nature communications

Article https://doi.org/10.1038/s41467-025-56352-5

A lightweight prosthetic hand with 19-DOF
dexterity and human-level functions
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% Check for updates A human hand has 23-degree-of-freedom (DOF) dexterity for managing

activities of daily living (ADLs). Current prosthetic hands, primarily driven by
motors or pneumatic actuators, fall short in replicating human-level functions,
primarily due to limited DOF. Here, we develop a lightweight prosthetic hand
that possesses biomimetic 19-DOF dexterity by integrating 38 shape-memory
alloy (SMA) actuators to precisely control five fingers and the wrist. The
prosthetic hand features real-time sensing of joint angles in each finger,
feeding data into a control module for selectively heating or cooling SMA
actuators in a closed-loop manner, mimicking the functioning of human
muscles. Enabled by the high-power density of SMAs, the hand part (from the
wrist to the fingertip) only weighs 0.22 kg, much lower than existing products.
We also integrate an onboard power management module that provides
electricity for operating the entire system. In addition to 33 standard grasping
modes, this prosthetic hand supports 6 advanced grasping modes designed
for enhanced dexterity evaluation, expanding the range of achievable ADLs for
amputees while facilitating standard prosthesis function tests and validation in
real-world scenarios. This innovation offers a significant advancement in
prosthetic hand functions, promising improved quality of life for users.

Worldwide, approximately 11.3 million individuals with traumatic uni-
lateral upper limb amputations face significant challenges in per-
forming activities of daily living (ADLs)". Wearable prosthetic hands
are deemed the ultimate solution to recover lost hand functions.
Despite the development over the past century, prosthetic hands are
still facing a high abandonment rate of up to 39%’ primarily due to the
lack of comfort*® and limited functions’’. Without support from hand
bones, the discomfort arises notably when prosthetic hands surpass
the weight of a human hand (-400 g)'°", particularly evident in com-
mercial products utilizing electric motors for finger control>®, such as

those from Prensilia?, Ossurs®, and Ottobock'*"** companies. To alle-
viate weight concerns, recent efforts have been devoted to developing
prosthetic hands with pneumatically actuated soft fingers”?. Repre-
sentative advancements in prosthetic hands include the soft pneu-
matic models developed by Gu et al."” and Nemoto et al.?°, which weigh
only 280 and 245 g, respectively.

However, compared with the 23-DOF dexterity of a human
hand®*, existing prosthetic hands can typically offer no more than 10
DOFs, which is insufficient to replicate human-level functions for
coordinated movements. For instance, the Feix GRASP taxonomy
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identifies 33 representative grasping modes of a human hand*, of
which 27 require more than 10 DOFs for precise execution (Supple-
mentary Data 1). Due to the complexity of the human hand’s 23 DOFs,
this taxonomy only summarizes a portion of the human hand’s
grasping modes. The complexity is partially mitigated by the highly
coupled proximal interphalangeal (PIP) and distal interphalangeal
(DIP) joints in the index, middle, ring, and little fingers, suggesting that
atleast 19 DOFs are required to achieve dexterity comparable to that of
human®~?, The low DOFs of existing prosthetic hands arise from the
inherent challenge of the low power density, i.e., the power-to-weight
ratio, of electric motors (100 W/kg) and pneumatic pumps (400 W/
kg)°. Therefore, the tradeoff between human-comparable dexterity
and minimal weight for comfortable wearing remains an unresolved
conundrum in developing prosthetic hands.

Recent advancements in the field of robotics involve the appli-
cation of shape-memory alloys (SMAs) actuators, known for their sig-
nificant driving force, lightweight, and high deformability when
electrically heated®®™. In contrast to electric motors and pneumatic
pumps, SMAs exhibit a high-power density of 1000 W/kg®, as shown in
Supplementary Table 1. Leveraging this distinctive feature, SMAs have
become prominent actuators in prosthetic hands®°, For example,
Bishay et al. utilized four pairs of SMA wires in a prosthetic hand,
achieving a substantial pulling force of 70 N***. Due to the challenge
of implementing closed-loop control for a large number of SMAs, their
integration into prosthetic hands is still in the nascent stage, with
existing prototypes yet to undergo validation on amputees due to
issues such as bulky hardware and/or open-loop control algorithms®>*
(see comparison in Supplementary Table 2).

Human-machine interaction is also crucial for prosthetic hands, and
electromyography (EMG) technology has traditionally been used for
intention recognition”’”®, Pioneering neuroprosthetic hands such as
those developed by Gu et al. (6 DOFs)®, the Hannes hand (9 DOFs)*, and
the bebionic hand (6 DOFs)* have demonstrated the capabilities of
EMG. However, while effective in systems with limited signal channels, it
faces challenges in data acquisition and maintaining reliability and
accuracy as the number of DOFs increases, notably up to 19 DOFs**,
Other limitations may include frequent recalibration before use and
performance degradation due to physiological factors such as sweating
and muscle fatigue***2, In contrast, voice command modules present a
promising alternative for controlling high-DOF prosthetic hands, as
detailed in Supplementary Data 2. These modules can achieve 95%
recognition accuracy and offer millisecond-level response time*. Fur-
thermore, voice command technology supports various languages,
making it accessible and easy-to-learn to users worldwide, thereby
offering a significant advantage for most amputees.

