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Chopstick Robot Driven by X-shaped Soft Actuator
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Abstract: Chopsticks are a popular tool used every day by 1.5 billion people to pick up pieces of food
of different sizes and shapes. Given that the use of chopsticks requires sophisticated muscle control,
they are difficult to use for unskilled people. In this study, a chopstick robot that uses a new soft
actuator was developed. Firstly, we developed an X-shaped soft actuator and tested its performance.
When a voltage was applied to the actuator, the gap in the X shape was reduced by the resulting
electrostatic force. Conversely, when the power was turned off, the actuator recovered its original
shape owing to the elasticity of its material. We attached the X-shaped soft actuator between the
chopsticks. The chopstick robot, controlled by the input voltage, can pick up various objects in the
switched-on state and is able to release them when switched off. We tested the performance of the
chopstick robot and analyzed the forces acting on the chopsticks. The robot can be used for picking up
various objects. Moreover, the X-shaped actuator can be adapted for use in various studies, through
different shapes and configurations.
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1. Introduction

Chopsticks are a common and simple tool used for picking up food in oriental culture [1,2].
At least 1.5 billion people use chopsticks daily [3]. Chopsticks enable the user to pick up a variety of
food pieces in comparison to a fork. Experienced people manipulate their fingers to properly move
food with chopsticks, regardless of the size and hardness of the pieces [4,5].

There are several ways to handle chopsticks. Normally, when people use chopsticks, they pass
two chopsticks through the space between the thumb and index finger (Figure 1) [2,6]. One stick
is caught in the angle between the thumb and the index finger and is supported by the ring finger.
The other stick is held between the middle and index fingers and is supported by the thumb. By the
movement of the latter stick, the tips of the chopsticks are opened and closed.

Several studies related to chopsticks have been conducted. Specifically, in regards to the effective
use of chopsticks, their mechanism, optimum size, and shape have been studied [2,3,6,7]. Furthermore,
virtual chopsticks driven by captured movement of a user’s hand have been demonstrated in a virtual
reality system [8]. In addition, by applying the advantages of chopsticks to surgery and other research
areas, new devices and techniques have been developed for grasp and transport [9-13].

Although chopsticks constitute a useful tool and have many advantages, they need accurate
muscle manipulation [14]. Chopsticks require fine-tuning and adjustment of intrinsic and extrinsic
muscles in the hands. Thus, auxiliary devices for chopstick operation have also been developed to
improve user performance [15,16]. Moreover, chopstick robots have been developed for the elderly
and disabled people who have weak hand muscles.
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Figure 1. Photographs of moving chopsticks: (a) when the tips of the chopsticks are opened, and (b)

when they are closed.

Chopstick robots are evolving into various driving forms. For instance, there is a way to attach
chopsticks to a robot arm. The robot provides meal assistance through a 5-axis horizontal-type robot
system and a camera [17,18]. These robots can deliver food with various actions including mixing,
stabbing, cutting, separating, and spooning food with chopsticks. Another chopstick robot utilizes a
gripper based on the concept of under-actuation and a planar mechanism with 2 degree of freedom
(DOF) composed of a combination of 2 four-bar mechanisms [4]. A chopstick robot operated by the
fingers of a human-inspired robot hand has also been developed [19]. It has bones, joints, ligaments,
and tendons. Thus, it is able to use chopsticks through precise control of the fingers. The robot is also
capable of handling chopsticks for grasping various objects.

In this study, we propose a soft chopstick robot that works by directly using a soft actuator to
manipulate the chopsticks with minimum effort. Soft robots are used for a variety of applications, such
as wearable devices, artificial muscles, and grippers [20-23]. Typically, robots consist either of rigid
and electromechanical parts (e.g., magnet, copper, and steel bearings) or internal combustion engines
made of steel and aluminum alloys [24-26]. Owing to their composition, conventional robots are fast,
accurate, and very powerful. However, they are also substantially heavier and cumbersome. Soft
robots, on the other hand, have soft body structures and are composed of flexible materials which can be
operated smoothly [24,25,27,28]. Soft robots can also be adjusted in size and are lightweight. Moreover,
they have agile mobility, and they show great potential for future applications. For example, soft robot
hands can reach any point in a 3D workspace, using a variety of shapes and configurations. They
also have a low resistance to compression and carry fragile objects without damaging them [29-32].
Therefore, soft robots can be used in various forms, such as service robots that interact with humans,
exploration robots, and medical robots used in surgery and rehabilitation [24,27,33,34].

