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Abstract

Fast and universal grasping remains a critical challenge for robotic hands operating in unstructured
and industrial environments. Conventional pin-array-based robotic hands exhibit strong adaptability
to objects with diverse geometries, yet their grasping speed is often limited by centralized motor-
driven actuation. To address this limitation, this paper presents the development of a fast-acting
cluster-tube self-adaptive robotic hand (CTSA-FA hand), which transforms traditional active actuation
into a passive energy-storage-and-release-driven grasping mechanism. A spring-cam-based structure
is introduced to enable rapid energy release during the grasping phase, significantly reducing the
gathering time. A theoretical model of the CTSA-FA hand is established, including cam trajectory
planning and mechanical analysis, to guide parameter design and performance optimization. A
physical prototype is developed and experimentally validated. Experimental results demonstrate
that the proposed CTSA-FA hand can complete approximately three grasp-release cycles per second,
corresponding to a grasping time of about 0.25 s per cycle, while maintaining robust adaptive grasping
performance. These characteristics indicate that the proposed design is well suited for applications
requiring fast and universal grasping, particularly in intelligent mining equipment and industrial
automation scenarios.

Keywords: robotic hand; pin-array gripper; fast grasping; intelligent mining equipment; adap-
tive grasping

1. Introduction
Robotic hands capable of universal and adaptive grasping have attracted increasing attention

due to their broad potential in unstructured environments and automated production lines [1–3]. A
persistent challenge in robotic grasping lies in achieving both strong adaptability to diverse object
geometries and high grasping speed. Many existing robotic hands rely on complex mechanical
structures or centralized actuation mechanisms to realize adaptability, which often results in limited
dynamic response and slow closing motions. This inherent trade-off between adaptability and grasping
speed significantly constrains the deployment of robotic hands in fast-paced manipulation tasks,
particularly in intelligent mining equipment, where grasping systems are required to operate reliably
under harsh conditions, limited perception, and strict efficiency demands.

Humanoid multi-fingered robotic hands are designed to emulate the anatomical structure and
functional dexterity of the human hand. Representative examples include dexterous hands such as
the Shadow Dexterous Hand [4], the Optimus hand [5], and other high-degree-of-freedom platforms
[6]. Equipped with a large number of actuators and degrees of freedom (DOFs), these hands are
capable of complex postures and manipulation behaviors. However, the high mechanical complexity
and sophisticated control strategies required by such designs result in elevated manufacturing costs,
increased control burden, and limited operational efficiency, particularly in applications where rapid
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and repetitive grasping is required. To mitigate these drawbacks, underactuated robotic hands [7,8]
have been proposed to reduce the number of actuators while retaining adaptive grasping capability,
including the iHY hand [9], the Robotiq hand [10], and the TH-I hand [11]. Although underactuated
designs simplify control through mechanical coupling, their grasping speed and adaptability remain
constrained by transmission mechanisms and motor-driven actuation.

To overcome the limitations associated with humanoid hands, a wide range of specialized robotic
grippers have been developed with an emphasis on grasping robustness, universality, and operational
efficiency. Unlike humanoid hands, these grippers typically do not rely on finger-like structures;
instead, they achieve stable grasping across diverse object geometries through innovative mechan-
ical designs, often without requiring precise perception of object shape and pose. Representative
examples include the universal gripper based on granular jamming activated by vacuum suction
[12,13], universal jamming gripper [14], woven soft wrist-gripper [15], grippers inspired by biological
mechanisms such as the chameleon tongue [16], as well as spherical adaptive grippers including
Tsinghua University’s SSA gripper [17]. These designs demonstrate that mechanical adaptability can
be achieved through non-anthropomorphic structures, providing reliable grasping performance with
simplified control.

Among specialized grippers, pin-array-based designs have attracted particular attention due to
their inherent geometric adaptability and mechanical simplicity [18,19]. By employing spatially dis-
tributed contact elements that can independently conform to object surfaces, pin-array mechanisms are
capable of achieving universal grasping across objects with diverse shapes and sizes. A representative
example is the Omnigripper [18], which demonstrates that pin-array structures can provide reliable
and rigid contact while maintaining strong adaptability. These characteristics make pin-array-based
mechanisms a promising solution for robust and universal grasping.

