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Anthropomorphic hand based on twisted-string-driven da Vinci’s
mechanism for approaching human dexterity and power of grasp
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Abstract: Designing anthropomorphic prosthetic hands that approach human-level performance remains a great challenge.
Commercial prosthetics are still inferior to human hands in several important properties, such as weight, size, fingertip force,
grasp velocity, and active and passive dexterities. We present a novel design based on the under-actuated da Vinci’s mechanism
driven by a flexible twisted string actuator (TSA). The distributed drive scheme allows structural optimization using a motion
capture database to reproduce the natural movement of human hands while keeping adaptability to free-form objects. The
application of TSA realizes a high conversion from motor torque to tendon contraction force while keeping the structure light,
flexible, and compact. Our anthropomorphic prosthetic hand, consisting of six active and 15 passive degrees of freedom, has a
weight of 280 g, approximately 70% of that of a human hand. It passed 30 of the 33 Feix grasp tests on objects in daily living
and retained a loading capacity of 5 kg. This simple but intelligent mechanism leads to excellent stability and adaptability and
renders feasible wide applications in prosthetics and in service robots.
Key words: Anthropomorphic hand; da Vinci’s mechanism; Twisted string actuator (TSA); Intelligent mechanism; Principal
component analysis (PCA)

1 Introduction
Dexterous and powerful robot hands are essential
for humanoid or service robots, especially those which
are designed to handle unstructured objects in the
human daily living environment (Billard and Kragic,
2019). For pick-and-place tasks, most widely used end
effectors are vacuum grippers or parallel jaw grippers.
The grippers generally have one degree of freedom
(DOF), which is suitable for the grasping of struc‐
tured objects, but difficult for grasping objects with ir‐
regular shapes. A specially designed kinematic plan‐
ning and control algorithm is critical (Mahler et al.,
2017) for a robust grasp of a wide range of daily
objects. Soft grippers are generally employed to im‐
prove adaptability (Shintake et al., 2018). For example,
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increasing the maximum deformation of the gripper
(Brown et al., 2010; Ruotolo et al., 2021) and the con‐
tact area between the gripper and object (Li et al.,
2019) is very effective in adapting vacuum grippers
to various objects. For the same purpose, the rigid
fingers of the single-DOF parallel jaw grippers are
replaced with flexible structures such as the fin ray
structure (Yang et al., 2021), fluidic elastomer actua‐
tors (Galloway et al., 2016), and the variable stiffness
mechanism (Firouzeh and Paik, 2017). However, the
few active DOFs significantly limit the modes of
grasp and wide application in real life.
An anthropomorphic robot hand is a natural aspi‐
ration for robots to approach human-level dexterity.
Two different schemes are employed. For high-dexterity
applications, dozens of actuators are integrated in the
forearms (Grebenstein et al., 2010; Schmitz et al.,
2010; Xu and Todorov, 2016) to achieve multimode
grasp and even complex in-hand manipulation tasks
(Rajeswaran et al., 2018; Andrychowicz et al., 2020;
Yang et al., 2022). On the other hand, modular design
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with fewer actuators is adopted as a compromise be‐
tween compactness and dexterity (Liu et al., 2008;
Lee et al., 2017; Laffranchi et al., 2020). It benefits
both prosthetics and some robotic systems. For all
types of robot hands, the overall performance highly
depends on the actuation systems. In the limited space,
electric motors with smaller volume are almost the
only choice and they limit the power output. As a re‐
placement, high-power-density artificial muscles have
been proposed, such as super-coiled polymers (Yip
and Niemeyer, 2015; Oh et al., 2022), shape memory
alloy (Andrianesis and Tzes, 2013), fluidic actuators
(Deimel and Brock, 2016; Zhao et al., 2016), air
chambers (Chen and Zou, 2021; de Pascali et al.,
2022; Shorthose et al., 2022), and dielectric elastomer
actuators (Jung et al., 2006). At present, artificial mus‐
cles still suffer from slow response, short working life
or a requirement in practice for assistance from exter‐
nal devices.
An alternative route is to design intelligent trans‐
mission mechanisms to meet the needs of robot
hands for dexterity, compactness, and power. Currently,
intensive studies are being focused on achieving dex‐
terity and compactness, while sacrificing power. It is
noted that the movements of the joints of human
hands are strongly coupled (Santello et al., 1998;
Weiss and Flanders, 2004; Cobos et al., 2010; Liu
et al., 2016). Based on this key observation, dexterous
and compact anthropomorphic hands have been de‐
vised with complicated transmission mechanisms (Xu
et al., 2014; Xiong et al., 2016; Liu et al., 2017), al‐
lowing multiple joints to be actuated cooperatively. In
such a design, the high passive DOFs are crucial in at‐
taining dexterity, while the lower active DOFs ensure
compactness. Realization of the preferred coupling of
various joints would involve complicated mechanical
mechanisms, such as gears (Xu et al., 2014), pulleys
(Xiong et al., 2016), and linkage transmission (Liu
et al., 2017; Kim et al., 2021), which consequently in‐
crease the complexity of the robot hand, as well as the
difficulty of assembling it. In contrast, flexible twisted
string actuators (TSA) are a simple, compact, and
light weight linear actuation system (Palli et al., 2013;
Gaponov et al., 2014). In particular, the high reduc‐
tion ratio results in a large contraction force even
when driven by a small electric motor (Shin et al.,
2012; Jeong et al., 2017; O’Brien et al., 2018; Liu
et al., 2021). Here, we present an anthropomorphic

