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Abstract

This paper presents fabrication and actuation methods for a soft microrobot with a hybrid structure composed of soft
microactuators and a rigid supporting body. This hybrid structure enables actuation of the microrobot with inde-
pendent driving of multiple actuators to provide complex movement like that of living microorganisms. We use the
temperature-responsive hydrogel poly(N-isopropylacrylamide) (PNIPAAmM) as a soft microactuator. PNIPAAmM swells
with water at low temperature but shrinks at high temperature. This volume change thus allows PNIPAAm to be used
as an actuator by controlling its temperature. We successfully fabricated the microrobot with its soft-rigid hybrid struc-
ture composed of PNIPAAmM and rigid photoresist using a multilayered microfabrication process. In addition, we used

robot with the soft-rigid hybrid structure in this paper.

a sacrificial layer process to release the fabricated microrobot from the substrate to allow it to move freely. To actu-
ate the microrobot, we mixed PNIPAAmM with graphene, which has a high photothermal conversion efficiency. The
temperature of the soft actuator when mixed with graphene can be increased by irradiating it with light. Therefore,
actuation of the microrobot is achieved by sequentially irradiating the microactuators with focused light. We present
the fabrication, release and partial actuation of the microrobot to demonstrate the feasibility of the proposed micro-
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Introduction

In recent decades, soft robots have been attracting con-
siderable attention because these robots have potential
to bring a new era of robotics and be used in numer-
ous practical applications [1-9]. From the viewpoint of
basic research, artificial mechanisms with softness simi-
lar to that of living organisms can aid in understanding
the origins of unique functions or the high efficiency of
the mechanisms of living organisms. By understanding
these origins, we can realize robots that have new func-
tions or greater efficiency by correctly mimicking the
mechanisms of living organisms, such as the locomotion
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of humans [4, 5], the swimming mechanisms of fish [6]
or the peristaltic motion of earthworms [7]. In addi-
tion to basic research, soft robots could also possibly be
used in a number of practical applications. For example,
their softness would allow cooperative working involv-
ing robots and humans to be realized with reduced risk
of damage or harm in the case of an accident [8]. Another
potential application of soft robots is to act as a flexible
soft gripper [9]. A soft gripper can be used to grip target
objects with wide size, shape and stiffness ranges because
the gripper can change its shape according to the target
object.

When focusing on the mechanisms of motion of living
organisms, one of the most important points is their use
of hybrid structures composed of soft structural compo-
nents and a rigid supporting body. For example, mam-
mals, birds and fish all have hybrid structures composed
of soft muscles and rigid skeletons. In addition, insects

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://orcid.org/0000-0002-8420-3758
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40648-019-0140-3&domain=pdf

Watanabe et al. Robomech J (2019)6:11

have soft muscles located inside rigid exoskeletons. These
hybrid structures work excellently and can be used to
realize a variety of movements, including walking, run-
ning, swimming or flying. Therefore, these soft-rigid
hybrid structures are thought to be a key feature of living
organisms. In fact, most reported soft robots have hybrid
structures comprising soft actuators and rigid supporting
bodies [4-9].

As we noted above, such soft robots have major poten-
tial and have been intensively researched. However, most
of these reported soft robots are on the macroscale, i.e.,
they have sizes ranging from the millimeter scale to the
meter scale. On the microscale, living microorganisms
also have hybrid structures composed of soft actuators
and rigid supporting bodies. For example, some bacteria
have rigid cell walls that act as a supporting body and a
flagellum that acts as a soft actuator to enable swimming
in water. A paramecium does not have a cell wall but it
does have a cytoskeletal structure that acts as a sup-
porting body and numerous cilia that act as soft actua-
tors on the surface of their cell membrane. The cilia on
the paramecium move sequentially and realize peristaltic
motion to generate sufficient flow to swim. Human body
cells also have cytoskeletal supporting bodies and actin
fibers that act as soft actuators inside their cell mem-
branes. Therefore, even on the microscale, hybrid struc-
tures of soft actuators and rigid supporting bodies appear
to be essential to the movements and functions of living
microorganisms.

