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Abstract— Hard-magnetic soft robots can form diverse
soft-body deformation modes and safely interact with their
surrounding environment, offering great promise in performing
complex functions. Although there have been significant theo-
retical developments of small-scale soft robots, the design of
centimeter-scale soft robots with larger workspace and output
forces remains elusive. In this paper, we develop an analytical
model to automatically design centimeter-scale hard-magnetic
soft robots that exhibit desired configurations, enabled by pro-
gramming the magnetization profile. The model considers the
varying magnetization profile, gravity effect and large deforma-
tion, and directly relates the material, geometric and loading
parameters to the final configurations. We develop an inverse
design method for configuration matching based on the theoreti-
cal model. We demonstrate soft robots designed by the theoretical
model with the capability to pass through narrow channels and
crawl over obstacles. We further demonstrate optimized soft
grippers showing conformal grasping of complex objects. The
proposed methodology paves the way to design centimeter-scale
soft robots and broaden their applications.

Note to Practitioners—The motivation of this work is to
analyze, predict, and control the centimeter-scale hard-magnetic
soft robot under external magnetic fields. While smaller
magnetic-driven soft robots have been extensively studied, the
centimeter-scale soft robots offer larger workspace and output
forces, making them more versatile for certain applications.
This paper develops an analytical model for centimeter-scale
hard-magnetic soft robots that takes into account the varying
magnetization profile, gravity effect and large deformation.
It allows magnetically driven soft robots to pass through narrow
channels and crawl over obstacles. In addition, an optimization
method is proposed by virtue of the analytical model, enabling
the inverse design of soft robots with prescribed grasping
postures. The analytical model and optimization method can be
implemented for the dexterous locomotion and manipulation of
magnetic soft robots with large workspace and output forces in
medical and industrial settings.

Index Terms— Soft robotics, hard-magnetic, soft material,
analytical model, inverse design.
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I. INTRODUCTION

HE hard-magnetic soft material (HMSM) can realize

complex shape transformations due to the high coercivity
in contrast to the soft-magnetic materials. HMSM is gen-
erally obtained by embedding hard-magnetic particles (e.g.,
neodymium-iron-boron alloy, NdFeB) into a soft polymeric
matrix (e.g., silicone rubber, gels) [1], [2], [3]. Untethered,
reversible, rapid and programmable actuation can be induced
by manipulating the internal magnetization profiles and exter-
nal magnetic field [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], which are essential for performing soft
robotic functions such as grasping [17], [18], walking [8], [19],
swimming [20], [21], jumping [7], [8], transporting [22], [23],
climbing [24], [25], and navigation [9], [26].

Several pioneering works have been proposed to program
the configurations of the HMSM [2], [3], [27], [28], [29],
[30]. For example, a nonlinear beam model is developed based
on force and moment equilibriums, enabling the generation
of continuum magnetization profiles for desired time-varying
shapes [2]. A theoretical model for hard-magnetic soft beams
is developed based on nonlinear elasticity and implemented the
model in commercial finite-element software [3], [28]. Hard-
magnetic rods under geometrically nonlinear deformation in
three dimensions are modeled using a Kirchhoff-like theory
[29]. Analytical models based on the rod theory are also
used to investigate the 2D and 3D deformations [31], [32],
[33], [34]. A finite deformation, constitutive model is pro-
posed taking into account the microstructural characteristics
of HMSM [35], [36]. Additionally, the design freedoms of
HMSM are exploited using optimized-based or data-driven
approaches [19], [37], [38], [39]. The above works pro-
vide systematic design methods for small-scale hard-magnetic
soft robots. However, bottlenecks exist in manufacturing and
assembly when the soft robot is scaled down to millime-
ter size. Moreover, workspace and output force are limited
for small-scale soft robots, which limits their ability to
fulfill complex tasks in unstructured environments. As a
result, centimeter-scale soft robots with larger workspace and
output forces are desired, which haven’t attracted enough
interest yet.

The gravity effect is generally ignored for small-scale hard-
magnetic soft robots (length less than 5 mm typically) [2], [3],
[71, [8]. As the size of a HMSM soft robot increases to the
centimeter scale, gravity significantly affects the deformations
as it is intrinsically soft, which alters performances such
as rolling, bending and crawling [32], [40], [41]. On the
other hand, continuously varying magnetization profiles can be
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Fig. 1. Design of untethered soft robots.(a) Under the magnetic actuation, the HMSM aligns its orientation with the applied field inducing shape deformation.

