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In dexterous robotic hand design, achieving high mobility and adaptability comparable to human hands remains
an ongoing challenge. Biomimetic designs mimicking the musculoskeletal structure have shown promise yet face
difficulties in preserving key kinematic and mechanical principles while reducing system complexity. Here, we
present a biomimetic finger design that preserves these principles through coordinated rigid-soft interplay,
achieving structural and control simplicity for constructing dexterous robotic hands. Our design distills complex
anatomical structures into skeletal mechanisms with regular geometrics, strategically deployed soft ligaments,
and elastic tendon actuation, enabling controllable multi-degree-of-freedom dexterity while providing resilience
and compliance. We establish mathematical models to analyze finger kinematics, rigid-soft interplay principles,
and controllable actuation. Building on these models, we integrate biomimetic fingers with a thumb to develop
an anthropomorphic robotic hand. Our robotic hand experimentally demonstrates remarkable dexterity and ver-
satility across various tasks, including piano playing, power and pinch grasping, and in-hand manipulation, con-

firming the design effectiveness.

INTRODUCTION

Designing robotic hands to replicate the embodied dexterity of hu-
man hands has been a long-term pursuit in robotics, aiming to
achieve both active high mobility and passive adaptivity. This pur-
suit poses critical challenges, as designers must balance multiple
functionality factors including degrees of freedom (df), kinematics,
interactive contact, and system cost (I). The traditional approach
primarily addresses active high mobility, using exquisite rigid-
material mechanisms to implement controllable multi-df mobilities
within a limited compact space (2-4). However, the inherent rigid
constraints imposed by these mechanisms often increase the com-
plexity of design, fabrication, and control, potentially limiting the
adaptivity of robotic hands.

To overcome the adaptivity limitation, soft robotics (5-11) has
emerged as a promising solution. By using low modulus materials to
build compliant mechanisms, soft robotic hands achieve inherent
adaptivity with continuous conformable deformation (12-21). This
inherent adaptivity endows robotic hands with remarkable advantag-
es, including high flexibility and resilience (12, 13, 22-24), reduced
structural and control complexity (14, 18, 25, 26), and compliant safe
interactions (17, 18, 24). Despite these advantages, the soft approach
faces challenges in achieving controllable active high mobility, a key
strength of rigid-material designs. These challenges stem from the in-
herent properties of soft materials, including low force output, non-
linear mechanics, and slow response times (27).

In parallel to soft robotic development, efforts have been made to
explore a rigid-soft hybrid approach inspired by the human hand’s
musculoskeletal system (28-32). This approach integrates components
with varied moduli to emulate bones, muscles, ligaments, and tendons
and has been facilitated by advances in multimaterial three-dimensional
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(3D) fabrication technologies (31, 33). Because of the interplay of
rigidity and flexibility, these hybrid structures have proven to enable
human-like configurations (28, 29, 34), variable force output (30, 35, 36),
compliant interactions (37), and autonomous force-velocity adaptation
(38). This hybrid approach has shown promising results in dexterous
manipulation. For instance, Hughes et al. (39) have demonstrated that
a biomimetic soft skeleton hand can perform various piano playing
styles passively, presenting a stark contrast to robotic hands that rely
purely on actively controlled mobility (40-45). This difference in per-
formance can be attributed to the passive adaptivity of the soft skeleton
hand and the active external dexterity of a robotic arm connected to
the hand.

However, achieving embodied dexterity in a rigid-soft hybrid ap-
proach still presents significant challenges. The primary challenge lies
in creating rigid-soft coordinated engineered systems that mimic bi-
ological structures while combining multi-df mobility and adaptive
interaction. Most previous designs directly replicate biological struc-
tures such as irregular skeleton shapes (28, 34), nonlinear variations
in ligament tension (30, 32), and intricate tendon/muscle mecha-
nisms (30, 31). While biomimetic, this approach often hinders the
realization of well-defined kinematics and multi-df control. On the
other hand, achieving adaptivity poses challenges in effectively coor-
dinating rigid and soft components, especially within a single robotic
hand system driven by multiple actuation channels. Consequently,
these robotic hands typically lack sufficient built-in actuation chan-
nels or resort to external dexterity (37, 39). These challenges under-
score the importance of balancing complex rigid-soft interactions
in multijoint mechanics, actuation mechanisms, and corresponding
algorithms to achieve embodied dexterity and adaptability (2).

Here, we present a coordinated rigid-soft approach for designing
biomimetic fingers, combining controllable high mobility with adap-
tivity while preserving the human finger’s key kinematic and me-
chanical principles (Fig. 1A and movie S1). In this approach, we
integrate regular-shaped skeletons with strategically placed soft liga-
ments to form multimaterial joints (Fig. 1B), complemented by com-
pact elastic tendon actuation for controlled multi-df movements and

10f13

G20z ‘sz |udy uo Aiseniun Buo) ceir reybueys e 610:9ous10s'mmmy/sdny Wwoly pspeojumod


mailto:guguoying@​sjtu.​edu.​cn
mailto:mexyzhu@​sjtu.​edu.​cn
mailto:mexyzhu@​sjtu.​edu.​cn
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adu2018&domain=pdf&date_stamp=2025-04-23

SCIENCE ADVANCES | RESEARCH ARTICLE

A B c
High mobility
i A
DIP joint Strategically / N\
deployed Circumduction
ligaments Cp .
Irregular, nonlinear, intricate Extension
P
PIP ; joint
joint Key kinematic Regular-shaped e
mechanical skeletons
principles
Bones Ligaments Design
2
(]
Reduced =
MCP i complexity g %
joint s =
) T
£
j=]
©
0
Tendon/muscles