In this work, we report a lightweight, biomimetic prosthetic hand
employing 19 pairs of highly integrated SMA actuators, enabling pre-
cise control of five fingers and the wrist, and achieving a remarkable 19-
DOF dexterity (Fig. 1a and Supplementary Movie 1). The control
mechanism involves a closed-loop system where voice recognition
commands are translated to the SMA actuating system. The voice
command technology, supported by iFLYTEK company—a global lea-
der in voice recognition—offers a high accuracy of 95% and
millisecond-level response times across 60 different languages. It
incorporates voiceprint recognition technology and interfaces with a
large language model, ensuring robust and personalized user inter-
action. Real-time sensing of joint angles, including bending and swing,
facilitates selective heating or cooling of specific SMA actuators
(Fig. 1b). The prosthetic hand is designed to closely mimic the human
hand, comprising a hand part (from wrist to fingertip) and a forearm
part (Fig. 1c). Capitalizing on the high-power density of SMAs, the total
weight of prosthetic hand is 0.37 kg, and the hand part weighs only
0.22 kg while offering 19 DOFs, surpassing existing products and
prototypes (see comparison in Fig. 1d and Supplementary Tables 2, 3).
Our prosthetic hand can execute not only 33 standard grasping modes

but also 6 more complex grasping modes, empowering amputees to
seamlessly engage in various ADLs (Fig. 1e).

Results

Highly integrated prosthetic hand system

Figure 2a presents an overview of the prosthetic hand that is com-
prised of a hand part and a forearm part. A thin layer of silicone is
molded on the hand part to mimic soft skin (Supplementary Fig. 1). The
hand part mimics the human hand skeleton with 19 independent axes
for bending, swinging, and rolling movements (Supplementary
Movie 2)**, The forearm part houses several working modules
including an actuating system with SMA springs and connecting
cables, a control system with a drive circuit, a cooling fan, and a power
management module with a lithium battery. The SMA actuators are
arranged in the interlayer formed by the outer shell and inner lining of
the forearm. Upon heating, SMA actuators transmit forces to a pulley
mechanism via connecting cables to activate the movements of fingers
and wrists. Each DOF is independently controlled by a pair of SMAs and
a pair of cables. The drive circuit exercises selective control over the
heating process of the SMA actuators. A cooling fan within the forearm
enhances air circulation within the interlayer, facilitating rapid cooling
of the SMA actuators. The lithium battery allows for the portable
application of the prosthetic hand, which weighs totally 214 g (Sup-
plementary Table 3). Considering that the average length of the right
forearm is 25.4 cm in men and 23.5 cm in women*, the forearm part
length of the prosthetic hand is designed with a length of 23.3cm,
adjustable to a minimal length of 16 cm. The forearm’s interior serves
as a socket for amputees’ residual limbs. Note that the maximum
temperature during the 30-min continuous usage at the interior sur-
face of the socket is 27.2 °C, which is safe for wearable application
(Supplementary Fig. 2). A temperature management program has been
integrated to halt the heating of SMAs immediately when the cooling
fan stops, thereby enhancing patient safety. This highly integrated
system emulates the intricate actuation mechanism of muscle,
empowering the prosthetic hand to execute a diverse range of com-
plex hand motions.

Biomimetic fingers/wrist with connecting cables

The human index, middle, ring, and little fingers have three joints,
namely metacarpophalangeal (MCP), proximal interphalangeal (PIP),
and distal interphalangeal (DIP) joints, from the palm to the fingertip
(Fig. 2a). The MCP joint exhibits both bending and swing movements,
while the PIP and DIP joints can bend only. Here, we choose the index
finger as a representative finger to elucidate their analogous anato-
mical structures and corresponding connecting cables. For indepen-
dent control of the bending and swing movements of the MCP joint,
two pairs of cables are anchored to it, as depicted by the purple and
red cables in Fig. 2b, respectively. Notably, the bending movement of
the DIP joint is highly linked to the PIP joint*’*%, so a rod can be used to
connect the PIP and DIP joints, leading to a four-bar linkage. As a result,
a single pair of cables (depicted in green) suffices to achieve the cou-
pled bending movement of the PIP/DIP joints (Fig. 2c¢). The kinematic
analysis of the four-bar linkage mechanism is given in Supplementary
Text1and Fig. 3. Detailed views of the swing/bending movement of the
MCP joint and the bending movements of the PIP/DIP joint are pre-
sented in Fig. 2c.