Some soft microrobots on the wm to mm scale have
also been reported [10-18]. For example, Palagi et al.
fabricated soft liquid-crystal elastomer (LCE) actuators
and moved them via light irradiation [16]. However, this
robot was constructed using soft structures only. It is dif-
ficult to realize soft-rigid hybrid structures that mimic
living microorganisms. Nawroth et al. and Akiyama et al.
succeeded in fabricating a hybrid structure composed
of living cells and a rigid supporting body [17, 18]. They
used rat cardiomyocytes or mammalian muscle cells as
the soft actuators and placed them on rigid microstruc-
tures. They also successfully actuated the muscle cells by
application of an external electric field or light irradiation
and thus moved the robots. However, these soft actua-
tors were made from living cells and thus degraded in a
short time and might have low repeatability. Therefore, in
the case of using the microrobot for long term, such as
cell manipulation in long term cell culturing devices or
in-vivo study, it is important to realize a soft microrobot
with a soft-rigid hybrid structure that is made completely
from artificial materials.

Another important point with regard to microrobots
is the number of integrated actuators to the robots. In
conventional works, relatively simple structures have
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been used, such as structures composed of soft materials
only [16], stacked sheets of rigid photoresist and muscle
cells [17], or muscle cells placed on a rigid microstruc-
ture [18]. These robots are actuated by light irradiation
or application of an electric field to the robot. These spa-
tially uniform external fields actuate all parts of the soft
actuators on the microrobots uniformly. Conventional
structures and actuation methods can thus be used to
achieve relatively simple motions that cannot indepen-
dently drive multiple actuators, such as thrusting motion
or walking in one direction, as shown in Fig. 1a. To real-
ize more complex motion like that of living microorgan-
isms, independent actuation of multiple soft actuators
on the microrobots is necessary. By actuating multiple
actuators independently, soft microrobots can realize
complex motion like that of living microorganisms, e.g.,
swimming, turning or peristaltic motion, as shown in
Fig. 1b. Therefore, the two important techniques required
to realize soft microrobots that can mimic living micro-
organisms are (i) a fabrication method for a soft-rigid
hybrid structure made from artificial materials, and (ii) a
method for independent actuation of the multiple actua-
tors on these robots.

In this paper, we propose a soft microrobot with a soft-
rigid hybrid structure. The proposed robot is fabricated
using a microfabrication process and is made entirely
from artificial materials. The proposed hybrid robot can
be actuated via light irradiation and this will enable inde-
pendent actuation of multiple actuators on the microro-
bot. Next, we present the concept of the soft microrobot
and explain the actuation mechanism. Subsequently, we
perform experimental and theoretical evaluations of the
soft actuator and describe the fabrication method of the
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Fig. 1 Motion of soft microrobot. a Motion with actuation of single
soft actuator, and b independent actuation of multiple soft actuators
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proposed soft microrobot. Finally, we fabricate the robot
and demonstrate the feasibility of the proposed actuation
method for this robot.

Concept

To realize a microrobot with soft-rigid hybrid structures,
we propose a soft microrobot made from temperature-
responsive gel and photoresist material, as shown in
Fig. 2. The proposed soft microrobot has bodies com-
posed of temperature-responsive gels that operate as soft
actuators and photoresist acting as the rigid supporting
body. For the soft actuators, we use the photo-patternable
temperature-responsive gel poly(N-isopropylacrylamide)
(PNIPAAm; Bioresist, Nissan Chemical Corp., Tokyo,
Japan) [19]. PNIPAAm is a hydrogel that contains water
as part of a solution. It swells with environmental water
content at low temperatures (< 32 °C) and shrinks at high
temperatures (> 32 °C). Bioresist is photo-patternable
PNIPAAm, which can be patterned on a substrate with
fixed structure by using UV exposure. Therefore, we can
use volume changes of patterned bioresist on a substrate
as an actuator, as shown in the inset of Fig. 2 [20-22].
Therefore, we can use this volume change to provide the
displacement of the actuator by controlling the tempera-
ture of the PNIPAAm. The rigid supporting body is made
from photoresist (SU-8, Kayaku Microchem Co. Ltd,,
Tokyo, Japan). These soft actuators and rigid support-
ing bodies can be fabricated via a multilayered photoli-
thography process with accuracy of the pum order. While
usual microfabricated structures are fixed to the sub-
strate, the fabricated microrobot must be released from
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the substrate. Therefore, we use a sacrificial layer process
based on use of dextran [23, 24], as will be described in
detail later in the paper.

