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ABSTRACT
Torsional vibrations are unavoidable in beam-type structures in various engineering practices, and the advent of metamaterials provides a
solution through the generation of bandgaps. However, unlike their flexural counterparts, tunable torsional bandgaps are seldomly studied
due to two major difficulties: the existing metamaterial’s units are less torsional-sensitive and the reliable torsional sensing techniques for
validations are less available. In this work, switchable torsional bandgaps are realized in a metamaterial beam with a bistable resonator
design based on Kresling origami with attached eccentric balls. We find that, through compression–torsion interaction of the proposed
origami resonators and the corresponding wave-coupling phenomenon, torsional bandgaps can be generated and efficiently tuned, which
leads to lower and wider vibration isolation frequency zones. Thanks to bistability, Kresling resonators arranged with eccentric balls can
achieve bandgap switching. Specifically, based on the compression–torsion interaction of the bistable Kresling origami, wave coupling will be
weakened/enhanced when the Kresling resonators arranged with eccentric balls turn from the 1st/2nd state to the 2nd/1st state, and, thus,
the switching of torsional bandgaps can be realized. In order to experimentally validate the tunable torsional bandgaps, a high-sensitive
fiber Bragg grating (FBG) displacement sensing system containing two parallel FBG sensors is set up to extract the torsional responses. This
research will be helpful for future studies focusing on regulating torsional waves through compression–torsion interaction and mode conversion utilizing wave coupling.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056179

I. INTRODUCTION
Elastic metamaterials are artificial periodic composites with
locally resonant units that are capable of suppressing or regulating
elastic waves at a subwavelength scale. To allow elastic metamaterials to operate in various environmental scenarios, tunable designs
of elastic metamaterials have received enormous attention recently.
Several tunable resonator designs have been proposed to achieve
adaptive bandgaps, such as shape memory alloys (SMAs),1–3 piezoelectric arrays,4,5 buckling elastic beams,6 and rotatable dual-beam
resonators.7 As an ancient art, origamis have inspired various
designs of mechanical metamaterials while in essence possess
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tunability through folding characteristics.8–11 Rich linear12,13 or
nonlinear14–16 dynamic behaviors of origami microstructures
enable them to be potentially incorporated with engineering structures to create and further control the bandgaps.
Due to their amazing mechanical behaviors, such as bistability,17,18 solitary waves supportability,14 as well as on-demand
deployability,10 Kresling origami has attracted a great deal of attention in the past few years. As a representative of non-rigid origamis,
the facets of a Kresling origami experience elastic deformations
during the compression process. Zhang et al. experimentally demonstrated that a Kresling origami-based metamaterial beam can
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have tunable flexural wave bandgaps by regulating the origami
stiffness.19 In addition to flexural wave, the essential compression–
torsion coupling behavior of the Kresling origami can be leveraged
to open and tune the torsional bandgaps which can be very beneficial in suppressing the unavoidable torsional vibrations due to
eccentric environmental excitations.
Mode coupling, including the coupling of different wave
modes and the coupling of different physical fields, can dramatically affect the propagation of waves. Nanda and Karami12 utilized
the coupling between longitudinal and transverse vibration modes
to broaden the flexural bandgaps in a deployable metamaterial.
Bergamini et al.20 and Kherraz et al.21 studied the hybridization
bandgaps induced by the coupling between electrical mode and
mechanical mode, respectively. Friis and Ohlrich22 found that,
wave mode coupling can also exist in asymmetrical structures,
providing an alternative approach to regulate wave propagation.
With its essential asymmetrical configuration, Kresling origami can
be an efficient mode-coupling structure to achieve torsional
bandgap tuning.
In this work, we design a metamaterial beam with bistable
Kresling resonators with two eccentric steel balls and realize
the switching of torsional wave bandgaps via wave coupling.
First, the relative position of the two eccentric steel ball masses to
the metamaterial beam can change asymmetrically between the two
states of each Kresling origami unit, which enhances/weakens
the wave coupling and, therefore, leads to the emerging (i.e., based
on asymmetry) and switching (i.e., based on bistability) of the torsional bandgaps. Then, by comparing the bandgap tuning performance with symmetric Kresling origami having only one central
steel ball, we show that the wave coupling induced by the asymmetrical configuration can generate torsional bandgaps in lower frequency regions, which is very desirable for vibration suspension

