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Abstract

Meso- or micro-scale(or insect-scale) robots that are capable of realizing flexible locomotion and/or carrying
on complex tasks in a remotely controllable manner hold great promise in diverse fields, such as biomedical
applications, unknown environment exploration, in sifu operation in confined spaces, and so on. However, the
existing design and implementation approaches for such multifunctional, on-demand configurable insect-scale
robots are often focusing on their actuation or locomotion, while matched design and implementation with
synergistic actuation and function modules under large deformation targeting varying task/target demands are
rarely investigated. In this study, through systematical investigations on synergistical mechanical design and
function integration, we developed a matched design and implementation method for constructing multifunc-
tional, on-demand configurable insect-scale soft magnetic robots. Based on such a method, we report a sim-
ple approach to construct soft magnetic robots by assembling various modules from the standard part library
together. Moreover, diverse soft magnetic robots with desirable motion and function can be (re)configured.
Finally, we demonstrated (re)configurable soft magnetic robots shifting into different modes to adapt and res-
pond to varying scenarios. The customizable physical realization of complex soft robots with desirable actu-
ation and diverse functions can pave a new way for constructing more sophisticated insect-scale soft machines
that can be applied to practical applications soon.

Keywords: soft magnetic robots, synergistical design, mechanical design, function integration, configurable
robots

Introduction targets,1 such as biomedical scenarios,z’3 exploration,‘M in situ
robotic operations in confined spaces, and other emerging

B Y THE VIRTUE of tiny bulk, agile response, and functio-  applications.” In the meanwhile, these significant application
nalized body, insect-scale robots may be ideal candidates  scenarios also put forward high requirements for the perfor-

for numerous attractive applications in various unstructured/ mance and functionalities of the adopted insect-scale ro-
extreme environments or when interacting with unknown bots,8 such as wireless actuation,9 distinct controllability,m
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robust multifunction integration/configuration capability,'!
and so on.

Recent progress in materials and soft robots has enabled a
plethora of smart actuators with diverse actuation mecha-
nisrns,lz’21 such as photochemical/thermal effects,22 shape-
memory alloy/polymers,>> magnetic actuation,”*2® surface
tension gradient®® (Marangoni effects), biohybrid artificial
muscles,”® etc. These actuators render various insect-scale
soft robots to realize effective locomotion and perform
complex tasks in harsh environments,>® providing novel
design routes and new possibilities for insect-scale soft ro-
bots. However, the in-depth interaction between the con-
structed insect-scale soft robots and the operated targets
remains a challenge due to the unstructured/unpredictable
work conditions of target scenes and limited configurability
and functionalities (e.g., in situ multistimuli response, so-
matosensing, environment perception, multilocomotion
transition, and other compatible multifunctionalities) of the
constructed insect-scale soft robots. Such a challenge hinders
their further applications of those insect-scale soft robots in
those attractive scenarios.

Among those insect-scale soft robots, soft magnetic robots
are an elegant yet promising solution to be competent in harsh
and unstructured scenarios,l by the virtue of their untethered
remote actuation,31 programmable,24 addressable,32 and fast
response”> with high force and torques.®* In recent years,
quite a few elegant approaches were reported to construct
such insect-scale soft robots.>> For instance, Sitti and col-
leagues constructed a small-scale multimode magnetic robot
that can locomote and perform different tasks with various
modes.? Similarly, utilizing 3D printing methods, Zhao et al.
and Diller er al. proposed a magnetized ink 3D direct printing
approach to realize programmable small-scale soft robots>*
and develop an ultraviolet lithography-based printing method
to construct millimeter-scale flexible robots with pro-
grammable three-dimensional magnetization and motions,®
respectively. More recently, Shen and colleagues proposed
a multilegged magnetic robot and a%glutinate magnetic
spray-enabled magnetic millirobots.>”*® Those approaches
addressed magnetic domain encoding and precise actuation.

However, to further fulfill in-depth interaction between
insect-scale soft robots and unstructured application scenar-
ios, a few aspects must be accounted for: flexible motion
manipulation, synergistic multifunction integration, and target-
based on-demand configurability. Most previous appro-
aches focused on realizing flexible motion manipulation,
lacking of consideration of both matched mechanical design
and function integration. This technique vacancy greatly
limits the potential of small-scale soft magnetic robots and
hence makes them unable to cope with complex interac-
tion scenarios as stated earlier. To break through such a bot-
tleneck, it is urgent to develop synergistically matched design
methods for insect-scale soft magnetic robots in terms of both
ideal mechanical response and stable functional integration.