To actuate the robot, we use light irradiation to heat
the soft actuator locally. Normally, actuation of micro-
fabricated PNIPAAm structures is performed using a
microheater [25-27]. However, the wiring of such a
microheater would prevent free movement of the micro-
robot. Therefore, we use light irradiation-based tem-
perature control to actuate the microrobot. The main
constituent of the PNIPAAm solution is water and its
light absorption is low. Therefore, we mixed PNIPAAm
with graphene, which is known to be a high-efficiency
photothermal conversion material [28—30]. Other candi-
dates for light absorber are metal nanomaterials, such as
gold or silver nanoparticles. These materials have higher
wavelength selectivity for light absorption in UV to vis-
ible light region. On the other hand, carbon nanomate-
rials, such as graphene, or carbon nanotubes have wider
absorption spectrum from UV to IR region. [28, 31] In
this study, we employed graphene which has high absorp-
tion at IR region because we used IR laser for driving of
the actuator. The temperature of PNIPAAm when mixed
with graphene can be increased by irradiating it using
light. In addition, we can selectively actuate one actuator
among multiple actuators by irradiating it with focused
light, as shown in Fig. 2. Therefore, independent actua-
tion of the multiple actuators on the soft microrobot can
be achieved by irradiating the patterned soft actuators
sequentially with focused light. The proposed actuation
method will allow independent actuation of the multiple

Light absorber

(SRR

Graphene

Peristaltic motion

'Soft{microrobot I
0 A Pl e e
N\ RV 44 ELUNNNANNNNNNNINNNNNNNNNNNNNNNNNNNN
Light motion ) - WTGV 3
- ey TeR (I i
4 ELIAEIIENIERIIRINIRNIIRNIINNRNNINNNNWN
\ Cold Hot
) \
Shrinking [ I ]

Rigid

Fig. 2 Concept of soft microrobot having with soft-rigid hybrid structures

AR

AN

Huzunslislsl
|| L

A RIIEERINRE IR RN

EANNARNINIININIIINNINIINNNIINNNINNNNNN




Watanabe et al. Robomech J (2019)6:11

actuators on the microrobot to realize complex move-
ments such as the peristaltic, turning, or swimming
motions of living microorganisms.

In this study, we fabricated a straight-structured micro-
robot with soft-rigid hybrid structures containing six
actuators, as shown in Fig. 2.

Light driving of soft actuator

First, we evaluated the driving characteristics of pat-
terned PNIPAAm acting as a soft actuator when driven
using the proposed method.

Experiments

We fabricated patterns of various sizes using PNIPAAm
mixed with graphene on a glass substrate. These PNI-
PAAm patterns were fabricated via standard photolithog-
raphy processes. We mixed graphene ink (793663-5ML,
Sigma-Aldrich Japan, Tokyo, Japan) into Bioresist up to
3.7% of its volume. We fabricated circular-shaped pat-
terns of PNIPAAm with diameters of 200 um and 40 pm
to confirm the differences in the drive characteristics that
occur according to the actuator sizes.

The experimental system used to irradiate the actua-
tors with light is shown in Fig. 3. To drive the soft actua-
tors, we focused an infrared (IR) laser (LuxX 1060-150,
Omicron-Laserage Laserprodukte GmbH, Rodgau-
Dudenhofen, Germany; wavelength: 1060 nm) with
150 mW output power using an objective lens (Plan N
10x/0.25na, Olympus, Tokyo, Japan). The power distri-
bution of this laser is gaussian and its full width at half
maximum (FWHM) is 750 pm. The microscopic images
were observed and recorded using a charge-coupled
device (CCD) camera (BFS-U3-3254, FLIR Systems Japan
K.K., Tokyo, Japan). To evaluate the frequency responses
of the actuators, we input square waves with frequencies
of 0.01-5.00 Hz to the laser controller. Using this input
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Fig. 3 Experimental system
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signal, the IR laser was switched on and off at these input
frequencies.

Evaluation of drive characteristics of soft actuator

First, we succeeded in driving the patterned soft actuator
by irradiating it with the focused IR laser beam, as shown
in Fig. 4a. To evaluate the displacements of the actuator,
we define the displacement as follows.

