grasping modes, which makes it suitable for
a wide range of applications.

The MCG finger has partially deviated from traditional underactuated hand design
and is biased towards dexterous hand design. This means that it is able to offer the flexibility
of a dexterous hand while still maintaining the simplicity of an underactuated mechanism.
This is an important advantage of the MCG finger over other designs.

The paper introduces six grasping modes of the MCG finger and explains the struc-
ture and action modes of the finger. Theoretical analysis and prototype experiments are
conducted to demonstrate the high grasping stability of the MCG finger under appropriate
parameters.

In conclusion, the MCG finger represents a promising advancement in robotic finger
design, providing a fresh approach to addressing the challenges associated with dexterous
hands. With its range of grasping modes and the simplicity of its mechanism, the MCG
finger lays the groundwork for future research into its potential applications and capabilities
in numerous scientific and industrial settings.
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Abbreviations

The following abbreviations are used in this manuscript:

MCG finger Multi-mode compound grasping robot finger driven by linkage
CO mode Coupling grasping mode

PA mode Paralleling grasping mode

M-SA mode Middle phalanx self-adaptive grasping mode

D-SA mode Distal phalanx self-adaptive grasping mode

P-GC mode Proximal gesture-changeable grasping mode

D-GC mode Distal gesture-changeable grasping mode

COSA mode Coupling and self-adaptive grasping mode

PASA mode Paralleling and self-adaptive grasping mode

PA-M&D-SA mode  Paralleling and middle, distal phalanx composite grasping mode
CO-M&D-SA mode  Coupling and middle, distal phalanx composite grasping mode
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