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MICROROBOTS

Floating magnetic microrobots for fiber
functionalization

sos

Antoine Barbot'*, Haijie Tan'*, Maura Power’, Florent Seichepine', Guang-Zhong Yang'?*

Because minimally invasive surgery is increasingly used to target small lesions, demand is growing for miniaturized
tools—such as microcatheters, articulated microforceps, or tweezers—that incorporate sensing and actuation for
precision surgery. Although existing microfabrication techniques have addressed the construction of these devices,
accurate integration and functionalization of chemical and physical sensors represent major challenges. This paper
presents a microrobotic platform for the functionalization of fibers of diameters from 140 to 830 micrometers,
with a patterning precision of 5 micrometers and an orientation error below 0.4°. To achieve this, we developed
two 2 millimeter-by-3 millimeter, 200-micrometer-thick microrobots to align floating electronic circuits on a fiber
during a wet transfer process. The position and orientation of the microrobots were controlled at the air/water
interface by a permanent magnet. The stiffness of the position controlled was 0.2 newton millimeter, leading to
an average force of 0.5 newton. The nonhomogeneous magnetic field of the magnet, associated with different
preferred magnetization directions recorded in the microrobots, allowed the distance between the two micro-
robots to be precisely controlled. This extra degree of freedom was used to control the microrobot pair as a tweezer
to grab and release floating electronic patterns, whereas the others were used to align the pattern position and
orientation with the fiber. A model of this control, as well as the microrobots’ interaction through surface tension,
is proposed. Detailed performance validation is provided, and various exemplar sensor embodiments on a
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200-micrometer-diameter fiber and three-dimensional devices are demonstrated.

INTRODUCTION
With increasing clinical emphases on improved surveillance and
earlier diagnosis, the future of surgery is moving toward precision
intervention, which demands improvements to the access and the
accuracy of current minimally invasive techniques. Although large-
scale robotic platforms are gaining clinical acceptance, the future of
medical robotics is shifting toward endoluminal and transluminal
access with smart, articulated microinstruments for managing early
malignancies guided by in situ, in vivo imaging and sensing. Recent
introduction of robotic tools integrated on fiber (fibrebot) has allowed
the integration of imaging, sensing, and micromanipulation, all in a
single fiber. Sophisticated microgrippers have already been directly
fabricated on the tip of a fiber with two-photon polymerization (I).
Microactuation can be enabled through hydraulic links by leveraging
microcapillary function (2), and the device could be further used for
targeted drug delivery and focused energy, e.g., CO; laser ablation.
Optical fibers represent a versatile substrate for developing such
flexible microtools. Their surface further provides an ideal location
to integrate multiple sensors along its length. However, direct pattern-
ing of microelectronics onto small, curved objects is challenging because
existing microfabrication processes are primarily tailored to flat
substrates. Transfer methods, with which devices are first fabricated
onto flat silicon chips and subsequently picked up and transferred
onto the target substrate, are commonly used to embed miniaturized
electronics onto curvilinear [and other three-dimensional (3D)]
structures. Such techniques also allow the transfer of 2D crystals
(e.g., graphene and MoS;) from the growth substrate to an arbitrary
substrate or device.

"Hamlyn Centre, Imperial College London, London, UK. %Institute of Medical Robotics,
Shanghai Jiao Tong University, Shanghai, China.

*These authors contributed equally to this work.

tCorresponding author. Email: g.zyang@imperial.ac.uk, gzyang@sjtu.edu.cn

Barbot et al., Sci. Robot. 4, eaax8336 (2019) 25 September 2019

To date, two main transfer methods have been developed. They
are the dry transfer method, which typically uses thermal release
tapes (3, 4) or viscoelastic stamps (5, 6) to execute the transfer, and
the wet transfer method (7-12), which involves wet etching of an
initial substrate and subsequent mechanical scooping of a floating
device film on the fluid surface using a target substrate. In general,
dry transfer offers better cleanliness and higher precision over wet
transfer, due to the absence of wet etchant and fluid or flow perturba-
tion (5, 13). Another challenge faced by wet transfer is that accurate
positioning and scooping of the floating device is difficult, and there
is a lack of precision tools or robotic platforms for such an approach.
High precision in transfer and a controlled orientation of the
stacked material are desirable for the study and fabrication of hetero-
structured devices based on 2D crystals (14).

In practice, the stamping approach used in dry transfer can be a
challenge for the transfer of devices that wrap around 3D shapes,
e.g., where site-specific force-sensing devices are required to wrap
around a catheter. In such cases, the wet transfer approach can offer
better pattern-to-substrate conformability by mechanically scooping
the free-floating device film from underneath, allowing the film to
wrap around and conform to the microtool (15-17). Despite having
this advantage, wet transfer still faces the drawback of low precision
due to the surface tension forces that dominate the air/water interface
where the transfer occurs.