Soft actuators are key for soft robots. Electroactive polymers (EAPs) are a novel class of soft
actuators. EAPs that activated by electrostatic force can show fast reaction speeds and are compatible
with various manufacturing technologies [35]. In general, flexible actuators can be divided into two
main categories: electroactive polymer (EAP) actuators driven by electric fields and actuators driven by
other stimuli, including optical, thermal and chemical stimuli [36]. In addition, EAP actuators generally
include two actuators: dielectric and ionic actuators [37]. In dielectric elastomer actuators, electric
field-induced activation is generated by electrostatic attraction between two charged conductive layers
applied to the surface of a polymer film [38]. When a voltage potential difference is applied between
the two compliant electrodes, it causes compression of thickness and elongation in the region of the
polymer film. On the other hand, ionic EAP actuators are driven by the movement of mobile ions
within the polymer [36,39]. Small changes in external variables such as electric and magnetic fields,
temperature, solvent quality, and pH cause discontinuous changes. Examples of ionic EAPs include
polymer electrolyte gels, ionic polymer metal composites (IPMCs), conductive polymers, and bucky
gel actuators [36].
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Recently, studies are being conducted to improve the thermal stability and mechanical performance
of the material for actuators [40]. These studies suggest new process methods for long life, high
repeatability, and fast actuators compared to pneumatic and hydraulic actuators [41]. In particular,
multilayer dielectric elastomer actuators based on silicone materials and elastomeric electrodes have
many advantages in terms of thickness and manufacturing [42]. Further advantages include light
weight, easy fabrication, and miniaturization [43].

Many different kinds of polymeric materials have been used for soft actuators—among them,
silicone has been widely used for a lot of soft robot parts including actuators [44-48]. Silicone has
a high flexibility with an average Young’s modulus of 68.9 kPa, tensile strength at 100% strain, and
Poisson’s ratio of 0.499 [49]. Due to its high elasticity, the actuator does not require additional force
when it is restored to its original state [50]. Further, since the silicone is harmless to the human body,
silicone is widely used for surgical material and in daily necessities [51]. Thus, we use an EAP actuator
driven by an electric field.

By using this material, we make X-shaped soft actuators for a chopstick robot. Specifically, the X
shape is designed by combining two semi-ellipses with curved surfaces. To control the actuator using
an electric field, conductive tapes are attached to the surfaces of the X-shaped silicone. In addition,
the X-shaped silicone structure can be recovered after activation due to its elasticity. This paper is
organized as follows. Section 2 describes the fabrication method of the X-shaped actuator and the
experimental setup. Section 3 shows the operation of the chopstick robot with the X-shaped actuator.
We also analyze the force required to move the chopsticks and the force of the X-shaped actuator.
The conclusions are summarized in the final chapter.

2. Materials and Methods

2.1. X-shaped Actuator Fabrication

The fabrication mold for the X-shaped actuator was designed using Solidworks software (Dassault
Systemes Solidworks Corp., Waltham, MA, USA). The design mold was made of a main part (VisiJet M3
Crystal, 3D Systems Inc., Rock Hill, SC, USA) and supporter (VisiJet S300, 3D Systems Inc., Rock Hill,
SC, USA) materials with a 3D printer (ProJet HD3500, 3D systems Inc., Rock Hill, SC, USA) (Figure 2a).
After printing, the mold was heated at 60 °C for 6 h in a convection oven (DCF-31-N, Dae Heung Science,
Incheon, Korea) to melt the supporter material. Then, the melted supporter was completely removed
from the mold and the mold was put in an oil bath of an ultrasonic cleaner (Sae Han Ultrasonic Co.,
Seoul, Korea) (Figure 2b). After washing and drying, a release agent (Ease release 200, Smooth-On, Inc.,
East Texas, PA, USA) was sprayed on the mold surface to prevent the silicone from sticking to the mold.
The sprayed release agent was dried at 24 °C for 2 h.