Human finger

N
o
=
o]

~ Frequency
(Hz)

a
(]

Time (s)

Piano playing

Adaptivity
Performance

Grasping and manipulation

Fig. 1. Design concepts, working principles, and applications of the biomimetic finger. (A) The complex musculoskeletal and ligamentous structures of the human
finger. PIP, proximal interphalangeal; DIP, distal interphalangeal. (B) A holistic design of the biomimetic rigid-soft finger with reduced complexity. The finger features
regular-shaped skeletal mechanisms, strategically deployed ligaments, and elastic tendon actuation. (C) Working principle of the biomimetic finger with multiple joints
to achieve multi-df mobility and adaptive interaction. (D) Demonstration of an anthropomorphic robotic hand integrating the biomimetic fingers and a thumb mecha-
nism for dexterous manipulation. Through coordinated multifinger control, the anthropomorphic robotic hand can perform piano music with a human-like behavior
(top). The spectral analysis shows the accuracy of the played music (bottom). (E) Demonstration of the anthropomorphic robotic hand performing general grasping and

in-hand manipulation.

compliance (Fig. 1C). These components are easy to model and fab-
ricate, facilitating their integration into an anthropomorphic robotic
hand with coordinated multifinger control. We evaluate the robotic
hand’s performance through a series of piano playing tasks (Fig. 1D)
and general tasks from grasping to manipulation (Fig. 1E). The re-
sults demonstrate the significant potential of biomimetic rigid-soft
design for highly dexterous and adaptive robotic hands.

Zhang et al., Sci. Adv. 11, eadu2018 (2025) 23 April 2025

RESULTS

Rigid-soft hybrid design of the biomimetic finger

Inspired by the human finger anatomy, we designed the biomimetic
finger, incorporating three essential components: skeletons, liga-
ments, and actuation mechanisms. The skeletal structure consists of
a base, a proximal linkage, and a distal linkage. Adopting human
finger anatomical nomenclature (46), the proximal linkage connects
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to the base via a metacarpophalangeal (MCP) joint, and the distal
linkage connects to the proximal linkage through an interphalan-
geal (IP) joint. Kinematically, the MCP joint primarily enables
flexion-extension (rotation angle 8) and abduction-adduction (rota-
tion angle @), along with limited circumduction (Fig. 2A). The IP
joint, in contrast, allows only flexion-extension (rotation angle ().
Using the joint parameter set (6, ¢, and {) and linkage dimensions,
we can establish a clear kinematic model for finger configuration
control (detailed in fig. S1 and text S1). Mechanically, the MCP joint
exhibits variable stability due to the variation of ligament tension,
enabling adaptive environmental interaction and stabilization of the
loose joint motion caused by skeleton-to-skeleton contact. The IP
joint, with its ligaments effectively constraining unwanted off-axis
motions throughout the entire range of motion, acts similarly to a
typical revolute joint to enhance finger stability.

We use tendon actuation for the biomimetic finger due to its high
efficiency and compactness. A tendon passes through both the MCP
and IP joints for underactuated flexion, mimicking the human deep
flexor tendon (46). Elastic extensors on the back of the joints enable
joint extension with the release of the tendon. Another tendon pass-
es through the MCP joint for its abduction, and the elastic ligament
enables joint adduction with the release of the tendon. Springs are
integrated with both the tendon pathways, which maintain joint
compliance and emulate the resilience of biological counterparts.
The tendons are connected to actuators (e.g., motors with pulleys) to
generate controlled joint movements, allowing precise modulation
of tendon displacement (detailed in fig. S2 and text S2). With this
design concept, we aim to explore an effective approach to replicate
a rigid-soft hybrid system, capturing the essence of human finger
kinematics and mechanics.

The MCP joint plays a crucial role in finger function, making it a
focal point of our design. It incorporates a ball-ring pair with ellipti-
cal blocks (BRE mechanism), complemented by lateral elastic liga-
ments (Fig. 2B). In the BRE mechanism, the ring loosely encircles
the ball with a submillimeter-scale clearance to perform rotational
motions of flexion-extension, abduction-adduction, and circum-
duction. The elliptical blocks serve a vital function by constraining
the ring motion within a confined workspace similar to that of the
human finger. As the ring moves from the fully extended position
(6 = 0°) to its fully flexed position (8 = 90°), the abduction range
gradually decreases. This decrease is due to the narrowing gap be-
tween the elliptical blocK’s edge and the ring’s edge, mirroring the
skeletal constraints of the human MCP joint surfaces (fig. S3A). To
replicate the kinematics of the human MCP joint, we develop a the-
oretical model to analyze the influence of the dimensional parame-
ters of the BRE mechanism on its workspace (Fig. 2C). In this
model, there are four key parameters: ball radius (R), long axis of the
elliptical block (a), its short axis (b), and the distance between the
linkage end and the ball center (H). Using a coordinate system
O-xyz, we denote flexion as the ring’s rotation angle 6 around the z
axis and abduction as the rotation angle ¢ around the x axis. The
elliptical block’s edge is formulated as curve C, = x*/a* + y*/b* = 1.
The projection of the ring’s edge is represented by line . =
ycosO = —xsin® + h, where h is the distance between line [, and the
ball center. The ring’s motion can be described as a combination of
an abduction angle ¢ following a flexion angle 6, with ¢ increasing
from 0° until the ring’s edge contacts the block’s edge. During this
process, distance h decreases until line [, contacts curve C.. The
corresponding maximum abduction angle can be calculated by
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Prmax(0) = 1/ 2 — arccosHy, — arcsiny/a%sin’0 + b’cos?6, where

ar = a/R, br = b/R, and Hg = H/R are all dimensionless parameters
(detailed in text S3). Therefore, angle @m.x(0) is determined by de-
sign parameters {ag, bg, Hg}, and the 3D workspace is enveloped by
0 € [0, /2] and @ € [—Pmax(0), Pmax(0)]. From a design perspective,
we can determine the design parameters {ag, bg, Hg} by solving
three equations based on the given conditions {Pmax(01), Pmax(62),
Pmax(03)}. For engineering simplicity, the parameter Hy is set to a
constant Hpo. In this sense, we can derive the design parameters {ag,
br} with a given {Pmax(01), Pmax(62)} for the BRE mechanism

