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Multijoint Robot Hand Design for Puppet Operations
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The popularity of traditional puppet shows has been decreasing. To preserve and promote this traditional

cultural art form, this study proposes a puppet operation system and 23-degree-of-freedom robot hand to

operate a puppet. The system can be employed to retain and retrieve the 3D gestures of professional puppet

operators and control the proposed robot hand for complete imitation of the gesture trajectory of puppeteers.

Moreover, the system can be used to help users learn correct puppet operations.
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1. Introduction

As a crucial aspect of the Chinese cultural heritage, pup-
petry became a symbol of lifestyle, recreation, and reli-
gious support for Taiwanese people after the 1950s. How-
ever, with the rapid of technology, people can now access
different multimedia content on various devices, includ-
ing televisions, radios, and smartphones, and traditional
puppet shows are losing their popularity. To attract audi-
ences, some traditional puppetry groups have combined
augmented reality and 3D movie techniques to develop
new styles of puppetry performance [1, 2]. In this study,
we introduced a novel technique to draw the attention of
people to this valuable form of the cultural art.

Robotic arms and legs have been designed and applied
widely [3-8]. Vishal Ramaswamy and Angel Deborah in-
vestigated various factors that are used for human robot
interaction in robotic hand arm systems, including the
controlling methods, grasping ability, and human-robotic
hand interactions [3]. Rathan et al. [4] introduced sev-
eral techniques for robotic arm movements, user interface,
transmission modes and the related limitations. Lee et
al. [5] designed a robotic leg by using a PID controller
and pneumatic artificial muscles. The developed robotic
leg does not dump in a limited range under virtual con-
straints. Ciullo et al. [6] developed a supernumerary hand
system (SoftHand X) to assist people with reduced hand

functionalities and assessed several healthy individuals
with standard clinical tests, and experimental results re-
vealed that two positions of human hands are the most
suitable placement locations for robotic hands. In addi-
tion to industrial and medical services, social robotics has
received considerable attention recently. Peng et al. [7] cat-
egorized and discussed the research of robotic dance into
four types, which were a cooperative human-robot dance,
imitation of human dance motions, music synchronization,

and development of robotic choreography.

Besides the research related to variety robotic tech-
niques, in this study, we focus on how to design a robot
hand to operate puppets. Kawasaki and Mouri reviewed
several humanoid robot hands and their applications [9].
For instance, Endo and Kawasaki designed a VR-based
haptic training system and HIRO robotic hand to help be-
ginners for studying in medical, industrial, and other fields
[10, 11]. The HIRO comprises a haptic hand with five hap-
tic fingers and a controller. This robot hand can exert a
three-directional force at each fingertip. Kadhim et al. [12]
developed a low-cost 3D-printed wearable prosthetic hand
for people with disability. The prosthetic hand exhibits
an 18-degree-of-freedom (DOF) design and five fingers ca-
pable of moving and gripping objects. Jeong et al. [13]
designed a 15-DOF robot hand capable of gripping differ-
ent items, and Heisnam and Suthar developed a 20-DOF
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robot hand capable of performing highly precise actions
[14]. Furthermore, researchers have used robot hands for
artistic creation, such as in painting [15, 16] and playing
the piano. However, controlling a puppet is a complex and
challenging task, which has not been explored in many
studies.

Although a “robotized puppet” for a puppet perfor-
mance could be developed, this study aims to create a
puppet operation system and 23-DOF robot hand that can
not only operate the puppet through a robotic mechanism
but also demonstrate correct hand gestures for puppet per-
formances and teach users these gestures. Fig. 1 presents
the system flowchart. First, the motion data of 3D hand
gestures were captured using a leap motion sensor. The
proposed system was employed to retrieve 3D gesture data
from puppet operators and transfer the data as control sig-
nals to operate a puppet with the robot hand. Our system
can be used to control the robot hand to imitate five ges-
tures performed by puppeteer. The main three functions
of the system are as follows: (a) Preservation: To help pro-
fessional puppeteers preserve their 3D gesture data when
operating a puppet. (b) Education: To assist users in learn-
ing puppet operating. (c) Demonstration: To control the
robot hand for operating puppets and to demonstrate ges-
tures for teaching correct hand gestures.