Using microrobot manipulators can address some of the major
issues faced by manual wet transfer methods. Precise control is needed
on the position of a floating pattern on the surface of a liquid medium
and also on its rotation with respect to the surface normal of the
liquid. Manipulation methods for such a task need to be capable of
moving the pattern over a surface area of several square centimeters
and in submicrometer precision to make successive layers of a
device or to align the devices with a preexisting 3D structure. Com-
mercial piezoelectric stages or arms may be used, but such systems
may not be easily adapted for them to work at the water interface
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without creating disturbances due to surface deformation. Here, we
propose the use of mobile microrobots at the air/water interface to
allow for precise control of the pattern movement, naturally restrained
on a 2D plane even if it is deformed, whereas the lateral friction
(mostly due to the surface drag of water) is minimized and smooth.
Moreover, untethered manipulation induced minimal interaction with
the water surface, which avoids perturbation.

In considering the possible embodiments of such smaller and
untethered alternatives, studies have revealed a range of different
microrobot manipulators that operate in liquid environments that
could be adapted for this application. For example, using optical
trapping, light can be used to precisely control the position and orienta-
tion of microrobots in a 2D plane of a liquid environment. However,
optical tweezers are only capable of producing forces in the piconewton
range and are therefore unsuitable for moving floating films for
electronic patterning. Larger forces can be generated using magnetic
steering, which has been demonstrated to directly push a target
object (18) in a liquid environment or to indirectly manipulate
objects by inducing local flow (19). In a similar manner, other types
of swimming robots could be used to push a floating pattern such as
catalytic microrockets (20) and surfaces with acoustically excited
microcavities (21), both of which use locally generated microbubbles
for thrust. To achieve better precision and control than simply pushing
an object at just one contact point, multiple microbots can be used
at various points around an object in a cage formation (22). Different
examples of floating microrobots have already been proposed using
various propulsion and control mechanisms such as magnetic gradient
(23) and laser actuation (24). Recently, mechanisms to trap objects
with magnetic microrobots at the water surface have been proposed
either by spinning to trap the particle on an orbit (25) or by tilting
the robot to create an attractive force from the deformation of the
air/water interface (26). Our method combines the precision and
range of a conventional stage with tailored design magnetic micro-
robots that are specifically suited to the task of manipulating a floating
patterned film. To enable simple yet precise control, we propose a pair
of floating microrobots for grasping the floating pattern on both
sides. This was achieved by using a nonuniform magnetic field gen-
erated by a single permanent magnet combined with tuning of the
magnetization direction of the robots’ constituent material. The inter-
action between the microrobots and the magnetic field allowed the
microrobot pair to be positioned at two different locations at the
air/water interface when placed under the magnet, thus forming a
gripper (Fig. 1).

Instead of storing a permanent magnetization direction (27, 28),
we have stored only a preference for magnetization direction.
Therefore, the microrobots did not store any magnetization when
no magnetic field was applied. They were designed, rather, to magnetize
in a particular direction when placed under the control magnet. To
achieve this, we have cured an elastomer mixed with iron powder
under a specific weak magnetic field generated by the permanent
magnet used for subsequent control. This allowed the iron powder
to be fixed in a specific direction as shown in Fig. 2A.

The relative horizontal translation and the rotation of the magnet
controlled the translation and the rotation, respectively, of the coupled
floating robot pair. The distance between the two microrobots was
controlled by the distance between the magnet and the microrobot,
as shown in Fig. 2B. Thus, these four degrees of freedom (DOFs) allowed
for control over grasping (one DOEF), position (two DOFs), and ori-
entation (one DOF) of the pattern for the wet transfer onto the fiber.
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The microrobot pair could perform pattern transfer onto a fiber
with a high accuracy (5 um and 0.4° precision) as well as near-full
coverage of the fiber circumference (about 320°). This approach,
therefore, addresses one of the key deficiencies of the wet transfer
method (i.e., the lack of precision) and offers a promising route for
fabricating miniaturized devices onto surgical microtools.

RESULTS

Magnetic microrobot gripper

With most magnetically controlled swimming microrobots, each
microrobot of a given experiment is magnetized in a similar way,
and therefore, they react in the same manner for a given magnetic
field. However, for secure grasping, the individual microrobots need
to react differently to the same magnetic field. Therefore, magnetic
microrobots with different preferred magnetization directions were
used so that they could move relatively to one another within the work-
space. To achieve this, we used an elastomer, polydimethylsiloxane
(PDMS), mixed with iron powder. A 200-um layer of the mixture
was then placed under a nonhomogeneous magnetic field created
by a distant magnet as shown in the schematic in Fig. 3A. The weak
magnetic field (between 12 and 7 mT) led to the assembly of iron
lines after the direction of the magnet’s own magnetic field, as shown
in Fig. 2A. The PDMS was then thermally cured, thus physically
keeping the iron line structure in place and fixing their orientation.
For iron concentration from 10 to 40%, no stress-induced deformation
was observed in the film after curing. Because the magnetic field
applied is inhomogeneous, the directions of the lines vary throughout
the composite polymer layer for different positions on the x-y plane.
Although the y axis (perpendicular to the south-north magnet axis) has
a negligible impact on the vertical component of magnetization (as
shown in Supplementary Material A), the variation along the x axis
(in the direction of the south-north magnet axis) dominates. To
quantify this effect, we performed x-ray microtomography (Bruker
MicroCT Skyscanner 1272) on the cured polymer matrix along its
x direction for a 60 mm-by-2 mm width band. The iron lines’ orien-
tations along the x axis were then measured on reconstructed slices
such as the one shown in Fig. 3A. Systematic measurements of the
orientation of the iron powder lines have been performed (29). As
presented in Fig. 3B, the angle of the iron line orientation followed the
one of the magnetic field generated by the permanent magnet. In
the central region, where the magnetic field gradient was the highest, a
higher concentration of iron particles near the surface prevented
the formation of visible oriented iron lines on the z/x plane.