Building upon the pin-array adaptation principle, numerous robotic hands and tools have been
developed to further enhance grasping versatility, including designs that realize universal grasping
through frictional and prismatic mechanisms [20], balloon-based adaptation [21], as well as meshing
[22], bending [23], and rotational mechanisms [24]. These studies collectively validate the effectiveness
of pin-array-based mechanisms for adaptive grasping and highlight their potential for deployment in
a wide range of robotic applications.

Despite their strong adaptability, pin-array-based robotic hands are often limited by slow grasping
speed. This limitation primarily arises from centralized actuation schemes in which a single motor
or actuator drives the simultaneous motion of a large number of adaptive elements. The cluster-tube
self-adaptive (CTSA) hand [24] exemplifies this issue. Although increasing motor speed can partially
accelerate the grasping process, such an approach inevitably results in higher power consumption
and reduced energy efficiency, thereby limiting practical applicability in scenarios that require rapid
grasping.

In this work, fast grasping is defined as a substantially reduced closing time compared with
conventional centralized-actuation pin-array grippers, achieved through rapid energy release rather
than continuous motor-driven transmission. To address the speed limitation of pin-array-based robotic
hands, this paper presents the development of a fast-acting cluster-tube self-adaptive robotic hand
(CTSA-FA hand). The proposed design transforms conventional active actuation into an energy-storage-
and-release-driven mechanism enabled by a spring–cam-based structure. Key design parameters
are systematically determined through theoretical analysis, and a physical prototype is developed.
Experimental results demonstrate that the proposed CTSA-FA hand can achieve rapid grasping with a
closing time of approximately 0.25 s per grasp, indicating its strong potential for applications requiring
fast and efficient object acquisition.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 February 2026 doi:10.20944/preprints202602.0293.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.0293.v1
http://creativecommons.org/licenses/by/4.0/


3 of 15

2. Design and Working Principle of the CTSA-FA Hand
2.1. Design Concept and Actuation Strategy

In the original cluster-tube self-adaptive (CTSA) hand, the lateral convergence of all sliding
tube assemblies is realized through a tendon-driven centralized actuation mechanism. In such a
configuration, increasing the grasping speed mainly relies on modifying the transmission ratio or
selecting a higher-speed motor, which inevitably leads to a reduction in grasping force under the same
power constraint. This trade-off limits the applicability of the CTSA hand in scenarios requiring rapid
object acquisition.

To overcome this limitation, this study proposes a fast-acting cluster-tube self-adaptive hand
(CTSA-FA) by fundamentally rethinking the actuation strategy. Instead of directly driving the lateral
convergence using the motor, the proposed design converts active motor actuation into an energy
storage and release mechanism. Inspired by energy-driven mechanical devices, elastic energy is
pre-stored and instantaneously released to achieve rapid grasping, thereby decoupling grasping speed
from motor power.

Based on this concept, the CTSA-FA hand adopts the actuation scheme illustrated in Fig. 1(a),
enabling fast lateral convergence while maintaining sufficient grasping force.
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Figure 1. Driving method of CTSA hand.

2.2. Mechanical Structure and Component Description

The overall mechanical structure of the CTSA-FA hand is shown in Fig. 2, and the exploded view
is presented in Fig. 2(c). The CTSA-FA hand mainly consists of a base, multiple sliding tube assemblies
arranged in an array, a motor, a cam mechanism, and a grip applicator.

Each sliding tube assembly comprises a base connector, a guided rod, a sliding tube, a compression
spring, a soft skin, and a soft contactor. The guided rod is articulated to the base through a rotating
shaft, allowing the assembly to swing only in the radial direction. The sliding tube is mounted on the
guided rod and can translate axially along it. The sliding tube moves axially along the guided rod, and
a compression spring is installed between the sliding tube and the guided rod to provide automatic
axial reset after grasping.

All sliding tube assemblies are distributed circumferentially along the base. Mechanical con-
straints are introduced to ensure that each assembly can only swing radially inward or outward. The
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grip applicator is arranged in an independent cavity within the base and mechanically couples all
sliding tube assemblies, enabling the application of uniform lateral grasping force.

