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Abstract— This paper presents the SPARK finger, an in-
novative passive adaptive robotic finger capable of executing
both parallel pinching and scooping grasps. The SPARK finger
incorporates a multi-link mechanism with Kempe linkages to
achieve a vertical linear fingertip trajectory. Furthermore, a
parallelogram linkage ensures the fingertip maintains a fixed
orientation relative to the base, facilitating precise and stable
manipulation. By integrating these mechanisms with elastic
elements, the design enables effective interaction with surfaces,
such as tabletops, to handle challenging objects. The finger
employs a passive switching mechanism that facilitates seamless
transitions between pinching and scooping modes, adapting
automatically to various object shapes and environmental
constraints without additional actuators. To demonstrate its ver-
satility, the SPARK Hand, equipped with two SPARK fingers,
has been developed. This system exhibits enhanced grasping
performance and stability for objects of diverse sizes and
shapes, particularly thin and flat objects that are traditionally
challenging for conventional grippers. Experimental results
validate the effectiveness of the SPARK design, highlighting its
potential for robotic manipulation in constrained and dynamic
environments.

I. INTRODUCTION

Grasping is a fundamental capability of robotic manipu-
lators, enabling interaction with and manipulation of objects
in diverse environments. Robotic hands, serving as end-
effectors, play a crucial role in various applications, ranging
from industrial automation to service robotics, prosthetics,
and space exploration. Despite decades of research and
development, achieving reliable and adaptive grasping across
objects with varying shapes, sizes, and environmental con-
straints remains a significant challenge [1]. Particularly, han-
dling thin and flat objects, such as cards or coins lying on a
surface, poses unique difficulties due to limited contact areas,
high precision requirements, and environmental interactions
[2].

Traditional robotic grippers, such as industrial parallel
grippers, are widely utilized due to their simplicity, ro-
bustness, and reliability. However, these grippers are often
limited to grasping objects of specific geometries and lack the
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adaptability required to handle irregular or thin objects [3].
Over the years, robotic grasping technologies have advanced
with the development of dexterous hands and soft robotic
hands. Dexterous hands, inspired by human hand functional-
ity, offer high flexibility through multiple degrees of freedom
(DOFs). Notable examples include the Stanford/JPL Hand
[4], the Utah/MIT Hand [5], the Robonaut Hand [6], and the
DLR Hand [7], which have demonstrated advanced hardware
designs and control strategies. However, such designs often
suffer from high complexity, limited grasping force, and high
costs, making them less practical for constrained industrial
environments. Conversely, soft robotic hands leverage ma-
terial compliance to conform to objects with diverse shapes
[8], [9], but face challenges in controllability, precision, and
robustness when interacting with thin or rigid objects.

To address the trade-offs between adaptability and simplic-
ity, researchers have explored underactuated robotic hands,
which employ fewer actuators than their total degrees of
freedom [10]. These designs rely on passive elements, such
as springs and mechanical linkages, to achieve adaptive
grasping. Representative examples include the Barrett Hand
[11], the RBO Hand [12] and the LPCSA Hand [13],
which have demonstrated effective compliance and grasping
versatility. However, underactuated hands often struggle in
constrained environments or when manipulating thin objects
lying on flat surfaces, as their passive compliance may not
provide sufficient stability or precision for such tasks.

Human hands exhibit a remarkable ability to adaptively
grasp objects by dynamically adjusting strategies based on
object properties and environmental interactions. For in-
stance, when grasping thin objects on a surface, humans

Fig. 1. The SPARK Hand, a robotic end-effector consisting of two SPARK
fingers on a single base, capable of performing both parallel pinching and
scooping grasps.



often employ pinching motions or slide their fingertips under
the object in a scooping motion. Emulating such behaviors
in robotic hands has the potential to significantly enhance
grasping performance in challenging scenarios. Recent inno-
vations, such as the Omega Hand [14], have demonstrated the
feasibility of incorporating passive mechanisms to replicate
human-inspired grasping strategies. These works highlight
the importance of integrating environmental interactions into
robotic hand designs to achieve robust and versatile grasping.

In this paper, we introduce the SPARK Hand, illustrated
in Fig.1, a novel robotic hand featuring two SPARK fingers
that enable both parallel pinching and scooping grasps.

