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Abstract

Motion control of the human hand is the most complex part of the human body. It has always been a challenge

for a good balance between the cost, weight, responding speed, grasping force, finger extension, and dexterity of
prosthetic hand.To solve these issues, a 3D-printed cable driven humanoid hand based on bidirectional elastomeric
passive transmission (BEPT) is designed in this paper. A semi-static model of BEPT is investigated based on energy
conservation law to analyze the mechanical properties of BEPT and a dynamical simulation of finger grasping is
conducted. For a good imitation of human hand and an excellent grasping performance, specific BEPT is selected
according to human finger grasping experiments. The advantage of BEPT based humanoid hand is that a good bal-
ance between the price and performance of the humanoid hand is achieved. Experiments proved that the designed
prosthetic hand's single fingertip force can reach 33 N and the fastest fingertip grasping speed realized 0.6 s/180°.

It also has a good force compliance effect with only 430g's weight. It can not only grab fragile objects like raw eggs
and paper cup, but also achieve strong grasping force to damage metal cans. This humanoid hand has considerable
application prospects in artificial prosthesis, human-computer interaction, and robot operation.
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1 Introduction

Through millions of years of evolution, human have a
facile and strong hand that no other spiritual claw ani-
mal possess [1-3]. The hand is seen as the extension of
the brain. Motion control of the human hand is the most
complex part of the human body [4, 5]. From ancient
fixtures to modern prosthetic hand, it has been a chal-
lenge for hundreds of years to fabricate a humanoid hand
that can replace the human hand [6]. Losing hands can
greatly affect a person’s quality of life. According to statis-
tics, nowadays there are more than 20 million physically
disabled people in China, accounting for 2% of the total
population. Therefore, artificial prosthetic hands play
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an important role in improving the lives of people with
disabilities and in medical rehabilitation [7, 8]. However,
current famous humanoid hand in the world like iLimb
(Touch Bionics Inc.), Vicent Hand (Vicent Inc.), and
Bebionic hand (Otto Bock Inc.) are still far away from
this goal [9].

Limited by narrow space, motor price, kind of trans-
mission, and manufacture process, it has always been
a problem to reach a good balance between the cost,
weight, responding speed, grasping force, finger exten-
sion, and dexterity of prosthetic hand [10]. According to
the user studies, 90% of patients feel their myoelectric
prostheses too slow and 79% feel too heavy [11]. Human-
oid hand with good performance always has an expensive
price, such as BeBionic Hand (Ottobock; ~$11000) and
the iLimb (Touch Bionics Inc.; ~$18000), which most of
patients can't afford. On the contrary, cheap value hands
cannot provide a good performance guarantee. In 2004,
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HIT designed a novel dexterous robot hand with a finger-
tip force about 10 N, far away from human’s ability [12].
In 2010, Lee at al. designed a prosthetic hand has finger-
tip force of 20 N, but this hand’s weight reached up to 721
g [13]. In 2018, a Multi-Grip Patterns Prosthetic Hand
with Single Actuator was manufactured by Panipat Wat-
tanasiri. This hand has a great grasp force of 34.5 N but
the hand closing time is 1.4-1.7 s [14], still can’t realize a
great performance balance.

The appearance of load-sensitive continuously variable
transmission (CVT) [15] proposed a possible solution to
this problem. It could adjust the motor’s effective gear
ratio according to the cable’s tension. There are many
kinds of CVTs invented in last few years, in 2012, a robot
finger design using a dual-mode twisting mechanism to
achieve high-speed motion and large grasping force [16]
was proposed. In 2014, a passive, origami-inspired CVT
[17] is published. However, current CVTs are limited by
volume requirement, work modes, craftsmanship and
other restrictions, can’t support a good practical effect.