A desired shape is given. (b) A theoretical model is developed to predict the deformed configurations of a HMSM beam subjected to uniform magnetic fields.
(c) The inverse design procedures. (d) Experimental demonstrations of the modeling and inverse design methods, including (i) “SJTU” shapes, (ii) multimodal

HMSM soft robots and (iii) a soft gripper with prescribed shape.

easily imposed on the centimeter-scale soft robots, increasing
the diversity of soft-body deformation modes. For instance,
recent advances in manufacturing methods have enabled
varying magnetization profiles by pre-designed jigs [2], [8],
[10] or direct ink writing 3D printing [1], [18], [19], [42].
Compared to the uniform or alternating magnetization pro-
files, continuously varying magnetization profiles can form
complex shapes, which fulfill the multimodal grasping and
locomotion requirements of soft robots [2], [8], [10], [29].
A recent study considers the varying magnetization profiles but
neglects the gravity effect [2]. Therefore, theoretical models
and design methods that take into account the varying mag-
netization profiles and gravity effect are needed to predict and
design centimeter-scale soft robots’ complex configurations
accurately.

In this work, we develop an analytical model and inverse
optimization method to design the centimeter-scale hard-
magnetic soft robots. Under the magnetic actuation, the
HMSM aligns its orientation with the applied field induc-
ing shape deformation (Fig. 1(a)). To obtain a desired
shape, we develop a theoretical model that takes into
account the varying magnetization profile, gravity effect and
large deformation based on the minimum potential energy
(Fig. 1(b)). The potential energy of the HMSM contains
three parts: Helmholtz’s energy considering varying mag-
netization profiles, elastic energy incorporating the large
deformation and gravitational energy representing the gravity

effect. The theoretical model directly relates the input param-
eters (magnetization profile and applied magnetic field) to
the final deformation, which can be used to program the
deformed configurations. Additionally, an optimization method
is proposed by virtue of the analytical model, enabling
the inverse design of soft robots with specific deforma-
tions (Fig. 1(c)). Using the developed analytical model
and inverse optimization method, in Fig. 1(d), we demon-
strate (i) HMSM beams deformed into a “SJTU” logo,
(i) multimodal crawling soft robots and (iii) soft grippers
matching the complex surface.

The main contribution of this work can be summa-
rized as follows. (i) We develop an analytical model for
centimeter-scale HMSM that takes into account the varying
magnetization profiles, gravity effect and large deformation.
(i) An inverse design method is developed based on the
analytical model to optimize the HMSM deformed con-
figurations. (iii) This work develops a complete workflow
from the analytical modeling, experimental validation, and
inverse optimization to soft robot demonstrations. The paper
is organized as follows. We first present the manufacturing
process of the HMSM and then develop a theoretical model
and an optimization method, followed by theory validations.
HMSM beams with programmed shapes and multimodal
crawling soft robots are then demonstrated. The inversely
designed soft grippers are shown by grasping and lifting
experiments.
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II. THEORY AND OPTIMIZATION METHOD

The HMSM with varying magnetization profiles is schemat-
ically shown in Fig. S1. The HMSM is realized by mixing
NdFeB microparticles (an average size of ~ Sum) homo-
geneously into uncured silicone elastomer (Ecoflex 00-10).
After curing, the magnetic dipoles within the HMSM are
random and cannot induce a programmable magnetic response.
To generate a controllable magnetization profile, the HMSM
is magnetized to saturation under an impulse field (about
2 Tesla) within a jig as shown in Fig. S2. The high coercivity
(Fig. S3) ensures the magnetic dipoles are aligned after the
magnetization field is removed. Each dipole produces a local
response when an actuating field is applied, which deforms
the HMSM (Fig. 1b). The deformation of HMSM can then
be programmed by adjusting the magnetization profile, repre-
sented by the residual magnetic flux density vector By of the
HMSM.

Owing to the large aspect ratio of HMSM, it is reasonable to
define By as a function of the length s. s is the coordinate along
the HMSM beam’s arc-length. If a continuum magnetization
profile is desired, the shape coordinates [xjg, zjig] of the jig
can be designed as [2]:

Xig = /O cos( (s))ds,

Zjig:/o sin(—y (s))ds, Q)

where v/ (s) is the slope angle of By. According to previous
work, both B' (the magnitude of Bfj) and the elastic modulus
of HMSM beam E depend on the volume fraction ¢(s) [3],
[91, [33], [43]:

B'(s) = Byp(s), 2

2.5
E(s) = Eo exp(T%)’ ©

where B, denotes the magnitude of residual magnetic flux
density of NdFeB particles, and E, is the elastic modulus
of the elastomer. No apparent aggregation or phase separa-
tion is observed in the scanning electron microscope images
of HMSM beams with different particle volume fractions
(Fig. S3), thereby permitting the usage of continuum assump-
tion when describing their macroscopic behaviors.

