W) Check for updates

ASME

SETTING THE STANDARD

ASME Journal of Applied Mechanics
Online journal at:
hitps://asmedigitalcollection.asme.org/appliedmechanics

Zhi Zhao

Department of Civil and Environmental
Engineering,

University of lllinois at Urbana-Champaign,
Urbana, IL 61801

e-mail: zhi4@illinois.edu

Chao Wang

Department of Civil and Environmental
Engineering,

University of lllinois at Urbana-Champaign,
Urbana, IL 61801

e-mail: chaow4@illinois.edu

Xiaojia Shelly Zhang'
Assistant Professor

Department of Civil and Environmental
Engineering,

University of lllinois at Urbana-Champaign,
Urbana, IL 61801;

Department of Mechanical Science and
Engineering,

National Center for Supercomputing Applications,
University of lllinois at Urbana-Champaign,
Urbana, IL 61801

e-mail: zhangxs@illinois.edu

1 Introduction

Buckling has long been studied as a fundamental mechanical

Tuning Buckling Behaviors in
Magnetically Active Structures:
Topology Optimization and
Experimental Validation

Buckling, a phenomenon historically considered undesirable, has recently been harnessed
to enable innovative functionalities in materials and structures. While approaches to
achieve specific buckling behaviors are widely studied, tuning these behaviors in fabricated
structures without altering their geometry remains a major challenge. Here, we introduce
an inverse design approach to tune buckling behavior in magnetically active structures
through the variation of applied magnetic stimuli. Our proposed magneto-mechanical
topology optimization formulation not only generates the geometry and magnetization dis-
tribution of these structures but also informs how the external magnetic fields should be
applied to control their buckling behaviors. By utilizing the proposed strategy, we discover
magnetically active structures showcasing a broad spectrum of tunable buckling mecha-
nisms, including programmable peak forces and buckling displacements, as well as control-
lable mechano- and magneto-induced bistability. Furthermore, we experimentally
demonstrate that multiple unit designs can be assembled into architectures, resulting in
tunable multistability and programmable buckling sequences under distinct applied mag-
netic fields. By employing a hybrid fabrication method, we manufacture and experimentally
validate the generated designs and architectures, confirming their ability to exhibit pre-
cisely programmed and tunable buckling behaviors. This research contributes to the
advancement of multifunctional materials and structures that harness buckling phenomena,
unlocking transformative potential for various applications, including robotics, energy har-
vesting, and deployable and reconfigurable devices. [DOI: 10.1115/1.4062536]
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enable the tuning of buckling behaviors without geometric alterations
involves leveraging multiphysics interactions between various

instability that can cause the failure of slender structural compo-
nents under compressive loads. However, recent advances in
design and manufacturing techniques have transformed buckling
into an opportunity to enable advanced functionalities rather than
a limitation [1,2]. One particularly promising area of research is
to design and control the buckling behavior of structures under
external stimuli [3-5], such as mechanical load, temperature, elec-
trical, or magnetic fields. By harnessing the buckling behavior of
structures, engineers can create complex, adaptive, and multifunc-
tional structures with applications including robotics [6], energy
absorber [7], actuator [8], and assembly mechanisms [9].
Traditionally, the buckling behavior of structures remains fixed
once fabricated, and modifying or tuning these behaviors without
altering the geometry poses a major challenge. One approach to
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stimuli, allowing one stimulus to act as a switch for guiding and
tuning the structure’s buckling response under another stimulus. In
this study, we investigate the magneto-mechanical interaction in
magnetically active structures and study the use of magnetic
stimuli to control the buckling and stability of such structures due
to the attractive features of magnetic stimuli, such as rapid, unteth-
ered, and wireless actuation [10]. Hard-magnetic soft materials,
which embed high-coercivity hard-magnetic particles into a soft
matrix [11,12], provide exceptional programmability and flexible
control through the design of both structural geometry and premag-
netization distribution. Previous research has employed hard-
magnetic soft materials to design and develop magneto-mechanical
metamaterials and structures with programmable mechano-induced
buckling, which can be tuned by applying magnetic fields [13-16].
However, these studies have predominantly relied on intuition-driven
design methods, potentially restricting their capability to thoroughly
explore the entire design space. A systematic design approach that
encompasses the full design space could significantly enhance the
programmability of tunable buckling behaviors.
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Topology optimization, an optimization-driven design
approach, has gained considerable interest in recent years due to
its capacity to generate freeform designs by comprehensively
exploring the design space given specific design requirements
and constraints [17,18]. Structural topology optimization formula-
tions have been developed for the inverse design of structures
with programmable buckling behaviors under purely mechanical
loads [19-21]. Recent work establishes topology optimization
approaches for hard-magnetic soft materials, primarily focusing
on programming deformation and actuation of these magnetically
active structures under magnetic fields [22-25]. However, topol-
ogy optimization approaches for the inverse design of hard-
magnetic soft materials to enable tunable magneto-mechanical
buckling responses remain unexplored.