\/alzzsinzei + bc0s20; = sin[Hpg — 9o (6;)], (=1,2) (1)

On the basis of the theoretical model, we can conduct a paramet-
ric design for the desired workspace (Fig. 2D). Theoretical and mea-
sured experimental results show good agreement across all parameter
sets. The detailed experimental setups and calculations for the work-
space measurement are provided in fig. S4 and text S4. The slight dif-
ferences between theoretical and experimental results show a mean
absolute deviation of 4.2° 3.9° and 2.8° in the x-y plane, x-z plane,
and z-y plane, respectively (fig. S5). These differences likely stem from
the ball-ring clearance and measurement errors. We choose the pa-
rameter set {ag = 0.87, bg = 0.5} to form a workspace boundary
{Pmax(0°) = 30°, Pmax(90°) = 0°} similar to the human MCP joint (46).
In addition to the primary motions of flexion-extension (rotation
around the z axis) and abduction-adduction (rotation around the x
axis), the BRE mechanism allows limited circumduction motion
around the y axis without adding extra structural complexity (de-
tailed in fig. S6). This feature enables the joint to adapt its movement
in response to unexpected payload from any direction, which distin-
guishes it from existing designs that use rigid two-df universal joints
(47-49) and condyloid joints (50) or resort to complex multilinkage-
coupled designs (4) to replicate the kinematics of the human MCP
joint. Besides, the ball-ring clearance in our design is set as 0.2 mm,
considering the operation stability, manufacturability, and durability
of the BRE mechanism (detailed in text S5 and fig. S7).

On the other hand, elastic ligaments serve to stabilize the joint
and provide compliant resilience. We achieve this by attaching them
to the BRE mechanism with offset anchoring points, mimicking the
cam effect principle (46, 51, 52) of the lateral ligaments in the hu-
man MCP joint (fig. S3B). We establish a theoretical model to ana-
lyze the effectiveness of the design (Fig. 2E). The proximal anchor P
is located on the elliptical block with length Iop = ER, and the distal
anchor Q is located on the midline of the linkage with length
loq = AR. The parameters (, £ < ag < 1) and (A, A > 1) are scale fac-
tors. According to the theoretical model (detailed in text S5), we can
obtain the variation of the ligament tension when the BRE mecha-
nism executes flexion

AT(0) = Al(®)k; = <\/ E + A2 4 2EAsin® — \/ §2+x2)RkE 2)

where Al(0) is the ligament stretch at flexion angle 0 and kg is the
elastic modulus of the ligament material. The finite element simu-
lation (Fig. 2F and fig. S8) indicates that the ligament’s maximum
strain is 94.6%, where the parameter kg is approximately regarded as
constant for simplicity. Thus, the tension variation AT(8) is a mono-
tonic increasing function for 8 € [0, n/2]. The increasing tension
variation helps stabilize the loose BRE mechanism and provides the
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Fig. 2. Mechanical design and structural analyses. (A) The mobility of the multijoint biomimetic finger. Finger flexion-extension is achieved by the underactuated MCP
joint (angle 0) and IP joint (angle {), abduction-adduction is achieved by the MCP joint (angle @), and circumduction is passively obtained on the MCP joint. {g, IP joint’s
initial flexion angle. (B) Rigid-soft hybrid structure of the MCP joint. This joint consists of a rigid BRE mechanism, a pair of lateral elastic ligaments, flexion/abduction ten-
dons, and accessory structures. (C) Kinematic modeling of the BRE mechanism. C, edge function of the elliptical block; /e, edge function of the linkage’s end plate; R, ball’s
radius; g, elliptical block’s long axis length; b, elliptical block’s short axis length; H, distance from the linkage’s end plate to the ball center; h, distance from line / to the ball
center; hmin(0),minimum h for a given 6; Pmax(0), maximum ¢ for a given 0. (D) Parametric workspace design of the BRE mechanism under varied structural parameters (ag
and bg). The theoretical workspace exhibits good shape agreement with the experimental results in all cases. (E) Modeling of the elastic ligament’s stretch upon flexion.
Light red, ligament length at 8 = 0°; dark red. ligament length when 6 > 0°. (F) Finite element analysis (FEA) of the ligament strain during its stretching. The maximum strain
is 94.6% at 6 = 90°. (G) Ligament material selection is based on the recovery angle error and required actuation torque. We selected the material with 30A hardness be-
cause ligaments made from it exhibit the smallest recovery angle error while requiring only moderate actuation torque.
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mechanism with resilience to the initial joint position. We select the
ligament material through an experimental method (fig. S9). Among
material candidates with varied hardness, the 30A-hardness silicone
(Young’s modulus under 100% strain, kg = 593 kPa) is selected be-
cause it offers sufficient resilience (n = 20 trials, average 2.3° recov-
ery angle error) to bring the joint to the initial position while
maintaining an acceptable level of actuation torque consumption
(Fig. 2G). The soft ligaments and rigid BRE mechanism engage in a
bioinspired, coordinated interplay. The soft ligaments provide en-
hanced stability and compliant resilience to the BRE mechanism,
while the BRE mechanism’s rigid geometrical constraints protect the
ligaments from overstretching. This stands in contrast to typical soft
joint/finger designs (12-18), which typically compromise stability
for flexibility.