In this study, we present a synergistical design method,
particularly from functional skin to main bulk, and diverse
cells to modular robots under large deformation, for on-
demand configurable, multifunction integrated, insect-scale
soft magnetic robots. To assure effective and yet matched
actuation and function of each module and the whole robotic
system, we systematically investigated the matched design of
the modules in terms of their mechanical responsive behav-
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iors and various functionalities. These soft magnetic robots
are enabled by a modular configuration strategy by fast
assembling various standardized functional modules (e.g.,
actuation modules, connecting modules, sensing modules,
steering modules, and other functional modules) together
according to targeted design demand. These functional
modules are coupled by the bulk and surface or mutually.

Furthermore, with the newly presented method, we dem-
onstrated a (re)configured insect-scale soft magnetic robot
that can rapidly shift different configurations with differ-
ent actuation modes and functions, enabling it to well adapt to
different scenarios and perform corresponding tasks. Here
lists a few, motion gait self-sensing during walking, envi-
ronment temperature perception under thermal irradiation
when crossing through sand, light illumination response
during crawling through a narrow tunnel, and perception of
ultraviolet exposure when synergistically cruising on a water
pool. It is a proof of concept of fast customizing functiona-
lized insect-scale robots, providing a convenient platform
technique for the robotic community to fast configure soft
magnetic robots with desirable motion/actuation modes
and functionalities.

Materials and Methods
Material preparation, fabrication, and modeling

The main body of each module was made of c-PDMS
(carbon black doped polydimethylsiloxane, PDMS) or
m-PDMS (magnetic particle doped polydimethylsiloxane,
PDMS). They are silicone base of PDMS (Sylgard 184; Dow
Corning Corp.) blended with carbon black (XC72R; Cabot) at
a weight ratio of 10:1:0.5 (silicone base: curing agent: carbon
black), or so-called c-PDMS; and NdFeB micro magnetic
particles (MQFB-B-20076-089; Magnequench) at a weight
ratio of 20:1:40 (silicone base: curing agent: NdFeB particles),
or so-called m-PDMS, respectively. The prepared mixture was
mixed by a digital stirrer (RW 20; IKA) at 2,000 rpm for 3 min
and then vacuumed for 5min to remove the bubbles. The
functional cells were fabricated following the procedure
described in Supplementary Figure S1. Among them, the
¢-PDMS are mainly used as structural parts and do not perform
drive functions in the robot’s motion.

The inclusion of carbon black in PDMS is to facilitate the
use of laser processing. No evident material failure is ob-
served after 10,000 cycles. More details can be seen in the
Supplementary Data. The samples for the mechanical model
fitting: the specimens with length (a) of 5 mm, width (b,) of
1.5 mm, thickness (z,) of 0.4 mm were made of m-PDMS at a
weight ratio of 20:1:40 (silicone base: curing particles:
NdFeB particles). The magnetization angles (0,,,) are 0°, 15°,
30°, and 45°, respectively. Then, the obtained specimens
were coated by PDMS 10:1 with different thicknesses (z)
from 0.05 to 0.25 mm; we also set the #,=0 mm as a reference
group. We measured the deflection (w/a) of the specimens
with different 0, (0°, 15°, 30°, 45°) and ¢, (0, 0.05, 0.15,
0.25 mm) in an applied magnetic field of 1,000 Gs.

Magnetic characterization

The magnetic moment density of the m-PDMS film
specimens was measured by a vibrating sample magne-
tometer (S-VSM; Quantum). To obtain the specimens, the
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m-PDMS film with various NdFeB mass fractions from 26%
to 80% was cut into squares (length of 2 mm, thickness of
~0.1 mm) through the laser, the default parameters are: laser
scanning speed (v) of 150 mm/s, current (/) of 33.5 A, fre-
quency (f) of 50kHz, pulse width (Q) of 0.2 us. The laser
parameters required for the experiments in this article are
default values unless otherwise specified. The actual speci-
men thickness is shown in Supplementary Table S1. We
measured the residual magnetization of m-PDMS film (mass
fraction of 50%) under applied magnetic fields from 350 to
2,450 Gs (Supplementary Fig. S2A). In addition, the mag-
netization of the m-PDMS film with a mass fraction from
26% to 80% was measured under the applied magnetic field
of 2,500 Gs (Supplementary Fig. S2B). The temperature
in the cavity was set to 300 K for all measurements.