The different regions of the iron/PDMS layer fabricated via this
method correspond to different preferable directions of magnetiza-
tion of the material. As a result, pairs of microrobots with different
preferred magnetization directions could be made by using differ-
ent parts of the iron/PDMS layer. To this end, the layer was stamped
using a metal grid cutter (as presented in Supplementary Material
B) to form rectangular robots that measure 2 mm by 3 mm and are
200 um thick. In addition, small tooth-like structures were added to
the microrobot design. This tooth structure ensured minimal surface
tension interaction between the microrobot and the pattern to be
transferred because only contact points were made. Therefore, it
limited the movement of the pattern during the grasping process.
The pattern tended to slide away when square microrobots were used
for grasping. The surface deformation for both cases is visualized in
Supplementary Material B. For characterization, when no gripping
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Fig. 1. Setup of the microrobot-assisted high-precision wet transfer. (A) Magnetically controlled microrobots via
an external magnet to align a floating 2D device on a target substrate (e.g., optical fiber and 3D microdevice). (B) View
of the microrobot structure in which iron lines trapped in an elastomer matrix are used to store a preferred magneti-
zation direction. (C) Final assembled devices featuring the functional pattern aligned with a 5-um and 0.4° precision.
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are shown in Fig. 4A (i.e., with opposite
o values). For those robots, the iron con-
centration in the matrix was 20%.

As the o value increased, so did the
component of the vertical magnetization;
thus, the equilibrium distance of the
microrobots to the projected center of
the magnet on the water surface also
increased. This led to an increase in the
distance between two microrobots with
opposite a values. This change gave us
an extra DOF to grasp the floating ob-
ject between the two microrobots. For
each microrobot pair, this distance was
large when the magnet was close to the
surface (minimum of 12 mm in this
study) and reduced rapidly as the magnet
traveled upward and away from the micro-
robots. As a result, two motion patterns
were possible for the microrobot pairs
depending on |a|. For microrobot pairs
with |a| < 20°, the two microrobots could

Functionalized Fibers

magnet

Pair of robots cut

- ﬁﬁ-’&s‘-‘—m
+ 4 g

e n A gy
i 4

FISII - snap together and needed to be detached

o e 4

& gEE 7 R S s LY .
: » - . >

ceiiluusamtnedvmsanssnen manually. This effect, hereafter referred
from magnetized P RN R . i< due a frect
Iron/PDMS sheet :::”tynﬂ‘ﬂ,,:“: s 0 as snapping, is due to capillary effects
b ieeasLIIIionaiiiL sy thatovercome the equilibrium from the
i L iyiiWatercoo ottt magnetic field (30). For microrobot pairs
Recorded preferred SRiiavvmmmmmmmme et n it with o] > 20°, the distance between the

direction of
magnetization

Magnet up = Clamp closed

microrobot reached a minimum before
increasing again with the magnet height.

Fig. 2. Floating microrobots with different preferred magnetization directions: Fabrication and control prin-
ciples. (A) Fabrication of microrobots. Different magnetization directions were programmed in the material with a
ring magnet. (B) Clamping mechanism used in this study. Microrobots were moved together or apart depending on
the vertical position of the magnet, allowing effective clamping of the pattern to be transferred, followed by rotational

and orientation control.

was required, the microrobots were simply cut in squares of 2 mm
by 2 mm.

To characterize the microrobot with different preferred magnetiza-
tion directions, we used the angle made between their magnetization
and the horizontal plane. We assumed this magnetization to be
aligned with the iron lines. We refer to this angle as @, as defined in
Fig. 3A. Positive values of a lie in the north side of the magnet and
correspond to a preferred magnetization direction facing up (toward
the magnet); negative o values lie in the south and correspond to a
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robot. This is essential to prevent hysteresis
in the opening and closing of the micro-
robot pair gripper as shown in Supple-
mentary Material C.