The SPARK finger incorporates a multi-link mechanism
with a passive switching mechanism, facilitating automatic
transitions between grasping modes based on environmental
interactions. This innovative design utilizes Kempe link-
ages to achieve a vertical linear fingertip trajectory [15]
[16], while a parallelogram linkage ensures the fingertip
maintains a fixed orientation relative to the base. These
features, in conjunction with elastic elements, enable the
finger to adapt to various object shapes and environmental
constraints, including thin and flat objects. By employing
passive mechanics, the mechanism eliminates the necessity
for additional actuators, resulting in a cost-effective and
simplified design.

The subsequent sections of this paper are structured as
follows: Section II presents the methodology, detailing the
mechanical design, theoretical analysis, and operation princi-
ples of the proposed SPARK Hand. Section III describes the
experimental setup and evaluates the SPARK Hand’s perfor-
mance in various grasping tasks. Section IV concludes the
paper by summarizing the key contributions and discussing
potential avenues for future research.

II. DESIGN OF SPARK HAND

This section provides a comprehensive overview of the
mechanical design principles and operational modes of the
SPARK robotic finger mechanism. The SPARK finger sup-
ports two grasping modes, pinching and scooping, enabling
adaptability to environmental constraints and diverse object
geometries.

A. Mechanical Design

The SPARK robotic hand comprises a finger base and
two SPARK fingers. The finger base incorporates a single
actuator that provides linear motion, enabling the two fingers
to move toward the opposing finger. A linear actuator was
selected in preference to a rotary actuator due to its ability to
maintain the configuration of the fingers relative to the global
coordinate frame. Irrespective of the fingers’ translational
position, the linear actuator ensures uniform compliance,
rendering it more suitable for interaction with static and
predefined environmental constraints. Furthermore, linear
actuators are extensively employed in industrial applications,
enhancing compatibility with commercially available grip-
pers and improving task adaptability.

Fig. 2. Schematic of the SPARK finger mechanism, illustrating the modified
Kempe linkage and parallelogram structure along with the finger’s three
segments, springs (k1, k2), and stoppers (Q1, Q2, @3) that enable a vertical
fingertip trajectory and passive mode switching.

The SPARK finger mechanism, depicted in Fig.2, consists
of three segments: proximal (AB), intermediate (BC), and
distal (C'J) phalanges interconnected by passive revolute
joints. At its core, the modified Kempe linkage generates
the vertical linear fingertip trajectory crucial for achieving
effective environmental compliance. The integrated paral-
lelogram linkage maintains a constant fingertip orientation
throughout the grasping motion. Springs k1 and ko provide
adaptive compliance and restoring forces, while mechanical
stoppers (Q1, Q2, Q3) precisely regulate the finger’s motion
limits, enabling automatic switching between pinching and
scooping modes in response to environmental constraints.

The vertical fingertip trajectory aligns the pinching force
directly with the linear actuation direction, ensuring consis-
tent grasping performance. The uniform distribution of grasp-
ing forces associated with this vertical motion theoretically
reduces the risk of damage to fragile objects. Additionally,
the design allows effective grasping of small or thin objects
before the actuator reaches its stroke limit, thereby enhancing
operational efficiency.

B. Implementation of Vertical Compliance: Kempe’s Linkage

To achieve reliable vertical compliance, a straight-line
mechanism based on the Kempe linkage was implemented.
This section details the adaptations made to the Kempe
linkage for robotic finger applications. The linkage comprises
two parallelograms and a Y-shaped linkage. The following
modifications were implemented to adapt the linkage mech-
anism for robotic finger applications:

1) The lengths of EG’ and CG’ were shortened to
FG and CG, respectively, to enhance compactness
without compromising vertical trajectory performance.
This design supports asymmetric scooping operations,
conserves space, and accommodates scenarios where
the robotic hand tilts downward to contact a surface,
providing sufficient clearance.

2) Additional springs k; and k2, along with mechanical
stoppers (1, @2, and @3, were integrated to enable
mode switching and compliance.



3) The base linkage AD was structurally adapted to
enable direct and secure attachment to both the linear
actuator and the finger segments.