ARTICLE

scitation.org/journal/jap

purposes. Finally, for the experimental validation, we set up a torsional sensing system with two parallel high-sensitive fiber Bragg
gratings (FBGs) to extract the torsional displacement transmissions.
The paper is organized as follows: In Sec. II, we study the
compression–torsion interaction characteristic of Kresling origami
with respect to its core geometry parameters. In Sec. III, we
propose the Kresling resonator with one central steel ball and with
two eccentric steel balls. In Sec. IV, we study and compare the
tunable torsional wave bandgaps of the two configurations, respectively. In Sec. V, we perform the experiments to demonstrate the
advantages of Kresling resonators with two eccentric steel balls, followed by the drawn conclusions.
II. COMPRESSION–TORSION INTERACTION OF
KRESLING ORIGAMI
In our work, a metamaterial beam consisting of a periodic
array of Kresling resonators is considered. A Kresling resonator is
composed of a Kresling origami-based spring and one (central) or
two (eccentric) steel balls, where the steel balls serve as the lumped
masses in a mass-spring-type resonator. As illustrated in Fig. 1(a),
the fundamental crease pattern of Kresling origami consists of
repeating triangular arrays, characterized by valley crease lines
(length a) and mountain crease lines (length b). A Kresling
origami-based spring (hereafter abbreviated as Kresling spring) is
made by combining one parallelogram with a diagonal crease to
each side of two hexagon surfaces, as shown in Fig. 1(b), with only
one hexagon surface is illustrated. The top and bottom surfaces of
the Kresling spring are characterized by a side length c and a circumcircle radius R. For the convenience of manufacturing and
experimental validations, we add extra trapezoids to the opposite
side of each parallelogram. The crease pattern of the Kresling

