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ABSTRACT This paper presents a gripper structure that improves the known potential limitations of curved
fingertip movements and the restricted range of objects that can be grasped during power grasp in two-finger
adaptive grippers. In the proposed gripper, a Grasshopper mechanism is applied to improve the movement
of the fingertips, making it closer to a straight line. Additionally, a grasping method is implemented that
allows the fingertips to move towards the palm of the gripper after grasping an object, thereby expanding
the size range of objects that can be adaptively grasped. This movement of the fingertips also results in an
increase in gripping force. The performance theoretically confirmed through kinematics and force analysis
is verified through the development of a prototype. This prototype is used to validate the basic functions of
the adaptive gripper and to assess improvements in the fingertip trajectory, demonstrating movement closer
to a straight line. Additionally, the improvements in the size range of objects that can be adaptively grasped
are verified. The proposed power grasp range ratio shows that the gripper can grasp objects up to 76.7% of
the stroke, demonstrating an improved range compared to other two-finger adaptive grippers. Furthermore,
the grasping motion of the proposed gripper demonstrates an increase in gripping force in the experiments.

INDEX TERMS Mechanical systems, end effectors, robot kinematics.

I. INTRODUCTION
Research on grippers is primarily focused on adaptive
grippers capable of grasping objects of various shapes [1], [2].
In addition to handling various shapes, two-fingered grippers
capable of both parallel grasp (precision grasp) and power
grasp, as classified in the grasp taxonomy, are commercial-
ized and used in industries [3], [4], [5]. Adaptive grippers
with this functionality can achieve either parallel grasp or
power grasp depending on the grasp points due to their under-
actuated structure [6], [7].

However, the movement of the fingertips in adaptive
grippers follows a curved trajectory, which becomes larger
as the stroke increases. This characteristic results in dif-
ferent gripping positions depending on the object’s size.

The associate editor coordinating the review of this manuscript and

approving it for publication was Tao Liu .

In other words, the gripper’s height needs to be adjusted
according to the size of the object being grasped. This is
especially important when using the gripper with various
objects, as being aware of the target object’s size is vital for
executing the desired grasping action. Additionally, due to
the nature of the arc movement, even when attempting to
grasp an object with a parallel grasp, the movement of the
fingertips along the arc trajectory can result in the object
being grasped in the adaptive grasp area. This can cause the
gripper to perform a power grasp unintentionally. Moreover,
unlike parallel grasp, power grasp has limitations on the
size of objects that can be grasped, which can lead to grasp
failures [4], [8]. For example, the Robotiq gripper, with a
stroke of 140mm, can grip objects with a minimum diameter
of 90mm in power grasping. In other words, when an object is
gripped within the power grasping area, it is difficult to grip
objects with a diameter of less than 90mm [4].
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FIGURE 1. Features of the proposed gripper. (a) The proposed gripper
enabling the fingertip to perform a motion close to a straight line.
(b) Capability to grasp objects of various sizes at the same height based
on the Grasshopper mechanism. (c) Palmar power grasp moving towards
the palm after grasping.

Therefore, in this paper, the gripper shown in Fig. 1 is
proposed to address the aforementioned issues. The proposed
gripper is designed to enable both parallel grasp and power
grasp, with the trajectory of the fingertips approximating
a straight line. Additionally, the gripper implements the
palmar pinch and palmar power grasp functions, allowing
the fingertips to move towards the palm direction. This
design reduces the minimum size of objects that can be
grasped relative to the stroke, thereby increasing the range of
object sizes that can be adaptively grasped. Furthermore, this
structural characteristic includes a mechanism that increases
the gripping force.

The remainder of the paper is organized as follows:
Section II introduces the related work concerning the
functionality of the proposed gripper. Section III presents the
problem formulation. In Section IV, a detailed explanation
of the mechanisms applied to the proposed gripper, cate-
gorized by their intended functions, is provided. Section V
presents the kinematics and force analysis of the proposed
gripper mechanism. Section VI describes the design of
the gripper and its performance. The experiment for the
verification of the gripper is presented in Section VII. Finally,
in Section VIII, the conclusion of our research and future
work are presented.

II. RELATED WORK
Several studies on two-finger adaptive grippers, as shown
in Table 1, proposed methods to implement the fingertip
movement, which usually follows an arc trajectory, as a
straight line. First, there is a method that achieves linear
fingertip movement by using a parallel gripper base and
applying adaptive links to the fingers. D.Yoon et al proposed
a link structure that attaches fingers to a parallel gripper
base, implementing human-like finger motions in an adaptive
gripper design [9]. This allows for safe object grasping
even when in contact with the environment. M. Aqib et al.