This study proposes and validates a magneto-mechanical topol-
ogy optimization framework for the inverse design of structures
made from hard-magnetic soft materials. The goal is to achieve
tunable buckling responses by harnessing nonlinear magneto-
mechanical interactions. The framework simultaneously optimizes
the geometry and magnetization distribution of the structures, as
well as the control strategies for the applied magnetic fields. As
depicted in Fig. 1, the versatile inverse design framework enables
the creation of designs that exhibit tunable buckling behaviors in
response to either magneto-mechanical or purely magnetic
stimuli. Under magneto-mechanical stimuli, the framework discov-
ers designs whose mechano-induced buckling behaviors, such as
peak forces and buckling displacements, can be controlled by
varying applied magnetic fields. Under purely magnetic stimuli,
the framework generates designs whose magneto-induced buckling
behaviors can be programed to realize either self-recovering or self-
locking deformations. By assembling multiple optimized designs,
we further create architectures that display tunable multistability
and programmable buckling sequences under distinct applied mag-
netic fields. We also investigate the underlying mechanisms and
multiphysics interactions, which result in the tunable magneto-
mechanical buckling responses. By employing a hybrid fabrication
procedure, we manufacture optimized structures and architectures
and conduct experimental tests to validate their programmed buck-
ling behaviors. The experimental results show excellent agreements
with numerical predictions across all cases.
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This article is organized as follows: Sec. 2 introduces the consti-
tutive model and finite element analysis (FEA) for hard-magnetic
soft materials. Section 3 briefly summarizes the parameterization
and interpolation schemes and presents the proposed optimization
formulation. Section 4 presents the protocol for fabricating opti-
mized designs. Section 5 presents the numerical investigations
and experimental validations for the magneto-tunable and
mechano-induced buckling designs. Section 6 discusses the
magneto-induced buckling designs that possess self-recovery and
self-locking features. Finally, this article concludes with several
remarks in Sec. 7. Appendix presents the material characterization
protocol. Supplementary Videos 1-5 show the experimental valida-
tion and demonstration of the generated designs exhibiting tunable
magneto-mechanical buckling behaviors.

2 Constitutive Model and Nonlinear Finite Element
Analysis for Hard-Magnetic Soft Materials

This section provides a concise overview of the constitutive
model that describes the magneto-mechanical behavior of hard-
magnetic soft materials under finite deformations. It is followed
by a discussion of the corresponding FEA, which employs a total
Lagrangian framework.

Consider a deformable solid occupying a domain Q in its unde-
formed state, where X represents the position vector. The solid is
subjected to an applied displacement field @i on the boundary I,
and an applied traction on I, such that Iy UT} constitutes the
boundary 02, and I'y N [ = @. The deformation of the solid is
described by a deformation map y, which maps a material point
X to its corresponding position X = y(X). The deformation gradient
tensor F is defined as F = Vy, where V denotes the gradient opera-
tor with respect to the undeformed configuration.

This study adopts a constitutive model for ideal hard-magnetic
soft materials developed in [11], which has been validated to
possess prediction in great agreement with experimental results
[10,11]. We denote B, and B, as residual magnetic flux density
for hard-magnetic soft material and externally applied magnetic
flux density in the undeformed configuration, respectively. To con-
struct the constitutive model for hard-magnetic soft materials,

Magneto-tunable, mechano-induced buckling

Programmable peak force
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Fig. 1
magneto-mechanical buckling behaviors
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several rational assumptions are introduced to simplify what would
otherwise be a complex and coupled nonlinear magneto-mechanical
theory. These assumptions include [11]: (1) The magnetic material
is magnetically saturated and retains a residual magnetic flux
density B, independent of the external magnetic field H, whose
strength is much lower than the magnetic coercivity H.. (2) The
magnetic permeability u of premagnetized hard-magnetic soft
material is assumed to be the vacuum (or air) permeability, i.e.,
i =po=1.257x107° H/m. (3) In this study, the applied magnetic
flux density B, is assumed to be a uniform vector. We recognize
that the model may have limitations under significant stretching
[26] or large applied magnetic fields [27]. However, due to its
simplicity, it is advantageous and necessary for establishing an opti-
mization approach, which usually involves hundreds of magneto-
mechanical simulations to obtain a well-defined design.

According to the theory, the constitutive relation of the ideal
hard-magnetic soft materials is described by the following
nominal Helmholtz free energy function (per unit volume in the
undeformed configuration):

W(E) = Wi(F) + W(F) = We(F) ~—FB, -B, (1)
0
where Wy(F) is magnetic free energy and Wg(F) is the hyperelastic
stored energy for soft matrix materials (e.g., elastomers) with mag-
netic particles.

In order to accurately describe the mechanical behavior of the
two-phase composite material consisting of matrix materials and
rigid particles (assuming magnetic particles are rigid), we utilize
an isotropic and incompressible hyperelastic stored energy model
of filled elastomers [28]. The model can be expressed as follows:

I -3

We@) =1 -o(l;) with I =a-g7

+3 )
where c represents the volume ratio for magnetic particles and /; is
the first principal invariant of the right Cauchy—Green deformation
tensor C=FTF. The function y(-) is defined by the expression
given in [29]:

N 3l-a

Txl_ﬂi(lll - 3%) 3

‘//(71) = 4

where a; (i=1, 2, ..., Np) are real-valued constants and y = Zf\;ﬂ i
is the second Lamé parameter under the initial state. In this study,
we consider two sets of terms in the hyperelastic stored energy func-
tion, i.e., Np, =2.