Performance characterization of the biomimetic finger

Next, we use high-resolution PolyJet 3D printing (J750 printer,
Stratasys Ltd.; x/y/z resolution, 42/42/14 pm) and soft molding (6)
to fabricate finger prototypes with varied moduli and sophisticated
structures (detailed in Materials and Methods). The parameters of
these structures are shown in table S1. On the fabricated finger pro-
totypes, we experimentally characterize a series of finger perfor-
mances, where the spring-attached tendons for flexion (termed
f-tendon) and abduction (termed a-tendon) are connected to the
pulleys on servomotors in position control mode (i.e., the servomo-
tor output is the desired rotation angle). Details on the relationships
between the servomotor rotation angle, tendon and spring displace-
ment, and speed are illustrated in Materials and Methods. Upon
tendon actuation, the finger can perform active motions of flexion-
extension and abduction-adduction (Fig. 3A). The maximum fin-
ger speeds are 106.3° and 88.5°/s for the flexion-extension cycle
and abduction-adduction cycle, respectively. The elastic compo-
nents (i.e., ligaments, springs, and extensors) provide the finger with
resilience for the above movements and recoverable circumduction
under external force (Fig. 3B).

To investigate the applied force when the finger touches an ob-
ject, we next characterize the influence of f-tendon displacement
(ALfiexion) on the finger output force (Fig. 3C). The finger is initially
tendon actuated to different flexion angles (denoted as Binitial), With
its fingertip touching the force sensor with no load. Then, the finger
is continually actuated to generate increasing fingertip force, which
is denoted as fiexion, and measured for n = 3 trials. Results demon-
strate that force fgexion generally increases with displacement A Lgeyion
through the transmission of elongated spring connected to the
tendon but is not positively correlated with Ojpitial (Fig. 3D). The
minimal displacement for generating enough force (fgexion = 0.55 N;
fig. S10) to play the piano keyboard is ALgeyon = 2.0 mm at
Oinitial = 0°. The finger stiffness is 25 + 1.1 and 21 + 2.7 N/m in the
flexion-extension direction and flexion-extension direction, respec-
tively (see fig. S11 for detailed experimental setups). Long-term cy-
cling tests reveal the stability of force fgexion, with a 6.44% degradation
over 1000 loading-unloading cycles (Fig. 3E). For the relationship
between the a-tendon displacement ALypguction and fingertip force
fabduction (Fig. 3F), we find that force fypduction has a positive relation-
ship with Bipitial (Fig. 3G), Long-term cycling tests also confirm
the stability of force fipduction, With a 9.56% degradation over 1000
loading-unloading cycles (Fig. 3H). These small performance deg-
radations can be attributed to slight tendon relaxation in the actua-
tion system, material fatigue from repeated loading-unloading
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cycles, and a small amount of friction wear in the ball-ring clear-
ance. Methods such as implementing durable tendon-tensioning
mechanism designs (53), using tough printable materials (33), and
optimizing lubrication (34) may further enhance the durability of
the finger mechanism. For the dynamic properties, the biomimetic
finger achieves response times of 220 ms (flexion-extension) and
170 ms (abduction-adduction). The bandwidths are about 1.25 and
3.70 Hz for the flexion-extension and abduction-adduction mo-
tions, respectively (detailed in Materials and Methods and fig. S12).
The above dynamic performance is generally comparable to the re-
quirements of daily activities performed by the human hand (46).

Development of an anthropomorphic robotic hand

To exploit the application potential of our proposed finger design, we
develop an anthropomorphic robotic hand that integrates four fingers
and an opposable thumb (Fig. 4A). The opposable thumb consists of
two key joints: a carpometacarpal (CMC) joint and a thumb-MCP
(TMCP) joint. The CMC joint uses a direct drive mechanism using a
servomotor to achieve thumb opposition. Its motion range is calibrated,
with a partial stroke (about 0° to 45°) serving as the flexion motion.
The TMCP joint uses a tendon actuation and is designed to perform
abduction-adduction, further enhancing the thumb’s dexterity and
ability to perform complex manipulations. The detailed mechanical
structures of these joints are illustrated in fig. S13.

The anthropomorphic robotic hand has eight independent actu-
ation inputs. The thumb is actuated by a CMC joint servomotor and
a TMCP joint tendon. The index and little fingers are each actuated
by two tendons for active MCP-IP joint flexion and MCP joint ab-
duction, respectively. The middle and ring fingers are each actuated
by a single tendon for active MCP-IP joint flexion, while the abduc-
tion tendon is eliminated for simplification. Except for the CMC
joint, the other joints are driven by seven actuation modules, each
integrating a servomotor, tendons, springs, and pulleys (fig. S14). A
control module comprises a microcontroller unit board and a servo
driver that enables multichannel precise control. All components
are assembled within the palm and forearm of the robotic hand
(fig. S15).