TABLE 1. Two-finger adaptive gripper with linear trajectory.

also implemented a mechanism based on the operation of
a parallel gripper, incorporating a link structure for the
finger part and proposing a design that enables scooping as
well [10]. A parallel gripper base was similarly used in [11],
and adaptive grasping was implemented with a relatively
simple structure, incorporating springs, unlike the previously
proposed gripper.

However, these grippers have a limitation in that they
cannot have a stroke larger than the base of the parallel grip-
per, as they utilize the parallel gripper base. Consequently,
their stroke is relatively smaller compared to adaptive gripper
structures composed of link mechanisms [12].
There are studies focused on implementing a straight

fingertip trajectory based on the typical adaptive gripper
structure, where the links rotate causing the fingertips to
move in a curved path. Li and Zhang implemented a straight
fingertip trajectory using a rack and pinion mechanism along
with a slider and link structure [13]. Similarly, a gripper was
also proposed to prevent the arc movement of the fingertip
trajectory using a gear train and slider mechanism [14].
Li et al. proposed a method where a sliding base mechanism
is applied to the basic finger link structure. This design
allows the base with the actuator to move while the finger
performs the grasping motion, resulting in a straight fingertip
trajectory [15]. Liu and Zhang developed the Hoecken
gripper, which implements a Hoekin linkage mechanism
using linkages, rollers, and a slot configuration to achieve
a straight fingertip trajectory [16]. The proposed structures
have implemented a straight fingertip trajectory using link
configurations or a combination of gears and slides. However,
there are still limitations regarding the range of objects
that can be grasped during adaptive grasping, and a finger
mechanism to address this issue has not yet been proposed.

III. PROBLEM FORMULATION
In this paper, specific limitations identified in existing
two-finger adaptive grippers are aimed to be overcome. These
limitations include:

1) The requirement for varying grasping heights accord-
ing to the size of the object due to the curved motion of
the fingertips in conventional adaptive grippers. This
characteristic becomes more pronounced as the stroke
of the gripper increases.

2) The constraints on the size of objects that can be
grasped during a power grasp.
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FIGURE 2. Grasp types of the proposed gripper. The transition from a
parallel grasp and power grasp to a palmar grasp (including a palmar
pinch grasp and palmar power grasp) constitutes a continuous sequential
motion.

To address these issues, a gripper designed to achieve
nearly linear fingertip trajectories is proposed, enhancing
the consistency of gripping heights across different object
sizes. Furthermore, our design incorporates a mechanism that
allows the fingertips to move towards the palm direction
during a power grasp. This adjustment significantly expands
the range of objects that can be securely gripped. Addition-
ally, this mechanism facilitates an increase in gripping force
without requiring additional motor torque. The model and
functions of the proposed gripper are illustrated in Fig.1.
By employing a mechanism different from that described
in previous literature, this design achieves a trajectory of
the adaptive gripper fingertips that is more linear, thus
compensating for the grasping failures due to the curved
trajectory of fingertips in traditional adaptive grippers.
In addition, a mechanism has been added to enable a palmar
power and palmar pinch grasp mode, which are not available
in existing commercial adaptive grippers.

The classification of the grasping methods of the proposed
gripper, including the aforementioned palmar pinch grasp
and palmar power grasp, is depicted in Fig.2. Unlike the
pinch grasp of adaptive grippers, where the fingertip follows
a curved trajectory, the proposed gripper’s fingertip moves
along an approximate straight trajectory, thus defined as
a parallel grasp. Following this, the movement towards
the palm direction is defined as a palmar pinch grasp.
For the power grasp, as it grasps in a manner similar to
adaptive grippers, it is defined under the same name, and the
subsequentmovement towards the palm is defined as a palmar
power grasp.

Specifically, the palmar pinch grasp is inspired by one of
the human hand’s grasping methods and offers the advantage
of exerting greater force on the object compared to the tip
pinch method [17]. As for the palmar power grasp, a novel
motion has been defined in the direction of the gripper’s
palm, thanks to the proposed mechanism. This mode allows
for improvement in the limitation on the minimum object
size for power gripping while still providing a large stroke.
Furthermore, this mechanism also increases the gripping
force.

FIGURE 3. Linkage configuration of the proposed gripper: mechanisms
for linearizing curved trajectories and enabling palm movement to
improve the limitation of object size in the power grasp.

IV. PRINCIPLES OF GRIPPER MECHANISM
The proposed gripper, configured based on a 5-bar linkage
which is a standard configuration for adaptive grippers,
incorporates two mechanisms as depicted in Fig. 3 to
introduce novel functionalities. These enhancements include
the implementation of an approximately straight trajectory at
the fingertip and the execution of both Palmar pinch grasp and
Palmar power grasp. The principles behind the mechanisms
for each proposed functionality are explained in detail.