A theoretical framework based on the minimum potential
energy method is developed. A cantilevered HMSM beam
subjected to a uniform external magnetic field is considered.
The undeformed and deformed shapes are shown in Fig. 1(b).
The beam has a length [, a cross-section area A, a density p,
an elastic modulus E and rotational inertia /. The Cartesian
coordinate’s origin is set at the left end of the undeformed
beam with the x-axis along the length direction and the z-axis
along the height direction. Upon deformation, the infinitesimal
segment at the centroid axis varies from ds to dsy. The residual
magnetic flux density vector continuously varies along the
beam, whose direction forms an angle B(s) to the x-axis.
Therefore, Bf, can be written as:

B, = B'cos Bi + B'sin Bk, 4)

where i and k denote the unit vectors in the x-direction and
z-direction, respectively. The external magnetic field B? is
expressed as:

B? = B? cosai + B?sin ok, 5)

where « is the angle between B® and the x-axis, B? is the
magnitude of B?.

The Euler-Bernoulli beam theory is used. The planar defor-
mation can be represented by the horizontal displacement u
and vertical displacement v of the centerlines:

U= /S [(1+¢&)cosH — 1]ds, (6)
0

v = / (1 + &) sin6ds, %
0

where 6 and ¢ are the rotational angles between the centerline
and x-direction, and the axial strain of the beam centerline,
respectively. € can be calculated as e=(ds-dsp)/ds. The mag-
netic potential energy density of the HMSM beam is

1
W™ (F, Bf, B*) = ——FB{ - B*, (8)
1o

where (g is the vacuum permeability and F is the deformation
gradient. Under the external field, a point [x, 0] deforms to
[u+x, v]. F is then calculated as

_d[x—i—u,v]T _|(I4+&)cosh 0
 dx,0]" | +4e)sing 0]

where T denotes the transpose of the vectors. By substituting
(4), (5) and (9) into (8), the stored Helmholtz’s energy of a
HMSM beam is calculated by a volume integration [3]:

1
U, = / / W™dsdA
AJO

A l
=—— [ (1+4+¢&)B'B*cos(f — a) cos Bds.

Ko Jo
The elastic energy Us of the HMSM beam consists of the
bending and stretching energies. During the shape change, the
bending deformation is dominative while the axial strain is
small, which allows us to postulate the small strain assumption

in calculating the strain energy [31], [33]. Therefore,

"EA , VEI (do)?
Us = —e“ds + — —) ds.
0 2 0 2 dS

As the beam is slender and soft, gravity plays a vital role
in its deformation. The gravitational potential energy of the
HMSM beam is considered as

(&)

(10)

Y

I
U, = —,oAg/ vds
0

1 s
= —pAg/ / (1 4+ &) sinfHdsds, (12)
0 Jo

where g is the gravitational constant. The usage of the principle
of minimum potential energy

§(Un + U+ Ug) =0, (13)
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leads to the following governing equations:

A
3¢ : EAe — — B"B*cos(6 — «) cos B
Mo
— pAg(l — s)sinf =0, (14)
d de A .
80 : —\EI— ) — (1 +&)—B"B*sin(®@ — a)cos B
ds ds Ho

4+ pAg(l —s)(1 +¢€)cosh =0. (15)
The corresponding boundary conditions are
@=0o0rf =0ats=0and ], (16)

for the clamped boundary and free boundary, respectively.
It should be noted that the Semler equation is used to obtain
the governing equations [44]. By substituting (2), (3) into (14),
(15) with the boundary conditions, the two unknowns 6 and
& can be solved. Finally, the deformed shape of the HMSM
beam can be calculated based on (6), (7) by

X=s+u, Z=v. (17

Here, the coordinate (X, Z) denotes an arbitrary point
on the beam centerline in the deformed configuration. The
rotation angle and axial strain can be obtained by solv-
ing the governing Equations (14) and (15) with boundary
conditions. The displacements of the beam centerline can
be determined by Equations (6) and (7). The deformed
configuration of the HMSM beam can be calculated using
Equation (17). The implementation of predicting HMSM
deformation with the developed model is summarized as
Algorithm 1 in the Appendix.