prosthetic hand design based on under-actuated da
Vinci’s architecture driven by TSA, in which a tendon
passes through a series of attachment points on the
phalanxes of a finger. By optimizing the positions of
the attachment points and the joint stiffness, the robot
hand can approximately simulate the anatomy of the
human hand and reproduce its characteristic move‐
ments. Moreover, the TSA realizes a high conversion
from motor torque to tendon contraction force while
keeping the structure light, flexible, and compact.
To maximize dexterity, the da Vinci’s mecha‐
nism of every finger is optimized independently
according to a human hand database (Santello et al.,
1998). The flexible and compact transmission makes
it possible to integrate all components in a 3D-printed
human-size robot hand. Our robot hand weighs 280 g,
approximately 70% of a human hand. Grasp tests
have been performed on daily living objects accord‐
ing to the taxonomy of Feix et al. (2016). Our robot
hand can pass through 91% of the grasp tests. The
tests also show the excellent adaptability of the robot
hand to the size and shape of the object. The fastest
grasp speed is 142 (°)/s, approximately 83% of humanlevel performance. The attainable maximum fingertip
force is 8.3 N, about 54% of human-level performance.
The power grasp tests show that the robot hand can
lift a weight of 5 kg. Both the size of the modular
design and the overall performance are comparable to
human hands, which guarantees the feasibility of
wide application of our anthropomorphic robot hand
in prosthetics and service robots.

2 Methods
2.1 Modeling of da Vinci’s mechanism
The main idea of the da Vinci’s mechanism is to
reproduce the bending characteristics of human hands
without employing a complex physiological structure.
Fig. 1 shows the kinematic model of da Vinci’s mech‐
anism, as a mechanical mimic of the human finger
anatomy. The length of each bone is noted as Li (i=
1–4). The distal interphalangeal (DIP) joint, proximal
interphalangeal (PIP) joint, and metacarpophalangeal
(MCP) joint are simplified as spring-loaded hinges, si‐
multaneously driven by a tendon like flexor digitorum
profundus. The joint spring is the mechanical equivalent
to all other soft tissues, such as metacarpophalangeal
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2.2 Bionic optimization of da Vinci’s mechanism
The coupling among DIP, PIP, and MCP joint an‐
gles reveals that the motion of a robot hand finger is
natural. To reproduce the postural synergic character‐
istic of the human hand, the undetermined parameter
of da Vinci’s mechanism is optimized according to the
dataset of daily hand gestures of a human being (San‐
tello et al., 1998). Linear principal component analysis
(PCA) is used to find this coupling relation between
joints, as shown in Fig. 2. The importance of the cou‐
pling is characterized by the parameter tc, defined as
Fig. 1 Comparison between the anatomy of a finger (left)
and the da Vinci’s mechanism (right)

