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Abstract—Shape shifting soft microrobots are generated from
self-folding hydrogel bilayer structures. The folding conditions
are analyzed to develop an optimal strategy for producing
desired three-dimensional shapes. We present two different
methods for programming magnetization in these microrobots
that are variant and invariant to folding. The microrobots can
be navigated through user-defined trajectories using rotating
magnetic fields, and the morphing in response to temperature
changes can be tuned for adaptive behavior. On-demand
modulation of the mobility of individual microrobots is
demonstrated by morphing their shape using selective near
infrared light (NIR) exposure.

I. INTRODUCTION

Recent work has shown that wirelessly controlled
self-shaping hydrogel devices have potential applications for
minimally invasive interventions [1, 2]. Compared to other
actuation methods, magnetic manipulation provides more
degrees of freedom (DOFs) for locomotion [3], which are
required to perform dexterous manipulation with high
precision for medical, biological, and manufacturing
applications. A hollow 3D object such as a capsule or tube
provides a large surface-area-to-volume ratio and carrying
space for therapeutic agents. High payload capacity is
desirable for cell encapsulation and transportation [4], targeted
drug delivery [5] and sustained drug release [6]. Self-folding
films are able to form different 3D structures through a
template-free fabrication process that is highly compatible
with standard MEMS batch processing. Forming films from
stimuli responsive materials enables the reconfiguration of
their morphologies in response to external stimuli [7].
Depending on the material choice, this shape change can be
triggered by a variety of different signals including magnetic
and light waves [2, 8].

We fabricated self-folding microrobots with a hollow
cylindrical shape by patterning hydrogel bilayers using
conventional 2D photolithography. A two steps process was
used to couple a thermally responsive hydrogel
nanocomposite with a thin inactive layer. Different swelling
behaviors between these layers cause an inhomogeneous
swelling/shrinking, which leads to folding of the planar
structure into a 3D functional micromachine. Under NIR light
exposure, the structures are heat up and unfold. When the
temperature exceeds a certain threshold, they fold into a
different shape. The overall concept is summarized in Fig. 1.

The swelling characteristic of hydrogel is due to the ability
to retain fluid in its polymer network. The magnetization and
folding conditions of self-folding microrobots are both related
to the swelling properties of the responsive layer. In order to
obtain desired body plans with programmed magnetization,
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Figure 1. (a) Programmable magnetization and folding of hydrogel
bilayers to generate magnetically controllable microrobots. (b) Shape
switching concept for soft microrobots by increasing temperature using
near infrared light exposure.

the folding conditions and shape transformation must be well
understood. Defects in the folding process will result in
deviations in magnetic anisotropy and locomotion gaits
accordingly. Magnetic anisotropy can be programmed in
polymer-based actuators [9] and the same method has been
recently used to program the magnetic anisotropy of helical
structures and demonstrate wobble-free corkscrew motion
[10]. In polymeric devices, the shape of the structures does not
change after polymerization. However, the alignment of
magnetic nanoparticles embedded inside the self-folding
hydrogel bilayers must be tailored considering the final shape
and the propulsion mechanism of the functional microrobot.

In this work, the swelling properties of the hydrogel
bilayers were tuned to obtain desirable folding while encoding
strong enough magnetization for actuation. There are two
methods for setting the direction of magnetization of
self-folding microrobots. The first one results in fold-
invariant magnetization. This technique ensures that the
magnetization is always aligned in the radial direction, even if
the folding conditions are imperfect. The second one results in
folding-variant magnetization in which magnetization can be
reprogrammed by morphing the shapes. This enables
microrobots to switch between different propulsion
mechanisms. Finally, we demonstrate that individual
microrobots can be selectively addressed by NIR light and
activated for shape transformation. NIR exposure introduces
high precision addressing of individual microrobots and the
use of shape as an extra degree of freedom. Multi agent control
can thus be realized for accomplishing collective tasks.

1719

Authorized licensed use limited to: Nanyang Technological University Library. Downloaded on November 14,2024 at 14:34:22 UTC from |IEEE Xplore. Restrictions apply.



b
1000 1000

z z
& =
2 800 2 800
=1 =]
£ £
=) ="}
= =
£ 600 £ 600
(=] (=
=~ *9
400 & 400 : v
0.0 0.1 0.2 0.3 0 200 400 600 800 1000

Thickness ratio (h /h,) Elastic modulus ratio (E /E,)
Figure 2. Predicted folding radius of hydrogel bilayers. Folding radius
versus (a) the thickness ratio of inactive and nanocomposite layers and (b)
the elastic modulus ratio of inactive and nanocomposite layers.