Fig.2 illustrates the SPARK finger mechanism based on
the modified Kempe linkage. The geometric constraints that
the Kempe linkage must satisfy are as follows:

The link lengths satisfy the following relationships:

L, =AD = BE = CG' = CI,
L, = AB = BC = DE = FG' = EI, )
Ly = HI = DH,

Li:Ly:L3=4:2:1 2)

The link lengths in (1) were selected to satisfy the geo-
metric constraints of the Kempe linkage. The 4:2:1 ratio in
(2) ensures a consistent vertical trajectory while maintaining
compactness.

The design parameters of the SPARK finger are defined
as follows:

TABLE I DESIGN PARAMETERS OF SPARK FINGER
Ly Lo L3 cJ cG FG
80 mm 40 mm 20 mm 28.8 mm 40 mm 40 mm
Ahy Ahg Afcy Q1 Q2 Q3
15.8 mm 14.6 mm 22.8° 113.2° 90° 83.0°

C. Operation Principles

The proposed finger mechanism operates in two distinct
modes: pinching and scooping. The working principles of
these modes are elucidated as follows:

1) Pinching Mode: In this mode, the finger executes a
linear clamping motion to securely grasp objects. Initially,
the finger descends until the distal segment C'J establishes
contact with the target surface. Stopper ()2 ensures the
distal segment maintains its straight configuration, enabling
precise pinching motions. This mode demonstrates particular
efficacy in grasping regular objects with flat surfaces, such
as cubes and cylinders.

2) Scooping Mode: When the finger continues its down-
ward movement, overcoming the compressive force of tor-
sion spring k;, and the downward displacement reaches
Ah;, stopper @3 contacts the distal segment C'J. Further
downward movement by Ahs overcomes the compressive
force of tension spring ko, causing the distal segment C'J to
rotate inward by an angle of Af¢;. This creates a scoop-like
configuration, enabling the finger to slide under thin or flat
objects. The transition to scooping mode occurs passively
without requiring additional actuators or sensors.

By adjusting the finger’s tilt angle, the mechanism can per-
form asymmetric scooping operations. In this scenario, one
finger performs scooping while the other remains vertical,
allowing for the pinching of wide and thin objects such as
cards.

Fig.3 illustrates the transition process of the SPARK finger
from the pinching pose to the scooping pose. During the
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Fig. 3. Sequence of the SPARK finger’s fingertip transitioning from a
pinching pose to a scooping pose as the finger presses downward: stopper
Q2 keeps the distal phalanx straight during pinching, and when stopper Q)3
engages, it causes the distal phalanx to rotate inward for scooping.

finger’s pinching motion, the first and second segments
exhibit adaptability to the shape and size of the grasped
object due to the effect of k;.

III. ANALYSIS OF THE SPARK FINGER

To evaluate the performance characteristics of the SPARK
Hand, kinematic analysis and grasping force analysis were
conducted on a single SPARK finger.

A. Kinematic Analysis of the SPARK Hand

A mathematical model of the robotic finger was estab-
lished by representing the axle as a point and the rod as a
line, as illustrated in Fig.4.

The reference coordinate system was established with
each rotational joint of the finger as the origin. The D-H
parameters for the mathematical model of the finger were
derived as follows:

TABLE I STANDARD D-H PARAMETERS FOR SPARK FINGER
Link a; o d; 0;
1 Ly 0 0 01
Lo 0 0 02
3 Ls 0 0 03

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

[cos®; —sin€; 0 L;cosb;
~_ |sin6;  cos#; 0 L;sin®;
A = 0 0 1 0 &)
0 0 0 1

A H D

Fig. 4. Simplified diagram of the SPARK finger’s mathematical model,
representing each joint as a point and each link as a line segment, which
is used to derive the kinematic equations (D-H parameters) for the finger’s
motion.



The transformation matriices for the three rods are ex-
pressed as:

TP =Ay, T9=A1Ay, T9=A1A24; 4)

Introduction of the Jacobi Matrix is expressed as:

0
Bl s

Joi=Z2 1 x (On — Oi_1), Juwi =224 (6)

According to the derived equations and in conjunction
with kinematic simulation software, when the mechanism is
activated, the trajectory of the fingertip can be visualized, as
shown in Fig.5 .
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Fig. 5. Motion characteristic of the SPARK Hand.(a) Horizontal kinematic
characteristic of the mechanism;(b) Vertical kinematic characteristic of the
mechanism.

