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Abstract— Biological synergies have emerged as a widely
adopted paradigm for dexterous hand design, enabling human-
like manipulation with a small number of actuators. Nonethe-
less, excessive coupling tends to diminish the dexterity of
hands. This paper tackles the trade-off between actuation
complexity and dexterity by proposing an anthropomorphic
finger topology with 4 DoFs driven by 2 actuators, and by
developing an adaptive, modular dexterous hand based on
this finger topology. We explore the biological basis of hand
synergies and human gesture analysis, translating joint-level
coordination and structural attributes into a modular finger
architecture. Leveraging these biomimetic mappings, we design
a five-finger modular hand and establish its kinematic model to
analyze adaptive grasping and in-hand manipulation. Finally,
we construct a physical prototype and conduct preliminary
experiments, which validate the effectiveness of the proposed
design and analysis.

I. INTRODUCTION

The human hand exemplifies unparalleled dexterity. Com-
prising 54 of the body’s 206 bones—approximately one-
quarter of the skeletal system—and supported by a highly
intricate muscular architecture, it affords more than 20 de-
grees of freedom (DoFs) in the fingers alone [1]. Replicating
such mechanical and functional sophistication, Developing a
compact and integrated dexterous hand that faithfully mirrors
human morphology while retaining flexibility—without re-
liance on external actuators—continues to pose a formidable
engineering challenge.

Ingram et al. [2] observed that the human hand exhibits
characteristic motion patterns that can be described as a
reduction in effective degrees of freedom during specific
tasks. This finding implies that dexterous control may be
realized with fewer actuators, without substantially com-
promising functional capability. Motivated by this principle,
recent research has increasingly focused on underactuated
dexterous hands. These designs typically maintain the full
set of 20 degrees of freedom (DoFs), with the majority of
joints controlled through synergistic mechanisms. Such as
the Schunk Hand [3], Hannes’s Hand [4], and ILDA KIM-
Hand [5] adopt this architecture, using kinematic synergies
to balance dexterity and actuation simplicity. This approach
offers an effective trade-off between mechanical efficiency
and functional capability, making it suitable for both research
and real-world applications.
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Among these, self-adaptive mechanisms have emerged
as another promising underactuated strategy [6]. By fully
leveraging synergies, multiple fingers can conform to objects
using only a small number of actuators [7]. A notable exam-
ple is the Hand designed by Ritsumeikan University, which
actuates 15 joints using only two motors via mechanically
coupled tendons [8]. Similarly, Sun [9] proposed a five-
finger design with two actuators, capable of reproducing
the two primary human grasp types. Other representative
designs such as the , HERI Hand [10], Columbia Hand
[11] and Chen Hand [12]—adopt adaptive underactuated
structures to achieve stable grasping with simplified actu-
ation. However, reliance on complex coupling mechanisms
often compromises finger-level manipulability and mechani-
cal performance. The absence of independently controllable
degrees-of-freedom significantly limits their effectiveness in
tasks requiring manipulation or operation in unstructured
environments [13].

In this study, we explores the feasibility of a balanced
design for dexterous robotic hands by leveraging the princi-
ples of underactuation and structural adaptability. Focus on
replicating the dexterity of the human hand with fewer actua-
tors. Informed by the analysis of the structural and kinematic
characteristics of the human hand, we propose a modular
dexterous hand structure that retains intra-finger synergies to
balance dexterity and actuator efficiency. A modular finger
design is presented which achieves four degrees of freedom
while requiring only two actuators. In this design, the flex-
ion–extension (FE) and adduction–abduction (AA) motions
are consolidated within a single MCP structure, with each
motion mode powered by dual-actuator coordination. By em-
bedding a compliant underactuated transmission mechanism,
the three-joint finger achieves variable stiffness modulation
and adaptive grasping. Finally, a dexterous hand prototype is
constructed based on the proposed model. Preliminary dex-
terous manipulation experiments were conducted to validate
the proposed design and confirm its capability to achieve
human-like grasping and in-hand manipulation.