After manufacturing the mold, the silicone was fabricated to create the X-shaped structure. First,
Ecoflex 0030 part A (Smooth-On, Inc., East Texas, PA, USA), Ecoflex 0030 part B (Smooth-On, Inc., East
Texas, PA, USA), and a platinum silicone cure accelerator (Plat-cat, Smooth-On, Inc., East Texas, PA,
USA) were properly mixed in the ratio of 1:1:0.04 following the manufacturer’s guide. The mixture was
vacuumed to remove air bubbles. Then, it was slowly poured into the mold and cured at approximately
24 °C for 2 h (Figure 2c). The X-shaped specimen was carefully separated from the mold using tweezers,
after solidification (Figure 2d).

A 2.5 cm X 1cm carbon conductive adhesive tape (Nisshin EM Co., Ltd., Tokyo, Japan) was attached
to the right half of the curved surfaces of silicone with wires (Figure 3). Polyethylene terephthalate
(PET) film (Saehan, Paju, Korea) and a copper tape (1181, 3M, Saint Paul, MN, USA) was cut into sizes
of 7cm X 2 cm and 5 cm X 1 cm, respectively. Then, the top and bottom of the copper tape were covered
with two PET films. We connected wires to supply input voltage to the copper tapes. Two of these
copper tapes with PET films were attached to the top and bottom of the X-shaped silicone.
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Figure 2. Schematic for X-shaped actuator fabrication: (a) the designed mold was fabricated with a 3D
printer, (b) the mold was printed, (c) the silicone mixture was poured into the mold and solidified, and
(d) the X-shaped silicone fabrication was completed.

o=
(+)/_\_'_/

PET film
Copper tape

(+)\/- - c.a.rbon tape
\ = Silicone

(-) \_

Figure 3. X-shaped actuator structure. Carbon tape attached to silicone is connected to the (+) of the
input voltage and the surrounding copper tape is connected to the (-) of the input voltage to create
an electrostatic force. In between, the two electrodes are blocked with polyethylene terephthalate
(PET) films.

2.2. Voltage Input

A high-voltage power supply (MK-200002B, MKPOWER Inc., Seoul, Korea) providing an output
of 12 kV was utilized for operating the actuator. Two thick-film resistors (50 M) each, Ohmite,
Warrenville, IL, USA) were connected between the output pins of this power supply for discharging.
For the electrostatic force, the (+) and (-) ports of the high-voltage power supply were connected to the
carbon and copper tapes, respectively (Figure 3).

2.3. Chopstick Robot Configuration

The outer PET film of the X-shaped actuator was attached to each chopstick handle. One of the
chopsticks was fixed using a stand and the other was free so that it could move according to the
movement of the X-shaped actuator. The operation of the chopsticks was recorded using a camera
(DSC RX10M3, Sony, Tokyo, Japan; lens: Vario-Sonnnar T*, Zeiss, Oberkochen, Germany).
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3. Results

3.1. Motion of X-shaped Actuator

Electrostatic attraction occurs when voltage is applied to the copper and carbon tapes in the
X-shaped actuator. For a clear gap comparison between the switched-on and switched-off states, we
attached a carbon tape to the whole length of the X-shaped actuator (Figure 4). As a result, the distance
between the carbon and copper tapes was reduced, and the total height of the X-shaped actuator was
lower. When we placed the X-shaped actuator on the ground and applied the voltage, the gap between
the carbon and copper tapes decreased by approximately 5 mm from the original height. By contrast,
when the power is turned off, the elasticity of the X-shaped actuator makes it return to the original
shape immediately.

(a) (b)

Figure 4. Motion of the X-shaped actuator: (a) its original shape without a voltage input, and (b) its
contracted shape when a voltage difference is applied.

3.2. Operation Mechanism of Chopstick Robot

There are two ways to hold the chopsticks to catch objects. The first method is to narrow the
gap between the supporting chopstick and the moving chopstick in parallel. The second method
corresponds to the use of chopsticks with fingers. The latter type of exercise is to rotate the chopstick
around the thumb. Interestingly, the chopstick moves by the movement of the index finger and the
middle finger, which are located in front of the thumb. In this method, the gap between the two tips of
the chopsticks on the side holding the object is very narrow, but the gap between the two ends of the
chopsticks is very wide.