Mechanical characterizations

To study the mechanical response of the main body to the
magnetic field and the constraint behaviors of the surface
layer, several experiments were designed with gradient
magnetic fields from 100 to 1,600 Gs with a gradient of 300
Gs (Supplementary Fig. S3). The specimens with lengths of
3,5, and 7mm (0.4 mm thickness) and the specimens with
thicknesses of 0.2, 0.4, and 0.6 mm were prepared for the
mechanical response of the main body. The specimens
(Iength of 5 mm and thickness of 0.4 mm) with the skin layer
(thickness of 0.05, 0.15, and 0.25mm) and the specimens
with the skin layer with Young’s modulus of 0.23, 0.99, and
2.25MPa (ratio of silicone base: curing agent by weight,
respectively, 20:1, 10:1, and 5:1) (Supplementary Fig. S4)
were prepared for constraint behaviors of the surface layer.
All the specimens have a width of 1.5 mm. The horizontal
deviation of each specimen was captured using an SLR
camera (EOS RS5; Cannon) and measured on a computer. The
actual thickness of the specimens were measured in Sup-
plementary Table S3.

Finite-element analysis

Finite element analyses (FEAs) were carried out using solid
mechanics and magnetic fields and no current modules in
COMSOL Multiphysics 6.0 to simulate the results of the ex-
periments presented in corresponding sections. The results of
FEAs are shown in Supplementary Figure S5. More details are
shown in the Supplementary Data and Supplementary Table S4.

Surface characterizations

To study the effect of the laser parameters on the properties
of the skin layer surface (ability to adhere to liquid alloy
[LA]), a specimen (6 X 6 matrix) with gradient parameters was
prepared: laser scanning speed (v) from 500 to 2,500 mm/s,
laser scanning space (k) from 0.005 to 0.16 mm. The contact
angle of LA on every matrix element was measured separately
with a drop shape analysis equipment (DSA25; KRUSS) at
room temperature. For the dynamic contact angle measure-
ment, the LA droplet was infused at a speed of 6 uL./min and
withdrawn at a speed of 12 ul./min using a syringe pump
(PUMP 11 ELITE Nanomite; Harvard Apparatus). Further-
more, the profiles of the LA circuit were characterized: the
LA was transferred to the skin layer surface; designed width
(Wy) of the circuit is 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mm. The

sectional morphology of the LA circuit was captured by a
super depth of field microscope (DSX 510; Olympus). All
experiments were performed at room temperature of 20°C.

Electrical characterizations

To characterize the stability of the LA circuit, 10,000
cycles of bending were carried on using a universal material
testing machine (ElectroPuls E1000; Instron). Both ends of
the specimen were fixed on the machine, then, the machine
moved forth and back with an amplitude of 2 mm at a fre-
quency of 2 Hz. The resistance of the LA circuit was mea-
sured using an LCR meter (E4980AL; Keysight).

Demonstration setup

For reconfigured magnetic robot demonstration, the LA
circuit was directly printed on the actuation cell whose surface
was selectively tuned by laser to obtain different wettability
toward LA, and the dynamic resistance data were recorded by
a digital multimeter (34461A; Keysight). The thermal irra-
diation was produced by a heating lamp with 275 W. The
white light stimulus was produced by a white light source
(SOLA AM 5-LCR-VA; Lumencor patented technology).
The ultraviolet stimulus was produced by an ultraviolet ana-
lyzer (ZF-1; Shanghai Chitang Electronics Co., Ltd.). These
stimuli are to simulate the potential varying environment to
demonstrate the perception and response behaviors of these
configured soft magnetic robots.

Results and Discussion

Synergistical design of the module in terms of both
mechanical behaviors and function integration is significant
for constructing functionalized soft magnetic robots. Figure 1
shows the concept of matched design strategy by codesigning
the whole cell (module) consisting of the skin layer (func-
tional layer) and main body (bulk), among which the whole
cell with functional skin achieves an ideal mechanical res-
ponse behavior while the functional layer can stably work
under large deformation. To guarantee the above behaviors
smoothly, on one hand, we proposed a matched design
method by adjusting the matching relationship between the
external magnetic field, B, magnetization angle, 60,,, thick-
ness of the skin layer, #,, and Young’s modulus, E, to achieve
the target deformation. On the other hand, selecting the
typical and commonly used functional ink (LA) as functional
materials, we systematically studied its selective, yet stable
integration on such a soft magnetic cell surface by introduc-
ing a laser surface tuning mechanism that can be precisely
modeled by its removing energy, E..

