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a b s t r a c t

Multi-stable structures are able to achieve significant geometric change and retain specific deformed
configurations after the loads have been removed. This reconfiguration property enables, for example,
to design metamaterials with tunable features. In this work, a type of multi-stable metastructures
exhibiting both level and tilted stable configurations is proposed based on 2D and 3D arrangements
of bi-stable elements. The resulting level and tilted configurations are enabled by the rotational
compliance, bi-stability and spatial arrangement of unit cells. The bi-stability of the unit cells and
multi-stability of the metastructures are demonstrated and characterized by experiments and finite
element analysis. Results show that transitions between level stable configurations are symmetric
in terms of load–deflection response while switching to the tilted stable configurations leads to
asymmetric mechanical responses. The tilted stable configurations are less stable than the level
configurations. Moreover, we demonstrate that the level and tilted stable configurations of the
metastructure depend on the parallel and serial arrangement of the unit cells.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Mechanical metamaterials are rationally designed structured
materials whose macroscopic properties are mainly determined
by their structures rather than composition [1,2]. This allows
to realize unusual and novel properties for metamaterials. For
example, mechanism-based auxetic metamaterials have been de-
signed to obtain deployable structures [3,4]. Phononic metama-
terials have been developed to control and prohibit elastic waves
in specific frequency ranges [5–7]. Other unconventional prop-
erties include ultra-lightweight but high stiffness [8], negative
compressibility transitions [9] and high energy absorption [10].

In order to tune the properties of metamaterials after fabri-
cation, metamaterials composed of multi-stable metastructures
have been proposed and actively explored in recent years [11].
Multi-stable structures have multiple stable morphologies and
are able to achieve significant geometrical changes by switch-
ing between different stable configurations. More importantly,
these stable configurations do not require external loads to be
maintained. The multi-stability has mainly been utilized in design
of shape-changing structures and energy absorbers with tunable
stiffness [12–15].

Many studies have demonstrated the design of multi-stable
metastructures based on bi-stable elements exhibiting snap-
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through behavior. These designed structures are normally re-
ferred to as snap-through induced multi-stable structures (SIMS)
[16–19]. Within the elastic regime, snap-through is a type of
instability that causes a structure to jump from one stable con-
figuration to the other when external loads beyond critical values
are applied [20]. Thus, two stable configurations can be accom-
modated [21,22]. The principle of snap-through based bi-stability
can be applied to design smart metastructures over a wide range
of length scales [11]. By combining bi-stable elements, multi-
stability can be realized for metastructures [23–29]. For instance,
Restrepo et al. [24] developed metastructures consisting of an
array of bi-stable camber beams which can absorb energy under
cyclic loading. Shan et al. [25] proposed a multi-stable struc-
ture using inclined straight beams for trapping elastic energy.
Santer et al. [30] presented a multi-stable mechanism to morph
surfaces. Since all the unit cells within the SIMS are identical,
the deformation sequence is unpredictable when the structure
is uniformly loaded. Che et al. [26] introduced geometry and
material variations to acquire programmable behavior. Moreover,
this snap-through behavior can also be triggered under tensile
loading besides compressive loads [31].

Most studies on multi-stable metastructures are limited to
translational state changes and only level stable configurations
are explored due to the constraint of unit cells’ rotational com-
pliance. In this work, we demonstrate a new type of three-
dimensional (3D) multi-stable metastructure allowing for both
level and tilted stable configurations. 3D bi-stable unit cells with

https://doi.org/10.1016/j.eml.2019.100593
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Fig. 1. Design of 3D bi-stable unit cells. (a) A schematic of bi-stable behavior. (b) Schematics of a multi-stable metastructure exhibiting level stable configurations
and rotational compliance. (c) The proposed 3D bi-stable unit cell with two level stable configurations. (d) Rotational compliance of the unit cell.

snap-through behavior and rotational compliance are designed
first. By a specific assembly of a number of unit cells, the resulting
multi-stable metastructure is able to exhibit both translational
and rotational macroscopic degrees of freedom (DOFs). That is,
the resulting structures possess multiple equilibrium states, in-
cluding level and tilted stable configurations. These additional
tilted stable configurations offer more design freedom for motion-
related applications. Moreover, various tilted stable configura-
tions can be obtained by combining the unit cells in different
arrangements, which makes it possible to control the multi-stable
property of metamaterials.