dorsal expansion of finger and extensor digitorum. A
series of frictionless fixed attachment points regulate
the tendon path, which mimics the function of superfi‐
cialis, synovial tendon sheaths, and annular pulley.
The behavior of the da Vinci’s mechanism depends
on the location of attachment points and the joint
spring stiffness. The tendon length lc, i.e. the summa‐
tion of distance between neighboring attachment points,
is a function of MCP, PIP, and DIP joint angles (θmcp,
θpip, and θdip):
l c = ∑ X 2it - X 2it - 1  =
3
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where Λi is the corresponding eigenvalue of the ith
component of the PCA. Larger tc means the human
digit is more inclined to move in this direction. The
first component contribution rate is in the range of
60%–75% for different fingers of a human hand. The
results suggest that more than 60% of a finger’s mo‐
tion in daily living can be captured by using one gen‐
eralized DOF. Especially for the middle, ring, and
little fingers, which are mainly responsible for the
power grasping function of the hand, the first compo‐
nent contribution rate is over 70%.

(1)

where X ti and X 0i denote the ith attachment point posi‐
tions in the current and reference configurations, re‐
spectively. Here, X 0i are listed as optimization parame‐
ters. From the view of kinematics, the above underactuated system has nonunique solutions. By taking ac‐
count of the springs located at the DIP, PIP, and MCP
joints, the equilibrium configuration must minimize
the potential energy of the system. Thus, to solve the
inverse kinematics problem of da Vinci’s mechanism,
a weighted pseudo-inverse method is used:
Dθ = W -1 J T ( JW -1 J T ) Dl c 

tc = Λ1

(2)

where θ = [θmcp, θpip, θdip]T, W=diag(wmcp, wpip, wdip) is a
weight matrix, wi corresponds to the stiffness of each
joint, and J=∂lc/∂θ is the Jacobian matrix. Eq. (2) repre‐
sents the relation between joint displacement and
tendon contraction length.

Fig. 2 Contribution rates of the three principal components
from the PCA of the dataset of human daily hand gestures

Fig. 3 visualizes the joint angles of the ring fin‐
ger in the dataset of human daily hand gestures in the
coordinate systems of (θmcp, θpip) (left chart) and (θmcp,
θdip) (right chart). The densely overlapped data points
show the greatest probability of the coupling relation,
which is described by the first component direction of
the linear PCA:
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(4)

where k dpip and k ddip are defined by the eigenvectors, and
b dpip and b ddip determined by mean value of the dataset.
Reproducing human hand behavior requires that (θmcp,
θpip, θdip) of the robot hand, as given by Eq. (2), satis‐
fies the above equation. It is noted that the relation
among DIP, PIP, and MCP joint angles only depends
on the parameters X i0 (i=0–6) and W. Therefore, a
bionic mimic design of the da Vinci’s mechanism is
converted to an optimization problem by minimizing
the following objective function:
d
F o ( X i0  W ) =  k pip
- k pip  +  b dpip - b pip  +

k

d
dip

- k dip  +  b ddip - b dip  

more flexible and compact. This feature is especially
beneficial for an anthropomorphic robot hand with ex‐
tremely limited space. Eq. (6) gives the relation be‐
tween the contraction length p and the twist angle q:
p ( q) =

L 2s + q2 r 2 - L s 

(6)

where Ls is the length of the twist region and r the
radius of a string.

(5)

where the coefficients kpip, kdip, bpip, and bdip are calculat‐
ed by linear fitting of the angles of the joints. The op‐
timized results are also plotted in Fig. 3 for compari‐
son. The optimized design can almost realize the ideal
linear coupling among DIP, PIP, and MCP joints, even
though the da Vinci’s mechanism is kinematically
nonlinear.