A cam mechanism is employed to coordinate the grasping, release, and energy re-storage pro-
cesses, as shown in Fig. 2(b). The cam profile is specifically designed such that different phases of a
single rotational cycle correspond to lateral convergence, forced release, and elastic energy re-storage.
The cam is directly driven by the motor, allowing precise control of the grasping and releasing states
through continuous motor rotation without the need for motor reversal.

The working process of the CTSA-FA hand is illustrated in Fig. 3 and can be divided into three
sequential stages: vertical adaptation, fast lateral convergence, and release with energy re-storage.
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Figure 2. The design of CTSA-FA hand.
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Figure 3. The grasping process of CTSA-FA hand.

2.3. Grasping and Release Process
2.3.1. Vertical Adaptive Grasping

The CTSA-FA hand approaches the target object vertically under the motion of the robotic arm.
When a sliding tube assembly contacts the object, the corresponding sliding tube moves axially along
the guided rod. As a result, different sliding tubes adjust their axial positions according to the object’s
surface profile, enabling passive vertical self-adaptation.

2.3.2. Fast lateral Convergence

After vertical adaptation, the motor drives the cam to rotate to the grasping phase. In this phase,
the constraint on the grip applicator is instantaneously released, allowing the elastic energy stored in
the energy storage spring to be rapidly released. Consequently, all sliding tube assemblies converge
toward the center at high speed. When a sliding tube contacts the object during convergence, its
motion stops and a grasping force is exerted. Through this process, lateral self-adaptation and stable
grasping are achieved simultaneously.

2.3.3. Release and Reset

To release the object, the motor continues to rotate in the same direction, driving the cam into the
release phase. In this phase, the cam actively pushes the sliding tube assemblies outward in the radial
direction, forcing them back to the upright configuration. During this motion, the grip applicator
is re-tensioned, and elastic energy is stored again in the grip applicator. Once the sliding tubes lose
contact with the object, the axial reset springs drive the sliding tubes back to their extended positions
along the guided rods, completing the vertical reset.

Through the above process, the CTSA-FA hand realizes spatially discrete adaptive grasping with
a fast-acting mechanism. By combining pin-array adaptability with energy-driven lateral convergence,
the proposed hand achieves high grasping speed while maintaining sufficient grasping force, making
it suitable for robotic applications that require rapid and reliable grasping.

3. Theoretical Analysis and Parameter Design
This section presents the theoretical analysis and parameter design of the proposed CTSA-FA

hand. The analysis focuses on two aspects: (i) cam trajectory design for fast state switching with
favorable mechanical characteristics, and (ii) force and torque modeling for motor selection and
grasping force evaluation. The purpose of the following analysis is not to pursue a closed-form
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solution, but to reveal the influence of key geometric and mechanical parameters on the grasping
behavior, thereby guiding the practical design of the CTSA-FA hand.

3.1. Cam Trajectory Design

According to the operating principle described in Section II, the cam drives multiple sliding tube
assemblies arranged uniformly along the circumferential direction, the cam profile is shown in Fig. 4.
Let n denote the number of sliding tube assemblies. The cam profile can therefore be divided into n
identical angular units, and the angular span of a single unit is defined as

θU =
2π

n
(1)
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Figure 4. Cam profile of the elastic-rope mechanism.

Within each unit, the cam motion consists of two consecutive phases: a fast grasping phase and a
release/reset phase. Let η ∈ (0, 1) denote the angular proportion of the grasping phase within one
unit. The corresponding angular spans of the grasping and release phases are then given by{

θG = ηθU

θR = (1 − η)θU
(2)
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The cam profile is formulated in polar coordinates. Let r(θ) denote the radial distance from the
cam center to the contact point with the sliding tube assembly. To ensure smooth motion and stable
grasping and release states, the cam trajectory must satisfy the following boundary conditions:

In this paper, the cam curve is solved in the form of polar coordinates. Let the motion trajectory
function of the sliding tube assembly relative to the cam in the grabbing section be r1(θ) and the
motion trajectory function of the sliding tube assembly relative to the cam in the releasing process be
r2(θ). According to the structural design in Chapter 2, these functions should satisfy

R(0) = Rmax,

R(θG) = Rmin,

R(θU) = Rmax,

(3)

and
dR
dθ

∣∣∣∣
θ=0

=
dR
dθ

∣∣∣∣
θ=θG

=
dR
dθ

∣∣∣∣
θ=θU

= 0. (4)

By enforcing the above constraints and adopting a fourth-order polynomial form for each phase,
the cam trajectory can be expressed as

R(θ) =


Rmin +

4(Rmax − Rmin)

θ4
G

θ2(θG − θ)2, 0 ≤ θ ≤ θG,

Rmax −
4(Rmax − Rmin)

θ4
R

(θ − θG)
2(θU − θ)2, θG < θ ≤ θU .