Piano playing skill evaluations

Piano playing represents an excellent benchmark for evaluating the
performance of robotic hands (39-45) due to its complex require-
ments for controllable active high mobility (e.g., performing scales
and chords), adaptive interaction (e.g., performing glissandos), and
different sound levels for the same note. To address these challenges,
we use our developed anthropomorphic robotic hand, mounted on
a single-axis moving platform, to perform these tasks (Fig. 4, B and
C, and movie S2). Detailed experimental setups are provided in Ma-
terials and Methods.

The scale-playing task is used to evaluate the robotic hand’s abil-
ity to cover a wide range of notes without resorting to unnatural
whole-hand movements. Figure 4D shows that the robotic hand can
span at most 10 notes, with each finger accurately pressing the cor-
responding key (n = 5 repetitions). This performance is primarily
attributed to the active abduction ability of fingers. Specifically, the
index and little fingers each have three configurations (termed I1, 12,
and I3 and L1, L2, and L3, respectively), while the thumb can pro-
duce three configurations through its TMCP joint (termed T1, T2,
and T3). Thumb opposition, achieved through combined rotations
of the TMCP and CMC joints, plays a critical role in dexterous
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Fig. 3. Kinematic and mechanical performance characterization. (A) Active and passive finger movements. Upon tendon actuation, the biomimetic finger executes
flexion-extension and abduction-adduction (top). It also exhibits passive motions under external force (bottom). (B) The relationships between tendon displacements and
corresponding joint angles. (C) Experimental setups for measuring the fingertip force faexion. AlLfiexion, tendon displacement for flexion. (D) Variations of fingertip force
frexion With different tendon displacements Algeion and initial flexion angles Binitiar. (E) Stability of fingertip force fexion during 1000-cycle flexion-extension. The insets
show the first and last 10 cycles. (F) Experimental setups for measuring the fingertip force fapduction- ALabductions tendon displacement for abduction. (G) Variations of fin-
gertip force fapduction With different tendon displacements ALapduction and initial flexion angles Oinitiar. (H) Stability of fingertip force fapduction during 1000-cycle abduction-

adduction. The insets show the first and last 10 cycles.

manipulation tasks, where the TMCP joint allows the thumb to se-
lect among three adjacent piano keys and the CMC joint enables it
to press the selected key (see movie S3 and fig. S16). These results
demonstrate the robotic hand’s ability to produce active dexterous
movements akin to the human hand, exhibiting consistent repeat-
ability and reliable execution speed.
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The glissando-playing task, which involves rapid successive tran-
sitions between notes, is used to evaluate the robotic hand’s ability to
adaptively interact with the piano. This is particularly useful in con-
veying emotions, as exemplified in the famous music piece “Rhap-
sody in blue” (39). Figure 4E shows that with only active uniaxial
translation (speed of 210 mm/s) of the arm moving platform, the
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Fig. 4. Development of an anthropomorphic robotic hand and its piano playing skills. (A) Structure of the anthropomorphic robotic hand with four fingers and an
opposable thumb. The robotic hand has a total of eight independent control inputs. (B) Demonstration of the robotic hand system mounted on a single-axis moving
platform for piano playing. (C) lllustration of three selected piano playing skills including the scale, glissando, and chord. (D) Demonstration of the robotic hand perform-
ing a scale. It can play up to 10 distinct notes with different finger poses (left). T1 to T3, thumb poses; 11 to I3, index finger poses; M, middle finger pose; R, ring finger pose;
L1 to L3, little finger poses. A nine-note scale is performed for musical conventions (right). (E) Demonstration of the robotic hand performing a glissando. In this process,
the finger adaptively interacts with the keyboard. (F) The spectral analysis reveals the smooth note transitions and the compliant finger-keyboard interactions. (G) Dem-
onstration of the robotic hand performing chords. In this process, multiple notes are played almost simultaneously. (H) In this process, the delay time between notes is
less than the minimum interval perceivable by the human ear (53). (I) Demonstration of the robotic hand producing different sound levels for the same note. The finger is
actuated at motor speeds of 400°, 50°, and 25°/s to press the piano key, resulting in maximum audio levels of —10, —15, and —19 dBFS (decibels relative to full scale), re-
spectively. (J) The spectral analysis reveals that the three sounds produced are not distorted by the different motor speeds, with all frequencies centered around 512 Hz.
The higher the motor speed, the shorter the time required to generate the sound.
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little finger slides over a series of piano keys, exhibiting passive
abduction-adduction to interact with the piano keys smoothly and
repetitively (n = 5 repetitions). This performance can be explained
by a schematic model, which attributes this behavior primarily to
the passive compliance and elasticity of the MCP joint, allowing it to
quickly conform to variations in the touched surface conditions.
Mel spectral analysis further confirms that the produced sounds are
soft and slurred, accompanied by the subtle sounds of repetitive
compliant finger-key interactions (Fig. 4F).

The chord-playing task is used to evaluate the robotic hand’s abil-
ity to simultaneously play multiple notes (Fig. 4G). We select a mu-
sical piece featuring several three-note chords (designated as CM,
FM2, and GM1). During the execution of CM and FM2 chords, all
fingers and the thumb maintain their initial positions. For the GM1
chord, while the ring finger remains in its initial position, the thumb
and index fingers abduct by one note (n = 5 repetitions). Experi-
mental results show that the robotic hand can precisely coordinate
multiple notes in different chords and switch rapidly between them.
The spectral analysis further reveals that the produced chords have
low internote delays (Fig. 4H), which fall below the threshold of hu-
man auditory perception (54).