A. FINGERTIP TRAJECTORY - APPROXIMATE
STRAIGHT LINE
Anumber of approaches exist to solve the above arc trajectory
problem as mentioned in the previous section [13], [14],
[15], [16]. In order to solve the problem with a simpler
mechanism configuration, the author considered a strategy
that could approach an approximate straight line.

In the 5-bar linkage used in the existing adaptive gripper,
the Grasshopper mechanism is applied to change the curved
path into a straight line [18]. Although numerousmechanisms
exist that can implement a straight-line motion, the proposed
linear mechanism was applied due to its advantage of
enabling a large stroke in comparison to the short crank
length [19]. The grasshopper mechanism is a method that
can draw a straight line or a trajectory close to a straight line
in partial sections due to the ratio of the three link lengths
as shown in Fig. 4 below [18], [19]. For instance, if the
lengths of the three links are the same, a perfectly straight
line can be realized. In our case, considering the space of the
gripper mechanism, the error of the approximate straight line
is carried out by aiming for 1mm inside.

In order to approximate a straight line in relation to the
mechanism, the following formula was constructed. First,
the value of sin(θ1) for the length l5d is the same as sin(ϕ)
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FIGURE 4. Grasshopper mechanism.

for length z. After constructing the expression, it can be
re-expressed as follows.

sin θ1 =
l6
l5d

sinϕ (1)

cos θ1 =

√
1 − sin2 θ1 =

√
1 − (

l6
l5d

sinϕ)2 (2)

To draw a straight line with an angle ϕ within a certain
range, the length lv must be kept constant. Therefore, the
following formula is formed.

lv = l5u

√
1 − (

l6
l5d

sinϕ)2 − l6 cosϕ = constant. (3)

The equation for the minimizing error of straight-line is as

min
l5d ,l5u,l6

[Ldesired − lv]2 (4)

where Ldesired is set as a reference value of lv according to
the required gripping area of the gripper. Alternatively, the
initial value of lv may be set according to the link length at
the position of the initial gripper state.

B. ENHANCING POWER GRASP CAPABILITY AND
GRASPING FORCE
In the case of a general adaptive gripper, as the length of the
stroke increases, the size of the object that can be gripped
in the power grasp area becomes larger. Therefore, to solve
this problem, A base transition mechanism was applied so
that when the object is grabbed by the gripper, it can be
gripped in the direction of the gripper’s palm. Additionally,
by applying this mechanism, even with the same torque, the
fingertip force applied to the object increases as it moves in
the palm direction.

The mechanism related to enhancing power grasp capabil-
ity and grasping force is shown in Fig. 5. The principle of the
mechanism is illustrated in three steps in Fig. 5. To facilitate
the previously discussed functionality, the force must always
be directed towards the palm throughout all stroke ranges in
the underactuated finger configuration, which integrates the

FIGURE 5. Palmar pinch & power grasp mechanism. (a) Parallel motion
unless contact with the object. (b) Contact with the object (c) Fingertip
transition to the palm(Palmar pinch & power grasping motion depending
on the equilibrium point of the fingertip).

links of the Grasshopper mechanism within a 5-bar linkage
configuration. Consequently, a dual-linkage approach was
employed to actuate the movement of the gripper. As the
proposed gripper is designed for bin picking, the fingertip is
assumed to point toward the ground, which is the direction
of gravity. If the gripper structure is to be applied in various
environments beyond bin picking, an extension spring or a
constant load spring can be attached to the part of the gripper
where the palm falls to provide tension support.

The first schematic (a) shows the initial state of the gripper.
If there is no object thereafter, the fingertip trajectory of
the gripper moves in an approximately straight line through
the Grasshopper mechanism. When an object, assumed to
be stationary and placed on the ground, comes into contact
with the gripper, the green triangle is fixed as a single rigid
body as shown in (b) of Fig. 5, and the torque generated by
the actuator rises upward due to the direction of the force
at the front link. This is expressed in (c) of Fig. 5. Due to
the characteristic of this mechanism, the object moves in
the palm direction during power grip, enabling power grip
on objects that are relatively smaller than general adaptive
grippers. In this case, the gripping range of a small object is
dependent on the possible length of the base transition. This
is explained in the next section.

Another effect of the proposed base transition mechanism
is that the moment arm becomes shorter as the distance
between the actuator and the fingertip decreases during base
transition so that the force increases at the same torque. The
analysis of the rate of increase in fingertip force according to
the base transition is also covered in the next section.