Fig. 4 Schematic setup of the TSA mechanism: two
strings are twisted in between the motor shaft and the
splitter. The three configurations are related to the twist
angle q=0, 0<q<qmax, and q=qmax, respectively

To avoid over twist and unwinding problems of
TSA, a maximum rotation angle qmax should be im‐
posed as a geometry constraint, qmax= πLs/(2r). Taking
qmax into Eq. (6), one can get the maximum contrac‐
tion length pmax≈0.86Ls. Ignoring friction, the contrac‐
tion force can be derived from Eq. (6) by the law of
energy conservation:
Fc =

Fig. 3 Visualization of the coupling relation: MCP and
PIP joints of the ring finger (left); MCP and DIP joints of
the ring finger (right). The straight red lines indicate the
most probable direction according to PCA. The blue curves
are the coupling relations of the optimized da Vinci’s
mechanism. The scatter shows the dataset of the hand. Yellow
indicates high density while lilac indicates low density.
References to color refer to the online version of this figure

2.3 Twisted string actuation mechanism
The twisted string actuation (TSA) mechanism
converts rotational movement of the electronic motor
to translation by twisting a single or a bunch of strings,
as shown in Fig. 4. Compared with other transmission
mechanisms, such as linkage and lead screw, TSA is

q̇
τ=
ṗ (q)

L 2s + q2 r 2
τ
qr 2

(7)

where τ represents the output torque of the motor.
The above equation reveals a nonlinear transmission
ratio of TSA with a singularity at q=0. Given a con‐
stant torque output of the motor, the contraction force
will decrease with the twist angle. The string radi‐
us is a key design parameter in Eq. (7). A larger string
radius will lower the transmission ratio and lead to
a higher speed, given a specific twist angle and con‐
stant rotation speed of the motor.

3 Results and discussion
3.1 Implementation and test of bionic robot finger
According to the model of da Vinci’s mecha‐
nism in Section 2.1, the pending optimization vari‐
ables are set to attachment point locations X i0 and joint
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stiffness W. In Section 2.2, we established an optimi‐
zation goal based on the human hand database. For
each pair of X i0 and W, we can get the trajectory of
the finger according to Eq. (2). By fitting Eq. (4), co‐
efficients kpip, kdip, bpip, and bdip can be obtained. Taking
those coefficients into the objective function Eq. (5),
we can rate the performance of da Vinci’s mechanism
with pending parameter X i0 and W. We use an optimi‐
zation toolbox in SciPy to get the optimal parameters.
It is difficult to manufacture torsion springs with arbi‐
trary stiffness in a limited space. Therefore, we set all
joint springs with the same stiffness at first and only
search for the optimal X i0. For the robot finger shown
in Fig. 5, the lengths of the phalanges are 76, 48, 29,
and 26 mm. The optimized X i0 are (66.9, 8.8), (10.9,
3.0), (33.6, 6.0), (10.0, 6.0), (20.8, 2.5), and (7.9, 2.2),
respectively.
Fig. 5a shows the assembled 3D printed finger.
The attachment point is realized as a shaft with a
tubular polytetrafluoroethylene (PTFE) sheath. Highstrength and smooth polyethylene fiber (Dyneema) is

Fig. 5 Implement of optimized da Vinci’s mechanism
robot finger: (a) the assembled 3D printed finger based on
the optimized da Vinci’s mechanism and TSA; (b) linear
fit between PIP, DIP, and MCP joints according to three
kinematics tests. The sub-image shows the trajectory of
the robot finger