To confirm that the gripping effect
of the microrobot pair is caused primarily
by the induced magnetization of the
ferromagnetic microrobot by the magnet,
we performed detailed modeling on the microrobot equilibrium.
Figure 4B displays the simulated equilibrium points of different
microrobot pairs depending on the height of the magnet. These re-
sults demonstrate the gripper spacing in response to the height of
the magnet. This confirms that the equilibrium distance is mainly
governed by the preferred magnetization direction a. However, the
height at which the gripper pair opened in simulation is lower than
that of the experimental results. This is attributed to the difference
between the real and simulated magnetic fields, as demonstrated in
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the target fiber substrate. Then, the fiber

' was raised until it touched the pattern
and prevented any relative movement
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between the pattern and the fiber. The
grasping force of the microrobots did
not lead to any observable deformation
of the pattern.

Last, the magnet was lowered again
for the gripper to release the pattern,
and the robot pair was moved away. A
typical experimental process is recorded
and shown in movie S2.

-10
Iron Line Orientation

d - Distance from center (mm)

A

Fig. 3.Iron line orientation inside the PDMS matrix. (A) Micro-CT reconstruction of the polymer/iron mix. The iron
lines aligned with the magnetic field direction during the polymer curing. (B) Iron line direction versus position. The

direction of the iron lines followed the curing magnetic field direction.

Supplementary Material D. No snapping effect occurred in the simu-
lation because the interaction between the microrobots and the surface
tension interaction were not modeled.

To understand the leading phenomenon of the microrobot
snapping, we derived a model of the surface tension-induced force
between the microrobots. This calculation, based on a 2D analysis
(31), gives the order of magnitude of this force, as shown in Supple-
mentary Material E. It particularly shows that the attraction force of
the microrobots due to surface tension is of the same order of mag-
nitude as the magnetic field force for a magnet altitude (i.e., dis-
tance between the magnet and the water surface) from 10 to 14 mm.
For configurations with the magnet at lower altitudes, the magnetic
force on the robot is more important. For an altitude at 15 mm, the
surface tension force diminished to zero. In this case, the magnetic
vertical attraction balanced the microrobot weight, which resulted
in no surface deformation. This explains why no snapping was re-
corded around this value even if the microrobot magnetic trapping
force decreased as the distance with the magnet increased. The
magnetic interaction between the two microrobots was also simu-
lated using a magnetic dipole model and is presented in Supple-
mentary Material F. It was found to be negligible for every altitude
because the direct force of the magnet surpasses it by a factor of at
least 500.

The control of a microrobot pair has four DOFs. Two DOFs cor-
respond to the 2D translation of the pattern in the plane defined by
the air/water interface. This was controlled by the microscope stage,
which moved the water container compared with the magnet’s hori-
zontal position. Another DOF corresponds to the rotation of the
two microrobots around their mutual center and was controlled by
the rotation of the magnet around its axis of symmetry. The last
DOF corresponds to the distance between the two microrobots and
was controlled by the vertical position of the magnet.

These four controllable inputs were sufficient to perform the
manipulation of a floating pattern as shown in Fig. 4B. First, the
magnet was lowered to move the microrobots apart and then to
position them around the target pattern. Next, the magnet was raised
to close the gap between the two microrobots, thus grasping the
pattern to allow for subsequent translation and rotation to align with
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Microrobot force characterization
The magnetization property of the iron/
PDMS mixture has been characterized
to serve as a general guide for similar
microrobot designs. The stiffness of the
magnetic trap maintaining the robot on
its equilibrium position was measured for
this purpose. If we assume that the micro-
robot magnetic interaction could be represented as a magnetic dipole,
the following formulae apply

0 10 20 30

B

f=V(m-b) 1)

t=mxb 2)
where m is the microrobot magnetic moment, b is the applied mag-
netic field, F is the resulting force, and t is the resulting torque. In
ferromagnetic materials, the magnetic moment m is induced by the
magnetic field in a nonlinear way. However, we did not observe any
remnant magnetization on the microrobots. Therefore, we modeled
the magnetization as a linear function of the magnetic field. This
assumption allowed us to describe the magnetization as in a para-

magnetic material, which gives the following (32)

Xy

b2
20, VP

If] = 3)
where v is the microrobot volume, g is the vacuum magnetic per-
meability, and y is the material magnetic susceptibility. Hence, the
magnetic moment amplitude of the microrobot is
vX

m| = |b|gk @)

Note that in all considered models in this article, we assumed that
the microrobot magnetic moment orientation is given by the mag-
netic field direction at the curing step. To obtain the microrobot
magnetic moment (m) and the material magnetic susceptibility (),
we measured f along the south-north axis of the magnet by pressing
the microrobot against a glass fiber 86 mm long (corresponding to
the height of water in the beaker used in this experiment) with a
120 pm diameter that was perpendicular to the water surface, as
sketched in Fig. 5A. The magnet was standing 20 mm above the
water surface, and the value of the magnetic field was measured
by a gaussmeter with a millimeter resolution. Therefore, we mea-
sured the stiffness of the magnetic position control as well as the corre-
sponding magnetic susceptibility calculated using Eq. 3. These
results are shown in Fig. 5B. The magnetic susceptibility calculation
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Fig. 4. Magnetic control of the microrobot pair. (A) Different equilibrium positions of the microrobot pair as influenced by the vertical position of the magnet. Left:
Experimental results. Right: Simulation results acquired using finite element modeling of the magnetic field. (B) Optical images showing the microrobot pair manipulating

a floating pattern (for animation, see movie S1).

assumed that the microrobot magnetized in the direction of the
magnetic field. Therefore, only characterizations for microrobot
with a = 0 are displayed in Fig. 5B. As o increased, the microro-
bot force slightly decreased. For o = 40, the force decreased 20%, as
shown in Supplementary Material G. For the following experi-
ments, which involve the manipulation of wet transfer patterns, we
chose microrobots with 20% iron mass, because they exhibit suffi-
cient stiffness and have a low enough magnetization, which
reduces the risk of abrupt attraction toward the magnet when
placed on the water surface.