Figure 3. The setup for programming the magnetization of self-folding
microrobots.

II. MATERIALS AND METHODS

A. Folding Conditions of Hydrogel Bilayers

Hydrogel microrobots are composed of two different
layers, an inactive layer (polyethylenglycol diacrylate,
PEGDA) that is insensitive to changes in temperature and a
responsive nanocomposite layer (N-Isopropylacrylamide,
NIPAAm) with temperature dependent swelling. The
magnetic nanoparticles are incorporated into the responsive
layer. A modified mathematic model based on Timoshenko
bimorph beam theory [9] can be used to estimate the folding
radius of hydrogel bilayers.

(h1+h2)(8(1+m)2 +(1+mmn) (mz +min))

R= (1)

6g(1+m)2

where ¢ is the difference in expansion coefficient between the
inactive layer and nanocomposite layer, h, is the thickness of
the inactive layer, h, is the thickness of the nanocomposite, #
and m are the ratio between the two layers of the elastic
modulus and thickness, respectively. The analytical model
suggests that larger differences in the expansion coefficient,
lower thickness ratio and higher ratio of the elastic modulus
give rise to a smaller folding radius (Fig. 2). To obtain a small
folding radius, a thickness ratio of 0.1 was used in this work.
When the elastic modulus ratio is higher than a certain value
(7=100), there is no significant difference in folding radius
(Fig. 2b). A schematic geometry of the hydrogel bilayer plate
is shown inside Fig. 2b. The aspect ratio (length to width,
L/W) of the hydrogel bilayer was set to 1.1 to control the
folding direction. Because of the edge effects in bilayer
structures, the bilayers usually fold along the long side [10]. In
this work, the mechanical properties of the inactive layer were
kept constant. Various folding conditions of self-folded

['wsr=11

, A

WSR=3 WSR=4 WSR=5.5

v _ Yo%

Low swelling High swelling Excessively high
b 14
Analytical
12 ® Measured

Radius (mm)

WSR of nanocomposite

Figure 4. (a) Optical images of various folding conditions of hydrogel
bilayers. (b) The measured and estimated folding radius of cylindrical
tubes composed of different WSR of nanocomposite at 22°C. The scale
bars are 1 mm.

hydrogel bilayers were obtained by varying the swelling
properties of the nanocomposite layer.

B. Experimental Setup

The setup to program the magnetization by aligning the
embedded magnetic nanoparticles (MNPs) is composed of one
solenoid in horizontal direction, one pair of Helmholtz coils in
vertical direction, and one pair of UV lamps (Lightning
Enterprises, US) integrated inside the solenoid (Fig. 3). The
maximum intensity of generated uniform magnetic field
governed by each coil is 10 mT in the workspace. Five DOF
locomotion of the self-folding microrobots can be achieved by
using an eight-coil electromagnetic manipulation system
(Octomag) [3]. An NIR laser source (wavelength 808 nm, 1.5
W, SLOC lasers, China) is used to heat up the microrobots and
modulate their shape. The system is capable of generating
uniform magnetic fields up to 40 mT and magnetic field
gradients up to 1 T/m. A top camera observes the scene and
image processing detects the position and orientation of the
self-folding microrobot and provides feedback for the visual
control system. Details of the visual control system is
described in [11]. All the experiments are performed in a glass
Petri dish placed in the middle of the workspace, filled with
deionized water.

C. Methods for Analyzing Hydrogel Nanocomposite

Temperature dependent weight swelling ratio (WSR) of the
thermoresponsive nanocomposites and the inactive gel were
measured using both gravimetric and imaging methods. Both
single inactive layer and nanocomposite layer were produced
individually and incubated in a water bath (Julabo, Germany)
at several temperatures between 25°C and 55°C. Every hour
the samples were removed from the water, residual surface
water was carefully wiped away, and the weight was recorded.
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The equilibrium WSR at each temperature was defined as
WSR = (mg — mg)/my, where mg and mg are the mass of the
fully swollen and fully dried hydrogel, respectively. Magnetic
hysteresis loops of the magnetic nanocomposites with
different WSR embedded with 5 vol% of 30 nm Fe;O4 were
measured at the temperature of 302.3 K by vibratory sample
magnetometer (VSM, Oxford Instruments 1.2, and UK) by
applying a magnetic field in the range of -1 T to 1 T.