II. BIOMIMETIC DESIGN OF THE MODULAR HAND

A. Skeletal Structure

The human hand is the foundation for anthropomorphic
dexterous hand design [14], and has been extensively ana-
lyzed from multiple perspectives. Biomechanics studies indi-
cate that the skeletal structure provides the physical support
of the human hand [15]. Ligaments and muscles interconnect
the structure, forming 15 articulating finger joints with over
20 degrees of freedom. Their motions can be represented as
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axial rotations about joints [16], as shown in Fig. 2. From a
kinematic perspective, the human hand is characterized by its
motions and gestures. Cutkosky’s taxonomy [17] provides a
qualitative classification of human grasp postures, establish-
ing a macro-level dichotomy of grasp types. Feix’s taxonomy
[18] refines the granularity to 33 grasp types, yielding a
comprehensive database of human grasp behaviors closely
aligned with real-world tasks. Complementing these qualita-
tive frameworks, Santello et al. [19] performed a statistical
analysis of joint-angle relationships, quantitatively capturing
the coordination patterns across the hand. Collectively, these
studies reveal strong regularities in human hand structure,
offering critical insights for guiding dexterous hand design.
These regularities are reflected in the following aspects:

Coupled joint motion during flexion–extension. Santello
showed via principal component analysis that joint angles
along a finger maintain proportional relationships during
flexion, making the overall finger posture more critical than
individual joint motion. Kamper [20] showed that fingertip
trajectories exhibit stable and predictable spatial patterns,
which can be approximated by a single-variable logarithmic
spiral, thus capturing the motion as a single degree-of-
freedom representation.

Auxiliary role of the ring and little fingers. In Feix’s 33
grasp types , the thumb is used in 32, the index finger in
all 33, and the middle finger in 28. Thumb–index–middle
combinations occur in 27 types, with at least two of these
three involved in every grasp. For small-object manipulation,
only the thumb, index, and occasionally the ring finger are
typically engaged, while the structurally weaker little finger
plays a minor role. [21]

Importance of lateral motion in primary digits. Abduc-
tion–adduction of primary fingers enables adjustable inter-
finger spacing, expanding fingertip workspace and support-
ing stable grasps on asymmetrical or oblique objects [22].
Okamura et al. [23] identified redundant spatial degrees
of freedom as essential for dexterous manipulation, with
independent lateral motion being a key capability retained
for functional digits.

Fig. 1. Illustration of the biomimetic mechanical configuration of the
modular finger

Based on the above observations, we propose a modular

finger configuration, as shown in Fig. 1. The modular finger
closely resembles the human finger, featuring three joints
and four degrees of freedom. Motor–gear assemblies are em-
ployed to emulate human tendon actuation, reproducing both
flexion–extension and abduction–adduction motions while
preserving the natural joint coupling. Following the principle
of replicating human hand performance with minimal actu-
ation, the ring and little fingers are simplified as auxiliary
fingers, retaining only passive lateral motion capability. The
manipulator configuration based on modular fingers is shown
in Fig. 2.

Fig. 2. Comparison between the human hand configuration and the modular
five-finger hand configuration

B. Driven System

In dexterous hand design, tendon-driven mechanisms are
widely employed as biomimetic elements due to their com-
pactness, light weight, and passive flexibility [24]. How-
ever, inherent elasticity degrades both static and dynamic
performance, while pretension loss from material fatigue,
environmental influences, and mechanical wear undermines
precision and repeatability [25] [26]. To meet the growing
demands of complex applications, a mechanically optimized
solution is required to balance dexterity, stability, and cost ef-
ficiency. We introduce a hybrid gear–elastic transmission that
emulates human muscle actuation and protective adaptability
while shortening the transmission chain to the MCP-DIP
segment. This design enhances stability and control accuracy,
effectively addressing the limitations of conventional tendon-
based approaches.

According to the study of human skeletal joints by Nierop
[27], the equivalent kinematic pair of the MCP joint is
illustrated in Fig. 3(a). The proximal joint functions as
a compound joint, integrating both flexion–extension and
lateral swing, thereby requiring actuation to support both
motions. In this work, a gear differential device is employed
at the proximal joint as the driving mechanism. By leveraging
dual motor inputs, the device enables coordinated joint
control through differential transmission, achieving finger
flexion–extension and lateral swing as a linear combination
of motions, as depicted in Fig. 3(b)(c). For auxiliary fingers,
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the differential coupling mechanism is omitted; however,
lateral swing capability is preserved through a spring-based
passive mechanism, which provides compliant side motion
and facilitates auxiliary object envelopment during grasping
tasks.