D

Displacement ratio : —————
Dpax — Dmin

(1)
Here, Dy is the difference in the diameter of the actua-
tor before and after laser irradiation, and Dax and Dy
are the maximum and minimum values of the diameters,
respectively.

The measured displacement at each frequency is shown
in Fig. 4b. From Fig. 4b, the displacements of the actua-
tors of both sizes were reduced by increasing the operat-
ing frequency. From Fig. 4b, the displacements of the 40
pum actuator are larger than those of the 200 pm actua-
tor. These results show that the PNIPAAm patterns with
smaller sizes produce faster response characteristics.
This is thought to occur because of the scale effect of the
thermal transfer inside the actuator. Therefore, we esti-
mate the scale effect theoretically in the next subsection.

Theoretical analysis of the scale effect on thermal transfer

To estimate the scale effects on the response character-
istics, we performed a theoretical analysis of the ther-
mal transfer in the actuator. The model for this analysis is
shown in Fig. 5. We assume that the temperature at the
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Fig. 5 Theoretical analysis model

laser-irradiated point increases much more quickly than
the temperature increases at any other parts of the actuator.
Therefore, we set the temperature of the laser-irradiated
point to be the constant high temperature T. In addition,
we assume that the environmental temperature is also con-
stant because the volume of water in the environment is
much larger than that in the patterned actuator. Therefore,
we set the environmental temperature to be the constant
low temperature T7. Under these assumptions, when the
laser irradiates the center of the circular-shaped actuators,
the thermal transfer phenomenon can be described using a
one-dimensional equation along the radial direction shown
as the x axis (A-A’) in Fig. 5.

We used a Fourier equation that describes the non-
equilibrium heat conduction to evaluate the transient
phenomenon of temperature change that occurs when
the laser is irradiating the microactuator. The one-dimen-
sional Fourier equation is written as follows:

T 0T

ar o2 @

where T is the temperature at coordinate x and time
t, and « is the thermal diffusivity, which is described as
o = k/pc. Here, k, p, and ¢ are material constants, i.e.,
the thermal conductivity, the density and the specific
heat, respectively. For reference, the value of « of water is
1.44 x 10~7[m?/s]and SU-8 (epoxy) is 1.47 x 10~7[m?/s]
at 20 °C, respectively.

This equation can be solved using Laplace and inverse
Laplace transformations under the following boundary
and initial conditions.

T(x,t=0) =T 3)
T(x=0t) =Ty 4)

Tx=Lt¢t =T; (5)
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The derived solution to Eq. (2) can be written as a tem-
perature difference using a polynomial form, as follows.

T(x,t)— T -1 X
Ty—T, L
< 2 2na \ | x
— Z —exp | — t ] sin (nnf)
c~mn L2 L

(6)

This equation (6) can be rewritten in a dimensionless
form by introducing the dimensionless variables * = x/L
and ¢ = at/L%. Using dimensionless Eq. (6) and following
Fourier’s law,

= o )
= —K —
1 ox
the dimensionless heat flux density ¢ at the two sides
of the model, given by g;,(x = 0,¢) and Gou:(x = L, t) as
shown in Fig. 5, can be calculated as follows.

% 2,2
. nen*a
gin(x=0,0) =1+ 2Zexp <_L2 t) (8)

n=1

; ’na
Gout(x =L, t) =142 E (—1)"exp (— 77 t)

n=1

9)
After sufficient time passes to allow the system to reach
a steady state, the exponential terms of Egs. (8) and (9)
become 0 and g;,(x =0, = 00) = Goue(x = L, t = 00) =1,
respectively. We then estimate the relaxation time ¢,
which is the time required for the system to reach a
steady state, as follows.

n2a
This equation is calculated under assumption that the
exponential terms are 100 times smaller than 1. ¢ can

then be written as follows.