The robotic hand demonstrates the ability to produce different
sound levels for the same note by varying motor speeds (Fig. 4I and
movie S4). When the finger is actuated at decreasing motor speeds
(about 400°, 50°, and 25°/s) to press a piano key, the resulting maxi-
mum audio levels decrease to —10, —15, and —19 dBFS (decibels
relative to full scale), respectively. The term dBFS measures the
sound intensity, and a higher dBFS value indicates a “louder” sound
(detailed in Materials and Methods). Spectrum analysis confirms
that the pitches of the three produced sounds are not distorted by
the varied motor speeds, with all frequencies centered around 512 Hz
(Fig. 4]). In addition, a higher motor speed reduces the time required
to generate the sound, which is consistent with the sound produc-
tion principle of the piano (55).

Playing piano music with human-like dexterity

Having demonstrated the robotic hand’s skills of piano playing, we
further evaluate its ability to play musical pieces. This step is crucial
in bridging the gap between isolated technical capabilities and the
complex performance required for real-world applications. To this
end, we select two contrasting pieces of music: “Always with me”
and “Jasmine flower” These pieces have different musical styles, with
the former being a lyrical emotive piece (across two octaves; Fig.
5A) and the latter being a lively technical piece (across three octaves;
fig. S17).

For the performance of “Always with me,” we control the anthro-
pomorphic robotic hand to play all notes without resorting to
whole-hand movements (fig. S18 and movie S5). The spectral analy-
sis demonstrates that the robotic hand can play all notes with 100%
accuracy, suggesting a high degree of precision in both timing and
key selection (Fig. 5B). To evaluate the musical rhythm, we use the
musical instrument digital interface (MIDI) signal for quantitative
analysis (detailed in Materials and Methods). We compare the MIDI
signals of the robotic hand against those of a human player and the
standard notation (Fig. 5C). First, the time intervals of played con-
secutive short notes are slightly longer than those of the standard
notation due to the frequent configuration change (i.e., flexion-
extension and abduction-adduction) of the same finger. Second,
some notes are played earlier because these notes are played by the
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thumb without tendon transmission. Third, the note end times for
both the robotic hand and human player occur earlier than the stan-
dard notation because they both require sufficient response time to
regulate the finger configurations.

The playing of “Jasmine flower” introduces more challenges for
our robotic hand due to its lively tempo and intricate finger move-
ment. It requires the robotic hand to use coordinated whole-hand
translation enabled by the moving platform (maximum translation
distance of 141 mm and maximum speed of 313 mm/s; see Fig. 5D).
This approach is necessary to cover the wider range of notes and
accommodate the frequent finger configuration changes demanded
by the piece (detailed in Materials and Methods). Despite these in-
creased challenges, the robotic hand demonstrates remarkable dex-
terity, playing all notes in time with 100% accuracy (see movie S6).
The ability to reproduce musical pieces across contrasting styles
highlights the manipulation dexterity and versatility of the robotic
hand. This capability spans from delicate operations requiring fine
motion control to more dynamic tasks necessitating rapid coordi-
nated movements, demonstrating the potential for a wide range of
real-world applications.

Dexterous grasping and manipulation

To illustrate the versatility of the anthropomorphic robotic hand, we
conduct a series of grasping tests, primarily including power grasps
and pinch grasps (movie S7). We show an example of how finger
abduction assists in power grasping for ball-like objects (Fig. 6A).
The abduction of the index and little fingers enables the robotic
hand to apply closure forces around the baseball (about 82 mm by
82 mm by 82 mm), achieving a secure enveloping power grasp.
Without finger abduction, the baseball is easily squeezed out of the
hand. The compliance of the fingers allows the robotic hand to grasp
a large wooden cube (about 130 mm by 130 mm by 130 mm) with
holes of various shapes on its surface (Fig. 6B), as the fingers adapt
to the contours of the holes. This finger compliance is particularly
important for environmental and human interaction (Fig. 6C). Fur-
ther, our robotic hand can grasp a flat plush toy (about 115 mm by
60 mm by 125 mm) from the desk surface (Fig. 6D), with the fingers
passively adducting to conform to the desk constraints. In a pick-
and-place task (Fig. 6E), five smaller objects of different shapes and
sizes (a clamp, a table tennis ball, a sector column, a pine cone, and
a massage ball; all with a maximum dimension of less than 55 mm)
are successfully handled using pinch grasps. As demonstrated by
test results on five ball-like objects, the inherent compliance of the
robotic hand allows it to tolerate certain degrees of positional errors
(table S2). In a cylinder grasping test, the measured maximum
grasping force is 14.6 + 2.9 N (see fig. S11 for detailed experimental
setups). Details of all the experimental setups are provided in Mate-
rials and Methods.

We lastly conduct tests to evaluate the manipulation capabilities
of our developed robotic hand. The experimental results demonstrate
that our robotic hand can continuously rotate a knob (diameter,
36 mm) through cyclic motions including thumb opposition-reposition,
finger flexion-extension, and finger abduction-adduction (Fig. 6F,
movie S8, and table S3). The robotic hand can also perform in-hand
manipulation of Baoding balls (diameter, 40 mm) through thumb
opposition-reposition and the sequential flexion-extension of the
fingers (Fig. 6G, movie S9, and table S4). Moreover, despite unex-
pected disturbances, it remains robust in manipulating Baoding balls
(movie S9), demonstrating the advantages of our rigid-soft hybrid
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ables the robotic hand to apply a pronounced closure force around the baseball, showing a secure enveloping power grasp. Without finger abduction, the baseball is
easily squeezed out of the robotic hand. (B) A wooden cube with holes of various shapes on its surface is power grasped. The fingers adapt to the contours of the holes.
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sequential flexion-extension of the fingers. (H) In-hand manipulation of continuous turning different surfaces of a Rubik’s cube through coordinated finger motions. The
Rubik’s cube has an edge length of 55 mm. The task aims to turn all adjacent surfaces of the red surface upward. The adjacent surfaces are colored yellow, green, white,
and blue, respectively.
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design for uncertain conditions. Figure 6H and movie S10 further
show that the robotic hand can continuously turn a Rubik’s cube
(edge length, 55 mm) with programmable finger gaits (table S5). No-
tably, in all three manipulation tasks, the compliance of the fingers is
indispensable, as it provides “soft” constraints and guidance to miti-
gate contact uncertainty, which is different from previous works
(50, 56, 57). The details of all experimental setups are provided in
Materials and Methods.