Fig. 3. (1). Equivalent Kinematic Pair and Differential Coupling Imple-
mentation of the MCP Joint (2). Modular finger transmission chain with
adaptive coupling capability;

The knuckle transmission system employs a dual-gear
configuration with a driving side and a coupling side, as
shown in Fig. 3. The driving gear chain delivers power,
while the coupling gear group enforces inter-joint motion
coupling. Based on the collaborative bionic motion analysis
in the preceding section, maintaining humanoid dexterity
requires strong inter-joint coupling and correlated motion.
This is achieved by a two-layer gear chain that couples the
three flexion–extension joints, enabling coordinated three-
DOF motion.

Conventional rigidly coupled gear sets can synchronize
three joints but lack passive adaptability to object geometry.
To address this issue, power is transmitted from the distal to
the proximal knuckle through the driving-side gears, while
elastic gears are introduced in the coupling group to re-
place selected fixed gears. For example, the proximal–middle
knuckle pair is linked by an elastic element. Without external
forces, the elastic gear acts as a fixed gear, preserving rigid
coupling. When the proximal joint encounters resistance, the
elastic element deforms, breaking the rigid coupling. Power
continues to the middle phalanx, which then overcomes the
elastic resistance to adaptively conform to the object.

III. DEXTERITY AND COMPLIANCE ANALYSIS

A. Workspace Analysis

The motion of humanoid dexterous hand adopts mod-
ular design, which is composed of five modular fingers.

The overall mechanical structure, motion relationship and
working space are determined by each modular finger, so
the kinematics analysis of the finger is very important. We
analyze the driving space, joint space and operation space
of the finger and the kinematics between them to verify the
advantages of the proposed structure.The calculation process
is shown in Fig 4.

The modular finger is driven and controlled by two motors,
and the driving space is expressed as:

a = [a1, a2]
T

The modular finger has four joints, of which the proximal
joint is a composite joint of flexion and extension and side
swing. The finger has four degrees of freedom of motion,
and the joint space can be expressed as joint angle :

q = [qAA, q1, q2, q3]
T

According to the kinematics of the planar mechanism,
the motion relationship between the gears of the differential
coupling device is calculated. The planetary gear has rotation
and revolution motion, and its motion characteristics are
expressed as :

θ = [θ1, θ2]
T

According to the relationship between gear radius and
tooth number, the kinematic relationship of gear differential
mechanism can be described as :

θ = Jza

Jzis the Jacobian matrix composed of transmission coef-
ficient matrices.

Jz = RzRR′
z

Among them, Rz is the transmission coefficient from gear
c to the output end, R is the differential coupling relationship
from the inner side of two double-layer bevel gears to gear c,
and R′

z is the transmission coefficient from two motor gears
to the inner side of two double-layer bevel gears.

The transmission coefficients are :

Rz =

[
1 0
0 1

]
, R =

[
1
2

1
2

1
2 − 1

2

]
, Rz′ =

[
13
24 0
0 13

24

]
The side swing action of the modular finger is mapped to

the revolution of the planetary gear, so :

q = θ

where:
q =

[
qAA

qFE

]
So far, the mapping from the driving space to the near

joint space is realized.
The driving group gears are actually rotating and rotating

around the axis at the same time. For the three-joint driving
gear, the rotation angle can be decomposed into the joint
flexion and extension angle and the power transmission
angle. After plane mechanics calculation, the relationship
between the rotation angle of the near-joint drive space and
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the joint flexion and extension space can be obtained as
follows :

θ2 = Jsqfe

where:
qfe =

[
q1 q2 q3

]T
The number of coupling gear teeth at each joint is shown

in Table I.

TABLE I
TEETH NUMBER OF THREE JOINT DRIVE GEARS

Joint MCP PIP DIP
Teeth 22(z1) 20(z2) 16(z3)

The ratio of near, middle and far teeth is 14 : 12 : 20, and
the coupling ratio is 6 : 7 : 4.2. The coupling transmission
coefficient Js can be obtained as :

Js =

[
7 −6 0
0 6 −10

]
Based on the mapping from the driving space to the joint

space, the kinematics analysis of the finger is carried out
by the D-H parameter method. The finger shell is composed
of rigid parts. From the overall point of view of the finger
movement, each knuckle is similar to the connecting rod, and
the modular finger is similar to the articulated serial robot.
The Monte Carlo method is used to express the workspace
of the modular finger [28]. The visual expression of the
workspace of the dexterous hand is shown in Fig 4 (b). We
map the workspace to the dexterous hand simulation model.
According to the projection of the finger workspace in the

XOY, XOZ and YOZ planes, it is found that the modular
finger has a rich in-hand operating space in the five-finger
hand model.