The motion characteristics of the fingertip, when driven
by a uniform velocity, are illustrated in Fig.5. The anal-
ysis focused primarily on the fingertip’s motion, revealing
smooth movements except at initiation in the x-direction,
which is ideal for handling fragile items such as eggs. In
the y-direction, the displacement remains consistently zero,
confirming the linear motion.

Combining the aforementioned kinematical equations us-
ing the Lagrangian method, the kinetic equations were
derived. The Jacobi matrix was subsequently obtained to
determine the velocity and angular velocity of the finger
during motion, as well as the kinetic energy of the rigid
body:

1 4 1 4
K= 577“}1 v+ iwl w (@)

3
P=>"P
i=1
=m1gL. sin(61)
+ mag(Lysin(61) + Lz sin(0y + 62))
+ mgg(Ll sin(6y) + Lo sin(6y + 62)
+ Legsin(6y + 62 + 63))

®)

Then substituting into the robot dynamics equations:

M(0)6+C(0,6)0+G(O) =T ©

In practical robotic hand design, the results of these
equations serve as a reference for mechanism design and
optimization.

B. Grasping Force Analysis of the SPARK Hand

In addition to the Kinematic Analysis, this subsection
elaborates on the static mechanics of the SPARK finger. A
static model was established based on the finger structure,
with the corresponding physical meanings of the symbols
depicted in Fig 6 and the accompanying table.

TABLE III PHYSICAL SYMBOLS AND THEIR MEANINGS
Quantity Notation Unit
Fy, Fo, Fy Grasping power of the first, second and third N
phalanxes.
L1, Lo, Ls Length of the first, second and third pha- mm
lanxes.

Vertical distance from each contact point to mm

dyi,d2,ds joints A, B, and C, respectively.
G1.Go. G Point of contact of the first (second or third) mm
12,3 phalanx with the object.
T Torque transmitted by the actuator to the = Nmm
drive rod.
k Coefficient of strength of springs. N/mm
01,0, 05 Angle between the first, second and third rad

phalanxes and the vertical direction.

In the Pinching Mode, as depicted in Fig 6a, a coor-
dinate system is established with point P as the origin. To
simplify the analysis, only the force on the third phalanx, Fj,
considered as the first and second phalanges exert minimal
influence. According to the moment equilibrium condition,
the equation is expressed as:

T = F3 x (d3 + Lo cos ) (10)

(a)

Fig. 6. Hydrostatic model. (a) linear-parallel pinching force analysis; (b)
self-adaptive grasping force analysis.

Assuming T=20Nxmm and L, = 40mm, which cor-
respond to the dimensions of the physical prototype, the
relationship between the grasping force and the rotation
angle of the second finger segment can be determined. This
relationship is graphically represented in Fig 7a.

The SPARK Hand transitions into the self-adaptive mode,
termed Scooping Mode, when the target object contacts
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Fig. 7. Analysis of the grasp force. (a) Parallel grasp stage; (b) Self-
adaptive grasp stage.

the proximal, intermediate, or distal phalanx impeding their
motion. For simplification purposes, this analysis focus on
the intermediate and distal phalanges, as the force exerted by
the proximal phalanx contributes minimally to the overall
grasping force. Fig.7b illustrates the force analysis in the
self-adaptive grasping process, wherein the limiting spring
applies a counteracting moment.

During the self-adaptive grasping process, the object pri-
marily interacts with the proximal and intermediate pha-
langes, while the distal phalanx remains uninvolved in force
application or object contact. Consequently, the analysis is
confined to the grasping, forces generated by the proximal
and intermediate phalanges from the action of scooping the
object. The object only interacts with the proximal and
intermediate phalanges, while the distal phalange does not
exert any force or make contact with the object. Therefore,
the analysis is limited to the grasping forces of the proximal
and intermediate phalanges.

The force vectors at the contact points between the two
phalangeal segments and the object are expressed as:

ﬁg = (FQCOS@Q,*FQSHI&Q) (11)

Fy = (F3 cos 03, —Fy sin f) 12)

The imaginary displacement of the contact point is derived
as:

G = (dy sin by, dy cosby) (13)

63 = (L2 sin 02 + d3 sin 93, L2 COos 02 + d3 COos 93) (14)

These equations are derived from the Newton-Euler equa-
tions.