Due to the excessive degrees of freedom of the human
hand, scientists usually use under-actuated mecha-
nisms when designing artificial prosthetic hands. They
ignore some unimportant degrees of freedom and try
to preserve the characteristics of human hand as much
as possible [18-20]. In 2016, Xiong et al designed an
anthropomorphic hand for replicating human grasping
functions. They used four motors to achieve 91% of the
manual grasping mode [21-23], but their hand’s finger-
tips force are still relatively poor. At the same time, the
extension mechanism of the robot finger has been a prob-
lem for a long time. In many papers, humanoid hands
were invented without extension mechanism or with
heavy extension mechanism [24, 25]. Currently, a famous
robot finger extension mechanism is torque spring [26].
But torque spring will influence the performance of robot
fingers such as responding speed and grasping force. In
Ref. [27], an Artificial Muscle Actuated Finger towards
Biomimetic Prosthetic Hands is designed, the author
designed an extensor tendon to extend the finger. But his
design has too many degrees of freedom, resulting in not
very good results.

Committed to solving the problems mentioned above,
we proposed bidirectional elastomeric passive transmis-
sion (BEPT) and corresponding 3D-printed cable driven
humanoid hand. The main contributions of this article
are listed as follows:

1) A new kind of transmission mechanism: Bidirec-
tional elastomeric passive transmission (BEPT) was
designed in this paper. Through the employment of
the flexible fence and the extension wheel, the force-
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speed compliance, flexion, and extension of the finger
can be realized simultaneously under a motor drive.

2) The kinematics and dynamic transmission process of
BEPT were investigated. The simulation and results
of experiments confirmed each other, prove the cor-
rectness of the analysis.

3) Based on BEPT, a humanoid hand was designed and
manufactured through a DLP 3D-printer. With a
price less than 50 dollars and equal size to a human
hand, the humanoid hand has a 33 N largest fingertip
grasping force and 0.6 s/180° fastest fingertip speed,
which are almost equal to humans. At the same time,
the weight of the 3D-printed humanoid hand is less
than 430 g (adult man: 400-500 g). Through the
application of BEPT, the designed humanoid hand
can reach a great balance between the cost, weight,
responding speed, grasping force, finger extension
and dexterity.
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Figure 1 (a) Structure of BEPT, (b) Transmission process, (c)
CAD-design of humanoid hand
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2 Design of BEPT and Humanoid Hand

2.1 BEPT Design and Manufacture

Figure 1(a) shows the main structure of bidirectional
elastomeric passive transmission (BEPT), the BEPT is
composed of two parts: the flexion wheel and the exten-
sion wheel. The flexion wheel consists of the rigid core
and peripheral flexible fence. The BEPT is inspired by
the work of O’Brien [28], the innovation of our work is
that an extension wheel is added to EPT and the number
of flexible fences can be easily increased or decreased to
change the dynamic response of each finger. Two groups
of cables are applied to complete the flexion and exten-
sion movement of fingers. Winding on the outside of
flexion wheel, flexion cable takes the role of controlling
grasping movement of the finger. While extension cable
winds on the extension wheel, responsible for the exten-
sion movement of the finger. The schematic diagram of
the transmission process can be seen in Figure 1(b).

A DLP 3D-printer is utilized for the manufacture
of BEPT. The rigid part of BEPT (including the exten-
sion wheel and core of the flexion wheel) is 3D printed
by common photosensitive resin. There are two mate-
rials for flexible fence fabricating: industrial flexible
polyurethane and elastic resin (LCD-E, SparkMaker Cor-
poration). Both of these two materials have approximate
physical properties to each other. The front is selected to
fabricate flexible fence. Flexible fence and rigid part are
bonded together by superglue and placed in the sunlight
for 2 h for curing.

2.2 Design of Humanoid Hand

Based on the design of BEPT and the conception of bidi-
rectional transmission. A humanoid hand is designed and
the image is shown in Figure 1(c). The shape of human-
oid hand is designed imitating the profile of human hand,
including a big and strong thumb, long middle finger and
short little finger. Five micro-motors and BEPTs can be
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placed in the palm for a compact structure. The size of
the humanoid hand is equal to an adult male hand.

Having advantages like fewer drive motors and good
compliance, tendon driven system is commonly used
in humanoid hand field. The tendon driven system usu-
ally adopts an under-driving driving mode, which can
reduce the number of driving motors, and is beneficial to
the overall weight loss of the prosthetic hand. The hand
designed in this paper adopted a tendon driven system.
On the front and back of the finger, guided holes are set
to cross corresponding cables.