Based on the above analytical theory, an inverse design
strategy is proposed. The objective shape is extracted from
the contour of the given object, and then discretized into a
set of points. We assume that the HMSM beam possesses
the same length as the object contour. m(s) (the direction
of By) and B* (the magnitude of B*) are selected as the
optimization parameters. The optimal m(s) and B? are obtained
by minimizing the objective function f with constraints:

min f

X

$.t. 7 Bmin < B < Bmax (18)
where f = Z,N: | (Ad;)? represents the summation of the

square distances between the objective and calculated center-
lines. N equally distributed points are chosen on the objective
curve. Ad; is the minimum distance of point i to the theoret-
ically calculated curve. The function “fmincon” in Matlab is
used for the optimization [45]. To simplify the optimization
process, B? is applied perpendicularly to the initial length of
HMSM beams. m(s) consists of the elementary functions with
variable parameters. The ranges of the variable parameters are
also bounded in the optimization. The detailed inverse design
method is demonstrated as Algorithm 2 in the Appendix.
Specifically, soft grippers following objective trajectories are
optimized in our experiments to grasp the objects with an
enhanced lifting capacity.
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(b)

Fig. 2. Schematic of a cantilevered HMSM beam bending with a uniform
magnetization profile. An increasing B?(z) is applied first in (a), and an
increasing -B?(z) is applied next in (b).

III. MODEL VALIDATION

Experiments are conducted to validate the analytical model.
Cantilevered HMSM beams with a uniform magnetization
profile By (aligned with x-direction) and a constant parti-
cle volume fraction ¢(x) are tested. Two external fields are
applied: (a) an increasing uniform B?(z); (b) an increasing
uniform -B?(x) with a constant B?(z), as shown in Fig. 2 and
Movie 1. Here B*(x) and B?(z) represent the applied magnetic
field intensity in the x and z directions. Due to the non-constant
curvature of the deformed shapes, three parameters are used to
compare the experimental and theoretical results: the vertical
displacement at the tip v, the tangent angle at the tip 6/ and
the overall rotation angle y.

To characterize the mechanical and magnetic properties of
the HMSM, the magnetization magnitude M=B"/u, and the
Young’s modulus E are measured for HMSM with different
particle volume fractions ¢ in Fig. S2B and Fig. S4. The
measurement methods are detailed in Supplementary Mate-
rials S1. By fitting (2) and (3), the parameters are obtained as
Ey=0.062 MPa and B;=575 kA/m, which falls in reasonable
ranges [1], [9], [46].

The theoretical and experimental deformed shapes under
varying magnetic fields are compared. The material and
geometric parameters are length /=25 mm, width w=5 mm,
height A=1.13 mm, particle volume ratio ¢=20% and density
p=1.94 g/cm>. The comparison between the experimental and
analytical shapes with different aspect ratios [/h = 17.7 and
26.5 are shown with the specific magnetic strengths in Fig. S5
and Movie 2. The theoretical shapes show well agreement
with experiments for all three samples. The effect of gravity
can be clearly observed in the experiments, especially under
low applied fields and for beams with large aspect ratios. For
comparison, the theoretical deformed shapes without gravity
are given in Fig. S5. Large discrepancies exist, especially with
low applied fields, showing that gravity cannot be neglected.

For quantitative comparison, theoretical and experimental
v/l, 8" and y are plotted in Fig. 3 against the normalized
applied magnetic field P for three HMSM beams with //h =
17.7, 22.1 and 26.5. P is normalized as B“B;AIZ/EO;LOI. v/l
is the normalized deflection. ¢ is fixed as 20%. Details of
the normalization process are given in Supplementary Materi-
als S2.
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Fig. 3. Experimental validation of theoretical model. The theoretical (solid lines) and experimental (symbol dots) (i) normalized deflection v/, (ii) tangent

angle 6! and (iii) overall rotation angle y on the normalized magnetic field P, with (a) an increasing B*(z) (0 to 13 mT) and (b) an increasing B?(x)
(0 to -22 mT) superposed on a constant B?(z). Dashed lines mark the neutral axes. Scale bars are 5 mm.