V. KINEMATICS & FORCE ANALYSIS
The illustration of the schematic of the proposed gripper is
shown in Fig. 6. The figure encompasses a comprehensive
schematic diagram as presented in (a), components relevant
to the Grasshopper mechanism as highlighted in (b), and a
comprehensive description of the relationship between the
input angle qa and q2 as depicted in (c).
The structure is composed of 10 links, 9 revolute joints, and

3 prismatic joints, featuring 3 degrees of freedom. Link l5u
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FIGURE 6. Schematic of the proposed gripper. (a) Overall linkage
configuration. (b) Grasshopper mechanism part. (c) Relationship between
qa, qb, and q2 of link 2 (l2) associated with input link (la).

serves as the proximal phalanx and lt as the distal phalanx.
Joint A is where the torque from the actuator is applied,
initiating movement in the clockwise (CW) direction from its
initial position. Additionally, the stopper and torsion spring
located at joint C maintain the parallel motion of the object
before it is grasped and preserve its posture.

It is necessary to derive the equations for kinematics
and forces to verify if the motion expected according to
the configuration of each link of the proposed gripper
is implemented. This includes explaining the kinematics
equations and determining the minimum size of objects that
can be grasped during a Palmar power grasp based on the
finger link structure. Additionally, the relationship between
the forces acting on each joint of the gripper when the object
is grasped based on the input torque is described in detail.

A. KINEMATIC ANALYSIS
The relationship between the position of the Fingertip and
the movement of qa was determined using the geometrical
relationship in each part of Fig. 6. The proposed gripper
consists of parallel grasp motion, power grasp motion, and
power grasping motion, and the fingertip position changes
according to each constraint, so it is necessary to derive the
relationship equation for each scenario.

In the case of parallel motion, for the convenience of
calculation, qa is first obtained based on q6, and the equation
is constructed to obtain the trajectory during parallel motion.
Considering that the values of α, β, and γ are fixed by
the stopper and spring, the square JDFI is composed of
a parallelogram mechanism, so the angle of link FD is
maintained while moving. This relationship is established in
Fig. 6 (b), where q5H satisfies the following equation.

q5H = γ + q2 (5)

Furthermore, the length of li can be expressed as follows
through q2 and q6.

li = |l6 sin q6| + l5d sin(γ + q2) (6)

The interconnection between q6 and q2 is depicted through
the equation of the links that constitute the Grasshopper
mechanism in Fig. 6 (b). The equation is as follows:

q2 = cos−1
[
l6 cos q6
l5d

]
− γ (7)

Utilizing this equation allows for the determination of the
length value li. Since lg is maintained constant during parallel
motion, it consequently enables us to derive the value of
length lAJ .
The length of ls in Fig. 6 is as

ls =

√
(l2 cos q2)2 + (l2 sin q2 + lAJ )2 (8)

The values of x1, x2 and x is obtained as follows.

x1 = cos−1
[
l2 cos q2

ls

]
(9)

x2 = cos−1

[
l2b + l2s − l2a

2lbls

]
(10)

x = x1 − x2 (11)

Therefore, qa and qb are obtained using the above equation.

qa = cos−1
[
l2 cos q2 − lb cos x

la

]
(12)

qb = qa − x − π (13)

In the case of power grasping action, the object is firmly
grasped within the internal region of the gripper composed
of two phalanges (l5 and lt ), with link 5 and lAJ being fixed.
This results in the square JDFI being viewed as a four-bar
mechanism. Therefore, by utilizing geometric relationships,
it is possible to derive the relationship between qt and qa as qa
changes. For the palmar power graspingmotion, it is observed
that the motion of links A and B causes the remaining links
to move downwards, leading to a sliding motion of joint C.
Consequently, by analyzing the positional change of link C in
response to variations in qa, one can establish the relationship
between the position of link C and changes in qa.

B. MINIMUM OBJECT SIZE FOR PALMAR
POWER GRASPING
The palmar power grasp motion generates specific character-
istics that decrease the minimum size of objects that can be
grasped during power grasp. To determine the actual size of
objects that can be grasped, a schematic shown in Fig. 7 was
constructed. In particular, Fig. 7 (a) presents the conditions
necessary for determining the minimum object size that can
be grasped during palmar power grasp, while Fig. 7 (b) shows
the variables required to calculate the minimum object size.
Although objects can take various shapes, for our study, the
minimum object size was calculated by considering the shape
of a circle, which is a two-dimensional representation of a
cylinder. This allowed us to determine the minimum size
of objects that can be grasped during palmar power grasp
motion.
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FIGURE 7. Schematic for determining the minimum size of the object in
palmar power grasping.