used as both the tendon and the strings. The friction
effect on the mechanical behavior is further mini‐
mized by coating the Dyneema fiber with grease. A
splitter is located between the MCP and PIP joints.
Fig. 5b shows the experimental results of a ring finger
fabricated according to the optimized da Vinci’s
mechanism. The slope and bias of the fitting lines are
close to the optimized design. A slight deviation
from the ideal line may be caused by the unavoid‐
able friction of the transmission system. In addition,
although the joints of the digit are designed to be a
linear coupling relationship, the under-actuated prop‐
erty of the mechanism allows the digit to adapt to dif‐
ferent objects.
The finger performance has been evaluated for
both speed (Fig. 6) and force outputs (Fig. 7). The
sub-image of Fig. 6 is the setup for testing grasp ve‐
locity, which is defined as the MCP joint angle velocity
(Belter et al., 2013). In the current setup, the MCP
joint rotates for 70° before the fingertip can touch the
topside button, which triggers a stop signal to the elec‐
tric motor. In this way, the actuation duration is accu‐
rately measured for the grasp velocity calculation.
As the string diameter of TSA changes from 0.4 to
1.0 mm, the grasp velocity varies from 107 to 233 (°)/s
at 18 V. This performance is comparable to that of the
human hand (172 to 200 (°)/s) for daily pick-and-place
tasks (Belter et al., 2013).
The fingertip force output is measured by a cali‐
brated cantilever beam, as shown in the sub-image of
Fig. 7. The force output depends on both the driven

Fig. 6 Experimental measurements of the maximum grasp
speed under different voltages and diameters of the string.
Each set of experiments was performed three times, and
error bars represent three standard deviations
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Fig. 7 Experimental measurements of the fingertip force
under different currents and diameters of the string. Error
band represent three standard deviations

current of the electric motor and the string diameters
as Eq. (7) shows. The current threshold presents in all
TSA with different string diameters, revealing the
non-negligible friction from the 20: 1 gear set inte‐
grated in the electric motor. Above the threshold, the
force is linearly proportional to the driven current.
The maximum forces, achieved at the driven current
of 0.55 A, are 6.4, 8.3, and 14.7 N for string diame‐
ters of 1.0, 0.6, and 0.4 mm, respectively. To balance
both the grasp velocity and the maximum fingertip
force, we choose the string with a diameter of 0.6 mm
in the TSA for the robot hand. The maximum finger‐
tip force (8.3 N) is about 54% of human-level perfor‐
mance and the fastest grasp velocity (142 (°)/s) is
about 83% of human-level performance.
3.2 System of an anthropomorphic hand
Fig. 8a shows the 3D layout of a human-size an‐
thropomorphic robot hand, based on the da Vinci’s
mechanism and TSA. The detailed setup of the ring
finger, as an example, is shown in the upper inset to
Fig. 8a. Fig. 8b shows the assembled robot hand. The
DIP, PIP, and MCP joints are designed as the bearingsupported hinge structure to reduce the friction force
during rotation. The electric motor, integrated with
gear sets and magnetic encoders, has a rated speed of
2200 r/min at 12 V with an installed 20:1 gear set. The
thumb takes over 40% of the functions of the human
hand (Xiong et al., 2016). A dexterous and powerful
thumb is essential for the robot hand to achieve the
human-level performance of grasp. The design of the
thumb has extra complexity. In the current design,
only the interphalangeal (IP) and metacarpophalangeal

(MP) joints are driven by TSA, while the carpometacarpal (CMC) joint is directly actuated by a 150:1
gear motor (the rated rotation speed is 143 r/min at
12 V). Motors are driven by the customized printed
circuit board with six channel H-bridges (three
DRV8848 motor drivers) and one programmed chip
(STM32F405). A position feedback controller is used
to control the contraction length of tendons. All other
structural components, except attachment point shafts,
joint springs, and bearings, are 3D-printed using
light curing resin. The anthropomorphic robot hand
has six active DOFs and 15 passive DOFs. The length,
width, and thickness are 205, 94, and 29 mm, respec‐
tively, close to an adult hand. The total weight is 280 g
without battery.