In Fig. 3(a), an increasing B?(z) (from O to 13 mT) is
applied. It is found that all three parameters (v/l, #' and
y) increase monotonically with P. As P increases, v/l is
closed to 1 and #' and y approach 90°. All three parameters
increase fast initially and then become nearly flattened. The
parameters decrease with the aspect ratio, indicating that the
HMSM shows a smaller deflection due to the gravity effect.
The influence of the aspect ratio reduces as the magnetic
field strength increases. We subsequently shift the bending of
HMSM beams from vertical to horizontal by increasing B?(x)
from O to -22 mT while fixing a large B?(z). As shown in
Fig. 3(b), when the additional B?(x) is applied, v/ decreases
monotonically, while both ' and y keep increasing to 180°.
It can be observed that the theoretical results (solid line)
agree well with the experimental results (symbol dot). The
experimental and theoretical predicted deformed shapes with
varying particle volume fraction ¢ are studied in Fig. S6 and
Movie 3.

1V. EXPERIMENTAL DEMONSTRATION
A. Programming Deformed Shapes of HMSM Beams

The validated theoretical model is then used to pro-
gram the deformed configurations of the HMSM beams by
varying the magnetization profile Bj. HMSM beams with four
or six magnetic unit cells assembled are designed, as shown
in Fig. 4(a). The magnetic unit cells are connected using
silicone joints with alternating magnetization directions. The
deformed configurations of the HMSM beams under a switch-
ing magnetic field (B*(z)=%=11.42 mT or +14.42 mT) are
shown. Mountains or valleys are formed due to the alternating
magnetization directions in adjacent units (Movie 4). The cor-
responding analytical results are obtained with free boundary

conditions at both ends for comparison. The analytical model
predicts well the experimental shapes.

Next, the HMSM beams with continuously varying Bj
are designed and their shapes are predicted. The beams are
magnetically saturated using jigs with predetermined shapes.
In Fig. 4(b)-(d), three different jigs are used for magnetization.
Their trajectory coordinates [xjig, zjig] satisfy a quadratic
function z = 0.1(x — 20)? (Fig. 4(b)), a sinusoidal function
z = 15sin(0.057x) (Fig. 4(c)), and a piecewise function
7 ={—0.2(x —10)2+20, x < 20; —105in(0.27r (x —20)), x >
20} (Fig. 4(d)). The produced magnetization profiles are
obtained using (1). The deformed experimental configurations
under increasing B? are shown with analytical results over-
lapped for comparison. It can be seen that all of the theoretical
results agree well with the experimental results. Some discrep-
ancies exist, possibly due to the nonuniform distribution of the
applied magnetic fields, inhomogeneous particle distributions
and manufacturing errors. Although the magnetic actuation
is a function of By and B?, it is more feasible to regulate
the orientation of By while setting B?® to be uniform in
the workspace, considering the difficulty of manipulation in
practice. In Fig. 4(e), the magnetization profiles are varied
to form intricated configurations. By properly designing the
magnetization profiles, four HMSM beams form the “SJTU”
logo shape under vertical magnetic fields (Movie 5). The above
results show that the magnetization profiles can be easily tuned
to program the centimeter-scale structures’ deformation.

B. Multimodal Crawling Locomotion of Magnetic Soft Robots

The static theoretical model can be further used to predict
the quasi-static motions, enabling the programmable multi-
modal crawling locomotion of the HMSM beams. Crawling
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Fig. 4. Programming HMSM beams with varying magnetization profiles. (a) HMSM beams with four or six magnetic unit cells assembled are designed.

The magnetic unit cells are connected using silicone joints with alternating magnetization directions. (b-d) Theoretical and experimental deformed HMSM
beams with varying magnetization profiles produced by jigs with different shapes: (b) a quadratic, (c) a sinusoidal, and (d) a wavy shape. The designed jigs
for magnetization are shown schematically. The applied magnetic fields are given. (¢) Four HMSM beams deform into “SJITU” logo shape. All scale bars are

5 mm.

is an efficient and fast way to sweep across solid terrains
[47], [48], [49], [50]. The key to producing crawling motion
is to break the self-symmetry. Self-symmetry generally leads
to a contraction or extension with respect to its center, while
breaking the symmetry can generate a net gain that converts
the stored elastic energy into translational motion [50]. Many
demonstrations of crawling movements have been shown
before [8], [23], [50]. However, designs of crawling motions
based on theoretical models are rare. Here, we present three
different methods to break self-symmetry: varying particle

volume fraction, using asymmetric By and using asymmetric
magnetic field.