For condition (a) of calculating the minimum object size,
The two fingers are considered to be in contact with a vertical
line at the center of the palm in the gripper, moving at
the maximum adaptive angle. In condition (b), the grasped
cylindrical object is simplified by assuming that it is in
contact with the two fingers. As previously mentioned, this
simplification can be represented as an inscribed circle in
a triangle in the two-dimensional plane. In Figure 7, the
variables lh, ldv, and lbv are sequentially represented as
follows.

lh = lt sin (π − qmax.ad ) + l5u sin q5H − l6 sin q6 − lmax.trans
(14)

where qmax.ad is the maximum adaptive angle and lmax.trans
is maximum length of the fingertip transition. The ldv and lbv
are derived as follows.

ldv =
lh

sin (π − qmax.ad )
(15)

lbv =

√
l2dv − l2h (16)

Since the given circle can be considered as the inscribed
circle of the triangle, it is possible to determine the radius
of the inscribed circle using the geometric properties of the
triangle and the area expressed in terms of the inscribed
circle’s radius.

r =
lbvlh

ldv + lbv
(17)

C. FORCE ANALYSIS
In order to analyze the relationship between the forces applied
by the fingertip on the object and the change in force in the
palm direction during power grip, a quasi-static modeling
approach is used [20], [21], [22].

The virtual work is expressed as follows.

tTωi = fT v (18)

where t is composed of the torque transmitted by the actuator
and the torque due to the torsion spring. ωi, therefore,
represents the angular velocity of link a and the angular
velocity of α. f and v represent the force and the velocity

generated by the fingertip. Consequently, the relationship
between the input torque and the resulting force acting
perpendicular to the finger joint is obtained as follows:

f = Jg−T Jc−T t. (19)

The equation related to the forces generated as the finger
moves towards the palm after grasping an object in palmar
power grasping mode is derived as follows:

fp = Jp−T t. (20)

The detailed derivations of the related equations can be
found in the appendix A.

VI. GRIPPER DESIGN & PERFORMANCE
The gripper developed based on the proposed mechanism is
described, and theoretical values are analyzed to determine
the extent to which the fingertip trajectory can approximate
a straight-line movement. Additionally, it is verified whether
the proposed gripper can grasp smaller objects than conven-
tional adaptive grippers during a palmar power grasp and
whether there is an increase in grasping force based on the
equations described in the previous section.

A. GRIPPER DESIGN & IMPLEMENTATION
In order to verify the functionality of the proposed mech-
anism, a prototype is fabricated. The stroke of the gripper
is set to 150mm. The sequence of selecting link lengths
is as follows. Firstly, the link lengths for the Grasshopper
mechanism are determined, and then the link lengths for
the 5-bar linkage are obtained. The link lengths for palmar
pinch & palmar power grasp, la and lb, are selected based
on the requirement that the fingers move by 40mm in the
palm direction. Additionally, the angle between link la and lb
is set to ensure that the rate of movement towards the base
direction, where force transmission is more efficient, does
not significantly vary with the rotational movement of link la
during the return to the original position after palmar pinch &
palmar power grasp motion.

Fig. 8 (a) and (b) show the proposed gripper model.
(a) presents the size and stroke information of the gripper,
while panel (b) illustrates the components used for each
function in the assembled gripper. It separates the structure
that can implement the functions of making the trajectory
of the fingertip similar to a straight line, adaptive gripper
function, and increasing the grasping force.

The gripper’s operation involves the actuator transmitting
force to the link through the ball screw, which then transmits
torque to the main link structure composed of the Grasshop-
per mechanism, 5-bar linkage, and power grasp linkage via
link a. Fig. 8 (c) presents the fabricated prototype of the
proposed gripper. An 80-Watt motor (ECX22, MAXON) is
used for each finger, and the total weight of the gripper is
1.3 kg. The detailed specification of the proposed gripper is
shown in Table 2.
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FIGURE 8. (a) Gripper modeling. (b) Gripper detail configuration, depicting the main function of the proposed gripper, comprised of an adaptive
link structure with a 5-bar linkage, a Grasshopper mechanism link that implements an approximately straight trajectory, and link components that
facilitate palmar pinch and palmar power grasps. (c) Fabricated prototype gripper.

TABLE 2. Specification of prototype gripper.

FIGURE 9. Comparison of deviation between fingertip trajectory and
desired linear path.

B. FINGERTIP TRAJECTORY
In Fig. 9, the y-axis denotes the discrepancy between the
average height change during finger closure and the actual
height change during motion. The maximum deviation from
the reference height is 0.4376mm, and the root means square
error (RMSE) is 0.288mm. As the gripper’s height difference
is less than 0.5mm, and the deviation from a straight line
compared to the stroke is 2.9 × 10−3, it can be regarded as
following a trajectory close to linear.

C. MINIMUM SIZE OF THE OBJECT IN PALAMR
POWER GRASP
The proposed gripper is equipped with a power grip function
that allows the fingers to move towards the palm direction

FIGURE 10. Variation of fingertip force in relation to the transition length
moving in the palm direction due to palmar pinch grasp in each stroke.

upon grasping an object, enabling it to handle smaller objects
in the power grasp area than other adaptive grippers. Based
on the link length of the manufactured gripper, theoretical
calculations confirm its ability to grasp cylinders with a
minimum diameter of 35mm.