FIG. 1. (a) The crease pattern of a Kresling origami consisting of valley crease lines (orange dashed lines with length a) and mountain crease lines (green solid lines with
length b). (b) The crease pattern of the Kresling spring. (Left) Corresponding laser cut Kresling spring paper sheet. (Right) (c) The two stable states of the bistable
Kresling spring. (d) Geometry relation of Kresling origami (green points represent steel balls).
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spring (i.e., including the creases and the frame) is cut from a
paper sheet (white cardboard, Hai Shang paper; A4 size, the thickness of the paper is 0.4 mm) by a laser cutting machine, as shown
in Fig. 1(b). To maintain the flatness of the top and bottom surfaces,
two polymethyl methacrylate (PMMA) plates of 1 mm thickness are
attached to the top and bottom hexagon surfaces, respectively. Under
specific geometrical dimensions,19 the constructed Kresling spring
can be bistable. Sketch of the assembled Kresling spring at two stable
states and the geometry relation of the Kresling origami are illustrated
in Figs. 1(c) and 1(d), respectively. Due to the changed 3D geometry
of the Kresling origami during the stable state switching, a different
stiffness of the resonator is observed, which leads to the bandgap
tuning in the metamaterial beam.
It is necessary to find out the relation between the axial displacement and rotational angle of Kresling spring to regulate the
bandgaps utilizing the compression–torsion interaction. The compression–torsion interacted behavior of the Kresling spring can be
described using a two-degree of freedom (2DOF) mathematical
model in terms of axial displacement and rotational angle and can
be analyzed in the form of a truss-like structure composed of interfacial polygons and axial members. The relation between axial
motion and rotational motion has been well illustrated with the
minimum potential energy principle.16,17 Specifically, the 2DOF
model models the creases as rods and the length of rods can be
expressed in terms of the axis displacement and rotational angle to
obtain the elastic potential energy. The work done on the Kresling
spring can also be expressed by the axis displacement and rotational angle. Thus, by applying the principle of minimum total
potential energy, the compression–torsion interaction of Kresling
spring can be revealed. Here, by comparing the strain energy and
force obtained from the proven 2DOF model of the Kresling spring
in advance, we construct a trustworthy finite element model in
ABAQUS to simulate the compression–torsion interaction behavior
and later perform the simulation of the bandgap properties based
on the more accurate 3D FEM model. The side facets of the
Kresling spring are meshed with the S4R and S3R elements, the top
and bottom facets are meshed with the C3D8R elements, and adjacent facets are connected by the CONN3D2 elements. The
CONN3D2 elements are created by writing an input file (.inp) of
ABAQUS with the help of MATLAB. For the FEM simulation,
Young’s modulus of PMMA is 1.5 GPa, the density is 1200 kg/m3,
and Poisson’s ratio is 0.33. As described in Ref. 23, anisotropic
board paper can be modeled as isotropic one, where Young’s
modulus24 is 1.29 GPa, the density is 1142 kg/m3, and Poisson’s
ratio is 0.33. Here, we choose the radius R = 16 mm, the initial
height H0 = 20 mm, and the initial rotational angle θ0 ¼ 67:5 .
Figures 2(a) and 2(b) show the curves of normalized strain
energy E and normalized force F with axial displacement u
obtained from the 2DOF model and the FEM model. The results of
the two models agree well with each other when the axial displacement is small. As the axial displacement further increases, there
will be some discrepancies between the two models. This is due to
the fact that when the axial displacement is large, the deformation
of facets will be dominated in FEM model, which cannot be captured by the lumped 2DOF model. However, contrary to the FEM
modeling, the 2DOF mathematical model has been verified in
experiments in many literatures. Thus, a comparison between the
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proven 2DOF model and our FEM simulation can be used to verify
the accuracy of our FEM model. Obviously, with the specific
designed geometric parameters, a Kresling spring can be bistable
with two local minimum states in the potential energy function.
Thus, the bistable Kresling spring has different stiffnesses and different rotational angles at the two stable states. Kresling springs
with different initial heights and different initial rotational angles
have different compression–torsion interaction behaviors. Thanks
to its convenience, the following parametric analyses are performed
using the 2DOF model. As shown in Figs. 2(c)–2(f ), the normalized strain energy with respect to the axial displacement and rotational angle of structures with different initial heights (with the
same initial rotational angle θ 0 ¼ 67:5 ) and initial rotational
angles (with the same initial height H0 = 20 mm) are plotted. We
can see that the height of the 2nd state will increase as the initial
height increases and decrease as the initial rotational angle
increases. An interesting phenomenon is that the rotational angle
of the 2nd state will not change when the initial height increases.
However, if different initial rotational angle is designed, the rotational angle of the 2nd state might decrease as the initial rotational
angle increases. Specifically, if the initial rotational angle increases
an amount of Δθ0 , the rotational angle at the 2nd state will decrease
an amount of Δθ 2 , where Δθ0 , Δθ2 . This fact will be helpful for
determining the initial rotational angle, which will be discussed
in Sec. III. Note that the energy and force is normalized as
E* ¼ E/Emax and F * ¼ F/Fmax in Figs. 2(a) and 2(b) and normalized as E* ¼ E/kH02 in Figs. 2(c)–2(f ), where k is the elastic constant of the linear truss element in the 2DOF model.16,17 These
findings (i.e., regarding the axial displacement–torsional rotation
relations) are important in designing on-demand tunable/switchable metamaterials by utilizing compression–torsion interaction of
bistable Kresling spring.
III. METAMATERIAL BEAM WITH KRESLING
RESONATORS
In this work, we consider a metamaterial beam consisting of a
host beam with a periodic array of Kresling resonators and focus on
the coupling behavior due to the asymmetry of the Kresling resonators. It is known that the structural asymmetry in one-dimensional
periodic structures will lead to a wave-coupling phenomenon
which has been observed in the band diagram.22 In this section,
first, we introduce the design models of the Kresling resonators.
Then, we consider the arrangement of the Kresling resonators in
view of structural asymmetry. Also, we demonstrate and discuss the
wave-coupling behavior in the Kresling-based metamaterials.
Finally, we calculate the frequency response function (FRF) of torsional waves which is followed by the discussions in the rest
sections.
As shown in Fig. 3, a Kresling origami resonator (hereafter
abbreviated as Kresling resonator) is composed of a Kresling spring
with one central or two eccentric attached steel balls (i.e., serving as
lumped masses). The bottom face of the Kresling spring, which
contacts with the host beam, is a hexagon with six axes of symmetry. To focus on the wave-coupling phenomenon caused by the
eccentric-mass arrangement, the bottom face of the symmetry
hexagon is arranged parallelly to the width direction of the beam in
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FIG. 2. (a) The normalized energy with respect to the axial displacement obtained from the FEM (shown as red lines) and the 2DOF model (blue lines). (b) The normalized force with respect to the axial displacement obtained from the FEM (red lines) and the 2DOF model (shown as blue lines). (c) The normalized energy with respect to
the axial displacement at different initial heights. (d) The normalized energy with respect to the rotational angles at different initial heights. (e) The normalized energy with
respect to the axial displacement at different initial rotational angles. (f ) The normalized energy with respect to the rotational angle at different initial rotational angles.
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FIG. 3. Diagrams of (a) the 1st state of the Kresling resonator with one central ball and (b) the 2nd state. (c) The 1st state of the Kresling resonator with two eccentric
balls and (d) the 2nd state.