The thumb exhibits a complex articulation involving three distinct
joints: the carpometacarpal (CMC), MCP, and interphalangeal (IP)
joints. The CMC joint demonstrates three DOF of bending, swing, and
rolling movements. In contrast, the MCP and IP joints are characterized
by bending motion only. Unlike the index finger, the thumb’s IP joint
has the unique capability to bend independently. Therefore, two pairs
of cables are used to achieve independent control MCP and IP joint, as
shown by the blue and green cables in Fig. 2d. For the CMC joint, three
pairs of cables are employed to independently govern its bending,
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swing, and rolling motions. Notably, the rolling motion of the human
thumb’s CMC joint, a passive DOF, allows for an average rotation angle
of 17°*°, enhancing the thumb’s ability to grasp objects smoothly and
effectively. As depicted in the enlarged view in Fig. 2e, the CMC joint’s
rolling movement is specifically manipulated by a pair of red cables
positioned on the palm.

In addition to five fingers, the human wrist can also have bending
and swing movements. As shown in Fig. 2e, one end of the swing cables
(depicted in purple) is affixed to the sides of the carpal bones and
extends along the bending axis into the forearm. These cables facilitate
the manipulation of the swing axis, thereby enabling the wrist to
undergo swing motions within a range of +12° (Fig. 2e, left).

Simultaneously, one end of the bending cables (depicted in green) is
connected to the cross shaft and extends into the forearm. These
cables function to manipulate the bending axis, granting the wrist the
capability to flex within a range of +47° (Fig. 2e, right). Additionally,
Supplementary Movie 3 illustrates the movements of the wrist of the
prosthetic hand. The synergistic utilization of these cables allows for
intricate control and coordination of the fingers and wrist, contribut-
ing to the versatile range of movements.

Comparative analysis of prosthetic hand dexterity

The prosthetic hand features 19 independent DOFs, with each joint’s
range of motion quantifiable by a specific angle. The angles of the
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Fig. 1| Overview of the lightweight prosthetic hand with 19-DOF dexterity and
human-level functions. a lllustration of the working principles of the prosthetic
hand: it interprets desired hand motions through a voice recognition module,
processes commands via a control circuit, and executes motions by actuating 19
pairs of shape-memory alloy (SMA) actuators. b Schematic depiction elucidating
the biomimetic finger structure, incorporating a dual SMA spring actuator for fin-
ger bending movements. Three customized bending sensors and one swing sensor

Total weight of prosthetic hand (kg)

utilizing hall sensors accurately detect the bending and swing angles of the finger
joints. A spring actuator for the bending movement of the finger. ¢ Comparison
between our biomimetic prosthetic hand and the human hand. d Comparison
between our prosthetic hand and existing works. Our prosthetic hand has 19 DOFs
and the total weight is 370 g. e Practical demonstrations showcasing the prosthetic
hand’s dexterity in object manipulation and its capacity to restore human-level
functions, such as writing and hair combing.
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Fig. 3 | Comparative analysis of prosthetic hand dexterity. a Joint angles that

quantify the dexterity of the index finger and thumb. MCP metacarpophalangeal,
PIP proximal interphalangeal, DIP distal interphalangeal, CMC carpometacarpal, IP
interphalangeal, 8 bending, a swing, § rolling. b The range of motion of the index
finger joints. ¢ The range of motion of the thumb joints. d Comparative ranges of

motion for the prosthetic hand’s index and thumb joints versus those of a human
hand. e Overlaid workspaces demonstrating the index finger’s workspace for both
the prosthetic and human hand. f Overlaid workspaces demonstrating the thumb’s
workspace for both the prosthetic and human hand.

index finger and thumb are labeled in Fig. 3a. The angles for bending,
swinging, and rolling motions are represented by the symbols 6, a, 3,
respectively. Subscripts T, I, M, R, and L correspond to the thumb,
index, middle, ring, and little fingers, while superscripts CMC, MCP,
PIP, DIP, and IP denote the various joints. For instance, 0?"’ represents
the bending angle of the DIP joint of the index finger. Figure 3b, ¢

display the range of motion for the index finger and thumb, with
dashed lines indicating the limits of fingertip position. We quantita-
tively compare the maximal joint angles—reflecting the range of
motion—with those of the human hand in Fig. 3d. Evidently, the range
of motion of our prosthetic hand is highly comparable to that of the
human hand®*°, with several joints having even larger angles. A
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comparison of the range of motion of all joints is included in Supple-
mentary Table 4. The large range of motion also yields a high work-
space of the finger, i.e., the maximum reachable 3D space of the
fingertip (Supplementary Text 2 and Fig. 4). The comparative diagrams
in Fig. 3e, f, demarcated by black and red lines, illustrate the workspace
for the prosthetic and human hands, respectively. This comparison
assumes that both the human and prosthetic hands share identical
joint structures and finger sizes. However, as noted in ref. 50, the
human index finger’s swing motion is constrained by lateral stiffness
during bending, which limits its swing amplitude. In contrast, the MCP
bending axis of the prosthetic hand’s index finger is positioned below
its MCP swing axis (Figs. 2b, 3b), allowing for constant swing amplitude
across all bending angles. Therefore, the actual workspace of the
human index finger is smaller as represented by the red line in Fig. 3e.
Our data, further expounded upon in Supplementary Figs. 5, 6, indi-
cate that the prosthetic hand’s workspace not only emulates but also
surpasses the natural range of motion of the human hand. Notably, the
middle, ring, and little fingers show similar dexterity to the
index finger.