The proposed gripper has an additional characteristic
resulting from the power grasp, namely an increase in contact
force on the object as the fingertips move toward the palm.
Despite a fixed input torque location, the force acting on
the object increases as the fingertips move towards the palm,
reducing the distance between the point of force application
and the input torque location.

D. VARIATION IN FINGERTIP FORCE WITH PALMAR
PINCH GRASP
To obtain theoretical values, the fixed length lg in parallel
motion is gradually reduced by 1mm increments up to a
maximum possible distance of 40mm to the palm. Using (19),
the variation in the force applied to the fingertip within the
stroke range can be derived, as illustrated in Fig. 10.
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FIGURE 11. Basic motion of the proposed gripper: (a) Parallel grasp with
palmar pinch grasping (b) power grasp with palmar power grasping.

VII. EXPERIMENT
The performance of the proposed gripper was validated
through three experiments. Initially, basic motions were
tested to verify whether the fingertips move in an approx-
imately straight trajectory and whether the Palmar pinch
& Palmar power grasp movements were implemented. The
ability of the proposed gripper to grasp objects of various
sizes was tested, and its performance was compared to the
theoretically calculated grasping sizes during Palmar power
grasp.

Subsequently, comparisons with the 2F-140 from ROBO-
TIQ, one of the state-of-the-art two-finger adaptive grippers,
were made to examine the general trajectory of adaptive
gripper fingertips and to assess differences in the size
limitations of objects that can be grasped during power grasp
between the conventional power grasp and the proposed
gripper’s Palmar power grasp. Additionally, a comparison
table was provided to illustrate the grasping range during
power grasp based on performance data from other two-finger
adaptive grippers.

Lastly, the increase in the gripping force of the proposed
gripper during Palmar pinch grasp and Palmar power
grasp, where the fingertips move towards the palm, was
experimentally verified using a force measurement sensor to
ensure that the theoretically confirmed increase in gripping
force was realized in practice. During the experiments,
the gripper was controlled utilizing a controller configured
through the TCP-based Robot Operating System (ROS1),
with the motor driver and gripper controller employing
EtherCAT communication for their setup.

A. GRIPPER MOTION & LINEARITY IMPROVEMENT
Fig. 11 illustrates how the gripping motions, previously
classified as types of grasp, are executed when grasping
objects. Initially, it is observed that a parallel grasp is achieved
with a box object, followed by a continuous motion into a
palmar pinch grasp, as shown in Fig. 11 (a). In Fig. 11 (b),

FIGURE 12. (a) Gripper verification for capability of various sizes in the
parallel and palmar pinch grasp (b) Gripper verification for capability of
various sizes in the power and palmar power grasp.

it is evident that when grasping occurs in the power grasp
area, the motion continuously transitions into a palmar power
grasp following the initial power grasp.

B. PERFORMANCE OF PALMAR PINCH GRASP & PALMAR
POWER GRASP
Validation of these grasping methods was performed by
grasping various objects, as illustrated in Fig. 12. The results
of grasping various objects using parallel and palmar pinch
grasps of different sizes are presented in Fig. 12 (a). The
experiment utilized box-shaped objects with sizes of 20mm,
36mm, 50mm, 100mm, and 140mm, cylinder-shaped objects
with sizes of 35mm, and 65mm, and spherical-shaped objects
with a diameter of 95mm. The figures show that the objects
are first grasped with a parallel grasp while on the ground,
followed by a palmar pinch grasp to move the object in the
direction of the gripper palm.
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TABLE 3. Comparison with state-of-the-art and developed adaptive grippers.

In Fig. 12 (b), the experimental results of grasping objects
with power grasp and palmar power grasps are presented.
The target objects included cylinder-shaped objects with
diameters ranging from 35mm to 65mm, a spherical-shaped
object with a diameter of 75mm, and a symmetrical cup
shape. The figures show that the objects are grasped
adaptively, and the palmar power grasp function is used to
perform continuousmovements. It was confirmed that palmar
power grasping was possible for objects with a calculated
diameter of up to 35mm.

To quantify the performance, the range of objects that can
be grasped during a power grasp is defined as the power grasp
range ratio. The power grasp range ratio, defined as the ratio
of the size of objects that can be grasped during a power
grasp relative to the stroke, is a measure used to evaluate the
gripper’s performance and is expressed as a percentage (%).
This signifies that the proposed gripper is capable of grasping
objects approximately 76.7% the size of an object with a
diameter based on a 150mm stroke. These results demonstrate
the capability of the gripper to adapt to different object shapes
and sizes.