Human hand has excellent operational ability because
of a flexible and strong thumb. For better operational per-
formance, a two DOF thumb is designed in our human-
oid hand. We added a miniature steering gear to add a
degree of freedom of rotation to the thumb, which can
make the movement of the thumb more flexible. With
both rotation and opening-closing freedoms, the thumb
can easily make a collision with other 4 fingers to form
diverse grasping patterns [29].

3 Performance Analysis of Humanoid Hand

3.1 Kinematic Analysis for Radius Ratio

During the finger’s flexion and extension, it is essential to
maintain the slack condition of the non-shrinking cable.
When the finger is grasping, flexion cable is stretched
by the flexion wheel and extension cable is loosed by the
extension wheel, so the length of extension wheel loosed
must be longer than the finger joint needed. Only in this
way can we avoid the impact on the grasping perfor-
mance of the fingers and the damage to the fingers and
the motor during grasp. The same is true when the finger
reverts.

Taking a single finger joint as an example in Figure 2(a),
it is assumed that the BEPT’s R, is not shrunk during
grasping, the rotation angle of BEPT is 6, we can get the
length of the flexion cable is stretched:
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Figure 2 (a) Finger joint in the grasp process, (b) Length change of L;and L, during flexion, (c) Length change of L, and Lg during extension
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Figure 3 (a) Main geometric parameters of BEPT, (b) Static spring-cable system, (c) Comparison between simulation and experiment of BEPT1,2,3

AL =R, 0. (1)
Then real-time angle a can be written as:
2b* — (L — AL)?
o = cos™! W@ ALY (2)

2h2 ’

where L is the length of flexion cable in the condition
of the finger joint is fully extended and b is the length
between the joint and the guided hole. In our design, we
set the maximum of a is 135°, so the value of 8 is:

B =135° —a. 3)

a is the length between the joint and the extension
guided hole. The length that extension cable needed for
flexion can be written as:

L, = (2a® — 2a® cos B). (4)

From Egs. (1)—(4) we can get that L, is a function of 6,
and it must be satisfied that the length of extension wheel
loosed L, must be longer that the extension cable needed
L

r

Ll:Rr-9>Lr. (5)
So the suitable minimum value of R,:
R aL, 6
=max | — |.
r 50 (6)

In the design of humanoid hand, the length of b and a
is 19.1 mm and 5 mm respectively. Through simulation
we can get that the change of L; and L, during grasping
in Figure 2(b). L, is always longer than L, it is proved that
the grasping performance is not be effected. According
to similar process, the simulation of the process of exten-
sion also shows the same result in Figure 2(c). Where L,

Table 1 Main Parameters of each kind of BEPT

Number Variables

BEPT1 Ro=12mm,Ri=3mm,h=16mm,N =20
BEPT2 Ro=12mm,Ri=3mm,h=16mm,N=16
BEPT3 Ro=12mm,Ri=3mm h=16mm,N=12
BEPT4 Ro=12mm,Ri=4mm,h=16mm,N=20
BEPT5 Ro=12mm,Ri=5mm,h=16mm,N =20

Table 2 Different BEPT for Specific Finger

Finger BEPT
Thumb BEPT1
Index finger BEPT1
Middle finger BEPT1
Ring finger BEPT4
Little finger BEPTS5

represents the length of the cable required to complete
the extension of the prosthetic hand, and L, represents
the length of the cable actually released during this pro-
cess. L; is always more than L, and L,, which means that
the prosthetic hand can smoothly complete the grasping

and extension actions.

3.2 Performance Analysis of BEPT

In this section, the semi-static mechanical model of
BEPT is proposed. The main geometric parameters of
BEPT marked in Figure 3(a): R, is the outside radius of
flexion wheel, R; is the smallest radius of the rigid core,
R, is the radius of extension wheel, N is the number of
flexible fences, % is the height of flexible fence and k is
the tensile stiffness of a single fence strut. R, decides
the biggest grasping speed of the finger, the larger of
R, the faster grasping speed can be achieved. While
R; determines the largest grasping force of fingertip, N
and k decide the transmission characteristics of BEPT.
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To research the relationship between N, k, and cable
tension T, 5 different BEPT are picked out for per-
formance analysis. The main parameters of different
BEPTs are shown in Table 1.