In the undeformed configuration, the equilibrium of the solid is
governed by the following partial differential equations with body
force neglected:

V-P=0 inQ,
u=i onl,, 4
PN=t on[}

where P is the first Piola—Kirchhoff stress, V- stands for the diver-
gence operator in the undeformed configuration, N is the outward
unit vector normal to the undeformed boundary of the solid, and t
is the applied traction.

On the basis of the finite element theory [30], we construct a finite
element mesh €, consisting of N, elements and N, nodes. We can
express the total potential energy Il(u) and its stationary condition
r(u) as follows:

Ne

M = Zj W(u)dX ~ (fex)'u ®)
e=1 Y Q

r(u) = %H (@) = fin () — fex () =0 (6)

Journal of Applied Mechanics

respectively, where €, is the elementwise mesh domain, u repre-
sents the displacement vector, r is the global residual vector, fi,,
is the internal force vector, and f.,, is the external force vector.
To solve the nonlinear system of equations, the Newton—Raphson
procedure [30] with an inexact line search method [31,32] is used
iteratively. This study employs displacement-based finite elements
in 2D under the plane stress condition, which ensures that volumet-
ric locking does not occur even for soft materials with incompress-
ible behaviors.

3 Topology Optimization Framework for Designs With
Tunable Magneto-Mechanical Buckling Behavior

In this section, a brief summary of the design space parameteri-
zation and interpolation schemes proposed in Ref. [22] is provided
for completeness. The section then presents a topology optimization
formulation that utilizes the established design parametrization and
interpolation schemes to generate structural designs with tunable
magneto-mechanical buckling behaviors.

3.1 Parameterization of Geometry. We utilize a density-
based approach [17] to associate the geometry to a physical
design variable p, for each element, where p, indicates whether a
location in space is solid (p, =1) or void (p, =0). The physical
density variables p are obtained using a Heaviside projection oper-
ator with a threshold of 1/2 [33]:

- tanh (ﬂp/z) + tanh (ﬂp@e - (1/2)))
Pe= 2tanh (6,/2)

()

where S, controls the discreteness of the projection. The intermedi-
ate variable p, is regularized using the density filter [34] according
to the following equation:

(i.e)
~ ZieIC(R,) W, Vip;
po= e T T ®

(i),
ZieIP(R,,) Wp Vi

where the set Z.(R,) represents the eth element set within a region
defined by a circle centered at the centroid of the eth element with a
radius of R,, v; is the volume of the ith element, and the weighting
factor wfj’e) (R,) is determined by the distance between the centroids
of the ith and eth elements (denoted as X; and X,, respectively),
which is given by w;f’“) =1-(X; = X,|/R)).

3.2 Parameterization of Magnetization Distribution. The
residual magnetic flux density in each location of the design is
chosen from a predetermined set of N, candidate residual magnetic
flux densities, denoted as Bﬁl),...,BgN'"), each pointing in a specific
direction. The residual magnetic flux density in element e is
expressed as follows:

F

B, =) (m?)"BY )

.
1l
-

In the aforementioned interpolation, mY represents the physical
magnetization variable, which indicates the magnetization of
element e: mY = 1 means that the jth candidate residual magnetic
flux density BY is selected, while m{’ = 0 indicates that the jth can-
didate residual magnetic flux density BY is not selected. To penal-
ize the mixture of candidate magnetizations, we introduce a solid
isotropic material with penalization (SIMP)-type [17,35] penaliza-
tion power p,,,.

To further promote discrete magnetization distribution and
accommodate nonmagnetized regions in our designs, we adopt
the hypercube-to-simplex projection (HSP) approach [36]. The
HSP approach has demonstrated robust performance based on our
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experience [22], and its expression is as follows: schemes, we present a topology optimization formulation for gener-
N ating designs with magneto-mechanical buckling behaviors. For-
2Nm . . . .
_(,) Z s(/) (( 1) N +Zv.n m) l—[ <§(k) N c(k) 1)> (10) mally, we formulate the topology optimization problem as follows:
k=1
L min  J(u®) =max(F@®)), ¢€1,....N,,
where rfe is the intermediate variable obtained from similar filtering ~ #<">-
and projection operations through the same expressions in Egs. (7)
and (8). The parameter c,(/) ={0,1} is the ith vertex of a
Np-dimensional unit hypercube for the jth candidate remnant mag- Du®) > fo;i)n, Lel,...,Ng,
netization vector and s,(’) is the mapped vertex of a N,-dimensional

st: Fa)>FO . tel, ... N,

standard simplex domain: I‘;}P| < Vo,
h
()
i *) N, _ 1/pn
O _ ) =—m if Z ¢ = 1, T We(P,) Pn
s = Mo k=1 a1 Z [V_e GVM(GE(H([)))dX]
0 otherwise e=1 e Qe

<e® . t=1,...,N,,

3.3 Interpolation of the Helmholtz Free Energy Function.
To characterize the nonlinear magneto-mechanical properties of

r(p,m", ., m™ u®) =0, ¢=1,...,N,,

hard-magnetic soft materials, we apply an interpolation method to 0<p<1,
the Helmholtz free energy function based on physical variables p 0 .
and m¥, j=1, ..., Ny The interpolated free energy W; of 0<8"<L j=1....Nn (13)

element e under stimulus ¢ is given by
where the converged displacement vector obtained under stimulus