(5)

This trajectory ensures zero velocity at the beginning and end of each phase, reducing impact,
vibration, and mechanical wear during fast switching.

For cam manufacturability, the outer cam profile is obtained as the envelope of the inner tangents
of circular pin sections arranged along the trajectory defined by R(θ). In the subsequent mechanical
analysis, only the trajectory function R(θ) is required.

3.2. Pseudo-Pressure Angle Analysis

The pressure angle between the cam and a sliding tube assembly is a key factor affecting transmis-
sion efficiency and mechanical reliability. Based on cam mechanism theory, the instantaneous pressure
angle γ0 can be expressed as

γ0 = arctan
(
|dR/dθ|

R(θ)

)
, γ0 ∈

[
0,

π

2

)
. (6)

During the grasping and release phases, the relative motion directions between the cam and the
sliding tube assemblies are opposite. To facilitate unified mechanical analysis, a pseudo-pressure angle
γ is defined as

γ = arctan
(

dR/dθ

R(θ)

)
, γ ∈

(
−π

2
,

π

2

)
. (7)

When γ > 0, a smaller pressure angle reduces transmission losses; when γ < 0, a pressure
angle closer to zero mitigates adverse loading on the motor and cam. Therefore, minimizing both the
magnitude and fluctuation of γ is beneficial for system durability and efficiency.

Fig. 5 illustrates the variation of γ within a single cam unit. In this study, n = 8 sliding tube
assemblies are used, resulting in θU = 45◦. Parametric analysis indicates that increasing η reduces
the maximum pseudo-pressure angle, while excessively small Rmin may lead to undercutting and
unfavorable geometry. Considering both fast grasping performance and mechanical safety, Rmin =

28.5 mm and η = 0.3 are selected.
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Figure 5. Influence of design parameters on the pseudo-pressure angle.

3.3. Mechanical Model and Force Analysis

A mechanical model of a single sliding tube assembly is established, as shown in Fig. 6. Let FN de-
note the normal contact force between the cam and the sliding tube assembly, and µ the corresponding
friction coefficient. The grip applicator exerts a lateral force Fe on the sliding tube assembly through a
lever mechanism.
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Figure 6. Force model of a single sliding tube assembly.

According to Hooke’s law, the force provided by the energy-storage spring in the grip applicator
can be expressed as

Fe = Fe,max − khe tan α, (8)

where Fe,max is the preload force, k is the spring stiffness, he is the lever arm of the grip applicator, and

α = arctan
(

Rmax − R(θ)
hc

)
, (9)

with hc denoting the cam contact lever arm.
The geometric ratio

κ =
he

hc
(10)

is introduced for compact representation.
Two operating cases are considered: state switching and object grasping.

3.3.1. Motor Torque Requirement

During state switching, the cam actively drives the sliding tube assemblies, while no object contact
occurs. From static equilibrium, the motor torque required to rotate the cam is given by

Mo = nFN(µ cos γ + sin γ)R(θ), (11)

where n is the number of sliding tube assemblies.
By substituting the force relations and geometric constraints, the torque expression can be rewrit-

ten as

Mo = nκ
µR2(θ) + R(θ)R′(θ)

R(θ)− µR′(θ)
[Fe,max − kκ(Rmax − R(θ))]. (12)
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Parametric studies based on this analytical expression are conducted to evaluate the influence
of mechanical parameters (µ, k, Fe,max) and geometric parameters (κ, Rmin, n). The results, shown in
Figs. 7, 8, 9, 10, indicate that the friction coefficient µ has a dominant effect on the peak motor torque,
while the spring stiffness k has a relatively minor influence. Increasing κ generally reduces the required
motor torque within a feasible geometric range.
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3.3.2. Grasping Force Analysis

When grasping an object, the cam remains at its minimum radius and no longer contacts the
sliding tube assemblies. Each sliding tube assembly can be in either a grasping state or an adaptive
state.