DISCUSSION

Despite decades of development, achieving human-like dexterity and
adaptivity in robotic hands remains a significant challenge due to the
high mechanical complexity required. Inspired by the coordinated
interplay between rigid and soft structures in human hands and its
role in achieving various functions, we hypothesized that mimicking
this natural balance could address the challenge. Here, we present a
biomimetic rigid-soft finger design that features regular-shaped skel-
etons, strategically deployed flexible ligaments, and elastic tendon
actuation, preserving crucial kinematic and mechanical principles in
a highly integrated form. As a result, the biomimetic finger can gen-
erate multi-df motions, including abduction-adduction and circum-
duction, closely mimicking a human-like workspace. This design
remains resilient and compliant to external forces during long-term
stable operations. Compared to existing works (table S6), our devel-
opment achieves a more desirable integration of controllable active
mobility and passive adaptivity, making our designed fingers well
suited for dexterous manipulation and interaction.

Building upon this biomimetic finger design, our anthropomor-
phic robotic hand exhibits high dexterity and functionality when
compared to current robotic hands (fig. S19 and table S7). It achieves
active multi-df movements and passive flexibility with fewer control
inputs, exemplifying the balance between functionality and simplic-
ity. By relying primarily on embodied high mobility and adaptivity,
our anthropomorphic robotic hand can master various piano play-
ing skills, from coordinated wide-range keyboard striking to smooth
adaptive keyboard interaction. These results demonstrate its versa-
tility in handling complex manipulation such as different styles of
music, opening possibilities for robotic hands in delicate tasks.

Beyond piano playing tasks, the biomimetic rigid-soft hybrid de-
sign has demonstrated effectiveness in general-purpose tasks. The
high mobility enables effective power and pinch grasps, as well as
complex in-hand manipulations. In addition, finger compliance re-
duces the control complexity and enhances the adaptability of the
robotic hand in various applications. These features make the design
suitable for a wide range of real-world tasks, bridging the gap from
specialized to general applications.

To further enhance the finger dexterity and functionality, future
work will focus on increasing the active df across multiphalangeal de-
signs, improving multidirectional thumb mobility, and miniaturizing
the actuation system for more compact implementations. Advance-
ments in durable-material fabrication techniques, tendon tensioning
mechanisms, and lubrication methods will potentially address the
current issues related to the long-term reliability of our development.
Studies on finger dimension size scales and optimized printing pa-
rameters can establish principles for rapid design iteration. Integrat-
ing fingers with advanced tactile sensing technologies (58), such as
piezoelectric, capacitive, and camera-based, will enable closed loop
control for more precise manipulation. Adaptive algorithms based on
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machine learning approaches (59) can better use the robotic hand’s
inherent compliance for robust operation. These enhancements will
open opportunities for various applications, such as prosthetics, hu-
manoid robots, and human-robot collaboration.

MATERIALS AND METHODS

Fabrication and assembly of the finger

We three-dimensionally print the finger skeletons using the resin
material (VeroWhite, Stratasys Ltd.). We print the ligament shafts
using nylon material (PA12, Yisheng Inc.) through fused deposition
modeling. The ligaments of the MCP joint, which are made from
selected Dragon Skin 30 (Smooth-On Inc.), are fabricated by mold-
ing. The tendon material and the ligament material of the IP joint
are all high strength polyethylene (no. 8, Yun-shang Piao Inc.). The
assembly steps for the finger are as follows. Insert and fix the liga-
ment shafts into the holes on the corresponding skeletons, ensuring
equal protrusion lengths. Apply the lubricant (no. 2, Kunlun Inc.) to
the joint surfaces for lubrication. Mount the ligaments onto the
shafts and apply a small amount of adhesive (Sil-Poxy, Smooth-On
Inc.) to prevent ligament detachment during finger motion. Thread
the polyethylene wire through the holes on the distal linkage and
proximal linkage to form a closed-loop IP ligament. Hang an exten-
sor on the back of the IP joint. Attach a polyethylene wire as the
flexion tendon through the corresponding channels of the distal
linkage, proximal linkage, and base. Attach another polyethylene
wire as the abduction tendon through the corresponding channels
of the proximal linkage and base. Hook orthodontic elastic strings
[Y/g, 3.5 0z. (99.2233 g); Ormco Inc.] as the joint extensors. In addi-
tion, apply lubricating grease to the joint surfaces and tendon chan-
nels to reduce friction and enhance smooth motion.

Assembly of the anthropomorphic robotic hand

Connect the thumb base to the thumb proximal (TP) linkage, form-
ing the CMC joint. Mount the micro servomotor on the thumb base,
with the servomotor’s output shaft connected to the TP linkage to di-
rectly actuate the CMC joint. Install an additional bearing-supported
shaft, aligned with the servomotor’s output shaft, to ensure rotational
stability at the CMC joint. Connect the TP linkage to the thumb distal
(TD) linkage, forming the TMCP joint. Attach a tendon through the
channels on the TP and TD linkages to actuate the TMCP joint. Print
a palm structure with a size similar to the human hand (using VeroWhite,
Stratasys Ltd.). Install four biomimetic rigid-soft robotic fingers on the
palm and attach tendons with springs for actuation.