The energy conservation law is adopted to analyze
the relationship between transmission radius R and
the tendon tension 7. Due to the low weight of BEPT,
the kinetic energy of BEPT can be ignored. By further
neglecting the friction between the cable and the fence
strut, the whole transmission system can be predi-
gested to a static spring-cable system.

For a differential radius change AR = R, — Ry , from
Pythagorean theorem and Hooke’s law, the elastic poten-
tial energy change of springs can be expressed as:

1 n\?
A p=2N x Ek (Ro — Ry)? + <2)
2 (7)
h 2
- \/(Ro — Rp)? + <2>

Corresponding elongation (movement amount) of the
scope:

AL = 2Ry — 2R, = 21AR. 8)

With regard to a static condition, the cable tension T:
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Experiments are conducted to verify the theoreti-
cal derivation. Because the difference between BEPTS3,
BEPT4, and BEPTS5 is only R, they have similar transmis-
sion process except for a different largest cable tension.
So we only verified the relationship between R and T of
BEPT1, BEPT2, and BEPTS3.

The results of simulation and experiments are shown
in Figure 3(c). The solid lines present the consequence
of simulations and the dotted lines indicate experiments.
Due to the nonlinear characteristic of the polyurethane,
we can get that in the early stage of BEPT contraction,
the cable tension of experiment is bigger than simula-
tion and in the late stage it takes place an opposite result.
Overall, the results of the experiments and simulation are
relatively consistent. It’s reasonable to define and adjust
the performance of BEPT through the result of simula-
tions. For instance, if we want to improve the stiffness of
BEPT, we can increase the number of the flexible fences.
If we want to add the largest force of fingertip, we can
decrease the smallest radius of rigid core R,.

3.3 Dynamics Simulation of Finger Grasping

In this section, in order to understand how the grasp-
ing force changes when the finger is grasping an object,
a simulation of dynamics of finger grasping is conducted.
As Figure 4(a) and Figure 4(b) shows, two types of simu-
lation are carried out for a comparison, one is grasping a

T — Ap = rigid object and another is elastic object.
AL ) Firstly, a classical mechanical transmission dynamic
2\ 2 2\ 2 equation is written as:
NE |\ Ry = )2+ (5) = (/R — R+ (%)
GD? dn
: Ty —T = ——, 10
21(Ry — Ry) M= LT 375 4 (10
)
40
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Figure 4 (a) Grasping a rigid object, (b) Grasping an elastic object, (c) Force change curve of fingertip during grasping
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where T, is the torque of motor and T is load Torque.
G and D is constants about motor configuration. The # is
motor’s rotating speed. At the meantime, the mechanical
characteristics of the motor is:

u R,

n=—-—
Ko K.

Ty (11)

Among them, # is a function of T, K, ®, K, and R,
are constants. In this paper, we use the GA12-N20 geared
motor as the drive motor with a drive voltage of 12 V and
a reduction ratio of 1:200. According to the data given by
the merchant, we can get the mechanical characteristic
curve of the motor:

Ty = —16.037n + 24821, (12)

where the unit of T, and # is N-mm and rad/s. Simul-
taneously, we should know the relationship between the
BEPT’s tension T and real-time transmission radius Ry,
here we used previous semi-static model of BEPT1 in
Section 3.2 to solve the relation between T and Ry. In the
process of rotation, the initial rotation speed n, of the
motor is given, the amount of rope involved and radius
reduction of BEPT can be obtained as:

Al =ng - Rr, (13)
Al

AR = —. (14)
271

According to AR we can know the real-time transmis-
sion radius R, and tension T of BEPT. During rotation,
T; is a function of tension T:

T; =T -Ry. (15)

Through Egs. (10) and (12) we can know the motor
torque and motor shaft acceleration, then solve the whole
process of gripping force change.

As for the process of grasping an elastic object, there
only one thing need to be noticed is that due to the
elasticity of the objective will cause the fingers to move
additionally, which will bring extra cable length to
BEPT, resulting in a reduction in the motor acceleration.
Assuming K, is the stiffness of the target object, the rela-
tionship between the extra cable length A/, and the force
F, at the fingertip is:

Al = Ft/1<o: (16)

Al =ng - Ry — Al. (17)

At each moment, the extra cable length needs to
be subtracted when calculating the amount of cable
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involved. Other solving steps is similar to the process of
grasping a rigid object.