Such a synergistic design of a single cell can further enable
the modular functionalized soft magnetic robots by assem-
bling various matched designed functionalized cells together,
for example, integrating various functions on the main body
surface such as optical sensor, thermal sensor, and LA
functional circuit, empowering them with diverse specific
capabilities, Figure 1E. Moreover, discrete magnetic domain
encoding in each module enables the bulk responses to ex-
ternal magnetic fields, and the synergy work between dif-
ferent cells realizes the motion and function of the robot. The
modules in a standard part library are classified into con-
nection modules and actuation modules with different
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FIG. 1. Synergistical mechanical matched design and function integration, and its implementation demonstration on
reconfigurable soft modular magnetic robots for various specific task scenarios. (A) Concept of the soft magnetic robot
enabled by synergistically-designed cell. Various modular functional cells (e.g., connecting module, actuation module, and
function module) realize the actuation and function of the robot with an external magnetic field. The matched design
between the skin layer with the functional cell and the main body enables the robot to perform as anticipated. (B) Function
cells on the skin can sense the motion, and the programmed magnetic domains enable the whole one to be actuated by an
external magnetic field. (C) The concept and principles of mechanical matched design, when a functional layer is integrated
on the surface of the magnetized main body (bulk), target deformation ¢ is related to an external magnetic field, B,
magnetization angle, 0, the thickness of the skin layer, #,, and Young’s modulus, E,. (D) The concept and principles of
function integration, laser scanning the surface to obtain a stable SA and DA, respectively. The SA has greater removing
energy, E,, related to surface tension, y, and receding angle, 0,. (E) Concept of reconfigurable soft magnetic robots shifting
into different modes enabled by the modules of the standard part library with various functions. DA, desorption area; SA,
sticky area.

functions. The interface between the connection cell and the  First, we systematically studied the effects of various struc-
actuation cell is designed to facilitate reconfiguration, which  tural parameters (thickness, #,, and length, a) and magneti-
further enables the robot to be customized and functionalized  zation angle (6,,) on the magnetic response of the main body

targeting diverse specific demands. (deflection, w/a) under various strengths of magnetic fields.
As in Figure 2 and Supplementary Figure S6A and B, the
Matched mechanical response design results indicate that the magnetic deflection, w/a, monotoni-

cally increases with the magnetic field B at various structural
The structure design, magnetic domain presetting of actu- parameters and magnetization angle. The trend shows that
ation modules directly determines their response behaviors.  smaller #, and longer a will lead to a more ideal magnetic
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FIG. 2. Response characterizations of the original soft magnetic actuators without integrated functional skin. (A) The
original response of soft magnetic actuators with the same length (a=5mm) and different thicknesses, where w is the
deflection of the endpoint. (B) The original response of soft magnetic actuators with the same thickness (f,=0.4 mm) and
different lengths. (C) The original response of soft magnetic actuators under different magnetization angles (6,,), where B is the
external magnetic field. The positive and negative signs of the applied magnetic field B just represent the direction of the applied
magnetic field B, the applied magnetic field is increased from 100 to 1600 Gs in both positive and negative directions.

response that is described by the magnetic deflection, w/a.
This can be explained by that the thickness, #,, and length, a,
will directly determine the bending stiffness of the whole cell.
Therefore, within a certain range, deflection, w/a, decreases
as thickness, t,, and deflection, w/a, increases as length, a,
under the same magnetic field, Figure 2A and B.

What’s more, we found that the presetting of magnetic
domain (magnetization angle, 0,,,) in the bulk was significant
for the response characterizations under the same actuation
conditions (Notice that 0, is defaulted as O in the in-plane
magnetization case, if the out-of-plane magnetization was
adopted, this magnetization angle would influence the mag-
netic response behaviors). The different magnetization angle,
0, leads to the anisotropic difference in the bending of the
two sides, Figure 2C and Supplementary Figure S6C, which
brings new design windows for the control of magnetic re-
sponse. It means that by encoding such a parameter, we can
obtain a better magnetic response behavior under limited
or the same actuation conditions.

At the same time, we have verified the experimental results
by FEA, Figure 3. The results indicate that when the 6,, is

~15°-30°, the strengthening effect on positive direction
deflection is maximum. The simulation and experimental
results have the same trend with some systematic errors. This
tunable magnetization strategy provides a broaden design
window for the addressable magnetic response programming
of insect-scale soft robots.