Fig. 5(a) uses varying particle volume fractions to break
self-symmetry. Two different volume fractions (left half ¢ =
10%, right half ¢ = 20%) are used for the HMSM beam. It is
programmed using multiple symmetric polylines. Therefore,
the difference in the particle volume fraction will generate
different torque under an external magnetic field, which causes
asymmetry in the deformed shapes. The deformed shapes of
the HMSM beam in a period are shown and compared with the
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Design of multimodal crawling of HMSM soft robots by breaking the self-symmetry. (a) Crawling motion produced by asymmetric particle volume

fraction. The soft robot crawls into a hollow cube (Ixwxh=42x8.5 x 7.6 mm). (b) Crawling motion produced by asymmetric magnetization profile. The soft
robot climbs over a obstacle (7 x 5.5x2 mm). (c) Dual-direction crawling produced by asymmetric magnetic actuating. After magnetization using a cosine
jig, the soft robot shows a dual-direction crawling mode under a switching magnetic field. Analytical results are overlapped for comparison. All scale bars

are 5 mm.

theoretical predictions. Due to the large ¢, the displacement
on the right side of the beam is larger. Under the oscillating
magnetic field, the beam forms an asymmetric wave-like
motion. The wave-like movement, coupled with the change
of contact conditions with the substrate, drives the soft robots
to move in the left direction. The experimental snapshots
and theoretically predicted shapes at various times are shown.
The theoretical model predicts well the deformed shapes. The
HMSM beams successfully crawl into a cube with a speed of
0.85 mm/s, which indicates the HMSM beams’ potential to
work in limited workspaces (Movie 6).

Asymmetric By, breaks self-symmetry in Fig. 5(b), generated
using a multiple polylines jig with three different slopes.
The asymmetric also breaks the self-symmetry and forms a
crawling motion. Due to the larger slope, the right end flips at

a larger speed. It can be observed that the wave crest exists on
the right side. Similar to Fig. 5(a), the asymmetric By wave
drives the soft robots to the left direction under a synergic
effect of the magnetic field and the contact interaction with
the ground. Theoretical predictions agree well with the exper-
imental shapes. The experiment in Fig. 5(b) also demonstrates
that the beam can climb over an obstacle (7 x 5.5x2 mm) due
to the large deflection on the front side.

Another way to generate asymmetry is to use an asymmetric
magnetic field, as shown in Fig. 5(c). Besides an oscillating
B?%(z), a B*(x) is applied with a shifted phase. It can be
observed that the soft robot moves in the left direction when
the B*(x) represented by the dashed blue curve is applied.
On the contrary, the soft robot moves in the right direc-
tion when an inverse B?(x) is used (solid blue curve). The
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prediction deformed shapes under various applied fields. The magnitudes of the applied fields are shown. (IV) Jigs are designed based on optimized parameters.
(V) Comparisons between the experimental and predicted deformed shapes under given applied fields. All the scale bars are 5 mm.

superposition of the two magnetic fields produces a more
prominent deflection peak, which benefits the conversion of
the stored strain energy to translational motion. The theoretical
modeling can reasonably predict the experimental shapes.
A soft robot with a dual-direction crawling motion at a speed
of 3 mm/s is shown in Fig. 5(c) and Movie 6. The capability
to crawl in dual-direction benefits motion control and retrieval
after use.

C. Inverse Design of Magnetic Soft Grippers

Magnetic soft grippers have the advantages of rapid, unteth-
ered and reversible actuation [18], [51], [52], [53]. With an
increased demand for robust and efficient grasping, mag-
netic soft grippers should have the capability of interacting
with objects depending on their morphologies. However, the
existing magnetic grippers generally exhibit simple bending
deformations with constant curvatures. It works well for
objects with regular surfaces (i.e., eggs, bulbs, cubes), but it
remains challenging to interact with objects with complex mor-
phologies [18], [51], [54], [55], [56]. The proposed analytical
model can be used to optimize the deformed shapes inversely,

enabling the matching with the objects’ surface contours and
reducing the stress concentration. The centimeter-scale soft
robots can form various deformations and motions similar
to millimeter-scale soft robots, while possessing a larger
workspace.