III. RESULTS AND DISCUSSIONS

A. Analysis of the Folding Radius of the Microrobots

The folding conditions of hydrogel bilayers are determined
by the difference in swelling properties between two layers.
Relatively low WSR of the hydrogel nanocomposites results
in small expansion coefficient and large elastic modulus,
causing the hydrogel bilayers to fold along the diagonal axis.
Relatively high WSR of nanocomposites causes a large
difference in hydration between the center part and corner part
of the device, resulting in overfolding (see Fig. 4a). There is an
optimal range of WSRs that results in appropriate expansion
coefficient and elastic modulus to give rise to the desired
folding shapes. Fig. 4b shows that the measured radius (outer
radius of cylindrical tubes) of the hydrogel bilayers was
inversely proportional to the WSR of nanocomposite. By
measuring the expansion coefficient and elastic modulus of
hydrogel layers, the folding radius can be calculated from
equation (1). The calculated values closely follow the
measurements. Thus, the proposed analytical model correctly
predicts the self-folding radius of the microrobots.

B.  Analysis of Magnetization of the Microrobots

We prepared nanocomposite sheets with different WSR by
varying the concentration of the cross-linker and keeping the
mass of the magnetic particles constant. With increasing
WSR, structures absorb more water and the relative mass of
magnetic material in the final swollen state decreases. Fig. 5
shows the magnetic properties of the nanocomposite layer
with different swelling properties. The overall magnetization
of the sheets does not change with WSR as magnetization of
these structures primarily depends on the amount and
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Figure 6. (a) In the absence of particle alignment, the magnetic easy axis
is governed by the anisotropic shape. (b) Fold-variant magnetization of
bilayers with horizontally aligned MNPs (c) Folding invariant
magnetization of bilayers with MNPs aligned out of plane. The blue dash
line represents the predicted folding axis of hydrogel bilayers and the
yellow solid line represents the applied magnetic field for aligning
particles and programming magnetization.

distribution of magnetic material. Therefore, considering the
optimal folding conditions described in the previous section,
we chose WSR=5 for building our microrobots.

The magnetic easy axis of microrobots, on the other hand,
depends on the shape of the folded state. The magnetic easy
axis of programmed self-folding microrobots is shown in Fig.
6. In the absence of a particle alignment process, the 3D shape
of the microrobots determines the magnetic anisotropy, which
is along the long axis of cylinders (Fig. 6a). By aligning the
embedded MNPs in horizontal direction and perpendicular to
the predicted self-folding axis, the magnetic easy axis of
self-folding microrobots changed with the folding conditions.
Fig. 6b shows that the magnetic easy axis of a self-folding tube
with a desirable folding shape is perpendicular to the
self-folding axis as predicted. However, the tubes with
undesirable folding conditions have misalignment between
their folding axis and their magnetic easy axis. In order to
prevent defects in the folded shape resulting in misaligned
magnetization, a folding invariant magnetization was
introduced in Fig. 6¢c. By aligning the MNPs in vertical
direction (out of plane), the self-folding behavior transformed
the out of plane magnetization of a planar sheet to the radial
axis of self-folding microrobots. Due to the cylindrical
symmetry of magnetization, the self-folding microrobots were
able to perform rolling motion even with poor folding
conditions.

C. Analysis of Thermal Response of the Microrobots

Bilayers composed of thermally responsive NIPAAm
hydrogel have the ability to continuously transform their
shapes in response to temperature changes. This morphing
behavior will continue until reaching a critical threshold,
which is 42°C for our microrobots. Increasing the temperature
beyond this point makes the hydrogel more hydrophobic and
dehydrated. The inactive gel is insensitive to temperature
variations. Increasing the temperature decreases the difference
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Figure 7. Thermal responsive behavior of hydrogel bilayers. (a) Optical
images of the hydrogel bilayer at different temperatures. (b) Analysis of
the thermal response of the nanocomposite layer and inactive layer. The
folding states of microrobots at different temperature values. The scale
bars are 1 mm.

in WSR between the inactive gel and the thermal responsive
nanocomposite and the self-folding behavior was recovered.
The radius of the microrobot during unfolding behavior
increases due to the decrease of the difference in WSR
between the two layers. The temperature values the
nanocomposite responds to can be adjusted by tuning the ratio
of hydrophilic/hydrophobic monomers to NIPAAm hydrogel.
At the same temperature value, microrobots with different
compositions can transform into different 3D shapes. We
prepared two different compositions to demonstrate this
feature. Nanocomposite A has a hydrophilic monomer which
makes the substrate respond to a larger range of temperature
values compared to the layer prepared from nanocomposite B
which has no monomer incorporated (see Fig. 7a). By
measuring the mechanical properties of the individual layers
of hydrogel bilayer at different temperature values and using
(1), we can predict the evolution of the radius of the cylinders
during unfolding.