Wi(p,, m", ..., M, ul) = (e + (1 - &)(p,) ") Wi (u) ¢ is denoted by u‘®. The objective function evaluated at u‘ is
_ © . — ) given by J(u([)) F(u([)), where the force F' is the summation of
+ ()" Wnm (ue B, . m )) (12)  internal forces at the target degree-of-freedom. Force constraints

© ) ) ) are utilized to ensure that the force F exceeds a predetermined
where uF is the displacement vector in e}eszment e.under stl@ulu§ lower bound, denoted by F:fl)n In order to induce snap-through
and we introduce a small value of £ = 107 to avoid numerical sin-  pyckling behaviors [20,38], the objective is typically applied at a
gularity. To penalize both hyperelastic stored energy and magnetic  pigher displacement level, while the minimal force constraint is
free energy and promote a nearly discrete design, we use the SIMP  enforced at a lower displacement level, as illustrated in Fig. 2(a).
approach [17,35] in the aforementioned interpolation formula, By adjusting the two displacement levels and FO under various
driving the variable p, towgrd either 0 or 1. To alleviate excess.ive types of magneto-mechanical stimuli, the designs Ig;ln be configured
'deforrpgt'lons' of low-der}sny regions t hat can lead to numerical to exhibit magneto-tunable and mechano-induced buckling behav-
¥nstab111tle.:s in FEA during optimization, we employ an energy iors, with programmable buckling displacements or peak forces.
1nt§rpolatlon scheme [37] for both the stored energy Wg and mag- The optimization mechanism described earlier can be used to
netic energy Wy enable designs with magneto-induced buckling by introducing a
displacement constraint that is solely applied under the magnetic sti-
3.4 Proposed Optimization Formulation. By using the mulus. Figure 2(b) illustrates this approach. If a mechano-induced
design space parameterization and free energy interpolation snap-through buckling design, enabled through a force objective

(a) Magneto-tunable, mechano-induced buckling

P ~ (e — &
A [Constraints: —& Optimize matrix and Constraints: _ i :
Force lower = magnetization simultaneously Foroloer) w
bounds . | R \bounds I, )5

Force
Force

"""o\\\ ‘H’+ 135° @, 45°
‘ ﬁ\\ 180° 0
5L 25 3150

270°

|
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Disp. \Force minimization) L magnetization
Programmable buckling displacements) Programmable peak forces

(b) Magneto-induced buckling

Enable mechanlcal{y Ensure magneto-actuable Magneto-induced buckling
snap-through buckling » .
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A [ Constraint: | 'wu" o '
Force lower « glg
\bound Fiyy ) e 3 5(2
@ W ! 2| E
e |—== : ) =|®
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Force 0}%‘& 0(,\3‘4 N ] =
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270° =

Fig. 2 Proposed optimization formulations for designing structures that display buckling
behaviors (a) induced by mechanical loads, tunable by magnetic fields, or (b) induced by
purely magnetic fields
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and constraints described earlier, can also be actuated under a mag-
netic field to achieve sufficient displacement, it could exhibit snap-
through behavior under the pure magnetic stimulus. It is important
to note that this optimization setup indirectly controls
magneto-induced buckling behaviors, and our future work will
involve direct control, such as programing the relationship
between magnetic stimulus and displacement.

The proposed optimization formulation includes a volume usage
constraint, with v representing the element volume vector and vy,
being the upper bound of the volume ratio assigned for matrix mate-
rials. Stress constraints [22,39] are also incorporated to ensure that
the maximum von Mises stress associated with the mechanical
Cauchy stress tensor 6g = 1/J(0Wr(F)/0F)FT does not exceed a pre-
determined upper limit () . To avoid singularity issues in stress-
constrained topology optimization [39,40], a relaxation approach
is utilized. In this approach, a function w,,(pe) =e+(1—epv is
defined, where g, < 1. The maximum stress is estimated using the
p-norm approach [39] with the power of p,. It is worth noting
that stress constraints serve as a numerical technique to prevent
the optimized design from containing thin members and hinge-like
connections and to limit the level of local deformations [22].
Additionally, the equilibriums for stimuli £ are nested constraints
within the formulation.

We use a gradient-based update algorithm, specifically the
method of moving asymptotes [41], to solve the proposed formula-
tion (13). The sensitivities of objective and constraint functions with
respect to the design variables are obtained through the adjoint
method [22,25].

4 Fabrication Approach for Topology-Optimized
Magnetically Active Designs

In this section, we describe the process for fabricating designs
that consist of hard-magnetic and soft materials. The overall fabri-
cation procedures are illustrated in Fig. 3. Dow Sylgard 184 Kit
(polydimethylsiloxane (PDMS)) (Fisher Scientific) and NdFeB par-
ticles with an average particle size of 25 yum (Magnequench) are
used to fabricate hard-magnetic soft materials. First, the base,
agent, and NdFeB particles are mixed for 20 min in a tray and
then degassed under a pressure of —0.8 atmosphere for 1 h to
remove any trapped air bubbles. Next, the degassed mixture is
injected into polyvinyl alcohol (PVA) molds with various geome-
tries obtained from optimized designs (e.g., the one shown in
Fig. 3(a)). These molds are printed using a fused deposition

modeling (FDM) printer (Prusa Research). As illustrated in
Fig. 3(b), the mixture and mold are then cured at 80 °C for 2 h in
an oven before demolding. Notably, the PVA mold is soft and
fragile at high temperatures, which greatly simplifies the demolding
process. Based on the optimized magnetization directions, different
parts are individually magnetized under a 2 T magnetizing field
generated by an impulse magnetizer (IM-10-30, ASC Scientific)
and placed into a complete sample mold. We bond different parts
by injecting the uncured mixture onto the interfaces and curing at
80°C for 2h in an oven. Figure 3(c) displays the fabricated
samples that are produced in the study.