order to minimize the layout asymmetry. Since torsional dynamics
are considered in this work, where the zero-vibration torsional
nodal line of the host beam lies in the beam axis, large-range torsional bandgap tuning can be expected if the change of the transverse distance between either balls and the beam axis in the two
stable states is the largest. With the initial rotational angle
θ0 ¼ 67:5 , a largest change of the transverse distance can be
reached while ensuring the bistability for switching function, comparing with that when θ0 ¼ 70 and θ0 ¼ 72:5 . Under this
arrangement, the angles between the connection of the two steel
balls and the axis of the host beam are w1 ¼ 120 θ1 ¼ 52:5
(i.e., strong asymmetry) at the 1st state and w1 ¼ 120 θ2 ¼ 7:52
(i.e., weak asymmetry) at the 2nd state, respectively. For the
Kresling resonator with a single central steel ball in a metamaterial
unit cell, as shown in Figs. 3(a) and 3(b), the relative position of
the steel ball (i.e., lumped mass) related to the host beam will not
change as the Kresling spring switches between the two states. Since
a stable state is related to a stiffness state, the regulation of metamaterial bandgaps can be regarded as the result from the change of
spring stiffness. However, as shown in Figs. 3(c) and 3(d), the relative position of the steel balls and the structural asymmetry to the
central line of the host beam for the Kresling resonator with two
eccentric steel balls will change between the two states and is
expected for a rich torsional-mode tuning behavior, which can lead
to the possible switchability in addition to the bandgap regulation.
Before studying the band diagram of the metamaterial, we
describe the parameters used in FEM simulation. The considered
metamaterial beam is made of aluminum. The size of each unit
cell of the metamaterial beam is 100 mm (length l) × 32 mm
(width w) × 3 mm (height h) and the unit cell only stacks along the
length direction. Young’s modulus of aluminum is set as 69 GPa,
Poisson’s ratio is 0.33, and the density is 2700 kg/m3. To allow the
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Kresling spring to be bistable, we set H0 = 20 mm and θ 0 ¼ 67:50 .
The two stable states are at H1 = 20 mm, θ 1 ¼ 67:50 (1st state)
and H2 = 7.80 mm, θ2 ¼ 112:48 (2nd state), respectively. The
diameter of the two eccentric steel balls is 16 mm, and the diameter
of the center steel ball is 20.1587 mm. Thus, the equivalent lumped
mass is identical.
Here, we calculate the band structure of our metamaterial
beam using ABAQUS. The Bloch theorem is used to apply boundary conditions to the two ends of the unit cell of the metamaterial
beam.25 The band structures of the metamaterial beam related to
the Kresling resonators with one central steel ball and two eccentric
steel balls at the 1st state are shown in Fig. 4, respectively. Although
only one additional attached mass is added, the band structure
related to the Kresling resonators with eccentric steel balls contains
more wave modes within the same considered frequency range,
which indicates that the arrangement of the lumped masses can
greatly alter the band properties. Specifically, dispersion curves in
the band structure for the Kresling resonators with eccentric steel
balls experience sudden changes at some points (i.e., red-dashed
box region), while dispersion curves in the band structure for the
Kresling resonators with one central steel ball are continuously connected. The phenomenon of disconnected band structure has been
discussed by Mace and Manconi,26 where the behavior is defined
as mode veering or locking for wave propagations in two coupled
system. Specifically, mode veering means that two or more dispersion curves as a function of wavelength veer away and diverge
instead of crossing. Locking, a term borrowing from flutter of
coupled oscillators as merging of two non-zero natural frequencies
to form a complex conjugate pair is also used to describe the
merging of two modes. Interestingly, when two modes in one
asymmetrical structure are coupled, similar energy exchange of
the two modes can be observed in the vicinity of the crossing
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FIG. 4. (a) Band structure related to the Kresling resonators with one central ball at the 1st state. (b) Band structure related to the Kresling resonators with two eccentric
balls at the 1st state.