Optical images of self-folding microrobots at different
temperature values are shown in Fig. 7b. The continuous
shape transformation is shown in supporting video. The
microrobots unfolded from a tubular shape to an open planar
sheet in response to a rise in temperature from 24°C to 40°C.
Further increase in the temperature initiates a refolding
pattern in the opposite direction around the perpendicular
axis. This refolding behavior is due to the isotropic shrinking
of the nanocomposite layer. When the temperature is
increased, the nanocomposite layer shrinks in all directions,
which causes it to unfold and then to refold in the opposite
direction. The microrobot with folding variant magnetization

is able to switch its magnetic easy axis between the short axis
and long axis by switching its folding axis. This
transformation of shape leads to a switch between rolling and
tumbling motion. Fold-invariant magnetization concept can
be used to develop robust microrobots that are insensitive to
temperature variations.

D. Analysis of Motion of the Microrobots

The microrobot is subjected to an externally applied
magnetic field H with a flux density B = uyH, where p, is the
permeability of vacuum. The torque that acts on the
microrobot can be defined as

T=VMxB )

where M is the volume magnetization in [A/m] of the object of
volume V.
The force acting on the microrobot is described as

F=V(M-V)B (3)

Due to the design of the microrobot and the method of
actuation (i.e., a rotating magnetic field induces a forward
velocity), the system is limited to non-holonomic motion,
corresponding to classical unicycle mobile microrobots.

When the microrobot translates and rotates near a surface, it
experiences a drag force and drag torque from fluid. Both the
drag force and drag torque acting on the microrobot can be
estimated by assuming that the microrobot is a solid circular
cylinder in a low Reynolds number flow perpendicular to its
long axis. Analytical models for the drag force and torque
acting on a cylinder in open flow can be found in [12] and
[13], respectively. In the case of the self-folding microrobot
motion is executed in a confined space close to a wall.

Per unit length of the cylinder (L) the drag force is then
defined as [14]

—4ntpugU

F;/L =
d/ logzk+(§)2

“)

where k = 1,./d,, g is the fluid’s dynamic viscosity and U is
the relative velocity between the fluid and the microrobot.
The parameters corresponding to the wall interaction are the
radius of the cylinder (7;.) and the distance between the center
of the microrobot and the wall (d.). The drag torque per L of a
cylinder rotating close to a wall is given by [15]

47Tudwr52

Tq/L = Jik2 (5)

As the microrobot contacts the wall (k = 1), the surface
friction force (uf - F,) will dominate the drag force and drag
torque on the microrobot, where the p¢ is coefficient of
friction. When the microrobot moves near a surface as shown
in Fig. 8, the drag force from the wall causes a difference in
velocity of the microrobot between the top (Ur) and bottom
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Figure 8. Free body diagram of the microrobot rolling and tumbling on a
surface.

(Ug) of the cylinder that induces the forward velocity U.
Compared to rolling motion, tumbling motion is subjected to a
larger drag force and torque from the fluid due to the larger
rotating radius. Tumbling motion must also overcome the

additional torque from the volumetric vertical force 7, = E; X
7., where F, is the combination of gravitational force and
buoyancy from the fluid. By transforming the microrobots
with shape variant magnetization, we can program a switch
between tumbling and rolling motion. Due to the slip of the
microrobot U < 7w at high rotating frequency, which can be
written as U= pur,w , where 0 <puy <1 is the slip
coefficient, which depends on the viscosity of the liquid as
well as the characteristics of the surfaces of the microrobot
and the substrate (see Fig. 8).