B. Analysis of Underactuated Compliant Mechanism(UCM)

In the transmission structure of the finger, the mechanical
flexibility is arranged in series with the actuator, which im-
proves the stability and impact resistance during the grasping
and dexterous tasks. However, when there exist uncontrol-
lable motion and forces [29], which may lead to undesirable
results, affecting the grasping and operation of the dexterous
hand, such as the s ejection phenomenon [30], that is, the
grasp sequence can degenerate into ejecting the object. In
order to determine the reliability of the two motion modes
of the finger, this section analyzes the elastic mechanism
and establishes the kinematic model of the dexterous finger
in series with the elastic element.

The flexible coupling joint of the dexterous hand can
be considered as a 3-DOF serial transmission underactu-
ated mechanism. We introduce the UCM unified kinematics
model [31] for analysis, and the simplified model is shown
in the Fig 5.

The transmission variables of the system are expressed as
Ts = a− rd1q1 − z1

z2
rd2q2 − z1

z3
rd3q3

Tp1 = rc2q2 − rc1q1

Tp2 = rc3q3 − rc2q2

Tp3 = rc3q3

Among them, rd1, rd2, rd3 are the radius of the drive chain
gears. rc1, rc2, rc3 are the radius of the coupling chain gears.

Fig. 4. (a) Schematic diagram of the computational process from the driving space to the workspace; (b) Visualization of the workspace using the Monte
Carlo method and its projections on the XOY, YOZ, and XOZ planes.
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Fig. 5. The adaptive UCM kinematic model of the finger. Notably, for
clarity in illustration, the idler gear set is abstractly depicted using line
segments of distinct colors.

q1, q2, q3 are joint motion angles, z1, z2, and z3 denote the
numbers of teeth of the gears in the drive chain, with their
specific values listed in Table I. Ts is the serial variable of
the system, Tp is the parallel variable of the system.

The derivative of the transmission variables is expressed
as [

δTs

δTp

]
=

[
Js1 Js2
Jp 0

] [
δq
δa

]
According to the transmission equation,the transmission

Jacobian matrices are

Js1 =
[
−rd1 − z1

z2
rd2 − z1

z3
rd3

]
Js2 = 1

JP =

−rc1 rc2 0

0 −rc2 rc3

0 0 rc3


Then

rank([JT
S , JT

P ]) = 4

rank([JT
S , JT

P ]) ≥ 3

Since the number of constraints exceeds the number of
joints, the transmission mechanism remains stable. It can be
seen from the above formula that the transmission Jacobian
matrix is determined by the structural parameters, indepen-
dent of the joint angle and the drive coordinate, and the finger
is a linear transmission mechanism. Therefore, the stiffness
matrix of the system can be expressed as :

Kq = JTs1KsJs1 + JTp KpJp

Ka = JTs2KsJs2

Kqa = JTs1KsJs2

Ks = ks1,Kp = diag(kp1, kp2, kp3) . By substituting into
the Jacobian matrix, the resulting stiffness matrix Kq is
obtained, which is positive definite. This indicates that the
system can return to equilibrium once the external distur-
bance is removed.

According to the definition of UCM’s motion. AMS (Ac-
tive motion subspace) and PMS (passive motion subspace)
both are determined by −K−1

q Kqa. AMS is expressed as
δqA, where δa is driving variable.

δqA =
K−1

q

[
rd1

z1
z2
rd2

z1
z3
rd3

]⊤∥∥∥K−1
q

[
rd1

z1
z2
rd2

z1
z3
rd3

]⊤∥∥∥δa
PMS is expressed as δqP ,which is the constraint equation

of passive motion.

δqP =


δq1δq2
δq3

 ∈ R3 | rc1
z1
z3

δq1 + rc2
z2
z3

δq2 + rc3δq3 = 0


The active force is expressed as

τA =
[ z1
z3
rd1

z2
z3
rd2 rd3

]
Thus, in the UCM system, through the optimization of

spring stiffness parameters Ks,Kp, the coupled finger-to-
finger motion and adaptive enveloping motion demonstrate
feasible solutions within both the AMS and PMS. This
configuration enables the system to maintain stable output of
active extrusion forces onto the object, ensuring consistent
grasping performance and adaptive manipulation capabilities.
We reproduced this configuration in simulation and further
validated the adaptive capabilities of the modular fingers
through a set of grasping experiments. The results are
presented in Fig. 6.