0.005\ L? 2
t, =In — | — =0.054—
T o o

(11)

The response time of the actuator should be propor-
tional to the relaxation time #, because the actuator is
driven according to its temperature change. Eq. (11) indi-
cates that t, is proportional to L2. Therefore, an actuator
of smaller size will have better response characteristics,
as we experimentally evaluated in Fig. 4. For reference,
the distribution of displacement of the actuator can be
experimentally observed in Additional file 1, section
“Frequency response”. In this video, central part of the
actuator with size of 200 um firstly shrank. After that,
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edge part of the actuator shrank as our assumption in the
theoretical analysis. While we performed the theoretical
analysis for the heating process based on light irradiation,
a similar scale effect should be confirmed for the cooling
process produced by turning the laser off.

Fabrication and actuation of soft microrobot
Next, we evaluate the process conditions for the pro-
posed sacrificial layer process using dextran.

Evaluation of sacrificial layer process conditions

The fabrication process for the soft microrobot is illus-
trated in Fig. 6. Basically, the proposed microrobot is fab-
ricated using multilayered photolithography processes
(Fig. 6b—e). However, to allow the microrobot to move
freely after fabrication, the microrobot must be released
from the substrate. Therefore, we first fabricate a sacrifi-
cial layer on the Si substrate, as shown in Fig. 6a. Subse-
quently, the microrobots are patterned on the sacrificial
layer. To prevent the sacrificial layer from being dissolved
in the organic solvents that are used to develop the SU-8
and Bioresist (Fig. 6¢ and e), the materials used in the sac-
rificial layer should be insoluble in the relevant organic
solvents. In this study, we used dextran as the sacrificial
layer material. Dextran is a type of polysaccharide that is
insoluble in organic solvents under appropriate process-
ing conditions [23, 24]. In contrast, the water solubility
of dextran is very high. Therefore, it is possible to release
the microrobot from the substrate using water after the
process in which SU-8 and Bioresist are patterned using
organic solvents, as shown in Fig. 6f-h. For exposure of
bioresist, normal mask aligner (PEM-800, Union Opti-
cal Co., Ltd.,, Tokyo, Japan) with a mercury lamp was
used. Bioresist is mainly exposed with 365 nm (i-line) UV
light similar to common photoresists. In this study, we
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expose the bioresists for 400 s without an exposure filter.
Detailed evaluations of pattern resolution for bioresists
were previously evaluated by Ito et al. [27].

First, we confirm the process conditions for the dex-
tran sacrificial layer. The dextran is dissolved in water and
spin-coated on a Si substrate. After that, the substrate is
baked at high temperature. Therefore, the process condi-
tions to be determined are (i) the solution concentration,
(ii) the spin coating conditions and (iii) the bake tem-
perature. We fabricated the dextran layer under varying
solution concentration conditions of 17, 33 and 43 wt.%.
Similarly, the spin coating rotation speeds were varied as
500, 2000 and 6000 rpm and the bake temperatures were
varied as 60, 120 and 180 °C. After the dextran layer is
fabricated under various process conditions, we dip the
substrate into ethanol at room temperature and confirm
that the dextran layer is insoluble in ethanol. Addition-
ally, we measured the time required for the dextran to
dissolve in the water for each process condition.

A summary of the evaluation of the dextran solution
concentration is shown in Table 1. These results show
that the dextran solution concentration strongly affects
the solubility of the dextran layer in ethanol. When the
solution concentration was low, the dextran layer was
dissolved in ethanol. However, when the solution concen-
tration was high, the dextran layer was not dissolved in
ethanol. Therefore, we decided to use the condition that
the solution concentration is 43 wt.%. In addition, the
spin coating rotation and bake temperature conditions do
not affect the solubility of dextran with respect to etha-
nol. These conditions only affect the times required for
the layer to dissolve in water. Therefore, we decided on a
spin-coating rotation speed of 6000 rpm and a bake tem-
perature of 180 °C.

Fabrication of the soft microrobot
According to the results of evaluation of the sacrificial
layer process in the previous subsection, we fabricated