Functional skin integrated onto the main body will influ-
ence its magnetic response. In this study, to make a matched
mechanical design, we characterized the mechanical effects
of skin attached on the main body quantitatively. The PDMS
with various thicknesses, t;, and Young’s modulus, E; (tuned
by the mass ratio of precursors, Supplementary Fig. S4), was
used to approximate the functional skin on the main body.
The results indicate that the attached skin will cause a smaller
magnetic deflection under the same magnetic field, Figure 4
and Supplementary Figure S6D and E. Therefore, for a
practical functionalized main body, it is necessary to consider
their comprehensive stiffness to obtain a better response. For
instance, if there was a main body (z, of 0.4 mm, a of 5 mm)
with a skin (¢, of 0.15 mm, E; of 0.99 MPa), to achieve the
same deflection, w/a of ~0.6, the magnetic field should be
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increased from 100 to 1,600 Gs compared to the one without
skin, alternatively, optimizing the structural parameters and
magnetization angle, 0,,,.

Because of the residual stress during the skin curing, the
bulk has an original deflection and leads to the anisotropic
deflection deviation (bottom right of Fig. 4). Furthermore, we
verified the experimental results with numerical simulation,
Figure 5. The results indicate that the simulation results
are fairly consistent with the actual results. Such a syner-
gistic mechanical design needs to comprehensively consider
functional stiffness introduction and a matched strengthening
by optimizing the materials’ stiffness, structural parameters,
magnetization strength, and magnetization angle.

As skin layers can somehow limit the actuation perfor-
mance of the main body, we selected two key parameters
that are easy to tune to establish the model, that is, by
adjusting the magnetic angle (0,,) to optimize/compensate
the influence on the actuation of the main bulk caused by
skin layer. The model can guide matched mechanical de-
sign. It is important to note that previous work has studied
the mechanics of hard-magnetic soft material”; it 1is
still difficult to obtain an analytical solution under large
deformation conditions. In this study, considering the
skin layer as the same material as the main body, we
derive an empirical formula based on the experimental

As shown in Figure 6A, B and Supplementary Figure S9, ©
denotes the torque density, 0, denotes the magnetization
angle, wy,x denotes the max deflection in y direction, a de-
notes the length of the actuator, and ¢, and 7, denote the
thickness of the skin layer and main body. The magnetic
torque at position s can be expressed as,

a

o(s) = |M||B|bat, / sin(g —040,.)ds, )

s

where M and B denote the magnetization of the actuator and
the applied magnetic field, respectively, b, denotes the width
of the actuator, and 6 is the deflection angle at the s.
Abstracting the actuator as a cantilever beam and considering
the skin layer and the main body as a whole, the curvature of
the point s, k(s) can be written as,

k(S) — I(S)

- @

where I=b,(1, + 1,)*/12 is the area moment of inertia, E is the
Young’s module, and u is the shear modulus, which equals
1/3E for incompressible materials. The curvature k(x) can be
further written as,

d0  4M||B|b.t, [*sin(Z — 0+ 0,)ds

k(s) = (3)
3
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FIG. 5. Simulated different parameters of the skin layer. (A) The result of different magnetic strengths (from 100 to
1,600 Gs), the thickness of the skin layer 7 is 0.15mm, and Young’s modulus of the skin layer E, is 0.9924 MPa.
(B) Comparisons of experimental results with FEA results (z; of 0.15 mm, E; of 0.9924 MPa). (C) The result of different
magnetic strength (from 100 to 1,600 Gs), Young’s modulus of the skin layer E; is 0.226 MPa, and the thickness of the skin
layer, t,, is 0.15 mm. (D) Comparisons of experimental results with FEA results (¢, of 0.15 mm, E of 0.226 MPa).
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FIG. 6. Matched mechanical modeling for skin-coated/constrained functionalized soft magnetic actuators. (A) Actuator
deforms under the applied magnetic field B. Symbol M denotes the magnetization of the actuator, F denotes the deformation
gradient tensor, a denotes the length of the actuator. (B) Geometry of the deformed actuator is characterized by a
parameterized spatial curve 0=0(s), where s and 6 represent the arc length and tangential angle at the spatial point,
respectively. The rotation angle at the free tip is denoted as 0,,,c. (C) Deflection (w/a) of the specimens with different
0, (0°, 15°, 30°, 45°) and ¢, (0, 0.05, 0.15, 0.25mm) in an applied magnetic field of 1,000 Gs, where P1=0.08316,
P2=2.348, P3=0.8413, and P4=0.467 are the fitting parameters and adjusted R-squared=0.8953. The applied magnetic
field B=1,000 Gs. (D) Relationship between 6,,, and f,, for a given thickness, the actuator response can be enhanced by
properly adjusting 6,,,.