Fig. 1. System flowchart.

2. Mechanical design

A 23-DOF robot hand was designed to imitate the gestures
used for operating puppets. The design principle was es-
tablished on the basis of the human hand for factors such
as shape, contour line, and bone structure. Fig. 2 illus-
trates the proposed robot hand. Hand frameworks and
shells were developed through 3D printing [gray parts in
Fig. 2(a)]. PLA was used as the 3D-printing material be-
cause of its high strength and stiffness. Approximately 30
hours were required for printing complete framework and
shells by using a 3D printer. The weight of the puppet
was 200-300g. For stability and rigidity, the wrist of the
hand was designed using an aluminum alloy. To imitate
a puppet operator’s gestures, each joint of the hand was
equipped with a servo motor. Fig. 3 illustrates a single
finger and the corresponding 3-DOF mechanism hardware
design.

(b)

Fig. 2. Robot hand’s (a) Appearance; (b) 3D rendered

result.

Fig. 3. The design of single finger and its 3-DOF mecha-

nism hardware.

3. Hand gesture imitation

To control the robot hand for operating puppets, we first
recorded the 3D hand gesture motion data of a professional
puppeteer by using the leap motion sensor. The profes-
sional gestures of nodding and turning the puppet head
from the puppeteer and the 3D hand gesture motion data
were recorded (Fig. 4). A leap motion controller was used
to install three infrared LEDs and two monochromatic IR
cameras to detect motion objects. Infrared LEDs were em-
ployed to generate IR light, and the light was projected on
the motion object. Subsequently, IR cameras were used to
receive and collect the data reflected from the motion object.
The reflected data were then analyzed using the leap mo-
tion tracking software [17]. When the puppeteer operates a
hand gesture, the tracking software can be used to locate
the 3D position of fingers and palms and record the 3D
direction of each phalange. Our puppet operation system
was then used to calculate the angles between two consecu-
tive phalanges to obtain the spread angles of corresponding
knuckles. The spread angles of knuckles represented the
rotation angles of 23 motors in the robot hand operating
system. Finally, five operation gestures were transformed
into the corresponding rotation angles of 23 motors for
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controlling the robot hand. Fig. 5 presents the correspond-
ing control results of imitating the correct hand gesture for

nodding and turning puppet head by using the robot hand.

Fig. 4. Gestures of nodding and turning the puppet head.

Fig. 5. Imitating the hand gesture for nodding and turn-
ing puppet head by using the robot hand.

In this study, we used the leap motion sensor to record
the 3D hand gesture motion data; Fig. 6 presents the 3D
coordinates of the leap motion and corresponding robot
hand. The y and z axes represent the direction of the mid-
dle finger and back of the hand, respectively. Our puppet
operation system was then used to transform the 3D mo-
tion data into a series of the corresponding rotation angles
for 23 motors. In the puppet operation system, a Rasp-
berry Pi 3 computer was used as the computational core
for motor control. However, during the recording of the 3D
gesture data of the puppet operations, noise interference
often influenced the motion data because of a subtle hand
tremor. Therefore, we applied a median filter to remove
noise interference and smoothen robot control signals. Con-
sequently, the robot hand highly resembled a human hand
during gesture imitation.

+Y

Fig. 6. 3D coordinate of leap motion and the correspond-
ing robot hand.

4. Experimental simulation

The proposed puppet operation system was developed for
both employing correct hand gestures during puppet per-
formances and teaching users to perform these gestures.
First, a user selected the puppet operation action and re-
ferred to the operation process (Fig. 7). As the example in
Fig. 7(d), without acquiring any feedback and information
from a video acquisition system, our system was employed
to control the robot hand for imitating the waving gesture
of the puppeteer. These control commands were analyzed
and recorded beforehand according to the gestures of the
puppeteer. The video acquisition system was applied only
when our system was employed to retain and retrieve the
3D gesture data of professional puppeteers. Puppet actions,
including nodding and turning the puppet head and wav-
ing puppet hands, were performed. The puppet operation
speed could be adjusted. In addition, the user could select
a sequence of puppet actions for demonstration; five pup-
pet actions and a pause function (a pause of three seconds)
were selected, (Fig. 8).