C. COMPARISON WITH STATE-OF-THE-ART
ADAPTIVE GRIPPERS
A comparison table of the power grasp range ratio for
state-of-the-art and developed two-finger adaptive grippers is
presented in Table 3. As shown in Table 3, the power grasp
range ratio includes a value of 100%, which is achievable
because power grasp and parallel grasp share the same
area when using a parallel gripper-based design. However,
as previously mentioned, this design has the limitation of a
relatively small stroke due to the parallel gripper base [12].
The proposed gripper, on the other hand, utilizes a basic
adaptive link structure, demonstrating a wide stroke and a
high power grasp range ratio of 76.7%, comparable to other
state-of-the-art grippers such as the commercial grippers 2F-
140 and AG-105-145 models.

To compare the grasp types and the approximately straight
motion of the fingertips of the proposed gripper with a
conventional adaptive gripper, a performance comparison
was conducted using the 2F-140 model, a commercial
adaptive gripper with a stroke of 140mm, as shown in Fig. 13.
This model is selected from Table 3 to verify the actual
performance.

In Fig. 13 (a), the gripping motion of the commercial
gripper is shown when grasping an object with a width of
36mm, and in Fig. 13 (b), it demonstrates grasping a cylinder

FIGURE 13. Comparative grasping functions of commercial adaptive
gripper and proposed gripper. Grasping motions of commercial adaptive
gripper– (a) Grasping a box of 36mm width, (b) Grasping a cylinder of
65mm diameter. Grasping motions of proposed gripper– (c) Grasping the
same object as in (a), (d) grasping the same object as in (b).

of 65mm diameter using a power grasp. Fig. 13 (c) and (d)
display the motions of the proposed gripper when grasping
the same objects as the commercial gripper. In Fig. 13 (a), it is
observed that the object is grasped through a curved trajectory
of the fingertips, requiring adjustment to the appropriate
height for gripping. In contrast, Fig. 13 (c) shows the
proposed gripper grasping the object near the ground and
achieving a palmar pinch grasp. During power grasp, it is
noted that the commercial gripper cannot grasp an object of
65mm diameter, which aligns with the Introduction section
stating that it can only grasp objects with a diameter of
over 90mm. On the other hand, Fig. 13 (d) shows that the
same-diameter object can be grasped through a palmar power
grasp using the proposed gripper.

D. VERIFICATION OF INCREASED GRASPING FORCE
DURING PALMAR PINCH GRASP
It was theoretically confirmed in Fig. 10 that the increase
in fingertip force is another characteristic of the power grip.
To verify the actual increase in force and compare the theo-
retical and actual values, an experiment with a force/torque
sensor (AFT-80, AIDIN ROBOTICS) was conducted as
shown in Fig. 14. The experiment was conducted by gradually
reducing the stroke by 20 mm from 140 mm, up to 50 mm
considering the sensor size. As the proposed gripper is
designed to automatically transition from a parallel or power
grasp to a palmar pinch & power grasp, a screw was installed
to selectively prevent the movement from transitioning to
a palmar pinch grasp in order to measure the force before
and after the power grasp. The input torque was 5 Nm at
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FIGURE 14. Experiment setup for the measurement of fingertip force.

FIGURE 15. Comparison of theoretical values and sensor measurements
between parallel mode and palmar pinch grasp mode.

joint A, and the calculated value was assumed to be the
contact point of the fingertip on the second phalanx at a
distance of 10mm from the contact point. Fig. 15 shows the
graph of the measured force applied to the sensor and the
theoretical value.

In Fig.15, it shows the calculated fingertip force values
in parallel mode and palmar pinch mode for each stroke
tested, as well as the standard deviation values measured
by the sensor. Although there is a difference between the
theoretically calculated value and the actual measured value,
the trend is similar, and this difference can be attributed
to friction in the mechanism, transmission efficiency, and
differences in the contact position of the fingertip. As shown
in the graph, it can be confirmed that the gripping force
increases by an average of 57% during the stroke range as
the fingertip moves in the palm direction before entering the
palmar pinch grasp mode of the proposed gripper.

VIII. CONCLUSION
In this paper, a new gripper with additional functionalities
is proposed to address the limitations of existing adaptive
grippers. By adding links to the gripper’s structure, two key

issues with existing adaptive grippers were addressed: the
curved trajectory of fingertip movement and the decrease
in the minimum size of graspable objects as the gripper
stroke size increases. To ensure a straight-line trajectory
for the gripper fingertips, the Grasshopper mechanism is
employed, and to reduce the minimum size of objects that
can be adaptively grasped, a palmar power grasp functionality
was added. Additionally, the movement of the fingertips
towards the palm is observed to increase the gripping
force on the object, even with the same input torque. The
functionality of the new gripper is verified by handling
objects of various sizes and confirming that the minimum
object size identified through theoretical calculations can
indeed be grasped adaptively. This validation demonstrates
that the proposed gripper is capable of adaptively grasping
objects approximately 76.7% the size of an object’s diameter
relative to the gripper’s stroke. A sensor is also utilized to
compare the increase in contact force theoretically calculated
when grasping objects with palmar power grasp mode versus
the contact force generated in the parallel mode under the
same torque input. Through this analysis, it was confirmed
that there is a theoretical increase in grasping force of more
than 57% on average.