The results of the simulation are shown in Figure 4(c),
the red line shows the force change curve when grabbing
a rigid body and the blue line shows the elastic object. It
can be seen from the picture that the change of force is
divided into two stages. In the first stage, BEPT does not
fully contract, and the force increases relatively slowly. In
the second stage, BEPT completely contracts, the motor
stalls and the force increases rapidly. It is worth noting
that there is an inflection point between the two stages.
The position of the inflection point is determined by the
maximum tension of the BEPT. We can adjust the inflec-
tion point by adjusting the number of flexible fences.
Due to the elasticity of the elastic objective, the force
changes of grasping an elastic objective is slower than
the rigid object, but the final gripping force is equal
Since our simulation did not consider the friction of the
motor reduction gear set and the rope as well as other
factors that cause energy loss, the actual gripping force
will be smaller than the simulation. But our design goal is
achieved, that is, by adopting BEPT, we can achieve good
results both in finger grasping speed and grasping force.

3.4 Finger Heterogeneous Design

Considering that human hand has different five fin-
gers and different fingers have their own unique roles to
make a stable and strong grasp, it’s necessary that differ-
ent BEPT should be chosen to specific finger for a better
imitation to human hand. Firstly, a test need to be done
to find the grasping character of specific fingers. In this
test, different fingers are required to grasp a force sen-
sor and a corresponding fingertip grasping force-time
curve is recorded. To reduce the influence of unrelated
factors, the force sensor is grasped by only the testing
finger without other finger’s help. Test results are shown
in Figure 5(a). Through this test we can obtain that the
strongest finger of human hand is thumb with around 20
N fingertip force. Index finger, middle finger, ring finger
and little finger decrease in fingertip force in turn. Little
finger has the smallest force about 12 N.

For the purpose of analyzing if the force distribu-
tion form of human fingers has advantages, a simple
simulation is carried out in the situation of grasping a
virtual sphere. In simulation, we set up two different
humanoid hand that one’s 5 fingers have a force distri-
bution like human fingers and the other’s 5 fingers have
equal grasping force. The homogeneous and hetero-
geneous hand were commanded to grab a sphere with
different diameter. The contact constraints between
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Figure 5 (a) Grasping curve of different human fingers, (b) Comparison of homogeneous and heterogeneous grasping

the fingertips and the objects can be modeled as a no-
friction contact. The contact wrench of each point is
expressed in the local coordinate system as:

1 0 0
Ef = L‘C],ffz 0, zf=1{0{,i=12---5.
g 1 0

(18)
The homogeneous transformation matrix of the local

coordinate system relative to the global coordinate sys-
tem is:

Rp; pBi

0 1 (19)

TBi:[ ],pBinBi,i=1,2,~-,5.

The expression of wrench in the global coordinate
system is:

Rp; 0

FE = AT(TgHEE, AT (1Y = [
! BT B DBiRpi Rp;

i) =[]

14

] » (20)

(21)

In this way, the total wrench in the global coordinate
system can be obtained as:

5 5
B _ B _ . i | — . e
=3 F _Zﬁ[nxnl}, =125
=

i=1

(22)

The consequence of simulation is placed in Fig-
ure 5(b), the abscissa is the diameter of the virtual ball,

and the ordinate is the resultant force received by the
virtual ball. We can see that the sphere’s resultant force
in a heterogeneous hand is always less than in a homo-
geneous hand. Less resultant force means that the
object is more easily balanced by the friction of fingers
and balanced grab state is easier to achieve. This simu-
lation proved that the force distribution of human fin-
gers can reach a better effect in grasping objectives.
For a better imitation to human hand and a better
crawling effect, relative strong thumb, index finger,
and middle finger are needed, so BEPT1 was selected
to these 3 fingers in the humanoid hand to produce a
large fingertip force. In regard to ring finger and lit-
tle finger, we selected BEPT4 to the ring finger and
BEPTS5 to little finger for an auxiliary grasping. The
corresponding BEPT selection can be seen in Table 2.