Unlike the human hand, our system presented with limi-
tations. When puppeteers attempt to makes a gesture, they
can control their finger joints angels and gesture speed.
Moreover, they can accurately adjust even the slightest
forces of each finger. Our system can be used to imitate
the gesture of the puppeteer and adjust its operation speed;
however, reproducing the force adjustment performed by
puppeteers’ fingers accurately by using the system is dif-
ficulty. During actual tests, all nodding and waving hand
actions were successfully performed. However, the action
of turning the puppet head required accurate control force.
When our system was used to turn the puppet head, one
of three attempts resulted in failure.

Generally, Taiwanese puppets are mainly used to per-
form six roles, namely elder men, women, scholars, sol-
diers, clowns, and others. Each role has its own gesture
for actions. For example, a soldier puppet waves its hand
in exaggerated action. In this study, a professional pup-
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Fig. 7. (a) Nodding puppet head; (b) Turning puppet
head to left; (c) Turning puppet head to right; (d) Waving
puppet right hand.

peteer operated the puppet gestures of scholars, and the
corresponding 3D hand gesture motion data were recorded.
Therefore, our puppet operation system was used to per-
form each action as the role of a scholar. As illustrated in
Figs. 9(a) and 10(a), the puppet operator system was used
to demonstrate the process of making the puppet wave its
hand and nod its heads. A video of our system in operation
is available at [18]. Our system can be used to completely
simulate the actions of a professional puppeteer [Figs. 9(b)
and 10(b)].

To determine whether the puppet operation system fa-
cilitates the process of learning puppet operating, a field
trial was performed (Fig. 11). We examined whether partic-
ipants understood puppet operating after using our system.
The participants were 10 individuals aged 20-24 years. Af-
ter the field trial, all the participants provided positive
feedback. They provided the following comments: “Us-
ing a robot hand to operate a puppet is quite exceptional,”
“This kind of learning method is very interesting,” and “A
robot hand operating a puppet is new and surprising.”

In addition, the system was tested by professional pup-
peteers. The following is a summary of their comments.

1. Robot hand use for an actual puppet performance
still presents difficulties. First, the action of the human
hand is more intricate than that of the robot hand. Second,
the puppet could not always remain in the same location
during a performance. This system requires a robot arm or
moving platform to allow puppets to move and perform.

2. During a show, puppets may be required to perform
large movements or minute actions, depending on the plot

Noding Turn Tum‘ Wave ‘\Va\'e

Head L HeadR L Hand R Hand

‘ Pause

Fig. 8. Assigning a sequence puppet actions for demon-
stration.

(b)

Fig. 9. (a) The robot hand makes the puppet wave its left
hand; (b) The action of waving hand by a professional
puppet operator.

of plays. In addition, during a performance, the operating
speed of puppets must be adjusted to control them move
faster or slower. Therefore, the system is only suitable to
be used for playing a supporting role.

3. Although using the robot hand for an actual puppet
show is extremely difficult, the puppet operation system
can still be used for demonstrations and as a teaching aid.
In an exhibition, using the robot hand to operate a puppet
can attract the attention of people and potentially lead
them to enjoy glove puppetry. Further development in this
technique can be valuable for the preservation of puppetry
culture in Taiwan.

5. Conclusions

This study proposed a system to analyze the trajectory of
human hands and to control a 23-DOF robot hand to imi-
tate the gesture trajectory of professional puppeteers. The
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(a)

Fig. 10. (a) The robot hand makes the puppet nod its
head; (b) The action of nodding head by a professional
puppet operator.

Fig. 11. Field trial of the puppet operation system.

proposed puppet operation system can be used to retain
and retrieve the 3D gestures of professional puppeteers.
Our puppet operation system can be used to transform
these data into the corresponding rotation angles of 23 mo-
tors on the robot hand. The simulation results indicated
that this system can be used to operate puppet and demon-
strate gestures for teaching correct hand gestures. In the
future, the current system may facilitate in the preservation
of puppetry culture.
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