Furthermore, from the geometric relationship we can When in a small deflection, dy/dx<<1, so Eq. (7) is
obtain, approximately equal to
dy = sin0 - ds. “) d’y  4|M||B|t,(a—x)sin(5 + 0,) ®
dx? u(ty + tx)3 '

, (@) Then, integrating Eq. (8), the deflection at the end can be
s=a obtained as,

wmw(:/sin(@(s)) -ds

where 0(s) is determined by Eq. (3), which cannot be written
as an analytic solution. If we consider it in a small deflection

_ 4|M||B|t,a’sin(% + 0,,)
model,>* Eq. (1) can be written as: '

Wiax = Y|x=q = (9)
! 3u(ta +15)°

In this study, considering the introduced errors under the
large deflection, we designed an empirical formula with the
above model configuration with multiple correction factors
The curvature of the point s k(x) can be written as, to approximately calculate such a deflection wy,,,. Based

on further analysis of the model, we found that some rules

. (n should be taken into consideration: (1) the deflection &

= 4|M||B]ta(a x)sn;(z * 0'”) . (7) decreases as f, increases when 0, is fixed; (2) there should

[1 + (%)2}2 w(ta + 1) be an optimal magnetization angle 6,,,, which allows the
maximum magnetic torque to be obtained by making B as

t(x) = |M||B|bata(a — x)sin (g n 9,,,) . ©)

d’y
2

k(x)=
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perpendicular as possible to M at a balanced state, and when
O > 0o, the result of M x B will decrease; (3) the optimal
magnetization angle 0, decreases as #, increases.

Based on the above considerations, using a trigonometric
function to represent an equivalent magnetic moment with
consideration of 0, and f,, we developed an empirical for-
mula as,

5:wmax:Pl-s1n(0m+P2-(03,,1~t§)+P3)’ (10)
a (P4+ts)

where P;—P, are the fitting parameters. Specifically, P,
denotes the influence of some constants (e.g., applied mag-
netic field, magnetization, shear modulus), P, denotes the
coupling relationship between 0, and z,, P53 denotes the angle
compensation, and P, denotes the thickness parameter of
actuation body, #,. By fitting the experimental data, we can
obtain P, =0.08316, P,=2.348, P;=0.8413, P,=0.467, and
adjusted R-squared=0.8953 (Fig. 6C, D). With such an
empirical model, the targeted deflection response can be
approximately obtained. Hereinafter, it is used for the mat-
ched mechanical design for the skin-coated functionalized
soft magnetic robots/actuators.
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Stable integration of functional skin

Another key scientific problem of matched design lies in
the stability of functional skin integrated/attached on a soft
actuation body which may suffer from a periodical large
deformation. Our previous works have reported that micro-
and nano-scale surface structures may play a crucial role in
pinning LA circuits on PDMS surfaces.*’ Herein, as shown
in Figure 7A, different surface structures were created by
various laser operational parameters (scanning spacing, k,
and scanning speed, v). We measured the contact angles
(advancing contact angle, 6,, and receding contact angle, 6,)
of LA droplets (~0.8 uL) on several surfaces in the air
(Fig. 7B). The results indicate that stable adhesion means a
large 0, and a small 6,.

As in Figure 7C, according to the microscale surface
structures of m-PDMS with different laser parameters and the
shapes of LA droplets during withdrawal, we determined the
boundary of different adhesion states. Unstable adhesion
means that it is difficult for the LA to be pinned on the sur-
face, and thus, the adhesion is very weak; stable adhesion
means that it is easy to pin LA on the surface. It can be seen
that when the v> 1,000 mm/s, the surface shape of the LA
(red line in Fig. 7C) during withdrawing changes from a
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FIG.7. Integration of the functional skin. (A) Schematic of surface laser patterning treatment, where v and k are the speed
and spacing of the laser, respectively. (B) The advancing (6,) and receding (6,) angle of the LA droplet on the treated
surface with k of 0.08 mm. (C) The surface-attached capability of soft magnetic actuator surface with different laser
parameters; the rate for infusing and withdrawing are 6 and 12 ul./min, respectively. The surface shape is drawn with red
lines. (D) The energy of removing LA droplet (E,, the calculation details are in Supplementary Data) from the surfaces with