Chepisheva et al. made a soft robotic hand to use chopsticks and proposed a simple chopstick
model [19]. In this model, the downward force of the chopsticks takes into account the forces exerted
by the distal and proximal phalanges of the index finger, Fr; and Fy3, respectively (Figure 5a). They
also considered Fp,, i.e., the force exerted by the distal phalanx of the thumb; a1, a5, and a3 denote the
lengths up to each point of the force. Considering these forces and distances, the force and moment
equalities for the chopstick model are expressed as follows:

Froa+Fp+Fp—Fp=0 1)

Fpiay + Fp3(ar +az +a3) = Fpp(a; +a2) =0 (2)

In our case, the chopstick robot is operated by electrostatic forces (AF,s(x)) at certain distances
(des(x)) of the X-shaped actuator (Figure 5b). In the switched-off state, the elastic force (AF,(x)) at
the distances (d,(x)), based on the structure and material characteristics of the robot, is used for the
recovery of the X-shaped actuator (Figure 5c). Note that d,s(x) and d,;(x) denote the distance from the
tip of the chopstick to the point at which the elastic force and elasticity act, respectively. The lengths up
to each point of the force can be expressed as follows:

des(X) =d; + (r—x) 3)

der(x) = dy + (r - x) (4)
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where r denotes the equatorial radius of the semi-ellipse structure (Figure 5b) and d; is the distance
from the tip of the chopstick to the end of the actuator. By considering the robot condition, the force
and moment equalities for the chopstick model are as follows:

T s
Ff_uct+j(; Ang(x)dx—f AFy(x)dx =0 (5)

r

[ @kt deanas— [ (3Fale) - dateix =0 ®)
0 —_

r

The electrostatic force acts only on the lower half of the semi-ellipse, but the elastic force acts on
the entire semi-ellipse. Therefore, the range of the force is doubled.

Figure 5. Schematics for the chopstick robot operation: (a) the force acting when moving the chopsticks
with fingers (Chepisheva et al.’s theory), (b) the chopsticks are closed by electrostatic force, and (c) the
chopsticks are opened by elasticity.

The electrostatic force acting on the carbon tape of the semi-ellipse structure can be calculated
as follows,

f AF s (x)dx = £0(V4)* /2 xf y1/(zo +h Vr? —xz/r)zdx )
0 0

where €, V3, and y; are the electric permittivity of free space, the voltage difference, and the width of
the carbon tape, respectively (Figure 6); zy denotes a slight gap between the PET film and the lowest
point in the X-shaped actuator; and & represents the polar radius. The parameters for calculation are
presented in Table 1.

Figure 6. A schematic of the semi-ellipse in the X-shaped actuator with parameters and coordinate definitions.
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Table 1. Parameters for electrostatic force calculation.

Symbol Value
& 8.85 x 10712 F/m
Vy 12kV
0 0.1x1073 m
" 10x 1073 m
r 25x 1073 m
h 8x 1073 m
d; 190 X 103 m

We can calculate the total electrostatic force by substituting the parameters given in Table 1 into
Equation (7). The resultis 1.01 x 1072 N.

As can be seen in Equation (7), parameters such as the applied voltage difference and the radius
and height of the X-shaped actuator have a decisive influence on the electrostatic force. To investigate
the effects of these parameters, we performed further calculations.

As the applied voltage difference increases, the electrostatic force sharply increases (Figure 7).
Compared to 12 kV, which was the voltage we used for the experiment, the electrostatic force at 6 kV is
reduced by one-quarter. Conversely, the electrostatic force is more than doubled at 18 kV.

Electrostatic force (N)

3.0x1072 4

2.5x10°2

2.0x107

1.5x107 -

1.0x102

5.0x10°

0.0

0

10 12 14 16 18 20
Voltage difference (kV)

Figure 7. Electrostatic force changes due to variation in voltage difference.

Further, the radius of the X-shaped actuator is proportional to the electrostatic force (Figure 8).
When the radius of the X-shaped actuator is reduced by 1 cm, the electrostatic force is reduced by
approximately 60.4%. On the other hand, doubling the radius of an X-shaped actuator doubles the
electrostatic force.