To reduce the pattern fluctuation around the steady-state posi-
tion and to increase transfer accuracy, we used a cover to limit
perturbation of the water surface due to airflow during experiments.
This reduced the static error from 11 pm to less than 1 um. Tracking
of the pattern’s position during steady state is available in Supple-
mentary Material H. The dynamic control of the pattern was fast,
and the system reached static equilibrium in less than 3 s for a 500-um

Barbot et al., Sci. Robot. 4, eaax8336 (2019) 25 September 2019

step movement. An overshoot of the control position was observed
on the step control (see Supplementary Material H). To determine
whether the overshoot is only due to the dynamic of the micro-
robot, we proposed a model whereby the fluid was assumed to be
motionless and that the only forces on the microrobot were those
related to the magnetic field and fluid drag. Therefore, at equilibrium,
the movement equation is represented as

im+xd—-xk =0 (5)
where x is the microrobot relative position to the equilibrium, m is
its mass, d is the fluid drag, and k is the magnetic stiffness presented
in Fig. 5. To avoid overshoot, the discriminant of the movement
equation needs to be positive. Therefore, we can conclude the fol-

lowing criterion on the magnetic stiffness to avoid overshoot

dZ
k<%

(6)
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Fig. 5. Force characterization of a single microrobot. (A) Schematic illustration of how force characterization was
performed. The microrobot pushed a 120-um-diameter glass fiber; the deformation of the fiber is linked to the ap-
plied force. (B) Microrobot stiffness versus iron mass concentration with a 20-mm distant magnet. Microrobots with
o =0 were characterized. The stiffness was assumed to be linear and 1 mm away from the equilibrium position of the
robot. The error bars show the differences between loading and unloading force measurement at 1 mm. By assuming

no remnant magnetization, the magnetic susceptibility was also deduced.

By using the proposed microrobot force characterization, the
fluid drag can be measured. We refer to Supplementary Material I
for details on the experiment. For a 4-mm~ square microrobot, the
measured drag was 4 x 10~® kg s™. Therefore, by using Eq. 6, the
minimal stiffness that gives rise to an overshoot for a 20% iron mass
microrobot is estimated at 7 x 10~ uN mm . In our setup, the stiff-
ness was largely under this value in all the control regions, as shown
in Supplementary Material E. Therefore, we can conclude that the
overshoot was mainly due to the water movement created by the
stage displacement. This overshoot is not a problem for wet transfer
applications because we are mainly interested in the position at the
steady state. However, for applications where the dynamics of the
microrobot are critical, controlling the movement of the magnet
rather than the stage would be preferable.

Microrobot-assisted wet transfer

To perform wet transfer of the floating pattern onto an optical fiber,
we placed a vertical stage next to the pool with an attached holder
extended into the water. This allowed the fiber (or other target
structures to be patterned) to be mounted onto the stage and fully
immersed in water, enabling subsequent scooping of the floating
pattern from below.

The full setup is illustrated in Fig. 6A. Figure 6B presents the fab-
rication steps to transfer arbitrary Au patterns, such as electrodes or
strain gauges, onto a fiber. The steps are as follows:

1) Floating pattern preparation: A polymethyl methacrylate (PMMA)
layer with 500-nm thickness was spin-coated on a 50-nm-thick Au
device as a scaffold to maintain the pattern’s shape during transfer
process. The Au and PMMA patterns were subsequently detached
from the original substrate, and the pattern was left to float on a
water surface.

2) and 3) Microrobot pattern grasping and fiber alignment: Glass
optical fibers were cleaned by rubbing with clean room wipe soaked
with acetone and isopropanol, respectively. Fibers with diameters of
130, 200, and 830 pm were used as substrates. Oxygen plasma was
used for 10 min to remove any remaining organic contamination
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1073 on the fiber and to increase the hydro-
2.8 = philicity of the surface. This prevented
.45 E\ sudden adhesion between the fiber and

3 the pattern during the last transfer steps,
2.1 §  which can affect the precision. It also
1.75 § prevented air bubbles sticking to the
@ fiber, which can affect the precision.
L4 9 Note that good pattern adhesion could
1.05 % be achieved without plasma treatment.
070 =  After cleaning, the fiber was immersed
° in a tank filled with deionized (DI) wa-
0.35 9 ter and attached to a holder fixed to a
§ motorized Z stage. Then, the pattern

30 35 40 45 was moved using the microrobots to align
with the fiber. Last, the fiber was raised,
while maintaining control of the pattern’s
alignment, until the pattern was in contact
with the fiber. After the contact was made,
the fiber was raised a further 200 um above
the water’s surface to ensure good adhesion
between the pattern and the fiber (Fig. 6C).