Experimental setups of the servomotors

The servomotors used in the experiment are of model STS3032
(Feetech Inc.). We use the software FD1.9.8.3 to control the servomotor,
in which the rotation angle (360°) of the servomotor is mapped into
4096 steps. By inputting the required step value into the software,
the servomotor can precisely rotate to the corresponding angle. To en-
sure consistent experimental conditions, we use the middle position
calibration (MPC) function to reset the zero angle of the servomotor
to the same position before each experiment. Specifically, we turn off
the torque output function of the servomotor that prevents external
force from changing the position of the servomotor and then manu-
ally rotate the servomotor to make the tendon in a pretense state, thus
using the MPC function to complete the zero-angle setting. In the
software, the sampling frequency is set to 20 Hz.
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Control of the tendon displacement

In the performance characterization of the finger, we set the pulley
radius 7puey = 12.5 mm; therefore, the tendon displacement can be
calculated by lendon = pulley X 7/180 mm = 0.218 mm. To acquire
high accuracy of measurement, we select the angular speed of the
servomotor as ® = 50 step/s = 50 X 360/4096 = 4.39°/s. The corre-
sponding linear velocity of the tendon is derived by viendon = pulley X
® X ©/180 = 0.96 mm/s. This speed setting is used in most experi-
ments. An exception is the durability test, where the angular speed
of the servomotor is set to 439°/s to be as close as possible to the
actual piano playing applications.

Setups for measuring dynamic properties

In the bandwidth measurement, we set the finger to perform repeated
flexion-extension or abduction-adduction motion, with one round
trip counted as a cycle (motion range of 90° and 30° for flexion-
extension and abduction-adduction, respectively, at the MCP joint for
measurement). The initial frequency is set to 0.5 Hz, corresponding to
a cycle time of 2 s. Simultaneously, we use a visual tracking system to
measure the finger’s flexion or abduction angle. After completing 5
cycles, the cycle time is reduced, and the corresponding frequency
gradually increases. The cycle time is continuously decreased, and the
above process is repeated. The frequency at which the flexion or ab-
duction angle reaches ~70% of the initial angle is identified as the
bandwidth. For the flexion-extension motion, the cycle time decreas-
es from 2 s (0.5 Hz) to 0.4 s (2.5 Hz). For the abduction-adduction
motion, the cycle time decreases from 2 s (0.5 Hz) to 0.25 s (4 Hz). In
the response time measurement, we set the finger to perform repeated
flexion-extension or abduction-adduction motion. The time interval
between the end time of the initial position and the start time of the
next position is set to 1 s. Simultaneously, we use a visual tracking
system to measure the finger motion and record the actual time con-
sumed. The actual time minus 1 s is calculated as the response time.

Setups for the piano playing experiments

We use an electronic piano (PSR-E373, Yamaha Inc.) for the experi-
ments. The anthropomorphic robotic hand is positioned with its
fingertips 5 mm above the piano keyboard. In the initial position,
the fingers are fully extended without abduction or adduction, while
the TMCP joint is adducted and the CMC joint is fully extended.
The spacing between adjacent fingers matches the width of a white
key, and the span between the thumb and index finger covers two
white keys. This configuration allows the anthropomorphic robotic
hand to access a six-note interval, with the thumb and other fingers
labeled as T1, I1, M1, R1, and L1, respectively.

Finite element analysis

The deformation behavior of the lateral elastic ligaments during
flexion of the MCP joint is evaluated using the commercial finite
element software Abaqus (SIMULIA, Providence, RI). The analysis
uses 10-node quadratic tetrahedral elements to ensure precise stress
and strain calculations. Quasi-static simulations are performed us-
ing the Abaqus/Standard solver, and mesh refinement is applied to
improve computational accuracy. The simulation consists of two
steps. First, the ligaments are prestretched to match the distance be-
tween the anchors. Then, the MCP joint flexes from 0° to 90°. The
maximum local strain in the above two steps is determined by iden-
tifying the peak value of the maximum principal strain across
all elements.
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Audio analyses

We use Mel spectrum to analyze the frequency feature of audio:
f=FFT (fast Fourier transform; audio) and m = 2595 Ig(1 + f/700).
The parameter fis obtained by the FFT, and parameter m is the Mel
spectrum. These processes are performed in the Python Librosa li-
brary function for visualization. We use the Adobe Premiere Pro
software to evaluate the sound levels. The MIDI signals convey rich
musical information such as notes, time points, and note durations.
We use the software (Cubase 10 Pro, Steinberg Inc.) to record the
MIDI signals during the piano playing processes.

Experimental setups of grasping and manipulation tests

We use the anthropomorphic robotic hand solely for conducting ex-
periments, without incorporating the moving platform. The finger
linkages and palm are equipped with soft elastomeric pads or sock-
ets, which are made of silicone Dragon Skin 10 (Smooth-On Inc.).
During grasping experiments, the arm of the robotic hand is held by
an assistant. For manipulation experiments, the robotic hand re-
mains fixed in place.

Supplementary Materials
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Supplementary Text S1 to S6

Figs.S1to S19

Tables S1to S7

Legends for movies S1to S10

Other Supplementary Material for this manuscript includes the following:
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