4 Humanoid Hand Manufacture and Experiments
4.1 Humanoid Hand Manufacture

A DLP 3D-printer is applied in the manufacturing
process of humanoid for a fast forming. The palm and

Figure 6 Manufactured humanoid hand
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fingers’ rigid parts are 3D-printed through common
photosensitive resin, and the peripheral flexible fence is
manufactured by industrial flexible polyurethane.

The manufactured humanoid hand is shown in Fig-
ure 6. Due to the small, light, and effective transmis-
sion of BEPT, a great grasping performance can be
satisfied with this hand. The price of humanoid hand is
less than 50 dollars with an equal size to human hand.
The humanoid hand’s largest fingertip grasping force
can reach 33 N and fastest fingertip speed is 0.6 s/180°,
which are almost equal to humans. After satisfying the
above conditions, the weight of the 3D-printed human-
oid hand is controlled below 430 g, which is basically
equal to the weight of an adult man’s hand (approxi-
mately 400-500 g).

4.2 Single Finger Experiment

In this section, a single finger grasping experiment was
conducted to verify our previous simulation. Before
experiments, the control strategy of fingers should be
analyzed.

Based on previous research, the operating modes of
BEPT can be obtained. According to the contact process
between finger and object, the operating modes of BEPT
can be separated as:

1) Fast mode, fast mode takes place when the finger
does not contact with the object. In this time, the force
of fingertip is small, and so is the cable tension, therefore
the peripheral flexible fence almost is not stretched, and
the transmission radius is nearly equal to R,. So a fast fin-
gertip speed and small fingertip force are acquired.

2) Strong mode, if the given torque of motor is large
enough and a strong object the finger is encountered,
the flexible fence will be fully stretched. In this time, the
transmission radius is closed to R, a large fingertip force
and small fingertip speed are acquired.
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The fingers and BEPTs are driven by micro-motor,
while the micro-motors’ inputting voltage U is constant
and I is inputting current. When the fingers hold the
object tightly, micro-motor will reach a stall state. In this
moment, the relationship between the micro-motor larg-
est stall torque T and inputting current Ig:

Ts = K;DlIs. (23)

So we can get that T is a function of current /5. We can
control the cable tension T through control the inputting
current Ig. If a small current is inputted, the BEPT will do
a passive force compliance according to the small micro-
motor torque. If inputted current is big enough, the
BEPT will contract completely, the transmission radius
is closed to R, In this time the largest fingertip force is
decided by the micro-motor’s stall torque T.

Experimental setup is shown in Figure 7(a). A digital
power produced a standard voltage of 12 V to micro
motor, micro motor drove the BEPT then the fin-
ger press on ATI sensor. The ATI sensor recorded the
forces and Torques of three axes and sends them to the
PC, which is responsible for data processing and visu-
alization. In the experiment, we maintained the voltage
of the micro motor at 12 V and gradually increased the
current of the motor from 0.1 A to 0.7 A. In each case,
we recorded the fingertip pressure on the ATI sensor,
and the experiment was performed five times in each
case.

The green solid curve in Figure 7(b) is a typical fin-
gertip force change when the current is equal to 0.7
A. The red dotted line is the force change curve when
grabbing a rigid objective in simulation. We can see
that the result of the experiment is very similar to the
simulation, in the first stage, BEPT does not fully con-
tract, and the force increases relatively slowly. In this
stage, BEPT is doing a passive force compliance. In the

40
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Figure 7 (a) Single finger experiment setting, (b) Comparison of fingertip force curve and simulation, (c) The relationship between fingertip force
and current fingertip
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second stage, BEPT completely contracts, the motor
stalls, the force increases rapidly and the finally finger-
tip force is determined by the current.

At the same time, we recorded the relationship
between the fingertip force and the current. The force
of the fingertip is the average of five experiments. It can
be seen in Figure 7(c) that the fingertip force presents
a good linear relationship with the current, and the
variance of the fingertip force is relatively small under
a specific current. The blue line represents the experi-
mental data and the yellow line represents the current-
force curve after regression. Experiments proved that
we can perform a preliminary fingertip force control by
controlling the current of the motor.