different laser parameters. LA, liquid alloy.
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FIG. 8. Morphology and electrical properties of surface LA. (A) Schematic diagram of laser processing, where v, and kg
are the scanning speed and spacing of the laser for no SA, v, and k; are the scanning speed and spacing of the laser for the
gap (the gap was not treated by the laser in this test), Wy is the designed width, W, is the actual width of the gap, and W is
the actual width of the LA circuit. (B) Original surface profiles when the no SA is treated by different laser parameters. (C)
The minimum widths for transfer printing characterizations of LA on diverse surfaces. (D) Surface topography profile for
transfer printing characterizations of LA on diverse surfaces modified by laser. Electrical characterizations. (E) Calibration
of the relationship between the change of resistance and bending distance, x, where the static resistance is ~0.1 Q, for the
LA circuit with a length of 7mm and Wy of 0.6 mm, the resistance change due to bending is about 10%. (F) Fatigue testing
of surface circuits (Wy of 0.6 mm), the test frequency is 2 Hz, and the cycling number is 10,000 times.
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convex circle to a straight line, and when the v further in-
creases to 2,500 mm/s, the surface shape further shrinks in-
ward and becomes a concave curved surface. It reflects the
process of increasing the adhesion force. Combined with the
actual adhesion, we identified that the v equal to 1,000 and
2,500 mm/s is the boundary of the unstable adhesion and the
stable adhesion, respectively, for our cases.

Furthermore, we calculated the removal energy (E,, details in
the Supplementary Data) of LA droplet through the receding
angles. The results indicate that the smaller k, the smaller the
removal energy, which makes the LA less likely to adhere with
m-PDMS, Figure 7D. The regular pattern is verified by the
experiments with different laser parameters (Supplementary
Fig. S7). According to the above results, it can provide us a rapid
selective integration method for diverse functional circuits.

As in Figure 8A, the surface of the main body was treated
by different laser parameters to obtain different surface
morphologies that showed a nonsticky state (ko and vy) and
stable adhesion state (k; and vy, here is the original surface
without treatment), respectively. We observed the surface
profiles after laser scanning with different parameters,
Figure 8B. The results indicate that the actual width (W,) of
gap is smaller than the Wy because of the heat-affected zone.
Non-negligible facula and ablation effect of the laser beam
result in a larger non-sticky area (SA) and smaller SA.*!

Furthermore, we observed the surface profiles after
adhering to LA. The profile results in Figure 8C show that the
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LA width (Wp) and W, increase as the increase of Wy. It can
be found that when the v, increases from 500 to 2,000 mm/s,
the minimum widths of W4 will decrease about ~0.1 mm.
Furthermore, we use a linear function, y=ax + b, to fit the
linear relationship between the design width (Wy) and the W,
design width (W) and the width of the liquid metal (W),
respectively, to provide clearer guidance for the integration
of the more sophisticated functional layer. All the fitted
parameters are listed in Supplementary Table S2. Finally,
we recorded the cross-sectional topography of the LA,
Figure 8D, and analyzed the characteristic parameter Hy /Wy,
(Supplementary Fig. S8); higher H; /W) means taller and
narrower cross-sectional topography. The result indicates
that Hy /Wy decreases along as Wy with the laser parameters
vo is of 2,000 mm/s and kg is of 0.02 mm.

However, when Wy is of 0.3 mm, H;/W; has a smaller
value with the smaller vy indicating that the adhesion of LA is
not sufficient at this time. It is further verified that the higher
the laser thermal power, the larger the minimum line width of
the gap on which the LA can be stably adhered. The above
integration results provide us with clear guidance for our
subsequent circuit design.

In addition, we also characterized the stability of its elec-
trical characteristics. First, we measured the resistance
change of a single LA circuit which is as a function of the
bending deformation of the main body, Figure 8E. The static
resistance is ~0.1 Q, for the LA circuit with a length of 7 mm
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FIG. 9. Modular synergy for effective locomotion. (A) Tripod mode, the magnet moves in a plane perpendicular to the
advancing direction to drive the robot forward. (B) Inchworm-like mode, the magnet moves in a plane parallel to the
advancing direction to drive the robot forward. (C) Swimming mode, hydrophobic treatment of functional cells allows

the robot to float on water.
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and Wy of 0.6 mm; the resistance change due to bending is
about 10%. To determine the stable electrical performance of
the LA circuit, 10,000 bending fatigue tests were performed
at a frequency of 2 Hz, Figure 8F, and the reference resistor
has ~5% drift (~0.005 Q).