As shown in Fig. 6(I), the soft magnetic grippers are
optimized to grasp four different objects. Fig. 6(I) com-
pares the optimized configurations and objective curves. The
deformed shapes of the HMSM grippers under various applied
fields are theoretically predicted (Fig. 6(III)). To validate
the inverse design method, the optimal HMSM grippers are
fabricated. The corresponding magnetization jigs are designed
by (1) (Fig. 6(IV)). Fig. 6(V) presents the optimized grippers’
experimental and theoretical deformed configurations. Good
agreements are observed. The optimized beams are further
used to grasp the objects (Movie 7). Note that the optimal
applied field may be too large to be used in the experiments
due to the limitation of the magnetic field generator, which
is one of the main reasons for the discrepancies. The weights
of the four objects are 24, 5, 6 and 5.5 times heavier than
the grippers, respectively. The constrained ranges and the
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optimized results as given in Table S4. Three magnetic soft
grippers are fabricated without optimization for comparison
(Fig.S7 and S8 and Movie 8). Compared with miniature mag-
netic grippers, the optimized centimeter-scale gripper show an
improved grasping capacity, which can fulfill complex tasks
in unstructured environments. Additionally, we have compared
the gripping ability of the optimized results with the soft
grippers that fixed directly to the contour of objects and then
magnetized in Fig. S11. Although the unoptimized grippers
exhibited a similar deformation tendency to the optimized
grippers, they cannot lift the objects when subjected to the
same magnetic actuation. Therefore, the optimized algorithm
improves the grasping ability of complex structures.

V. CONCLUSION AND DISCUSSION

This work presents a centimeter-scale hard-magnetic soft
robot with varying magnetization profiles that can match
specific shapes under an external magnetic field. To inversely
design the deformed configurations, a theoretical framework is
proposed that establishes the relationship between the geomet-
ric (beam’s length), material (magnetization profile, magnetic
particle volume fraction) and loading parameters (external
magnetic field) with the deformed shapes. The theoretical
framework is based on the minimum potential energy method
and takes into account the varying magnetization profile and
gravity effect. The elastic energy, Helmholtz’s energy, and
gravitational potential energy are expressed as functions of
the axial and bending strain. By setting the variation of the
potential energy as zero, the two parameters can be solved,
and the deformed shapes can be reconstructed. Experiments
are conducted to validate the theoretical model. The validated
analytical model is then used to design the deformed shape
via an inverse optimization method.

In this study, we consider the effect of geometric non-
linearity while disregarding material nonlinearity. Although
the HMSM beam exhibits significant bending deformation,
the corresponding strain is relatively small. By conducting
a FE simulation, we calculate the maximal principal strain
of a cantilevered HMSM beam (40 x 5 x 1 mm) under
a vertically applied magnetic field (12 mT), as illustrated
in Fig. S6. Despite the substantial overall deformation, the
strain remains below 5%. Hence, the assumption of linear
elasticity is justified, leading to accurate results that align with
experimental observations.

Linear elasticity has been widely employed in mod-
eling magnetically-responsive soft materials. For instance,
Chen et al. [33] utilized the small strain assumption to deter-
mine the deformation of functionally graded hard magnetic
soft beams. Sano et al. [29] developed a Kirchhoff-like theory
to describe the geometrically nonlinear deformation of HMSM
rods in three dimensions, based on an elastic energy function.
Yan et al. [57] employed Euler’s elastic equation to solve the
bending energy of HMSM beams subjected to uniform and
gradient magnetic fields.

To precisely capture the behaviors of HMSM structures,
it is crucial to consider nonlinear elasticity. Dorfmann and
Ogden [58] established a comprehensive finite deformation

framework of magneto-sensitive elastomers by incorporat-
ing the Maxwell equation, mechanical balance law, and
thermodynamic equation. Zhao et al. [3] developed a finite
deformation model for three-dimensional HMSM using Neo-
Hookean material. Ye et al. [40] proposed a lattice model to
simulate the nonlinear deformation of HMSM. Furthermore,
more complex scenarios, such as viscoelastic effects [59],
instability behaviors [60], and dynamic responses [61],
have also been investigated. The nonlinearities present in
magnetically-responsive soft materials are of significant
importance and will be explored in our future research.