Fig. 8 3D model and realization of the robot hand: (a) layout
of the 3D design showing the integration of the da Vinci’s
mechanism and TSA in the robot hand; (b) assembled
robot hand based on the design in (a). The boxed regions
with blue dashed lines highlight the locations of six electric
motors. The red dotted lines and rotation arrows show all
the passive DOFs. The integration of the motor in the
thumb is shown in the lower inset to (a). The upper inset
reveals the TSA mechanism in the middle finger. The
symbol “ab/ad” represents the abduction/adduction degree
of freedom. References to color refer to the online version
of this figure

3.3 Dexterity and adaptability
To demonstrate dexterity and mechanical adapt‐
ability, grasping experiments have been performed us‐
ing the anthropomorphic robot hand according to the
taxonomy of Feix et al. (2016) (Movie S1 in the elec‐
tronic supplementary materials (ESM)), which sum‐
marizes the most frequently used gestures in daily life.
All grasp tests last at least 3 s to ensure a stable grip.
The results, as categorized in Fig. 9, show that the
robot hand can reproduce 30 of the 33 types of ges‐
ture. This is expected since the employed da Vinci’s
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Fig. 9 Anthropomorphic grasping tests according to the taxonomy of Feix et al. (2016). Thirty of the 33 gestures are
demonstrated in this work and 3 of the 33 gestures (indicated by the dashed-line box) are unable to be realized. The
objects for grasp tests are common in daily life

mechanism has been well optimized using the hand
gesture data collected from daily living. The trajectory
of the digit follows the direction of the highest proba‐
bility of hand gesture. Moreover, it shows good adapt‐
ability in the grasping experiments. This is deeply rooted
in the design of the under-actuated rigid-flexible
hybrid system, which has 15 passive DOFs in total,
allowing free adaptation to objects over a large range.
Three of the 33 types of taxonomy test failed. They in‐
volved gestures like gripping scissors, chopsticks or a
pen (boxed with dashed line in Fig. 9). All the three
gestures are characterized by the abduction and

adduction motions of the digits, which is lacking in
our current design.
The adaptability of the robot hand is further
quantified using the physical simulator MuJoCo (Todo‐
rov et al., 2012), which can accurately solve the ten‐
don system and the contact problem. The physical
model is built on the optimized da Vinci’s mechanism
and accurately captures the motion of the real robot
hand in simulation. Without loss of generality, power
grasp of cylinders and cuboids with various dimen‐
sions has been studied. In simulations, all five tendons
of the robot hand model have had the same force of
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20 N applied. Given the above condition, the contact
area and the pressure are solely determined by the
adaptability of the robot hand. The overall perfor‐
mance can thus be compared using the maximal slid‐
ing force that pulls out the object from the side.
For cylinder tests, the sliding force is applied
along the axial direction. The maximal loads re‐
main nearly constant (about 55 N) for diameters
ranging from 10 to 40 mm and decrease for diame‐
ters larger than 50 mm (Fig. 10). For cuboid tests,
the dimensions of the cross-section are limited by
the grasp capacity of the robot hand. The shape is
roughly described by the aspect ratio a/b (a and b
represent the length and width of the rectangular
section, respectively). The maximal sliding force is
in the range of 52 to 55 N with a/b varying from
0.25 to 4.00. It is interesting to note that this value
is close to that in the cylinder tests. Such consisten‐
cy indicates the good adaptability of the da Vinci’s
mechanism.
3.4 Power grip test
Power grasp is another important requirement for
anthropomorphic robot hands. The performance is
determined by the power of the actuation system, the
strength of the mechanical structure, and the interac‐
tion between the hand and the object. To minimize the
effect of interfacial slip, the handle of the weight is
covered with 5 mm-thick sponge and the robot hand
wears a golf glove. The handle is grasped in the