4) Pattern releasing: The magnet was
lowered to release the grasp of the micro-
robot pair, and the robots were removed. However, the edge of large
patterns could still remain attached to the water due to surface tension.
This configuration is explained in Supplementary Material J. The
fiber was then raised until the pattern fully detached from the water
surface. All transfer patterns were left to dry for 10 min in this position.

5) Baking: The fibers with transferred PMMA/Au pattern were
left to dry overnight at room temperature. Then, the fibers were
baked on a hotplate at 200°C for 1 hour to dehydrate the system to
further improve adhesion of the transferred pattern.

6) PMMA dissolving: Last, the PMMA was removed in acetone.

To assess the precision of the transfer process, we measured the
shift between two complementary patterns (Fig. 6D). The precision
of the overall process was found to be within 5 um, and the orienta-
tion error was below 0.4°. The error was mainly due to residual air-
flow disturbances not blocked by the cover. Errors also arose due to
imperfect alignment of the fiber with respect to the water’s surface
(i.e., when the fiber is not perfectly parallel with the water’s surface).
As a result, part of the fiber made contact with the pattern before
the rest, leading to a disturbance in pattern control.

In the case of patterns larger than the fiber perimeter, overlap at
the bottom side of the fiber could occur, as shown in Supplementary
Material J. At this contact location, the long-term adhesion of the
pattern was challenging, and it led to a small region of the fiber where
reproducible patterning was difficult. This region reduced with in-
creasing diameter of the fiber, starting from about a 90° region on a
130-um-diameter fiber to a 40° region on an 830-um-diameter fiber,
as shown in Supplementary Material K. This is largely due to the
bending of the pattern because of the small radius of curvature on
small fibers.

Applications

The precision and the versatility of the proposed microrobot-assisted
wet transfer method enabled the fabrication of a variety of devices,
as demonstrated by the following examples. For electronic devices,
fibers with transferred patterns were clamped on a printed circuit
board (PCB), and electrical connections were realized using 25-um
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Fig. 6. Fiber patterning using microrobot-assisted wet transfer. (A) Side view of the transfer pool with the microrobot pair holding a pattern to be transferred.
(B) Fabrication workflow for patterning Au microdevices on the fiber using the proposed microrobot-assisted wet transfer. Steps 3 to 6 are recorded in movie S3.
(C) Floating pattern (grid structures) transferred onto a 200-um-diameter optical fiber as viewed from the microscope. (D) Scanning electron microscopy (SEM) (Tescan
SEM/FIB LYRA3 XM) images of two successive transfer position markers for assessing the achievable transfer accuracy of the proposed system.

Au wires to “pin down” the fiber between a pair of PCB bond pads
and to connect them with the device electrodes, as shown in Fig. 7A.
Last, the fibers were clamped, and the bonding wires were protected
using a high-viscosity glob-top epoxy. The connections were tested
by using the electrodes as electrochemical sensors. These were realized
by electrodepositing Pt black using an external Ag/AgCl reference
and Pt counter electrode. Impedance measurements in phosphate-
buffered saline solution of the bare electrode and Pt black-covered
electrode are presented in Fig. 7A. Such electrochemical sensors can
have a range of applications in microcatheters and other implant-
able devices (33).

We further illustrate sequential fabrication comprising several
layers of different materials by realizing a two-terminal graphene
device on a 200-um-diameter glass fiber. First, a pair of source-drain
Au electrodes was aligned and transferred onto the fiber. This was
followed by a precise transfer of graphene flake to bridge the gap
between source and drain (Fig. 7B). The integrity of the transferred
graphene device was characterized by both Raman spectroscopy and
electrical measurements. I-V measurements taken before and after
an oxygen plasma treatment (to selectively remove graphene) further

Barbot et al., Sci. Robot. 4, eaax8336 (2019) 25 September 2019

support the successful fabrication of the graphene device. Graphene
serves as a unique electrode material due to its tunable contact
properties owing to its finite density of states (34). In addition,
graphene sheets can be easily functionalized and serve as a platform
for label-free biomarker detection (35). Further details of the graphene
devices are provided in Supplementary Material L.

Active electromechanical devices could also be precisely integrated
onto the 3D substrates. A 3-mm-long strain gauge was integrated
on a 200-um-diameter glass fiber and characterized, showing a re-
sistivity of 462.7 ohms with a change of 3 ohms during deformation
(see Fig. 7C). We measured the change in resistivity of this gauge as
it elongated with the bending of the fiber. The measurements were
proven to be reversible, and thus, measurement of fiber’s deforma-
tion at the location of the patterned strain gauge was possible (see
Supplementary Material M). Because this process can be parallelized,
3D orientation reconstruction of a microcatheter at different discrete
locations may be developed.