Dual SMA actuation with closed-loop controllability

The prosthetic hand employs a dual SMA actuation system, analogous
to the human hand’s antagonistic muscle pair, enabling precise joint
movements. The circuit system of the prosthetic hand is shown in
Supplementary Fig. 7. Take the thumb as a representative finger since
it has the most complicated motions. As shown in Fig. 4a, the flexion of
the MCP joint is achieved by activating SMA2 to contract, while SMAl is
disengaged. Extension of the MCP joint is realized conversely, by
heating SMAL1 while cooling SMA2. This action is enhanced by a triple-
force amplification mechanism (green lines). Note that the noise levels
of the cooling fan in these operations are 61dB, which are within
acceptable ranges for daily activities, as shown in Supplementary
Table 5. Additionally, the load capacity demonstration is detailed in
Supplementary Table 6 and Supplementary Movie 4, showcasing fin-
gertip force and grasping forces at different directions. The prosthetic
hand can lift a payload of 2.5 kg and securely grasp a bottle of 1.3 kg.
Considering that in nearly 10,000 grasping instances recorded by two
housekeepers and two machinists, 92% of the objects weighed 500 g or
less®, the prosthetic hand is well-equipped to perform most tasks for
daily use. The thumb’s swing and rolling are similarly actuated (Fig. 4b,
¢). Sensing of joint angles are performed by Hall sensors paired with
magnets attached to the joints via a thin yet stiff wire. When the joint
moves, it pulls/pushes the magnet, translating magnetic field changes
into voltage variations of the Hall sensor. It should be noted that
calibration of the Hall sensor is essential prior to the initial use of the
prosthetic hand, as shown in Supplementary Text 3 and Fig. 8. The
calibration results indicate that the angle sensors can accurately reflect
the five angles of the thumb, with an error lower than 0.5° (Fig. 4d).
These readings allow for real-time monitoring and then are fed to the
control circuit, which adjusts SMAs temperature via a widely used
proportional-integral-derivative (PID) controller to match current
postures with desired configurations. For example, precise control of
each joint can be realized and demonstrated in Fig. 4e with a step
response of the MCP bending 6¥'CP, in Fig. 4f with a square response of
the CMC swing a$MC, and in Fig. 4g with a sine response of the CMC
rolling ﬁ$MC, respectively.

Through the integrated coordination of five pairs of SMA actua-
tors, we can achieve closed-loop control over the finger's movements.
For instance, Fig. 4h compared the actual angles of the thumb (solid
lines) with the target values (dashed lines) during a power grasping
gesture. The MCP joint of the thumb serves as a representative case,
with its motion detailed in Fig. 4i. Before grasping, the target angles of
each joint in the prosthetic hand are calibrated as shown in Supple-
mentary Fig. 9. In the formal experiment, initially, at =0, 6¥'CP =20°
with a 0% heating duty ratio. At t=1.5s, the palm opens to a preset

angle of 6¥'CP =-10°, triggering the control module to heat SMA1 with a

100% heating duty ratio. As the MCP joint nears the target angle, the
heating duty ratio decreases to 0% by t=2.6s. The subsequent com-
mand for power grasping sets 6¥'CP =54"° at t=5.1s, prompting SMA2
to heat with a100% heating duty ratio. When the desired angle is nearly
reached at =7 s, the heating duty ratio is reduced to 0%, and the hand
maintains a grasp. The average motion velocity of the finger joints is
63°/s, detailed in Supplementary Table 7. To assess the energy con-
sumption and battery life of SMA prosthetic hands, simulations based
on actual data were performed. As outlined in Supplementary Text 4
and Table 7, the battery capacity enables ~640 gestures according to
the average energy consumption for a single grasping. Additionally,
the SMA demonstrates high mechanical stability, enduring 10,000
cyclic stretching movements under a 7 N load, confirming its durability
for prosthetic applications. This experimental data verifies that the
SMA actuators, when empowered with positional feedback in a closed-
loop system, facilitate stable and precise finger articulation, thus
enhancing the prosthetic hand’s functions.