frequency of the corresponding uncoupled modes.22 Whether it is
veering or locking is determined by the product of the group velocities of the interacting mode. A negative product yields locking,
while a positive product yields veering. For example, as shown in
Fig. 4(b), dispersion curve I and curve II first approach each other
and then veer away and diverge within the red box region. In our
design, the two eccentric steel balls are not symmetrical about the
axis of the beam, which can lead to the wave coupling. Although
the Kresling spring is asymmetrical by its own, the wave-coupling
phenomenon is not very evident if only one central lumped mass is
arranged. Due to the wave coupling that is mainly caused by the
two eccentric steel balls, a single dispersion curve in the band structure is no longer corresponding to a single wave mode but to different types of coupled or uncoupled waves at different wave
numbers. For demonstration purposes, eigenmodes of the beam
and the Kresling resonator at points A, B, C, and D are plotted, as
shown in Fig. 5. We can clearly see that the eigenmode at point A
is similar to that at point D and the eigenmode at point B is similar
to that at point C, although points A and C and points B and D
are in the same dispersion curve. Thus, the sudden jump of the
curve in the band structure is corresponding to the exchange of
wave modes and energy.
IV. TUNABLE TORSIONAL BANDGAPS VIA BISTABLE
KRESLING RESONATORS
Next, we focus on the torsional bandgaps and their tunability
of the metamaterial beam with the Kresling resonators. The metamaterial has eight unit cells stacked along the length direction. The
method for obtaining the torsional frequency response function
(FRF) is illustrated in Fig. 6. For torsional wave generation,
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displacement excitations in opposite directions are applied to the
two sides of the beam along the y-direction. Then, by measuring
the displacements along the y-direction at the other end of the
beam, FRF of torsional wave can be extracted as follows:
FRF ¼ 20  log10

U2R1  U2R2
,
U2E1  U2E2

(1)

where U2R1 is the y-direction displacement at one side of the
response end, U2R2 is the y-direction displacement at the other
side of the response end, U2E1 is the y-direction displacement at
one side of the excitation end, and U2E2 is the y-direction displacement at the other side of the excitation end. In ABAQUS,
displacement loadings with amplitude of 1 and −1 along the
y-direction are applied to two locations at the input (i.e., excitation)
end that is symmetric to the central axis of the metamaterial.
A “Steady-state dynamics, Direct” step is used to calculate the frequency response of the metamaterial. The torsional FRF can be
obtained by extracting the y-direction displacements at the output
(i.e., response) end.
We begin by studying the torsional bandgap properties of the
metamaterial beam with the Kresling resonator with one central steel
ball. The FRF and band structure related to the Kresling resonators at
the two stable states and the eigenmodes at the torsional bandgap
edges and the mode shapes of the first Kresling resonator within
bandgap are plotted in Fig. 7, respectively. Here, a “bandgap” refers
to the frequency region in the FRF below 0 dB. With a single central
steel ball, only one torsional bandgap within the considered frequency range is generated and the results agree well in both the band
structure and the FRF results. When the Kresling resonator compresses from the 1st state (i.e., the large-stiffness initial state) to the
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FIG. 5. Eigenmode of the beam and Kresling resonator with two eccentric balls at (a) point A, (b) point B, (c) point C, and (d) point D in Fig. 4.