the microrobot using the fabrication process shown in
a I e | e I 1] LTI 11 LI Fig. 6. As a design for the microrobot’ ﬁve rigid support-
/—Water ing bodies of 60 um square in size and six soft actuators
of 100 um square in size are connected in a straight line,
NN NNNNN . . .
b [T f T T T T L T T as ShOWn in Flg 7a. We SuCCeSSquY fabrlcated the Soft'
rigid hybrid structure, as shown in Fig. 7a.
| | 9] ] Table 1 Processing conditions for sacrificial layer
Solution Solubility in ethanol Time
H 0O =5 concentration (wt.%) .to dissolve
d [ T T LT h in water (s)
17 Slightly dissolved 5—10
[ si [M Dextran N SU-8 [ Bioresist 33 Slightly dissolved 20
Fig. 6 Soft microrobot fabrication process 43 Unchanged 50
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Soft microrobot
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k
Fig. 7 Sacrificial process for release of soft microrobot. a Before
immersion in water, b immediately after immersion in water, and ¢ 20
s and d 40 s after immersion
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Fig. 8 Mass production and release of soft microrobot. a Before
immersion in water, and b—d after immersion in water

Then, we immersed the substrate in water and con-
firmed that the microrobot was released, as shown in
Fig. 7b—d. The fabricated microrobots were rolled imme-
diately after the release process, as shown in Fig. 7c. After
40 s, the soft actuators of the robot swell with water and
the robots become straight, as shown in Fig. 7d. In addi-
tion, we tried to fabricate large numbers of microrobots,
as shown in Fig. 8. All the patterned microrobots were
released successfully from the substrate.

Actuation of soft microrobot by light irradiation

Here, we actuated the fabricated soft microrobot
using the proposed actuation method. First, we con-
firmed size change in the robot by varying the tem-
perature of the surrounding water, as shown in Fig. 9.
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Fig. 9 Actuation of microrobot via environmental temperature
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Fig. 10 Actuation of the soft microrobot. a Start of laser irradiation; b
8 s after laser irradiation begins; c laser irradiation stops; and (d) 22 s
after the laser irradiation stopped

The fabricated robots were placed on a glass substrate
with surrounding water. After that, the glass substrate
was heated using a glass heater (KM-1, AS ONE Cor-
poration, Osaka, Japan). The fabricated robot success-
fully swelled at room temperature and shrunk at higher
temperatures (> 50 °C), as shown in Fig. 9a. The overall
length of the microrobot in the swollen state becomes
1.5 times longer than that in the shrunken state, as
shown in Fig. 9b. In addition, the length of each soft
actuator doubled in the swollen state, as shown in
Fig. 9c. Furthermore, we confirmed that the soft actu-
ator can be actuated by IR laser irradiation, as shown
in Fig. 10. Under IR laser irradiation, the soft actuator
shrinks within 8 s, as shown in Fig. 10b. In addition, the
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actuator swells to its original volume within approxi-
mately 20 s of the irradiation stopping, as shown in
Fig. 10c, d.

Finally, we evaluated the step and frequency
responses of the soft actuators on the microrobot, as
shown in Fig. 11a, b. Figure 11la shows that the soft
actuator shrinks approximately 5 s after laser irradia-
tion starts and swells approximately 15 s after the irra-
diation stops. Figure 11b shows the frequency response
over the range from 0.01 to 1.00 Hz. From Fig. 11b, we
confirmed that the soft actuator can be driven at a fre-
quency of at least 0.1 Hz with approximately 50 % dis-
placement relative to the maximum. These response
characteristics can be improved by making the micro-
robot smaller or by changing the light absorbing mate-
rials or the mixing ratio of the materials.

Conclusions

In this study, we proposed a soft microrobot with a
soft-rigid hybrid structure. The proposed robot con-
sists of micropatterned soft actuators made from a
temperature-responsive gel and a rigid photoresist.
We mixed the soft actuator with graphene to act as a
light absorber and we can control the temperature of
the actuator by irradiating it with light. Therefore, the
proposed microrobot can be actuated by sequentially
irradiating its actuators using focused light. First, we
evaluated the basic drive characteristics of the actuator
and theoretically analyzed the thermal transfer within
the actuator. After that, we fabricated the proposed
microrobot with the soft-rigid hybrid structure using
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a sacrificial layer process. In addition, we succeeded in
partially actuating the actuator on the microrobot by
irradiating it with focused light and evaluated its driv-
ing characteristics. The construction of a suitable light
irradiation system and realization of complex actuator
motion such as that of living microorganisms will be
reported in future work.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540648-019-0140-3.

Additional file 1. Video of experiments. Video of experiments including
the frequency response, release of thefabricated microrobot and actua-
tion of microrobot are summarized.
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