Demonstration of prosthetic hand dexterity

The prosthetic hand’s dexterity is methodically validated through a
sequence of standard assessments as presented in Fig. 5. These eva-
luations incorporate standard Feix GRASP taxonomy (Fig. 5a and
Supplementary Movie 5), Kapandji test™ (Fig. 5b and Supplementary
Movie 6), and additional hand gestures (Fig. 5C and Supplementary
Movie 7). The Feix GRASP taxonomy classifies 33 standard grasping
modes, which our prosthetic hand proficiently executes, as shown in
Fig. 5a. Unlike traditional prosthetic hands, ours closely mimics the
dexterity of a human hand, incorporating all swing DOFs, including
adduction (clockwise swing) and abduction (anticlockwise swing). This
addition significantly enhances the hand’s workspace and grasping
flexibility, prompting us to introduce 6 new daily grasping modes that
fully utilize these swing DOFs (Supplementary Movie 8). These 6 new
modes, depicted as Modes 34-39 in Fig. 5a, showcase advanced dex-
terity surpassing the standard Feix taxonomy (see in Supplementary
Data 1). Modes 34-36, which include “rope organization”, “pressing an
electric pen” and “opening a rubber band with three fingers,” highlight
the intricate coordination between the thumb, index, and middle fin-
gers. For example, Mode 34, “rope organization” is a precision grasp
that involves thumb abduction with the index finger serving as a
pivotal virtual third finger. Mode 37, “hand with ping pong paddle” and
Modes 38, “overlapping pinch” and Mode 39, “dual-tool grasp,”
explore dynamic finger movements like the “OK” grasp and complex
force applications, requiring sophisticated inter-finger coordination.
These modes—particularly Modes 38 and 39—exemplify the prosthetic
hand’s capacity to perform complex tasks that extend beyond current
classifications, demonstrating an enhanced simulation of human hand
functionality.

Furthermore, we demonstrate the capabilities of replicating
human hand gestures, including the Kapandji test (Fig. 5¢) and a series
of gestures denoting numbers 1-10 within the Chinese sign language
context (Fig. 5¢). The prosthetic hand not only matches the human
hand in performing these gestures but also maintains the indepen-
dence of non-engaged fingers. Gesture 6 from Fig. 5¢c, which deviates
from typical synergistic hand postures, underscores the human-level
capability despite that the prosthetic has 4 fewer DOFs compared with
human hand. The prosthetic hand can also perform some hand
manipulation tasks, as shown in Supplementary Movie 9. For instance,
the task “use a syringe” utilizes the new grasping Mode 38, showcasing
the practical applications and significance of the 19-DOF design.

Restoring human-level hand functions via voice interaction

Our prosthetic hand features a voice command system as a means of
human-machine interaction, enabling the amputee to operate the
prosthetic hand by verbal instructions. The voice command module
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Fig. 4 | Dual SMA actuation with close-loop controllability. a Schematic diagram
of the control system for the thumb MCP joint that includes SMA actuators, Hall
sensors, and pulling cables. MCP metacarpophalangeal, SMA shape-memory alloy,
6 bending, a swing, f rolling. b Quantification of thumb CMC swing. CMC carpo-
metacarpal. ¢ Quantification of thumb CMC rolling. d Calibration curve correlating
Hall sensor voltage to joint angle. e Thumb MCP joint bending response to a step

input. f Thumb CMC joint swing response to a square wave input. g Thumb CMC
joint rolling response to a sine wave input. h Comparative analysis of actual and
target joint angles during thumb grasping motions. IP interphalangeal. i The
bending angle 6¥'CP and heating duty ratio of SMA actuators under a step

command.

we use, developed by iFLYTEK—a global leader in voice recognition
technology—offers rapid recognition with millisecond-level response
times and a high accuracy rate of 95%. Enhanced with voiceprint
recognition, it accurately processes commands even in noisy envir-
onments (In a noisy home environment, where the noise reaches
60-70 dB, the accuracy of identifying four speakers is 97.42%). This
technology supports over 60 languages and 20 dialects, ensuring our
prosthetic hand is accessible worldwide*. It is user-friendly, requiring

no complex calibration, and its integration with advanced Al systems,
like the iFLYTEK Large Language Model or ChatGPT, boosts its
functionality.

A 60-year-old woman who had a right-hand amputation 1 year ago
participated in our validation study. Without her dominant hand, she
found daily tasks challenging to perform using only her non-dominant
left hand. With minimal training of half a day on the voice control
system, she was able to proficiently use the prosthetic hand,
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a Grasping mode (33 GRASP taxonomy and 6 new modes)

Fig. 5| Demonstration of prosthetic hand dexterity. a The GRASP taxonomy with all 33 standard and 6 new grasping modes. b The 8-score Kapandji test for validation of
thumb dexterity. ¢ Ten gestures denoting numbers 1-10 within the Chinese sign language context.

demonstrating the system’s potential for quick adaptation and ease of
use. The intuitive nature of the voice interaction system allowed for
swift accommodation of the prosthetic hand, minimizing the need for
preparatory adjustments prior to experimentation. These findings are
documented in Fig. 6.