Electrostatic force (N)

2.5x10 ~

2.0x107 -

1.5x102 4

1.0x102 <

5.0x10% 4

0.0

40 50

Radius (mm)

Figure 8. Electrostatic force changes due to variation in the radius of the X-shaped actuator (r).
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When the height of the X-shaped actuator is increased, the electrostatic force decreases sharply
(Figure 9). The height of the actuator is the peak distance between the two electrodes. Halving
the height of the X-shaped actuator results in a greater than 3-fold increase in the electrostatic force.
Conversely, the electrostatic force is reduced by one-third when the height is doubled.

1.2x10"" -

1.0x10""

_ .-

Electrostatic force (N)
- =] -]
[=] [=] [=]
b > »
— — -
(=] (=] (=1
fa ma ra
1 1
-

2.0x102 1 N

-
Tee- - g _
[
0.0 ey -+

0 2 4 6 8 10 12 14 16 18 20
Height (mm)

Figure 9. Electrostatic force changes due variation in the height of the X-shaped actuator.

3.3. Chopstick Robot Tests with Various Objects

We attached the X-shaped actuator between the chopsticks. When the voltage input was applied
to the X-shaped actuator, the gap between the chopsticks became narrower (Figure 10). On the other
hand, when the voltage was turned off, the electrostatic attraction disappeared and the elasticity of the
actuator resulted in recovery of its original shape. Therefore, it was possible to recover its original shape
again. The chopstick robot was closed within 0.9 s and opened within 0.5 s due to the voltage applied.

Figure 10. Motion of chopstick robot: (a) its original state without a voltage input, and (b) when the
chopsticks are closed by the electrostatic force when voltage is supplied.
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We tested the chopstick robot by attempting to hold various objects (Supplementary Video S1).
The robot grasped a 10 mm X 10 mm X 10 mm cube made of paper (Figure 11a). In addition, the
robot successfully grasped a rubber band and a silicone plate, with a radius of 10 mm and a thickness
of 2 mm, respectively (Figure 11b,c). The chopstick robot holds an object while the power is turned
on, and immediately drops it when the power is turned off. It could also pick up a strand of hair
(Figure 11d). Moreover, we have carried out hundreds of repeated experiments and the chopstick
robot performed well repetitively, without any structural modifications or problems.

Figure 11. Pictures of the chopstick robot holding various objects: (a) a paper cube, (b) a rubber band,
(c) a silicone piece, and (d) a strand of hair.

4. Conclusions

In this study, we designed and manufactured a chopstick robot that uses an X-shaped actuator
and is driven by an electrostatic force and elasticity. In order to close the tips of the chopsticks, we
utilized an electrostatic force. In order to open the tips of the chopsticks, the elasticity of the X-shaped
actuator was utilized. The balance between the opening force and the closing force at the tips is very
important for the chopstick robot. If the elasticity of the soft actuator is too strong, the electrostatic
force cannot overcome the elastic force and the chopsticks cannot be closed. On the other hand, if
the elastic force is too small, the chopsticks cannot return to the original shape immediately. Both
the electrostatic force and elastic force were calculated through simple theoretical analysis. We also
investigated the effects of the parameters using theoretical calculations. Finally, we demonstrated
that the chopstick robot could successfully pick up various objects. The theoretical modeling and
simulation to study the dynamics of the X-shaped actuator will be our future work.

The X-shaped actuator can be used to control the distance of two parallel panels. Typically, it can
be applied to a gripper that has a mechanism similar to a chopstick. Recently, much research has been
conducted aimed at grasping and moving fine and fragile materials without damage in various fields
including in semiconductor fabrication. The grasping force of the X-shaped actuator can be controlled
depending on the size or shape of the target sample. In particular, if all the gripper parts are replaced
with soft materials, they will be able to specialize in carrying small and fragile objects. In addition, the
X-shaped actuator can be used as a valve that controls the flow of fluids because it can manage the
distance and angle of two parallel panels.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0825/9/2/32/s1,
Video S1: Chopstick robot driven by soft actuator: a supplementary video showing the motion of the chopstick
robot when an electrostatic force is applied in the switched-on state.
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