Despite the successful implementation of the proposed
features in the gripper, it still retains a limitation - objects
smaller than the theoretically designed minimum size remain
inaccessible during the process of palmar power grasping. For
future work, it is planned that the efficiency of the proposed
gripper in a picking system will be verified by integrating
it with a manipulator, either alone or in combination with a
suction gripper.

APPENDIX A
FORCE ANALYSIS
A more detailed explanation of (18) is as follows.

[
Ta k∆α

] [
q̇a
α̇

]
=

[
Fcx Fcy

]
Jg

[
˙q5H
q̇t

]
(21)

where the variable k represents the torsion spring coefficient,
while Jg is the Jacobianmatrix that represents the relationship
between the velocity of the fingertip and the angle of each
phalanx. If a virtual origin is established at joint H , Jg can be
represented as

Jg

=

[
−l5 sin q5H − k2 sinA −k2 sinA

l5u cos q5H + k2 cosA+ l5d cot q6 sin q5H k2 cosA

]
(22)

where A is q5H + qt . and k2 is the contact location of the
fingertip (lt ).

To determine the relationship between the actual input
torque and the fingertip force, the relationship between the
angular velocity term and the ωi term on the right-hand side
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can be used in the form of a Jacobian matrix, as shown below.[
˙q5H
q̇t

]
= Jc

[
q̇a
α̇

]
(23)

The Jc in the proposed gripper link configuration can be
obtained by following the steps below.

First, q5H and q6 can be expressed as shown below through
the geometrical relation.

l6 cos q6 = l5d cos q5H (24)

Since q5H exists in (23), q6 can be expressed as q5H
through the above relationship. Subsequently, the relationship
between the angular velocity of each joint can be determined
by taking advantage of the closed-loop configuration of
the five-link system composed of IJCDF. Here, q2, q3, q4,
and q5H , qt have the following relationship.

q̇2 + q̇3 + q̇4 = ˙q5H + q̇t (25)

By utilizing (25), it can be arranged into terms of q̇2 and
q̇3, and ˙q5H and q̇t , as shown below.[

−l2 sin q2 − l3 sin κ −l3 sin κ

l2 cos q2 + l3 cos κ l3 cos κ

] [
q̇2
q̇3

]
=

[
−l4 sin υ + l5 sin (q5H ) −l4 sin υ

l4 cos υ − l5 cos (q5H ) l4 cos υ

] [
˙q5H
q̇t

]
(26)

where the κ is the q2 + q3 and υ is the q2 + q3 + q4. In (26),
the 2× 2 matrix in the left term can be represented as Ta and
the 2×2 matrix in the right term asTb, which are rewritten as[

q̇2
q̇3

]
= T−1

a Tb

[
˙q5H
q̇t

]
(27)

This implies that the expression of ˙q5H and q̇t in (23) can
be represented by q̇2 and q̇3. Furthermore, the equation for
q̇2 and q̇3 can be re-expressed as the relationship between q̇a
and α̇.

By utilizing the closed-loop relationship of ABCJ , the
equation is a construct and the relationship is derived between
q̇2 and q̇a by taking the time derivative, as shown below.

q̇2
q̇a

=
−la sin qb

l2 sin [q2 − (qa + qb)] − E
(28)

where E is [sin (qa + qb)(l5d cot q6 sin q5H − l5d cos q5H )].
The relationship between link 2 and link 3 also holds for q̇3,

and since the sum of q3 and α is always equal to π , the
following relational expression can be obtained.

q̇3 = −α̇ (29)

The equation is simplified as follows by summarizing the
results. [

˙q5H
q̇t

]
= T−1

a Tb

[
X 0
0 −1

] [
q̇a
α̇

]
(30)

where X equals the right-hand term of (28).
In addition, it is necessary to derive the force applied when

the fingers are moved towards the palm in power grasping
mode after grasping an object. As shown in Fig. 6, the actual

force required for this movement can be obtained using the
Jacobian matrix to calculate the y-direction of the force at
joint c caused by input torque.

The Jacobian matrix can be written as

Jp =

[
−la sin qa − lb sin qa + qb −lb sin qa + qb
−la cos qa − lb cos qa + qb lb cos qa + qb

]
(31)
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