2nd state (i.e., the small-stiffness compressing state), the lower frequency edge of the torsional bandgap almost remains the same,
while the upper frequency edge significantly decreases.
Then, we demonstrate the torsional bandgap properties of the
Kresling resonator with two eccentric steel balls. As shown in
Fig. 8, compared to the band structure of the metamaterial beam
with central-ball Kresling resonators, wave coupling caused by the
two asymmetrical-arranged eccentric steel balls results as a

complicated band structure. From the FRF at the two states, other
than the change of the bandgap edge frequency and bandgap
width, bandgaps can be switched open or closed between the two
stable states. There are three wide torsional bandgaps within the
considered frequency range at the 1st state but only one narrower
torsional bandgap at the 2nd state. The bandgaps in FRF cannot
correspond well like the previous case to those in the band structure, which is a typical characteristic of the wave-coupling

FIG. 6. Definition of the torsional FRF of the metamaterial
beam with bistable Kresling resonators.
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FIG. 7. (a) Band structure and the torsional FRF related to the Kresling resonators with one central ball when the Kresling resonators are at the 1st state. (b) Band structure and the torsional FRF at the 2nd state.

FIG. 8. (a) Band structure and the torsional FRF related to the Kresling resonators with eccentric balls when the Kresling resonators at the 1st state. (b) Band structure
and the torsional FRF at the 2nd state.
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FIG. 9. Eigenmodes of the beam and Kresling resonators of a unit cell at (a) point E, (b) point F, and (c) point G in Fig. 8.

phenomenon, where, for example, can also be found in hybrid piezoectric media where mechanical vibrations and electrical signals
are coupled.20,21
The eigenmodes of the corresponding infinite metamaterial at
the lower bandgap edge in the band structure (i.e., points E, F, and
G in Fig. 8) and corresponding torsional FRF when the Kresling
resonators with two eccentric steel balls are at the 1st state are
shown in Fig. 9. As to the eigenmodes of the host beam, they
behave as hybrid modes instead of pure torsional modes due to the
wave coupling and being flexural-dominated in the 1st and 3rd
bandgaps and torsional-dominated at the 2nd bandgap. The eigenmodes of the Kresling resonator with two eccentric steel balls in the
2nd bandgap are similar to those of the Kresling resonator with one
central steel ball in the 1st bandgap. It is noteworthy that although
similar eigenmodes of the Kresling resonator with two eccentric
steel balls in the 1st and 3rd bandgap can also be found in the
band structure for the Kresling resonator with one central steel ball,
corresponding bandgaps cannot be stimulated due to the absence
of eccentric arrangement of the steel balls.
To verify the existence of wave coupling and study the wave
coupling within the torsional bandgaps, an elegant torsional–flexural

J. Appl. Phys. 130, 045105 (2021); doi: 10.1063/5.0056179
Published under an exclusive license by AIP Publishing

coupling index α can be defined as
α¼

U2R1
U2R2

:
jU2R1 j jU2R2 j

(2)

The torsional–flexural coupling index α can only be 1 or 1.
When α ¼ 1, two sides of the beam vibrate in the same direction
and the torsional–flexural coupling happens. On the contrary,
when α ¼ 1, there are out-of-phase vibrations and no torsional–
flexural coupling is present. The torsional–flexural coupling index
α of the metamaterial for the Kresling resonators with one central
steel ball and two eccentric steel balls in frequency domain are
shown in Fig. 10, respectively. One can see that the torsional–flexural coupling index α is 1 at most frequencies for Kresling
origami with one central steel ball, indicating that at most frequencies there is no torsional–flexural coupling. However, significant
torsional–flexural coupling (i.e., α ¼ 1) can be observed for the
Kresling resonators with two eccentric steel balls. Thus, adding one
more lumped mass and arranging the two masses eccentrically can
obviously enhance the phenomenon of torsional–flexural coupling
which would accordingly tune the torsion-excited bandgaps.
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FIG. 10. Torsional–flexural coupling index of the metamaterial with the Kresling resonators with (a) one central ball and (b) two eccentric steel balls.