The results from standardized prosthetic function tests were
promising. As shown in Fig. 6a and Supplementary Movie 10, the voice-
controlled prosthetic hand performed proficiently in various tasks
from Southampton Hand Assessment Procedure (SHAP)*'. Here, we
simply employ a non-amputee user to repeat the SHAP experiments
for comparison of timing results, as shown in Supplementary Movie 11.
With accurate recognition, the voice command module achieves a
total response time of -1.3 s from the initiation of speech to the acti-
vation of the SMA actuators. The prosthetic hand performed faster
than the standard benchmark in four tasks but took a bit longer in
seven other tasks (Supplementary Table 8). Despite these variances,

the results suggest an avenue for increased efficiency through con-
tinued use and practice. Figure 6b and Supplementary Movie 12 show
the hand’s capabilities in tasks from the wolf motor function test
(WMFT)*, commonly used to evaluate hand function rehabilitation
after a stroke. In Fig. 6¢ and Supplementary Movie 13, the prosthetic
hand demonstrates its utility in four complex ADLs, such as combing
hair, exchanging a business card and shaking a hand, writing with a
three-finger pinch, and executing a chess capture. The voice com-
mands used by the patient in the experiments are recognized and
decoded, triggering the activation of corresponding SMAs to execute
the specific task, as shown in Supplementary Table 9. These experi-
ments utilized 11 different grasping modes across 22 patient trials,
which account for nearly 90% of the total number of grasping modes
used in daily life’®. Both standard and six new grasping modes are
demonstrated. For example, grasping mode 1-large diameter is con-
ducted in experiments 5, 6, 12, and 20, while grasping mode 39-dual-
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a Results of Southampton Hand Assessment Procedure (SHAP)

herical (light

Tripod (light

Tripod (heav Power (light

b Results of Wolf Motor Function Test (WMFT)
lifting a pen Stacking chess pieces

e

¢ Activities of daily living (ADLs)
Combing hair

Fig. 6 | Restoring human-level hand functions via voice command. a Evaluation
of the prosthetic hand’s capability through Southampton Hand Assessment Pro-
cedure (SHAP), involving 15 tasks that simulate daily activities: light and heavy
spherical holds, light and heavy tripod grips, light and heavy power grips, light and
heavy tip pinches, light extension, manipulating coins, opening a jar lid, pouring
from a carton, handling an empty tin, carrying a tray, and turning a screw. b Further

evaluation using the wolf motor function test (WMFT) includes three precise tasks:
lifting a pen, stacking chess pieces, and flipping three pieces of paper. c Testing the
prosthetic hand’s grip and manipulation of commonly used items in activities of
daily living (ADLs), exemplified by tasks such as combing hair, passing a business
card and shaking a hand, writing with a three-finger pinch, and a chess capture.

tool grasp is conducted in experiment 22. These experiments high-
lighted complex interactions between the human and the prosthetic
hand, presenting a rich variety of challenging scenarios. Remarkably,
20 out of 22 experiments were successful on the first attempt, indi-
cating a 91% success rate. This high success rate underscores the
prosthetic hand’s enhanced stability and adaptability, facilitated by its
extensive DOF. Moreover, the untested grasping modes are readily
accessible and can be activated via voice commands by patients as
needed in daily life.

It is also worth noting that, throughout the five-hour experiment,
the patient reported no discomfort related to the prosthetic hand
weight, performance, or voice control method. This confirms the
device’s suitability for extended use. The patient expressed increased
confidence while wearing the prosthetic hand, noting it enabled per-
formance comparable to other amputees and did not induce psycho-
logical pressure. Instead, it facilitated greater social participation. As
the experiment progressed, a decrease in completion time for specific
tasks was observed as the participant became more accustomed to the

Nature Communications | (2025)16:955


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56352-5

prosthetic hand, manifesting the potential for enhanced functions and
user adaptability.

To further demonstrate the stability of the prosthetic hand in
daily life, we demonstrated picking fresh fruit using the prosthetic
hand in a noisy outdoor market, as shown in Supplementary Movie 14.
In an environment with a noise level ranging from 60 to 80 dB, the
prosthetic hand successfully picked up various fruits, including
jujubes, oranges, and grapes. Notably, no misrecognitions occurred in
the voice command module during the process. Furthermore, the
material cost of our prosthetic hand is approximately 3540 RMB, as
detailed in Supplementary Table 10. This low-cost design significantly
reduces the economic burden on patients, making it an accessible
solution for people worldwide.

Discussion

Existing prosthetic hands, with DOFs far lower than a human hand (23
DOFs) cannot perform complex movements. To achieve a high DOF
and low weight, we integrate 38 SMA actuators into a biomimetic
prosthetic hand, which includes three major scientific contributions to
the field of hand prosthetics. Firstly, the biomimetic design of struc-
ture and movements we proposed for the prosthetic hand incorpo-
rates a 19-DOF palm part (including fingers and wrist) and a forearm
part, utilizing a muscle-like dual SMA actuation mechanism and the
tendon-like transmission system. This strategy closely emulates the
structural and kinematic characteristics of human hands by replicating
the complex configurations of bones, muscles, and tendons. As a
result, our developed prosthetic hand totally weighs only 370 g while
offering 19 DOFs and 2.5 kg maximum load capability. Secondly, the
closed-loop control mechanism of 19 DOFs ensures that the deformed
states of each joint can be precisely sensed in real-time with 23 sets of
Hall sensors, which enables closed-loop control of 19 DOFs for precise
and coordinated hand movements (error smaller than 0.5°). This
advanced control mechanism forms the foundation for executing
various daily activities with high accuracy. Finally, the newly added
grasping modes for dexterity evaluation introduced six new grasping
modes that incorporate the adduction and abduction movements, in
addition to the standard 33 grasping modes in Feix GRASP taxonomy.
These new modes enhance the evaluation framework for prosthetic
hand dexterity, providing a more comprehensive assessment of hand
function.