5 Programing Magneto-Tunable and
Mechano-Induced Buckling Behaviors

In this section, we perform inverse design to obtain structures
whose mechano-induced buckling behaviors (i.e., buckling trig-
gered by mechanical force), such as buckling displacements and
peak forces, can be tuned by magnetic actuation. We present two
optimized structures obtained from the formulation illustrated in
Fig. 2(a), which realize programmable buckling displacements
and peak forces, respectively. We compare the experimentally
obtained force—displacement (FD) relations with those obtained
from numerical simulations. Furthermore, we show that the
second optimized structure exhibits distinct buckling peak forces
under varying magnetic fields, allowing us to control self-
recovering and self-locking buckling deformations in the structure
by changing the magnetic field directions. Additionally, we demon-
strate the ability to reprogram the buckling sequence in an architec-
ture assembled from this structure using different magnetic fields.
We experimentally demonstrate these two interesting behaviors.
Note that the material used for the designs discussed in this
section is a mixture of PDMS with a base-to-agent ratio of 20:1
and magnetic particles with a volume ratio of 15%. The material
properties are characterized according to the protocol described in
the Appendix. To ensure a fair comparison between experimental
results and numerical simulations, we use body-fitted meshes for
simulation. This approach ensures that the mesh conforms to the
exact geometry of the fabricated samples, which have complex
and nonuniform shapes.

To experimentally validate our designs, we conduct tests to
measure the FD relations under magnetic fields. To accomplish
this, we utilize the experimental setup illustrated in Fig. 4. The
loading bars, frames, and supports are 3D printed using polylactic

@ ®

R A e

i
©

Mixing PDMS with

magnetic particles curing at 80°C for 2h
A0
o .oi ~
0, ¢
2T impulse
magnetic field

Assembling by applymg
material mixture over interfaces
and curing at 80°C for 2h

(@ &
L3
\?3 ; S PVA mold

=

Mold-casting and

Demolding and
magnetizing J

Fig.3 Fabrication process for the hard-magnetic soft material: (a) optimized design, (b) mold
casting, magnetization, and bonding, and (c) fabricated samples
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Fig. 4 Experiment setup to test force—displacement relations of
magneto-tunable and mechano-induced buckling designs
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acid (PLA) with an FDM printer. The specimens are attached to the
PLA prints using superglue according to the corresponding bound-
ary conditions. A uniform magnetic field is generated using a pair
of Helmbholtz coils (Woodruff Scientific) and measured using a
Gauss meter (PCE-MFM 4000). To position the specimen between
the Helmholtz coils and apply a load using a loading machine
(Instron 68TM-30), wood blocks are used to fill in the gaps
between the coils. A camera (SONY a7R) is positioned appropriately
to record the experiment videos.

5.1 Programmable Buckling Displacements. We aim to
optimize geometry and magnetization distributions to achieve

designs with magneto-tunable and mechano-induced buckling dis-
placements. The design domain is a 60 mm x 60 mm with three
sides fixed, as shown in Fig. 5(a). We apply displacement loading
to the middle top of the domain. To optimize the magnetization dis-
tribution, we consider N, = 8 candidate magnetization vectors with
a uniform orientation space of 45 deg and a magnitude of 100 mT.
We apply three sets of stimuli with identical mechanical loads but
varying magnetic fields: stimuli I, II, and III have an upward mag-
netic field (B, =40 mT), no magnetic field, and a downward mag-
netic field (B,=—40 mT), respectively. To enable the design to
have different buckling displacements under the three stimuli, we
set three lower bounds (1 N) for the resultant force F evaluated at
three displacement levels D of 5 mm, 10 mm, and 15 mm. We cor-
respondingly minimize the resultant force at these displacement
levels with a 5-mm offset (i.e., 10 mm, 15 mm, 20 mm), as illus-
trated in the left panel of Fig. 2(a). The volume upper bound is
taken as 0.2.

An exemplary design with magneto-tunable buckling displace-
ment is obtained and fabricated by a hybrid fabrication approach
(see Sec. 4), as shown in Fig. 5(b). The FD relations obtained
from numerical simulation and experiment are presented in
Fig. 5(c). The structure undergoes snapping buckling triggered by
a mechanical stimulus, with magnetic actuation acting as a
“switch” that can either facilitate or hinder the structural buckling.
This is observed in the boxed deformation configurations: for D=
10 mm, the structure only buckles under stimuli I; for D=
13 mm, the structure under stimuli II starts to buckle; and for
D = 16 mm, the structure under all the stimuli cases buckles. To
gain a deeper understanding of the snapping buckling phenomenon,
we conduct numerical simulations using the arc-length method
[42]. Our analysis reveals that the buckling observed in the structure