605 a2 =[0Gy
[T —kbs] {593] =B B {5@3} (15)
[T —kts] = [Fy F)J (16)
- do 0
J= |:L2 COS(az — 63) d3:| (17)
_ T k93L2 COS(@Q — 05) _ k@d
F,= & + dads , = A (18)

In Equation (16), J denotes to the Jacobian matrix.
Equations (11-18) elucidate the relationship between various
parameters and the grasping force, as depicted in Fig.7b.

IV. EXPERIMENTS AND RESULTS

To validate the proposed design’s feasibility, a prototype
was constructed and subjected to grasping experiments.
Fig. 8a presents the 3D model of the SPARK Hand prototype,
while Fig. 8b showcases the prototype mounted on a robotic
arm for experimental validation.

@
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Fig. 8. (a) 3D model of the SPARK Hand prototype. (b) Physical imple-
mentation of the SPARK Hand mounted on a robotic arm for experimental
validation.

The experiments demonstrated three distinct grasping sce-
narios: pinching grasp, symmetric scooping grasp, and asym-
metric scooping grasp. To enhance scooping performance,
white spacers were incorporated into the fingertip design,
providing an improved scooping angle.

o Pinching Grasp:

In pinching mode, the robotic fingers execute linear
clamping movements to securely grasp objects posi-
tioned on a flat surface. The device descends until the
distal phalanges contact the surface, after which the
fingers close in parallel to clamp the object. Fig. 9
demonstrates the successful grasping of thin plastic
cards and small screws, validating the stability and
precision of the pinching mode.

o Symmetric Scooping Grasp:

In symmetric scooping mode, the device descends until
the distal phalanges contact the surface, subsequently
rotating inward to form a scoop-like structure. The two
fingers achieve a stable grasp by symmetrically sliding
beneath the object. To evaluate this capability, three
representative objects—a thin plastic card, a spheri-
cal orange, and an irregularly shaped keychain—were
tested. Fig. 10 illustrates the symmetric scooping pro-
cess, demonstrating the device’s adaptability in grasping
objects of varying shapes and sizes.

Fig. 9. Pinching Grasp: Grasping a thin plastic card and a small screw.



Fig. 10.
keychain.

Symmetric Scooping Grasp: Grasping a thin card, orange and

o Asymmetric Scooping Grasp:

The asymmetric scooping mode was evaluated by tilting
the device at a specific angle relative to the table
surface. In this configuration, one finger’s distal phalanx
remains stationary to support the object, while the other
finger’s distal phalanx rotates inward, forming a shovel-
like structure to lift the object from the side. This
mode is particularly effective for wide and thin objects,
such as flat cards or planar materials.Fig. 11 depicts
the asymmetric scooping process, demonstrating the
device’s capability to adapt to objects with specific
geometric characteristics and showcasing its versatility
in manipulation tasks.

Fig. 11. Asymmetric scooping grasp via wrist tilt. The device achieves a
steady pinching grasp, maintaining object orientation during the process.

In the asymmetric scooping mode, the device is positioned
at an oblique angle relative to the table surface. During
operation, the distal phalanx of one finger remains stationary,
providing support for the object, while the other finger rotates
inward to form a shovel-like structure, facilitating lateral lift-
ing. This mode is particularly efficacious for grasping wide
and thin objects, such as planar cards or flat materials. Fig. 11
illustrates the asymmetric scooping process, demonstrating
the device’s adaptability to objects with specific geometric
characteristics.

V. CONCLUSION

This study presents the SPARK finger, an innovative pas-
sive adaptive robotic finger mechanism capable of executing

hybrid pinching and scooping grasps. By utilizing a multi-
link mechanical design incorporating Kempe linkages and
elastic elements, the SPARK finger achieves seamless transi-
tions between grasping modes without additional actuators.
This capability demonstrates its proficiency in handling a
diverse array of object shapes, sizes, and environmental
constraints. A prototype system, the SPARK Hand, was
developed and experimentally validated, exhibiting its su-
perior performance in grasping thin and flat objects, which
typically pose challenges for conventional robotic grippers.
The SPARK finger’s key advantages include dual grasp-
ing modes, enabling versatility in handling diverse object
geometries, and robust environmental compliance, allowing
interaction with surfaces of varying heights and inclinations.
Its passive design minimizes control complexity while main-
taining stability, adaptability, and precision in constrained
environments.
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