4.3 Humanoid Hand Grasping Experiment

Based on previous research, we know that we can con-
trol fingertip force by controlling the current input to the
motor, and the humanoid hand we designed has a force
distribution similar to human being. To verify the out-
standing grasping performance of designed humanoid
hand, two kinds of experiments are conducted, grasping
force compliance experiment and grasping diversity test.

(a) (b)

Figure 8 (a) Grasp a raw egg, (b) Hold a paper cup, (c, d) Open the
thermos lid, (€) Damage a metal can, (f) Damage a paper cup
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4.3.1 Grasping Force Compliance Experiment

Benefit from the advantages of BEPT, a good force com-
pliance performance is obtained. A force compliance
experiment is implemented in order to exam the good
force compliance performance of the manufactured
humanoid hand.

In this experiment, an open-loop control strategy is
applied to make BEPT do a passive force compliance. In a
condition that micro-motors’ inputting voltage 12 V and
current 0.1 A, the humanoid hand is required to grasp a
raw egg and an empty paper cup. Then we adjusted the
micro-motors’ inputting voltage to 12 V and current at
0.7 A. A metal can, a paper cup and a thermos cup are
grasped by manufactured humanoid hand.

Through Figure 8(a) and (b), we can know that the
raw eggs were not crushed, and the empty paper cups
were not deformed. When we increase the current, the
hand can easily damage the paper cup and metal can. It
can also grip the thermos cup tightly that the thermos
lid could be opened by another human hand. Through
force compliance experiments, it can be proved that we
can initially control the grasping force of the prosthetic
hand by controlling the input current of the motor.

4.3.2 Grasping Diversity Test

Based on BEPT, we designed our prosthetic hand.
In order to evaluate the grasping ability of the pros-
thetic hand and more comprehensively evaluate the
grasping ability of the manipulator, we choose GRASP
motion spectrum [30] as the reference for the grasping

Figure 9 Comparison of prosthetic hand and human hand in
motion spectrum
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behavior of the prosthetic hand. There are 33 grasping
modes in the motion spectrum, covering the most com-
mon movements of human hands, of which 15 are cov-
ered grasping.

We use 15 kinds of hand movement modes of covered
grasping as a reference, and do not consider some very
delicate operations of the hand. After that, we let the
humanoid hand grasp the corresponding object imitating
the human grabbing mode. The results of the experiment
showed in Figure 9 proved that our prosthetic hands can
complete 14 of them. For operations such as holding scis-
sors, the fingers are required to have the ability to extend
horizontally. We did not consider this degree of freedom
when designing. However, our manipulator can still com-
plete most of the motion modes of human hand covering
and grasping, showing a good grasping ability.

5 Conclusions

In this paper, a 3D-printed cable driven humanoid hand
based on BEPT is designed. A DLP 3D-printer is applied
to manufacture various parts of humanoid hand. The
kinematic and dynamic behavior of the prosthetic hand
fingers are analyzed. At the same time, in order to have
a better bionic effect and better grasping performance,
we selected specific BEPT for specific finger based on the
mechanical properties of corresponding human finger.

The manufactured humanoid hand can reach a great
balance between the price and various kinds of human-
oid hand. With a price less than 50 dollars and equal size
to human hand, the humanoid hand has a 33 N largest
fingertip grasping force and 0.6 s/180° fastest fingertip
speed. After satisfying the above conditions, the weight
of 3D-printed humanoid hand is less than 430 g (adult
man: 400-500 g). The results of the experiments verified
the correctness of our simulation, showed that a great
performance is reached through BEPT. It has achieved
great results in terms of price and weight, gripping force,
gripping speed, and force control effects.

However, our research also has some shortcomings.
For example, our finger’s under-actuation implementa-
tion scheme does not decouple the degrees of freedom
of the finger, resulting in some more sophisticated opera-
tions that cannot be completed. Flexible transmission
mechanism can also cause some material fatigue prob-
lems. Experiments on the dexterity of prosthetic hands
are also not perfect. These are the directions for our
future research. This prosthetic hand has a broad appli-
cation field like artificial prosthesis, humanoid robot and
Human-Robot interaction.
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