(a) Design domain Magnetizations (b)
Wy ;
£
£
l 60
mm
(c) a Solid: FEA (disp. loading) D=13mm D=16mm
| Dotted: FEA (arc-length method) I v | |1 TGN
23T Dashed: Exp. 2
2 SF
,i/',
1.5
=
= 1
ke
0.5
0
-0.5
-1
0
(d)

] L1
Stimuli I Xt ¢ Stimuli II

Magnetic torque (N-mm)

atD=10mm
510°
o
0
w stmuitn 221 C s

Fig. 5 An exemplary design of the magneto-tunable and mechano-induced
buckling structure with programmable buckling displacements: (a) design
domain and candidate magnetizations, (b) the optimized design and correspond-
ing fabricated specimen, (c) force—displacement relations under three sets of
stimuli (bottom curves: stimuli I, middle curves: stimuli Il, top curves: stimuli
lll), and (d) magnetic torque contours at D =10 mm under three sets of stimuli
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Fig.6 An exemplar design of the magneto-tunable and mechano-induced buck-
ling structure with programmable peak forces: (a) design domain and candidate
magnetizations, (b) the optimized design and corresponding fabricated speci-
men, and (c) force-displacement relations under three sets of stimuli (bottom
curve: stimuli I, middle curve: stimuli ll, top curve: stimuli lll). The shaded area
represents the experimental results’ mean value with their standard deviation

added and subtracted.

under stimuli II and III exhibits a snap-back buckling behavior. In
order to gain deeper insights into the mechanism of facilitated or hin-
dered buckling by magnetic stimulus, we have plotted the magnetic
torque contours [11] for the three sets of stimuli at D =10 mm in
Fig. 5(d). Our observations suggest that magnetic torques induced
by magnetic actuation can facilitate or hinder buckling at critical
member joints, corresponding to stimuli I or III, respectively.

Upon comparing the experimental and simulation results, we
observe that they exhibit the same trend of buckling phenomenon

with magneto-tunable buckling displacement. Regarding the exper-
imental results, it is worth noting that the snap-back buckling
behaviors could not be fully captured due to the limitations of the
loading machine, which only allows displacement loading. Addi-
tionally, we acknowledge that testing this specific design is chal-
lenging to be fabricated due to the small post-bonded regions
between the interfaces of different magnetization parts, which can
initiate cracks and lead to fractures under large deformation. We
conduct five replicate tests, and one of them does not result in

(a) (b) Manually push & hold Release
Helmholtz Loading w Self-locking
coil rail =
el
- H..
Els
»
W
=]
£
»
W
|
Loading Loading frame é
frame support =

Fig. 7 Experimental demonstration for magneto-tunable self-recovery and self-
locking behaviors: (a) experiment setup and (b) deformation configurations

under different stimuli
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fracturing, as depicted in Fig. 5(c). To address the issue of fractur-
ing, an advanced fabrication approach, such as direct ink writing
[43], can be utilized to eliminate postbonding. Mitigating this chal-
lenge is a critical area of focus for future research. Supplementary
Video 1 provides documentation of the deformation history and
FD relations obtained from both numerical simulation and
experiment.

5.2 Programmable Peak Forces. Our aim in this section is to
optimize the geometry and magnetization distribution to create
designs that exhibit mechano-induced buckling with tunable peak
forces, which can be controlled by magnetic stimuli. We conduct
numerical and experimental investigations to analyze the tunable
buckling behaviors. The magneto-tunable peak force feature of
our designs enables flexible control of self-locking or self-recovery
behaviors. Additionally, strategically assembling the optimized

>

designs can lead to controllable sequential buckling behaviors
under magnetic stimuli.

The design setup used in this section (shown in Fig. 6(a)) is the
same as the one described in Sec. 5.1, with the exception of the spe-
cific details presented below. In order to achieve distinct peak forces
for the design under stimuli I-III, we set different lower bounds
(IN,2N, and 3 N, respectively) for the resultant force F, evaluated
at the displacement levels of 7.5 mm, and perform a minimization
of F at a displacement level of 15 mm. The magnitude of applied
magnetic flux density B, is increased to 55 mT.

We present an exemplar design and the corresponding fabricated
sample with magneto-tunable peak force levels, as shown in
Fig. 6(b). The design exhibits snap-through behaviors upon
mechanical load, stemming from its two-leg-like geometry under
compressive mechanical load, as shown in Fig. 6(c). In the presence
of magnetic stimuli, the internal magnetization aligns with the exter-
nal magnetic fields, causing additional responsive forces and

— Stimuli T &t
—— Stimuli TIT ¢ |

225° 3150 -20 20 25 40 50 60 75 80 >
Magnetizations D (mm)
(® L . , \
Fabricated specimens Buckling sequence: From top to bottom
assembled to a 3x1 array
. Gravity
W
J/
d N

Loading Loading (X)
rail  frame Gravity}

Buckling sequence: From bottom to top

L]

B

- - oW N
R
Gravity

|w||

Fig. 8 Programmable sequential buckling enabled by the assembly for the magneto-tunable
design with different peak forces: (a) assembly setup and force—displacement relations eval-
uated by FEA and (b) experimental demonstration of the sequential buckling behaviors

under different magnetic stimuli
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altering the peak force levels. We observe that the deformation
modes remain unchanged under different stimuli, unlike the actua-
tion mechanism discussed in Sec. 5.1. Interestingly, one of the FD
curves (the top curve with stimuli III) does not cross the zero force
line, indicating the design’s self-recovery property upon release of
the mechanical load. For the other two stimuli, we anticipate a self-
locking property, meaning a second stable state can be achieved
upon the load’s release. We conduct five replicates of the experi-
ment and plot the results in Fig. 6(c). The experimental results
agree well with the numerical simulation, showing consistent
peak forces under different stimuli. In contrast to the bonding chal-
lenges discussed in Sec. 5.1, the fabrication of this design involves
postbonding only the central part, which does not undergo signifi-
cant deformation. As a result, no bonding failures occur during
experimental validation. Supplementary Video 2 compares the
loading histories between numerical simulation and experimental
validation.