To figure out which types of waves are coupled within the
hybrid torsional bandgaps, we plot the eigenmodes at specific
points in the band structure (i.e., points 1–6, referred to as wave
modes Wi ) as shown in Fig. 11. The coupling of W1 , W2 , and W3

generates the 1st torsional bandgap, while the coupling of W4 , W5 ,
and W6 generates the 3rd torsional bandgap. We can see that W1
and W4 are in-plane-dominated wave modes with slight torsional
deformations, W3 and W5 are flexural-dominated wave modes, and

FIG. 11. Coupling eigenmodes of the metamaterial beam at the (a) 1st torsional bandgap and (b) 2nd torsional bandgap.
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W2 and W6 are torsional-dominated wave modes. Much more
complex than the coupling behaviors between the two wave guides
or two different classical waves as described in Refs. 20, 21, and 26,
three different wave modes are coupled with each other in our
model which brings difficulties in distinguishing the relations
between the bandgaps in the band structures and the torsional FRF.
After figuring out the wave coupling for the opening of the
three torsional bandgaps, the corresponding bandgaps in FRF and
band structure shown in Fig. 8 can be identified based on the corresponding eigenmodes. We can see that the 2nd bandgap coincides with the 3rd bandgap at some frequencies (dark gray region)
in the band structure. By examining the deformation of a finite
metamaterial beam, waves at these overlapped frequencies are dominated by the eigenmode at point G. The above-mentioned wavecoupling behavior allows the elastic waves to propagate within the
finite metamaterial beam even within some identified bandgaps
(e.g., 390−428 Hz, red-dashed box region). Specifically, the 1st and
3rd bandgap are both generated by the coupling of three different
wave modes (i.e., W1 , W2 , and W3 for the 1st bandgap and W4 ,
W5 , and W6 for the 3rd bandgap). The causes of the two bandgaps
are similar considering the correspondences of the three wave
modes. Thus, one may question that why the lower-edge frequency
of the 1st bandgap agrees well between the band structure and the
torsional FRF but not for the 2nd bandgap. The correspondence of
the bandgaps between the band structure and the torsional FRF
might be caused by the range of the coupling frequency region,
where the originally independent modes exchange energies through
couplings.
When Kresling resonators are compressed to form the 2nd
state, with the decreasing of the angle between the connection of
the two steel balls and the axis of the host beam, the metamaterial
beam will turn into a more symmetrical one, which weakens the
wave coupling. On the other hand, due to the decrease of stiffness
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in the 2nd state, there is only one narrower torsional bandgap.
Therefore, utilizing the wave coupling caused by asymmetrical resonators, lower and wider torsional bandgaps can be achieved. Also,
by tuning the two stable states via compressing/extending to adjust
wave coupling, apart from the change of torsional bandgap frequency and width, the switching (i.e., opening and closing) of the
torsional bandgaps can also be realized.
V. EXPERIMENTAL RESULTS
In this section, we experimentally validate the tunable and
switchable torsional bandgap properties through the torsional displacement transmission of a metamaterial beam consisting of the
Kresling resonators with eccentric steel balls. The photos of the
tunable metamaterial beam and Kresling resonators with eccentric
steel balls at two stable states are shown in Fig. 12. The dimension of
the metamaterial beam is 800 mm (length) × 32 mm (width) × 3 mm
(height) and the beam is made of 6061 aluminum. The metamaterial
beam is excited by two multilayered piezoelectric actuators (PC4QR,
Thorlabs, Newton, NJ, USA) through a dSPACE DS1104 system
(dSPACE GmbH, Paderborn, Germany) using a white noise signal.
The two multilayered piezoelectric actuators are arranged below the
two sides of the metamaterial beam symmetrically. The two piezoelectric actuators are excited by the electrical signals with opposite
polarities and the contact areas are kept as small as possible in the
hope of exciting pure torsional waves. A high-sensitive all-fiber
sensing and demodulating system with two fiber Bragg grating
(FBG) displacement sensors is set up to detect the torsional displacement transmission, where the FBGs are arranged symmetrically at
the other ends of the metamaterial beam. Details regarding the
sensing principle of the torsional transmissions can be found from
Chuang et al.,27 who used a pair of self-demodulated FBGs without
the demodulators. Here, a pair of normal FBGs whose shifted reflected

FIG. 12. Experimental setup of the switchable metamaterials with compression–torsion interacted origami resonators.
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FIG. 13. Comparsion of experimental results obtained from the FBG sensing system and numerical results of the torsional FRF of the metamaterial beam when the
Kresling resonators are at the (a) 1st state and (b) 2nd state. The top ones are the experimental results and the bottom ones are the numerical simulations.