EMG technology and voice command modules are both prevalent
methods for human-computer interaction in prosthetic hands. We
adopt the voice command module primarily for the following reasons.
Firstly, the voice command module enables patients to quickly master
the use of voice commands within just a few hours, without the com-
plications associated with EMG technology such as dependence on
wearing posture, movement of the prosthetic hand, and physiological
factors like sweating and muscle fatigue. This usability is crucial for
restoring independence in daily activities. Secondly, while EMG tech-
nology is widely used, it faces significant challenges in decoupling the
19 signals necessary for the independent control of 19 DOFs, often
leading to unreliable operation. Additionally, EMG systems require
frequent recalibration before each use, complicating their operation,
especially for elderly users. Furthermore, the ability to control finger
and wrist movements through voice commands allows users to
achieve functionality close to that of a natural hand, greatly enhancing
the quality of life for amputees. They can perform a wide array of tasks
with increased confidence and precision. Lastly, integrating voice
commands with a closed-loop control system that includes real-time
angle sensing via Hall sensors ensures movements are precise and
responsive. This level of control, difficult to achieve with EMG due to
its susceptibility to signal variability, is crucial for tasks requiring
continuous adjustment of grasp and finger positioning.

The basic performance parameters of our prosthetic hand—
including weight, response time, joint movement speed, effectiveness

of voice commands, load capacity, temperature management, energy
consumption, battery life, durability, noise levels, and cost—have been
thoroughly characterized. These detailed results substantiate the
prosthetic hand’s strong potential for practical application. Although
the experiments primarily involved one patient in an indoor setting,
the performance of the prosthetic hand was comprehensively
demonstrated through these patient trials and additional testing.

The encouraging outcomes of our validation study demonstrate
that this prosthetic hand has the potential to significantly alleviate the
daily challenges faced by hand amputees, offering comfort, ease of
use, and enhanced functional capacity. However, three primary lim-
itations should be highlighted. Firstly, the absence of extensive clinical
trials may potentially obscure certain issues that only emerge during
real-world applications. Secondly, the effectiveness of the voice com-
mand module in daily scenarios may still be affected by background
noise, speech impairments, or unrelated conversations from amputees
themselves. Thirdly, latency remains a challenge in tasks requiring
rapid hand movements.

Future research should prioritize long-term user trials in a wider
patient demographic to collect further clinical data that evaluate the
durability and practicality of the prosthetic hand across diverse real-
world scenarios. Moreover, advancements in the voice command
interface, combined with Al technology, could broaden the command
spectrum, refine the control accuracy, and improve the response rate.
The incorporation of tactile feedback would represent another sig-
nificant step forward, providing users with essential sensory informa-
tion and making the prosthetic hand feel even more like a natural limb.

Methods

Manufacturing of the prosthetic hand

In manufacturing the prosthetic hand, we employ an SLA 3D printer
(Form 2, Formlabs) and Photopolymer resin (FLGPWHO4, Formlabs) to
manufacture the hand and forearm of the prosthetic hand. The pros-
thetic hand’s five fingers, though varying in size, share a similar
structure: each comprises four hinged sections, as depicted in Fig. 2b.
Post assembly, we embed cables (PE braided line X9#0.6, CHUAZO)
and Hall sensors (A1302KUA-T, Allegro MicroSystems) within the fin-
gers. Subsequently, the fingers are attached to the carpal bone,
through which the cables are threaded. This carpal bone connects via
hinges to a cross shaft, and, subsequently, to the forearm. The fore-
arm’s interlayer houses the SMA springs (90°C Flexinol actuator
spring, DYNALLOY, Inc.) and the driving circuit. Lastly, the control
circuit and the battery are mounted on the forearm’s external shell,
securely fastened by screws.

Manufacturing of the skin

3D CAD is utilized for designing both the skin model of the prosthetic
hand and its corresponding casting molds. To simplify skin applica-
tion, the model is segmented into six parts: five fingers and the palm,
each with a dedicated mold. As illustrated in Supplementary Fig. 1, the
left side features the casting mold for the palm skin, divided into five
sections to simplify placement and positioning of the palm mold core,
and assembled using screws. The casting mold for the finger skin,
depicted on the right, is similarly assembled with screws. Silicone
(Ecoflex 00-20, SMOOTH-ON, INC.) is then carefully poured into the
molds and allowed to solidify. After the silicone setting, the skin is
removed and fitted onto the prosthetic hand’s skeletal structure. For a
seamless appearance, the finger skins and palm skin are glued toge-
ther, guaranteeing complete coverage over the hand part.