Synergized modular robot design and demonstrations

The mutual cooperation of different modules realizes the
overall motion of the robot. Figure 9A shows the motion
control of the tripod mode: (1) initial state, actuation cell-1
has a 0,,; (2) when a magnet is placed under its bottom, the
robot arches its back; (3) when the magnet moves toward
actuation cell-2 in a plane perpendicular to the advancing
direction, the magnetic force received by actuation cell-2
increases, and the magnetic force received by actuation cell-3
decreases, while simultaneously, the contact point between
actuation cell-2 and the ground will move forward due to
greater bending deformation, while actuation cell-1 is almost
unchanged due to the 0,,; (4) the magnet moves to the other
side, so that the contact point between actuation cell-3 and the
ground advances, and this cycle realizes the movement.

Similarly, for the inchworm-like mode in Figure 9B, both
actuation cells have a 0., so that the robot can better follow
the direction of the magnetic field lines in space. The magnet
moves in a plane parallel to the direction of advancement,
thereby driving the robot forward. For such a low-frequency
crawling motion, the slight response delay can be ignored,’

A

KE ET AL.

and the delay is <2.5ms under our operating conditions
(Supplementary Fig. S10). For the swimming mode, by
applying laser hydrophobic treatment to the bottom surface
of the function cell, the robot can float on the water surface,
actuation cells provide the driving force in the magnetic field,
and magnetic domain orientation enables robot orientation,
Figure 9C.

Inspired by the flexible reconfiguration strategy of LE-
GO’s toys, we design a series of standardized cells with
specific magnetic domains and functionalities, Figure 10A.
All the cells are designed with standardized joints/interfaces
for the convenience of reconfiguration. The targeted mag-
netic robot can be offline (re)configured into desirable
structures, Figure 10B, to adapt to diverse scenarios as
follows:

(1) A tripod magnetic robot was configured, where an
LA circuit was integrated and it can perceive its lo-
comotion gait information. Based on the cyclically
varied resistance fluctuations, we can recognize its
relative high-frequency motion (~0.67Hz), rest
state, and relative low-frequency motion (~0.33 Hz).

(i) To eliminate the signal cables, we reconfigured its
front leg into a magnetic leg cell and retain the rest
part to turn into an untethered magnetic robot. Since
thermal, optical sensitive ink and quantum dots were
introduced onto the middle cell, the tripod magnetic
robot can perceive high temperature by showing
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color change through the corresponding part from
orange-red to yellow while it crossed the sand.

(iii)) To cross through a narrow tunnel, we reconfigured
the tripod robot into an inchworm-like robot by
replacing its back legs with a single leg to change its
shape and gait. Analogously, it can perceive the
sunlight by showing a color change of the corre-
sponding part from white to purple.

(iv) To cruise on a water environment, we reconfigured
the inchworm-liked robot into a swimming robot by
replacing its legs with corresponding actuation/ori-
entation and ultraviolet-responsive wing cells that
have been pretreated into superhydrophobic on the
lower surface for low flow friction when contacted to
water. The swimming robot can achieve controllable
movement oriented with specific magnetic domains
under the actuation of the magnetic attraction and
trace amount of surfactant, and shows luminescence
coloration in an ultraviolet illumination.

These robots can be offline reconfigured to change their
configuration based on specific demands at a relatively low
cost, which indicates that it may serve as a feasible strat-
egy for magnetic robots to adapt their behaviors in different
potential scenarios, Supplementary Video S1.

Conclusions

In brief, to obtain codesigned functionalized insect-scale
soft magnetic robots, herein, we report a synergistical design
method of actuation bulk and functional skin in terms of both
matched mechanical response and stable function integra-
tion. Specifically, focusing on this perspective, a systematical
investigation was conducted: (1) a matched mechanical design
method was studied based on the experiments and finite ele-
ment analysis, that is, the bending stiffness introduced by
different attached surface functional layers can be described by
Young’s modulus, E;, and thickness, t,, and their compre-
hensive magnetic response behaviors can be synergistically
designed and compensated by tuning the magnetization
strength/direction and applied magnetic fields; and (2) appro-
priate laser processing windows for rapidly and selectively
integrating LA circuits were found, enabling stable integration
of LA functional layer. Based on this designed method and a
modular configuration strategy, we demonstrated that diverse
soft magnetic robots can be configured to adapt to different
scenarios with desirable motion and function.

This work realizes customizable, matched designed insect-
scale soft magnetic robots with desirable actuation and
function, which can pave the way toward constructing more
sophisticated insect-scale soft machines that can be applied to
numerous attractive applications, such as adaptively inter-
acting with unknown targets, biomedical scenarios, explo-
ration, in situ robotic operations in confined spaces, and other
emerging applications.
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