Bragg wavelength is demodulated by another pair of FBGs serving as
filters is employed. Note that although using the self-demodulated
technique can simplify the system and avoid the strict requirement of
the specifications of the FBGs, the conventional FBG sensor-filter
approach can enhance the sensing sensitivity.
The torsional displacement transmissions of the metamaterial
beam with the Kresling resonators with eccentric steel balls at the
two stable states, obtained from the measurements and FEM, are
shown in Fig. 13. Young’s modulus of the origami paper is set as
150 MPa in FEM simulation to match the experimental results. It
should be noted that Young’s modulus of the origami paper in
FEM simulation is not a real Young’s modulus of the origami
paper that used in the experiment. This is due to the fact that in
FEM, the stiffness of Kresling origami depends not only on Young’s
modulus of the origami paper but also on the stiffness and the
number of the CONN3D2 element. Obviously, these three parameters cannot easily be obtained from the experiments. Thus, we only
change Young’s modulus of the origami paper to match the experiment results at the 1st state. Note that in the simulations in Sec. IV,
the stiffnesses of the CONN3D2 element are set to be the same for
the two states where the overall stiffness of 2nd state is smaller than
that of the 1st state. However, due to the contacts between the
finite-thickness facets of the practical Kresling resonators, the stiffness of the CONN3D2 element at the 2nd state is bigger than that
at the 1st state. In this case, we use same Young’s modulus determined in the former case and increase the stiffness of CONN3D2
element to match the experiment results at the 2nd state. The
experimental displacement transmission captures the main characteristics of the torsional bandgap properties, where the mismatch of
the transmission details might due to the assembling discrepancies
of the Kresling resonators and the eccentric steel balls.
As shown in Fig. 13(a), we can see that, due to the wave coupling caused by the arrangement of the eccentric steel balls, there
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are three torsional bandgaps when Kresling resonator is at the 1st
state. When the Kresling resonators are compressed to the 2nd
state, the 1st and 3rd bandgaps will be switched off due to the
weakening of asymmetry, leaving only one bandgap in the structure, which supports our previous theoretical predictions as shown
in Fig. 8. Thus, in addition to the tuning of the torsional bandgaps,
the switching of the torsional bandgaps based on the Kresling
resonators with eccentric steel balls can be achieved. Due to the
difficulty of the identification of the material constants of the
anisotropy board paper, there are some discrepancies between
the experimental results and the numerical results. Nevertheless,
the target phenomenon of switchable torsional bandgap
opening/closing caused by the wave coupling from eccentric
steel balls can be validated.
VI. CONCLUSIONS
In summary, we utilize the compression–torsion interaction of
a bistable Kresling origami resonator to regulate the torsional
bandgaps in beam-type metamaterials. First, by comparing the
bandgap regulation results obtained from the Kresling resonator
with a single central steel ball and the Kresling resonator with two
eccentric steel balls, we demonstrate that the second resonator can
realize more abundant regulation of torsional bandgaps due to the
wave-coupling phenomena caused by the asymmetrical configuration. Also, we demonstrate that apart from the stiffness change of
the resonators between the two different stable states, the in-plane
rotation of the eccentric steel balls on the bistable resonator can
also switch the wave coupling, which leads to the switching of the
torsional bandgaps in additional to the general shifting or broadening. Next, we demonstrate that wave coupling plays an important
role in emerging and tuning torsional bandgaps. Specifically, utilizing the compression–torsion interaction of the Kresling origami,
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wave coupling will be weakened when the Kresling resonators are
arranged with eccentric balls turning from 1st state to 2nd state.
Thus, the switching of torsional bandgaps can be realized through
the bistability. Finally, the numerical simulations of the torsional
bandgap tuning are validated experimentally by using an
FBG-based torsional sensing system. The proposed structures
might inspire following designs of tunable elastic metamaterials
that combine active origami and wave mode conversion microstructures through the wave coupling.28
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