vertical position. A maximal weight of 5 kg can be
lifted without damaging the robot hand (Fig. 11).
3.5 Application demonstration
The fusion of optimized da Vinci’s mechanism
and TSA coordinates the dexterity, power, and com‐
pactness of the anthropomorphic robot hand. Those
features provide the potential for a robot hand to work
in human living scenarios. Fig. 12 shows the applica‐
tion of robot hand in China’s first clinical translational
study of an implantable brain-computer interface
(BCI). A robot hand is fixed on a Kinova robot arm
and is mainly responsible for the grasping task. Good
adaptability reduces the requirement for precision of
the robot hand and arm, which is especially difficult
for both the patient and BCI controller algorithm.
For applications in the field of anthropomorphic
prosthetics, the most important properties include
weight, size, fingertip force, grasp velocity, and active
and passive dexterity. Fig. 13 compares our robot hand
and the commercially available robot hands with the
human hand using radar charts. All six properties are
normalized to the corresponding value of the human
hand. Qualitatively, the area of the polygon spanned
by the properties reveals the overall performance. As
compared to the commercial prosthetic hands, our
robot hand based on the optimized da Vinci’s mecha‐
nism and TSA has made improvements in comprehen‐
sive performance. The most prominent feature of the
current design is that the fingertip force and the grasp

Fig. 10 Maximal pulling forces versus the size and the shape of the objects. The inset shows the grasp of cylinders with
different diameters d and cuboids with different cross-sections. The shape of the cuboid cross-section is given by the
aspect ratio a/b. The histogram gives the corresponding maximal load that can pull the object out of the hand along the
axial direction. Error bar represents three standard deviations
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velocity performance are approaching the performance
of the human hand, while retaining light weight and

Fig. 11 Power grasp tests of the robot hand. The rod
weights 0.5 kg, and has a sponge wrap at the top. Each
counterpoise weight is 1.5 kg

compactness. The better performance of the human
hand in both the force output and the grasp velocity
is due to an intelligent sensor-free and autonomous
force-velocity adaptation mechanism. In the human
hand, the tendon sheath (Xu and Todorov, 2016) can
undergo a large elastic deformation. High grasp veloc‐
ity can be easily achieved when the tendon glides
freely in the sheath attached closely to the phalanx.
When the large grasp force is required, the sheath de‐
forms elastically and the attachment point will move
far away from the phalanx, resulting in a larger mo‐
ment arm. Such a sensor-free and self-adaptive natu‐
ral mechanism gives both speed and power to the
human hand. In recent studies (Shin et al., 2012;
Jeong et al., 2017), a dual-mode TSA scheme has
been proposed to achieve adaptive output of force and
speed. In the future, carefully designed elastic struc‐
tures with proper load-deformation behavior will be in‐
tegrated into the TSA in cooperation with the da Vinci’s
mechanism. We expect the overall performance will be
further improved towards that of the human hand.

4 Conclusions

Fig. 12 Application of anthropomorphic robot hand in
China’s first clinical translational study of the implantable
brain-computer interface for motor function reconstruction

Fig. 13 Comprehensive performance of commercial
prosthetics and this work. Six key properties for prosthetics,
including ligntness (L), compactness (C), fingertip force
(F), grasp velocity (V), active (DA), and passive dexterity
(DP), are normalized by the human hand performance.
The data (Table S1 in the ESM) for the commercial
prosthetics, i.e. iLimb, BeBionic, and Vincent, are from
published resources (Belter et al., 2013; Vincent, 2022).
The vertices of the regular hexagon have the unit value,
which come from the human hand reference (Yokogawa
and Hara, 2002; Cobos et al., 2010; Belter et al., 2013)

In summary, we present a novel design based on
the under-actuated da Vinci’s mechanism driven by
TSA. The tendon-driven scheme allows structural op‐
timization using a motion capture database to repro‐
duce the natural movement of the human hand. The
under-actuated robot hand with 15 passive DOFs
shows excellent adaptation to free-form objects. The
application of TSA realizes high conversion from the
motor torque to the tendon contraction force while
keeping the structure light, flexible, and compact. Our
anthropomorphic prosthetic hand, consisting of six ac‐
tive DOFs, has a weight of 280 g, approximately 70%
of that of a human hand. It has passed through 30 of
the 33 grasp tests on daily living objects according to
Feix et al. (2016)’s taxonomy and retains a loading ca‐
pacity of 5 kg at the same time. The simple and intel‐
ligent mechanism leads to excellent stability and adapt‐
ability, making feasible a wide range of applications
in prosthetics and service robots.
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