To investigate the controllable self-locking and self-recovery
behavior enabled by the magneto-tunable peak force, we conduct
an experimental demonstration shown in Fig. 7. A plastic loading
frame, rail, and supports are 3D printed to create a gap between
the specimen bottom and the ground surface, which reduces fric-
tion. To minimize the influence of gravity on the in-plane perfor-
mance, we horizontally load the specimen and orient gravity out
of the plane. Corresponding magnetic fields are applied using a
pair of Helmholtz coils for the three sets of stimuli. To compare
the self-recovery and self-locking buckling behaviors under differ-
ent stimuli, the specimen is manually pushed until the members
buckled and held in place. The hold is then rapidly released, and
the specimen is observed to determine whether it could retain its
deformed mode or return to the initial configuration. The results
shown in Fig. 7(b) indicate that for stimuli I and II, the specimen
exhibits self-locking, while for stimulus III, it exhibits self-
recovery. This finding is consistent with the expectations obtained
from the FD curves in Fig. 6(c). Supplementary Video 3 documents
the experimental demonstration of magneto-tunable self-locking
and self-recovery behaviors.

Additionally, we can utilize the magneto-tunable peak force
feature to assemble the design and achieve controlled sequential
buckling behaviors. Figure 8(a) illustrates a 3 x 1 assay based on
the optimized design, where the three unit structures are connected
in parallel through stiff loading frames. To achieve different peak
force levels for the three unit structures under a uniform magnetic
field pointing upward, we modify the optimized design as
follows: Units 1-3 are assigned from top to bottom as the optimized
design, the optimized design without pre-magnetization, and the

( a) Design Setup ( b)

40 mm
V2

Undeformed

60 mm

50°

225° 7315°

Apply
magnetic field

270°
Magnetizations

7z
P

=

t

External
magnetic field

P
e

Remove
magnetic field
e

Self-recovery

Magneto-induced self-recovery

optimized design with reversed magnetization directions, respec-
tively. Unit 1 is the same as the optimized design under stimuli I
in Fig. 6. Unit 2 is similar to the design under stimuli II in Fig. 6
since both do not have magnetic actuation. On the basis of our
numerical experience, we found that the reversed magnetization dis-
tribution under an upward magnetic field can lead to similar
magneto-mechanical performance as stimuli III in Fig. 6, which is
implemented in unit 3. Using this assembly, the numerical simula-
tion shows that the assembled structure undergoes sequential buck-
ling with the buckling sequence being unit 1, unit 2, and unit 3
under stimuli I (shown in the left box adjacent to each circled
point in Fig. 8(a)), due to the increased peak force levels for units
1-3. The buckling sequence is reversed (shown in the right box
adjacent to each circled point in Fig. 8(a)) if we reverse the
applied magnetic field, i.e., under stimuli III. To further demonstrate
the sequential buckling behavior, we fabricate and test the assem-
bled structure with 3D-printed loading rails and frames. As demon-
strated in Fig. 8(b), the experimental results show the same
sequential buckling behavior under stimuli I and III as predicted
by our numerical simulations. Supplementary Video 4 exhibits
the experimental demonstration of these two sequential buckling
phenomena.

6 Programming Magneto-Induced Buckling Behaviors

This section focuses on the design and analysis of magnetically
active structures that exhibit different snap-through buckling behav-
iors induced by purely magnetic fields. By utilizing the optimization
formulation illustrated in Fig. 2(b), we obtain two structures that
exhibit distinct buckling deformations: self-recovering and self-
locking. These structures are then fabricated using a mixture of
PDMS and magnetic particles, with a base-to-agent ratio of 25:1
and a magnetic particle volume ratio of 15%. The material proper-
ties are characterized following the protocol outlined in the Appen-
dix, and the fabrication procedure is described in detail in Sec. 4.

We perform simultaneous optimization of geometry and magne-
tization distributions for a clamped rectangular domain with dimen-
sions of 60 mm x40 mm. We consider a set of N,,=8 candidate
magnetization vectors with a uniform orientation space of 45 deg
and a constant magnitude of 100 mT. As explained in Sec. 3.4,
we indirectly program the snap-through buckling behavior by con-
trolling the FD relations under the mechanical stimuli. We achieve
self-locking and self-recovering behaviors by adjusting the force
lower bounds so that the FD curve either passes through or
avoids the zero force line, respectively. To promote buckling

(C) Magneto-induced self-locking
Exp. . FEA Exp.