D. Adaptive Motion by Tuning Temperature Response

The shape of the microrobots governs the response to the
magnetic input due to hydrodynamic forces. As a result, the
mobility of shape shifting microrobots can be adapted to
different complex environments. Fig. 9 shows how the
hydrodynamic shape affects the motion of the microrobots to
the applied magnetic field (see supporting video). We
engineered two microrobots with different thermal response
using the nanocomposite A and nanocomposite B that was
described in Fig. 7. They were placed in a warm water bath
with a temperature of 40°C. While the increase in temperature
led to the unfolding of first prototype, the second microrobot
unfolded and refolded into a tube. The refolded tube was able
to roll on the surface in response to a rotating magnetic field.
However, the microrobot with the planar geometry has to
overcome a significantly higher fluidic drag to be able to
rotate on the surface. Fig. 9 shows that the open plate was
unable to be manipulated by the 10 mT rotating magnetic
field, while the refolded tube can successfully move along the
predefined route.

E. Addressable Shape Control

NIR light can be used as a spatiotemporally controlled
external signal to trigger selective heating of magnetic
nanocomposites [16]. The focused light beam allows us to
heat up individual microrobots and reversibly modulate their
shape. To demonstrate addressable shape control, we placed
four self-folded tubular microrobots in close vicinity and
targeted individual microrobots using a NIR laser. The
exposed microrobots went through an unfolding and refolding
process and recovered their initial shape after the NIR laser
was turned off (Fig. 10a). The NIR laser dot was adjusted to be

Refolded tube =9s

I }\(un l><

Figure 9. Manipulation of two self-folding microrobots with different
dynamic shapes by applying rotating magnetic fields with a pre-defined
route. The environment is 40°C DI water. The field intensity is 10 mT
and the frequency is 1 Hz.
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the same size as the microrobots to ensure selective exposure.
The NIR light exposure can be integrated with magnetic
manipulation. To demonstrate on-demand shape change on
mobile microrobots, we optically stimulated a microrobot
rolling on the surface (Fig. 10b). The microrobot was
subjected to the NIR light for five seconds, which triggered the
shape transformation from self-folded tube to refolded tube.
After the laser is turned off, the temperature of the microrobot
goes down due to thermal diffusion and transforms back to the
original shape. During the shape transformation process, the
microrobots unfold into a plate and stop moving. Once the
microrobot recovered its original shape and it started to follow
the external magnetic field again.

The forward velocity of the microrobots is proportional to
the rotating radius and frequency (U = p,7.w). As mentioned
before, the folding radius of self-folding microrobots vary
with temperature variations. By tuning the radius of
microrobots, multiple microrobots can be differentially
controlled by global magnetic fields. NIR exposure introduces
high precision addressing and using shape as an extra degree
of freedom; multi agent control can be realized for
accomplishing collective tasks. In the supporting video, we
show that two microrobots with the same folding conditions
rolled on the surface. The speed of the microrobots can be
individually increased upon NIR exposure. An exposure to
laser light generates enlargement of the radius of the targeted
microrobot, and leads to an increase in forward velocity
accordingly. The microrobots exposed to NIR for a long
enough period (> five seconds) experienced a reversible
unfolding and refolding process. During the unfolding step,
the microrobots can no longer follow the magnetic field,
which temporarily disables their motion.

The self-folding microrobots can react to the
environmental variations and automatically adjust their shapes
to perform specific applications in the most efficient way. For
instance, self-folding tubes manipulated by rotating magnetic
fields can autonomously change their shapes in response to a
change in temperature and stop moving to perform targeted
interventions (i.e. drug delivery) without feedback from the
external control system. The temperature response of the
hydrogels can be adjusted by modulating their composition as
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Figure 10. (a) Selective NIR targeting the microrobots. (b) Dynamically modulating the shape of the microrobots. The images are frames from the
supporting video. The scale bars are 1 mm.

shown in Fig. 7. By using different stimuli responsive
hydrogels [17], the shape transformation of self-folding
microrobots could be triggered by different external signals.

IV. CONCLUSION

In this work, we present a transformable microrobot based
on thermally responsive hydrogel bilayers. Different methods
for programming magnetization of the microrobots
undergoing multiple shape transformations are provided. We
studied the relationship between the folding conditions and the
magnetization  of  the  self-folding  microrobots.
Folding-invariant magnetization enables the microrobots with
imperfect folding shapes to perform predicted rolling motions
on a surface. Folding-variant magnetization enables more
complex motions to be tuned through shape and magnetization
coupling. We demonstrated selective control over the shape of
individual microrobots using NIR exposure.
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