Last, the wet transfer method could be used to pattern on more
complex 3D structures. Here, we demonstrate the transfer of an
Au pattern on a microtool fabricated using two-photon lithography at
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Fig. 7. Example applications of microrobot-assisted wet transfer for fiber functionalization. (A) Top: Interface between fiber-supported electrodes and a dedicated
PCB. Bottom: Impedance characterization of a two-electrode device with and without electrodeposition of Pt black. (B) Fiber-based 2D graphene devices. Sequential wet
transfers were made to successively pattern the Au track and then the graphene film. The presence of graphene was assessed with Raman spectrometry and a plasma
destructive test. (C) SEM picture of a functionalized microtool 3D printed to the tip of a fiber. The Au track was aligned and transferred onto the 3D structure with good
conformity. The transfer steps on this microtool are available in movie S4. (D) Fiber-based strain gauge designed for measuring fiber deformation based on its resistivity

change. SEM picture of the device, picture of the experience, and resulting signal.

the tip of a 170-um glass capillary fiber (see Fig. 7). The protocol for
printing the microtool onto the fiber tip is similar to that described
in (I) and is described in Supplementary Material M. The pattern
could be aligned with the microtool and conformed to the complex
3D surface, paving the way for fabrication of complex electro-
mechanical devices at microscales by using such hybrid micro-
fabrication techniques. A video of the patterning of the gripper is
available on movie S4.

Barbot et al., Sci. Robot. 4, eaax8336 (2019) 25 September 2019

DISCUSSION

In this work, we have presented a solution for wet transfer of thin
film and 2D crystals with micrometer-level precision on 3D substrates.
To achieve this, we developed floating magnetic microrobots capable
of storing a preferential magnetization direction. We then manipu-
lated them using equilibrium position under a permanent magnetic
field. This allowed for fine-tuning of the obtained robotic micro-
gripper by only adjusting the magnet’s position, thus enabling grasp,
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alignment, and release of floating 2D patterns. The proposed setup
is simple, low cost, time efficient, reproducible, and reliable.

To record a preferred magnetization direction of the micro-
robots, we proposed an easy and low-cost approach based on the
fixation of oriented iron powder within a PDMS matrix cured under
a magnetic field. We characterized the magnetic susceptibility of this
material for different iron concentrations. From Fig. 5, one can note
that this curve has neither a nonlinear nor an affine trend. This makes
sense because the increase of iron concentration within the PDMS
matrix results in longer and more connected lines, thus increasing
the level of magnetization. Another interesting point to note is that
extrapolation on the current shape would suggest a magnetization
for microrobots that contain no iron. Because PDMS is not magnetic,
the magnetic susceptibility should undergo a drastic change for values
under 10% of iron mass concentration, reaching zero when no iron
is present in the material. One hypothesis to explain this would be a
sudden increase of the magnetization arising from the formation of
iron lines in the matrix when the iron concentration increases over
a certain threshold. This can be seen as the magnetic equivalent of the
electrical percolation threshold present in materials such as conduc-
tive fiber/polymer composites.

The proposed microrobot pair made with this material could
perform a wet transfer with a precision below 5 um. The angle error
was below 0.4° by a simple manual rotation of the magnet. The angle
error could be further reduced by installing a simple mechanism to
control the magnet rotation using regulating screws or a precise
step motor.

The micrometer-level precision achieved is necessary for wet
transfer onto submillimeter devices and for precise alignment between
successive layers. Here, we demonstrated the versatility of the pro-
posed method by fabricating four different types of microdevices.
First, we present the fabrication of a single thin-film Au micro-
electrode and used this for electrochemical sensing. We also showed
the capability to create aligned structures by successive transfers of
various thin films and 2D crystal by fabricating a two-terminal
graphene device with Au electrodes on a 200-pm-diameter glass fiber.
We further presented the patterning of a two-terminal Au stress
gauge and its capability to measure local fiber deformation. Last, we
demonstrate the versatility of this method regarding the substrate
via the transfer of an Au electrode on a 3D structure fabricated by
two-photon polymerization on the tip of a glass fiber.

Scaling up the proposed setup could encounter some limitations
because the surface tension supporting the floating pattern and the
microrobot becomes weaker for larger structures. It is generally
considered that objects with a dimension greater than the capillary
length (2.7 mm in our case) will sink (36). However, this limitation
is not so important because both the robots and the patterns formed
are thin and can be considered as 2D structures with weight scaling
only with a power 2 of the dimension. An example of large floating
microelectronics has been demonstrated (12). Moreover, the magnetic
field could be tuned to cancel the robot’s weight. As for supporting
larger electronic patterns, a thicker PMMA transfer layer could be
used to bring the overall density close to water’s density.

The proposed method represents a new microfabrication technique
for a range of 2D material-based device fabrication onto complex
3D substrates. This opens up new applications in precision surgery
and intervention by allowing the design of electrochemical sensors,
microactuators, and complex 2D crystal-based electronics devices
on submillimetric fiber-based catheters among other applications.