Once the HMSM is magnetized with a specific magne-
tization profile, the magnetization in the HMSM is fixed.
Therefore, its deformation under a particular magnetic field
is fixed, which poses a challenge in navigating diverse obsta-
cles. Progress has been made to improve the adaptability
of magnetic soft robots recently, including controlling the
applied magnetic field sophisticatedly, using reconfigurable
materials and structure, and developing re-magnetized method.
For instance, Hu et al. [8] presented a miniature magnetic
soft robot capable of jumping over obstacles by controlling
the magnetic field. Using origami structure, Ze et al. [62]
demonstrated an origami magnetic robot that integrated mul-
timodal locomotion, liquid medicine delivery, and cargo
transportation. Sun et al. [14] developed a slime robot with
reconfigurable significant deformation by virtue of non-
Newtonian fluid-based magnetic materials. Alapan et al. [51]
developed reprogrammable magnetic soft machines using a
high-throughput magnetic programming strategy based on
heating magnetic soft materials above the Curie temperature
to reorient their magnetic domains. These studies serve as
valuable references for the future endeavors in improving the
adaptability of magnetic soft robots.

Multimodal grasping and crawling motion are demonstrated
to show the capability of the proposed theoretical framework.
Directional crawling is realized by breaking the self-symmetry
in three ways: asymmetric particle volume fraction, asym-
metric magnetization profile and asymmetric magnetic field.
Quasi-static deformed shapes are predicted by the theoretical
model, which enables the design of soft locomotion robots
with multiple functions, such as passing through narrow
spaces or overcoming obstacles. Soft grippers that can exhibit
prescribed grasping postures are designed using the inverse
optimization method. The centimeter-scale soft robots exhibit
larger workspace and output forces than the millimeter-scale
soft robots.

The major contributions can be summarized as follows.
First, we develop a theoretical framework for hard-magnetic
soft robots based on the minimum potential energy that takes
into account the varying magnetization profiles and gravity
effect.

Secondly, the theoretical model directly relates the input
parameters, such as the material, geometric and loading param-
eters, to the final deformation. Thus, it can be used to program
the deformed shapes by adjusting the input parameters. Results
show that the deformed configurations can be programmed by
tuning the applied magnetic field, the particle volume fraction,
the magnetization profile, etc.
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Algorithm 1 Algorithm for Predicting the Deformation of
HMSM Beam

Input: The given magnetic field B® normalized by P, the
magnetization profile By, the length to deform s.
Output: The coordinates of deformed HMSM beam (X, Z).

1. Initialization;

2. Discretization of domain;

3. Define function: ODE of 6; >: Eq. (15)

4. Define function: BC of 6; >: Eq. (16)

5. Define the initial solution 6, by setting the guess values
at the initial mesh point equal to the boundary values;

6. Set relative and absolute tolerances “tol” of the solver;

7. While p < P do

8. [6"] = bvp4c(ODE of 9, BC of 6, 6y );

9. Evaluate solution using deval function;

10.  Update 6y;

11. Increment: p=p+ P, and n =n+ 1;

12. Solve the axial strain [¢"] using B*,Bg;  >: Eq. (14)

13. Calculate the integral of the displacement (u, v) during
one revolution; >: Eq. (6), Eq. (7)

14. Return [X, Z].

Algorithm 2 Algorithm for Inverse Design

Input: The objective trajectory m(s).

Output: The desired B* and Bj(s).

1. Initialization;

2. Discretization of m(s) with N points;

3. Design an initial magnetization profile By(so) using the
basic elementary functions;

4. Set the lower and upper bounds on the design variables
in s;

5. Set the constrain in fmincon function;

6. Set design variables starting point in fmincon function;

7. Calculate the initial shape m(sg); >: Eq. (14), Eq. (15)

8. Discretization of m(sp) with N points;

9. Calculate the distances between m(s) and m(sy) using
distance2curve function >: Eq. (18);

10. Call for fmincon function;

11. Repeat;

12. Update Bj(so);
13. Update m(sy);
N

14.  Until min Z(Ad,-)z) is satisfied;
i=1
15. Return the desired B? and By,

Thirdly, the theoretical model is wused to design
centimeter-scale soft locomotion robots by breaking self-
symmetry. The soft robots can crawl with programmable
shapes by breaking the symmetry in magnetization profile,
magnetic field and particle volume fraction.

Finally, an optimization method is proposed by virtue of
the analytical model, enabling the inverse design of soft
grippers that follow particular deformed shapes. Soft grippers
matching the complex surface of objects are designed. The

IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING

proposed design method has immense potential to design
centimeter-scale soft robots with untethered magnetic actua-
tion and broaden their applications.

APPENDIX
ALGORITHMS

See Algorithms 1 and 2.

SUPPLEMENTARY MATERIALS

Details on experiments, theoretical results and videos are
shown in Supplementary Materials.
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