For a sliding tube assembly in the grasping state, the normal grasping force exerted on the object
is

Fo =
Fehe

lo
, (13)

where lo is the contact lever arm.
For an assembly in the adaptive state, the vertical compliance force is

Fs = kv∆x, (14)

where kv is the stiffness of the vertical reset spring and ∆x is the axial displacement.
The maximum lifting force provided by the CTSA-FA hand can then be expressed as

FG =
nG

∑
i=1

Fehe

lo
(µo cos α + sin α)−

nR

∑
i=1

kv∆x cos α, (15)

where nG and nR denote the numbers of sliding tube assemblies in the grasping and adaptive states,
respectively, and µo is the friction coefficient between the sliding tube surface and the object.

This expression indicates that larger nG, smaller nR, higher he/lo, and larger µo contribute to
increased grasping force. However, excessive he/lo reduces vertical adaptability, highlighting the
trade-off between grasping strength and adaptability.

This analysis provides a quantitative basis for parameter selection and cam profile design, rather
than serving as an exhaustive dynamic model.

4. Experiments
For clarity, the grasping speed evaluated in this section focuses on the mechanical closing duration

of the hand, which is the critical bottleneck for pin-array grippers relying on centralized actuation.
Based on the mechanical design described in Section II and the theoretical analysis in Section III,

a prototype of the proposed CTSA-FA hand was fabricated, as shown in Fig. 11. The prototype has a
total mass of 612 g, a maximum height of 245 mm, and a maximum outer diameter of 75 mm.

A series of experiments were conducted to evaluate the performance of the CTSA-FA hand, with
particular emphasis on fast grasping capability and adaptive grasping performance.
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4.1. Fast Grasping Performance

To evaluate the grasping speed, the grasping and releasing process of the CTSA-FA hand was
recorded using a camera. The corresponding video is provided as Supplementary Video S1. By
frame-by-frame analysis of the recorded video, it is observed that the CTSA-FA hand is capable of
completing three full grasp–release cycles within one second.

This result indicates that the average time required for a single grasping action is approximately
0.25 s. Such a grasping speed is significantly faster than that of conventional pin-array-based robotic
hands, demonstrating the effectiveness of the proposed energy-storage-and-release driving strategy
for rapid state switching.

(a) Initial State (b) Grasping State

Figure 11. Prototype of the CTSA-FA hand.

4.2. Adaptive Grasping Experiments

To assess the adaptive grasping capability, the CTSA-FA hand was tested on objects with various
sizes, shapes, and surface materials. Representative experimental results are shown in Fig. 12, and
additional demonstrations are provided in Supplementary Video S1.

During the experiments, the sliding tube assemblies were observed to adapt automatically to
the object contours in the vertical direction, followed by rapid lateral convergence to achieve stable
grasping. The CTSA-FA hand successfully grasped objects with irregular geometries and different
orientations without requiring prior knowledge of object shape or pose.
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Figure 12. Representative adaptive grasping experiments of the CTSA-FA hand.

4.3. Discussion

The experimental results demonstrate that the proposed CTSA-FA hand achieves both fast
grasping and robust adaptive grasping. The grasping process is simple to control and exhibits stable
and repeatable behavior.

Compared with conventional pin-array grippers, the proposed CTSA-FA hand is particularly
suitable for scenarios requiring rapid object acquisition, such as sorting and pick-and-place tasks on
production lines.

5. Conclusions
In this study, the development of a fast-acting cluster-tube self-adaptive robotic hand is presented.

By introducing an energy-driven grasping strategy based on stored elastic energy and rapid release,
the proposed CTSA-FA hand effectively overcomes the limitation of low grasping speed commonly
observed in conventional pin-array robotic hands. A systematic mechanical design and theoretical
analysis are conducted to support the development of the prototype and guide parameter selection.
Experimental results demonstrate that the CTSA-FA hand achieves fast and reliable adaptive grasping,
validating the effectiveness of the proposed design. Future work will focus on integrating perception
modules and exploring modular design strategies to further enhance the autonomy and applicability
of the CTSA-FA hand in practical robotic systems.

Supplementary Materials: The following supporting information can be downloaded at website of this paper
posted on Preprints.org, Video S1: High-speed grasping and adaptive grasping experiments of the CTSA-FA
hand.
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