Barbot et al., Sci. Robot. 4, eaax8336 (2019) 25 September 2019

The level of transfer precision as demonstrated by this procedure
would also allow for the fabrication of submillimetric devices such
as sensor arrays and electronic circuits to perform in situ biomarker
detection as well as signal processing. Further work will focus on the
fabrication of hierarchical devices based on multilayered van der Waals
2D crystals on nonflat, flexible, and stretchable substrates, as well as
integration of active components at a fiber’s tip to form a fibrebot
that has both actuation and sensing capabilities.

MATERIALS AND METHODS

Microrobot fabrication

The microrobots were made from PDMS mixed with iron powder
before curing. The liquid polymer precursor was manually mixed
with a curing agent (SYLGARD 184 Silicone Elastomer base and
curing agent) and the iron powder (Sigma-Aldrich, 209309-500G,
maximum particle size of 44 pum). The mixture was then spin-coated
for 1 min at 12 rps on a glass petri dish, resulting in layers with a
height of 200 pum.

The glass petri dish was placed in an oven at 90°C for 1 hour,
with the magnet placed 65 mm above its center. This corresponds to
a magnetic field magnitude of around 8 mT, which is sufficient to
orient the particles into lines but lower than a value needed to store
significant remnant magnetization. The north and south poles of
the magnet were aligned horizontally (i.e., parallel to the petri dish
surface). A diametrically magnetized, circular neodymium ring with
a 30-mm outer diameter, 10-mm inner diameter, and 10-mm height
was used. To avoid interference with the magnetic field during curing,
we made the support for the magnet from glass.

After curing, the iron/PDMS layer was peeled from the glass. This
layer was then cut with a custom-made graduated cutter to form the
different microrobots. Each position corresponded to different iron line
directions and, therefore, different preferred magnetization directions.

Microrobot force characterization

The position of the reference frame, the microrobot, and the tip of
the fiber were recorded through the microscope and tracked using
an OpenCV-based custom software. Experimental views are avail-
able in Supplementary Material G. The optical fiber protective poly-
mer cladding was removed (FG200LEA, Thorlab). The fiber stiffness
was characterized using a commercial force sensor (FEMTO tool
FT-5100000 Microforce Sensing Probe) and exhibited linear behavior
in the used region with a measured stiffness of 2.373 uN mm’. The
stiffness of microrobots with four different iron mass concentrations
was determined by using the force applied on the fiber at 1 mm away
from the equilibrium position. The magnetic susceptibility was de-
rived using the value of the magnetic field and magnetic field gradient
at the equilibrium position. This is justified because the force exhibited
a linear behavior with the distance to the equilibrium in this region,
as shown on Supplementary Material G.

Microrobot structure characterization

The microrobot internal microstructure was studied using x-ray micro-
tomography (Bruker MicroCT Skyscanner 1272). The pixel size of
the image was 7.4 um, and the rotation step was 0.15°. The obtained
dataset was then treated on FIJI. To obtain the preferential iron line
orientation across the iron/PDMS layer, a 2-mm band was extracted
and cut in six equal parts. The images set was then treated and re-
arranged to increase the contrast of the iron line by combining
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10 pictures along the x axis. The plugin Orientation] Vector Field (29)
was then used to determine the orientation across the x and y axes.

Wet transfer pattern preparation

In the following, we provide more details on the fabrication steps to
obtain the floating device pattern for the wet transfer. Those details
expand step 1 of Fig. 6B.

Device fabrication: To prepare the substrates for lithography
patterning, Si chips (285-nm SiO, layer) were cleaned in an ultra-
sonic bath with warm acetone and isopropanol, prebaked at 115°C
for 1 min, and cleaned in an oxygen plasma etcher (Diener Electronic
GmbH + Co. KG) for 5 min. Positive photoresist S1805 (MicroChem)
was used for lithography patterning, spin-coated on a Si substrate at
3000 rpm for 30 s, and soft-baked at 115°C for 1 min. The spin-coated
substrates were then exposed using the mask aligner (SUSS MicroTec)
for 5 s with a 350-W Hg lamp. The exposed samples were then developed
in a 351 Developer (Microposit):DI water solution (1:4) for 8 s and
flushed with DI water for 30 to 60 s. Au (50 nm) was deposited using
e-beam evaporation with the HEX Modular Deposition System
(Korvus Technology). Liftoff was carried out using Remover 1165
(MicroChem) for 15 to 30 min under 60°C.

PMMA coating: To prepare the free-standing film for wet
transfer, the Si chips with Au-deposited patterns were spin-coated
with a layer of PMMA (MicroChem, 495K A8) at 3000 rpm for 1 min.

Si/Si0, etching: The pattern was released from the substrate by
using a KOH (Sigma-Aldrich) 1 M aqueous solution at 60°C. This
resulted in a free-standing PMMA/Au pattern film. The floating
film was then transferred to DI water three times and left floating.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/4/34/eaax8336/DC1
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