Fig. 6. Equivalent simulation platform of the finger UCM, and adaptive
enveloping experiments on spheres with different diameters.
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IV. EXPERIMENTS

In this section, modular fingers were developed based on
the above analysis, and their performance was experimentally
evaluated. Furthermore, a five-finger dexterous hand proto-
type was constructed using the modular fingers to assess
overall performance.

A. Modular Finger Kinematic Performance Evaluation

For kinematic performance assessment, we adopt the
benchmarking framework proposed by Falco. [32]. We de-
veloped a simplified testing platform comprising mechanical
sensors and modular finger components. In the kinematic
performance evaluation experiment, a fixture was designed
to secure the finger, integrating a uniaxial force sensor and an
IMU sensor to capture finger orientation. This setup formed
the experimental platform shown in Fig 7(d). Experimental
tests were conducted on grasp cycle time, finger repeatability,
and fingertip force, with the results presented in Fig 7 (a), (b),
and (c), respectively. The modular finger achieved a fingertip
force of up to 10 N, and the repeatability performance is
summarized in Table II.

TABLE II
FINGER REPEATABILIT

Avg Offset Distance(°) Stdev(°) 95% Confidence Interval(°)
-0.8323 0.6266 (−0.9877,−0.6769)

The experimental validation of the adaptive UCM system
is shown in Fig 7(e): (1) During free motion, the elastic
element acts as an inert gear, ensuring stable transmission
and joint coupling. (2) In the ball-enveloping task, the
proximal joint is constrained while the distal joint continues
to flex until contact, after which all three joints apply
compressive force for a stable grasp. Although the original
coupling is disrupted, the system remains dynamically stable.
(3) During fingertip contact, the object experiences vertical
force until equilibrium is reached, and the mechanism returns
seamlessly to its natural trajectory once the object is released.

B. Dexterity Evaluation

We built a modular five-finger hand prototype as shown in
Fig 8(a) to validate the design.Grasping ability is a critical
metric for evaluating the Dexterity of dexterous hands. To
assess the everyday grasping capability of the Modular Hand,
we conducted experiments based on the Feix taxonomy
[18]. As shown in Fig 8(c), the proposed dexterous hand
successfully performed all 33 gestures. There is currently
no universally accepted quantitative standard for in-hand
manipulation dexterity. Following the cross-disciplinary view
that tool use is a defining marker of advanced manual skill
[33] [34], we conducted tool-use experiments to evaluate
the anthropomorphic manipulation capability of the pro-
posed dexterous hand. We conducted sequential manipulation
experiments with scissors and tweezers, as illustrated in
Fig 8(c).

Fig. 7. Modular finger mechanical performance experiment

Fig. 8. (a) Prototype of the modular five-finger dexterous hand; (b)
Dexterity experiments in human-like tool–interaction scenarios; (c) Gesture
mapping experiments based on the Feix grasp taxonomy.

V. DISCUSSION

Grounded in human hand anatomy and synergy-based pos-
ture synthesis, this study presents an anthropomorphic five-
finger topology and designs an adaptive, modular dexterous
hand. The performance of the modular finger was analyzed
and a physical prototype was constructed for validation. The
results of the experiment demonstrate strong dexterity in both
grasping and in-hand manipulation.

Although the current design has successfully validated
the feasibility and mechanical advantages of the proposed
configuration, certain underlying physical characteristics still
exhibit limitations when transitioning to complex engineering
applications. Specifically, while the current matching of gear
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parameters and elastic stiffness meets basic manipulation
requirements, it has not yet achieved a global optimal balance
between transmission efficiency and system compliance.
Concurrently, the inherent nonlinear friction disturbances and
minor gear backlash within the transmission chain have not
yet been thoroughly mitigated through algorithmic optimiza-
tion and compensation at the control layer.

Future investigations will focus on preserving biomimetic
manipulation capabilities under fewer actuation schemes. In
parallel, efforts will be directed toward mechanism parameter
optimization, tactile sensing integration, and the formulation
of task-specific control algorithms. These efforts expected
to advance grasp stability, manipulation precision, and the
overall functional versatility of dexterous robotic hands. The
modular design provides a flexible foundation for subsequent
research and development.
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