A

s

f

o< b< '
Y ke

Self-locking

Fig.9 Numerical and experimental demonstration of magneto-induced buckling struc-
tures: (a) design setup, (b) structure exhibiting self-recovery behavior, and (c) structure

exhibiting self-locking behavior
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Fig. 10 Two magneto-induced buckling designs with self-
locking (right curve with higher maximum B, value) and self-
recovery (left curve with lower maximum B, value) behaviors:
(a) B.—D relations and (b) stored energy landscapes

induced by purely magnetic fields, we set displacement constraints
to ensure a magneto-actuated displacement greater than D = 16 mm.
Both structures have a volume fraction of 25%.

The obtained designs are displayed in Fig. 9(b). To highlight
their distinct self-recovering and self-locking buckling behaviors
under the magnetic field, we first apply and then remove a mag-
netic field (with no mechanical force applied) to observe their
deformed configurations. The self-recovering structure exhibits
upward deformation under the magnetic field, with the left and
right members undergoing buckling. Upon removal of the magnetic
field, the structure reverts to its original undeformed configuration.
Instead, the self-locking structure, which can also deform upward
and buckle under the applied magnetic field, retains its deformed
state after the magnetic field is removed, exhibiting a second
stable state. In our experimental demonstration, we use permanent
magnets to actuate the two corresponding fabricated specimens”
and verify that the structures display the expected self-recovering
and self-locking buckling behaviors under magnetic actuation,
which agrees well with our numerical findings. Supplementary
Video 5 documents the experimental demonstration of magneto-
induced self-locking and self-recovery behaviors.

In order to investigate the origins of the distinct buckling beha-
vior exhibited by the two designs, we perform simulations of the
B,—D (magnitude of external magnetic flux density versus displace-
ment) responses and the energy landscapes associated with the two
structures. The displacement is evaluated at the middle top of the
designs. The curves shown in Fig. 10 are obtained through the
arc-length method [42]. We note that the stored energy is computed
by summing up the elementwise stored energy (excluding magnetic
energy because it is an external stimulus) on the body-fitted mesh
for the optimized design. Our simulations indicate that the B,-D
curve of the self-recovering structure does not go below the 0-B,
line, indicating no second energy valley in the stored energy land-
scape. Conversely, the self-locking design exhibits a B,—D curve
going below the 0-B, line, and its corresponding stored energy
landscape exhibits a second stable state. These findings suggest
that the self-locking design has bistability and is capable of self-
locking upon the application and removal of the external magnetic
field.

*We employ permanent magnets in this demonstration.

091006-10 / Vol. 90, SEPTEMBER 2023

7 Conclusion Remarks

This study presents a tailored magneto-mechanical topology opti-
mization framework and experimental validation to precisely
program various buckling behaviors into magnetically active
structures. By leveraging magneto-mechanical interactions, our
framework enables the systematic design of structures with pro-
grammable buckling responses under either magneto-mechanical
or purely magnetic stimuli. The optimized designs demonstrate a
range of tunable buckling behaviors, including controllable
mechano-induced responses with varying levels of displacement,
peak force, and bistability, as well as magneto-induced responses
with self-recovering or self-locking deformations.

We reveal that the key mechanisms driving the tunable buckling
responses in these structures are the magnetic torque-induced
bending deformations of member joints under distinct applied mag-
netic fields. Furthermore, by assembling multiple optimized designs
into architectures, we create architected materials with tunable mul-
tistability and programmable buckling sequences under varying
magnetic fields. By utilizing a hybrid fabrication technique, we
manufacture these optimized designs and validate their programed
magneto-mechanical buckling behaviors by comparing experimen-
tal results with numerical simulations. The excellent agreement
between numerical predictions and experimental findings across
all cases validates the effectiveness of our proposed inverse
design framework. The proposed framework provides a systematic
paradigm for realizing multifunctional materials and structures with
programmable and tunable nonlinear responses, opening up new
possibilities for their applications in robotics, energy absorption,
actuation, and assembly mechanisms.

For future work, we plan to employ topology optimization to
design energy harvesting devices that harness magneto-induced
buckling to create large magnetoelectricity [44,45]. Another impor-
tant future direction of research is to analyze the stability and bifur-
cation of the resulting magnetic systems analytically [46] to provide
a more comprehensive understanding of the behaviors of such
systems.
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Appendix: Material Characterization

The mechanical properties of the material are characterized by
fitting the parameters in the constitutive model (Egs. (2) and (3))
to the stress—strain relationships obtained from testing dog-bone
specimens according to standard [47] in tension, and cylinder
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Fig. 11 Characterization of PDMS material with a base-to-agent ratio of 20:1: (a) tension
samples (scale bar 10 mm), (b) compression samples (scale bar 10 mm), (c) testing data,
and (d) fitted curve using the constitutive model

specimens according to standard [48] in compression. The mea-
sured volume ratio of magnetic particles (15%) is also necessary
to be input into the model. The designs described in Sec. 5 are pro-
duced using PDMS with a base-to-agent ratio of 20:1, and the cor-
responding characterization data are presented in Fig. 11. For the
designs described in Sec. 6, PDMS with a base-to-agent ratio of
25:1 is used. In terms of magnetic properties, the PDMS with
magnetic particles at a volume ratio of 15% is measured to have a
residual magnetic flux density of 100 mT using a vibrating-sample
magnetometer (Quantum Design MPMS3).
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