Sampling, control, and drive system

Supplementary Fig. 7 illustrates the circuit system of the pros-
thetic hand, comprising four functional modules: the sampling
circuit and sensors, the drive circuit and SMA actuators, com-
munications and controller, and power management. The sensor
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module includes 23 Hall sensors, embedded within the hand’s
joints. Their signal lines converge at the ADC module (TLC1543,
Texas Instruments) in the sampling circuit, which is serially con-
nected to the MCU (STM32F103C8T6, STMicroelectronics).
Within the sampling circuit, six electronic switches supply 3.3V to
the sensor groups. The MCU sequentially activates these
switches, enabling the ADC module to read, digitize, and transmit
the sensor groups’ voltage signals via the serial peripheral inter-
face to the MCU. The actuation module includes 38 units
(ME60NO3, Force-MOS Technology Co., Ltd) that heat SMA
springs. Each unit comprises a signal receiver and a current out-
put, the latter linked to the SMA spring, and the former to the
PWM generator’s (PCA9685, NXP Semiconductors) output, con-
nected to the MCU through the 12C protocol. The MCU’s signals
control the PWM generator, thus regulating the actuator units’
heating of the SMA springs. The Bluetooth serial module is split
into two circuits: a voice collection circuit made up of the Blue-
tooth transceiver (HC-06, QinHeng Microelectronics) and the
voice module, and a Bluetooth reception circuit combining the
transceiver and the MCU. Both circuits engage in serial commu-
nication. The power management system’s 12V lithium battery
(three cells, GREPOW) energizes the actuators. A step-down
module (DM02-36050016DS, CDBARY) reduces the voltage from
12 to 5V, and a voltage regulator (AMS1117, advanced monolithic
systems) further lowers it to 3.3V, supplying power to the MCU,
Hall sensors, ADC module, PWM generator, and wireless com-
munication module.

Image-based calibration system

As shown in Supplementary Fig. 8, four LED light (YLEDO603YG,
Shenzhen Yongyutai Electronics Co., Ltd.) sets are positioned along
the lateral aspects of each thumb’s four phalanges. The bending angles
of the CMC, MCP, and IP joints is ascertained by measuring the angles
between each set of LEDs. Furthermore, there are two sets of LED lights
attached to the backside of the metacarpal bone and carpal bone,
which are specifically used to measure the swing angle of the CMC
joint. In addition, there are two sets of LED lights on the base and
metacarpal bone, which are used together to measure the rolling angle
of the CMC joint. All LED movements are captured at a 20 Hz frame
rate using a camera (Mars5000S-35uc, Hangzhou Vision Datum
Technology Co., Ltd.). The resulting images are then analyzed with
MATLAB’s Image Processing Toolbox to determine the bending, swing,
and rolling angles of the thumb joints.

Performance characterization of the prosthetic hand

To evaluate repeatability, the SMA spring was tested under a 7 N load,
corresponding to a stress of 34 MPa. Using a power supply (UTP1306S,
Uni-Trend Technology Co., Ltd.), the spring was repeatedly heated and
cooled for 10,000 cycles. During the process, its length varied between
10 and 18 centimeters. The change in length is recorded by a dis-
placement sensor (OD1000-6001R15, SICK AG), and the number of
cycles is recorded by a data acquisition circuit (STM32F103C8T6,
STMicroelectronics). A force gauge (HANDPI™, SH-50) was used to
measure the load capacity and fingertip force. A scale (EK813, Guang-
dong Senssun Weighing Apparatus Group Ltd.) was used to measure
the weight of the bottle in Supplementary Movie 4. A decibel meter
(GM1352, BENETECH™) was used to measure the noise level of the
noise comparison experiment and the outdoor experiment.

Human-machine interface

Our human-machine interface incorporates the Al-powered voice
recognition module AIUI Robot Multimodal Development Board
(iFLYTEK Co., Ltd.) to facilitate voice-controlled interactions. The
interface is programmed with three key functions: (1) Basic voice
control commands like wake-up, gesture initiation, and stop,

incorporating 35 actions based on the WMFT and SHAP experi-
ments; (2) A status feedback feature reporting all of the joint
angles and any anomalies of the prosthetic hand; (3) Manual
control buttons, including multiple options for emergencies, such
as an emergency stop. The voice recognition module we use is
completely offline. The voice recognition process does not
involve any data uploads; all voice inputs are directly processed
and translated within the module. Consequently, there are no
concerns regarding patient privacy leakage, nor can any mon-
itoring behavior be implemented.

Human research participants

The recruited participant is a 60-year-old Chinese female who
underwent right-hand amputation. Sex was determined based on
self-report. The participant provided written informed consent
for participation in all experiments and for the use of identifiable
images in this work. Reasonable compensation was provided in
the form of monetary compensation of 2000 RMB. Rehabilitation
exercises on the individual are conducted by protocols approved
by the Ethical Committee of the First Affiliated Hospital of the
University of Science and Technology of China (number
2023KY060). Given the single-participant nature of this study, no
sex or gender analysis was carried out.

Ethics

Every experiment involving animals, human participants, or clinical
samples have been carried out following a protocol approved by an
ethical commission. Each participant gave informed written consent.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.

Code availability
All the relevant codes are available at: https://github.com/
Yanghao0506/A-lightweight-prosthetic-hand (ref. 57).
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