This paper is organized as follows. Section 2 describes the
geometry of the proposed unit cells and resulting multi-stable
metastructures. The main features of the unit cells are high-
lighted and the associated level and tilted stable configurations
are demonstrated. Section 3 describes experimental and numeri-
cal methods adopted in this work. The snap-through behavior of
the proposed unit cells and the multi-stable metastructures are
characterized in Section 4. In Section 5, the influence of unit cell
arrangements on the resulting multi-stable behavior is studied.
Conclusions are presented in Section 6.

2. Structure design

In this study, we are targeting multi-stable metastructures,
where bi-stable elements are used as basic unit cells. As shown
in Fig. 1(a), a single bi-stable element allows for translational
motion by switching among two stable configurations. The 1D
arrangement of these elements forms a metastructure with two

level stable configurations (LSCs), as illustrated in Fig. 1(b). The
corresponding metastructure may exhibit a relatively large stroke
via transition between LSCs. If, in addition, the bi-stable unit cell
provides rotational compliance, then it may be possible for the
metastructure to exhibit additional tilted stable configurations
(TSCs) next to the intrinsic LSCs (see Fig. 1(b)).

For a design of 3D bi-stable units, the rotational compliance
and bi-stable behavior are needed as well. Accordingly, a 3D
unit cell with these two properties was proposed and studied,
as depicted in Fig. 1(c). Specifically, a leaf spring with six strips
(six-strip structure) was prestressed into a 3D curved shape by
using two smaller frames. When this unit cell (Configuration 1)
is mechanically deformed, the curved six-strip structure recon-
figures into the other level stable configuration (Configuration 2),
which results in a translation motion, see Fig. 1(c). Meanwhile,
the rotational compliance ensures that the unit cell can achieve
angular deformation, as shown in Fig. 1(d).

After combining the proposed unit cells into a metastructure,
it can be observed in Fig. 2(a) that four stable configurations can
be achieved for a metastructure composed of two unit cells: level
(Configuration 1 and 4) and tilted stable configurations (Configu-
ration 2 and 3). When unloaded, the metastructure can maintain
its deformed shape in either level or tilted state. Different sta-
ble configurations can be realized by applying different loading
conditions. For example, when the demonstrated metastructure
is loaded in a LSC symmetrically, it responds with a translational
transition to switch between two LSCs (Configuration 1 or 4).
However, when an asymmetric load is applied, it transforms to
a tilted stable configuration (Configuration 2 or 3).
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Fig. 2. The proposed metastructures showing both level and tilted stable configurations. (a) A multi-stable metastructure consisting of two cells is obtained by 1D
arrangement. Four stable states are found including LSCs and TSCs. (b) A 3D arrangement of unit cells resulting in multiple TSCs and LSCs.

Based on the proposed unit cells, it is possible to obtain
different arrangements by repeating the unit cells. By a 3D ar-
rangement of the unit cells, the resulting metastructure may
have multiple TSCs along different directions. As an example,
each layer of the arranged metastructure shown in Fig. 2(b) is
able to exhibit six TSCs with different tilting orientations and
two LSCs along the vertical direction (see the Supplementary
video). It should be noted that which particular level and tilted
stable configurations can be realized depend on: (i) the nonlinear
properties of the unit cells, in particular their bi-stable behav-
ior and rotational compliance; (ii) the spatial arrangement of
the unit cells. In order to identify the influence of arrangement
on multi-stability, the mechanical responses of metastructures
with different arrangements are experimentally determined, as
discussed in Section 5.

3. Methods

3.1. Fabrication

Samples were manufactured following the procedure as illus-
trated in Fig. 3(a)–(d). The bi-stable unit cell is composed of three
components, namely two frames and the six-strip structure. The
flat six-strip structures were fabricated by laser-cutting 0.1mm
thick spring steel sheets (Alloy 1.4310, Jeveka, The Netherlands).
The frames were printed from polylactic acid (PLA) using a fused
deposition modeling printer (Prusa i3 MK2) and have been con-
sidered rigid in the numerical simulations. By connecting the
frames with smaller in-plane dimensions, the six-strip struc-
ture was buckled into a curved configuration and the unit cell
was assembled using screws as fasteners. The metastructures
were obtained by connecting unit cells in different directions.

Table 1
Geometric parameters of bi-stable unit cells.
Parameters w l0 l te tf
Values (mm) 5 73 69 0.1 6

Fig. 3(d) illustrates an example of a 1D combination of unit
cells for a multi-stable metastructure. Table 1 lists the geometric
parameters of samples in this study.

3.2. Experiments and simulations

To characterize the snap-through transitions, we investigated
the mechanical behavior of structures using a uniaxial testing
machine (ZwickRoell Z005, Germany). Uniaxial compression and
tensile tests were conducted on fabricated samples to capture
their snap-through transitions. Connectors were printed and used
to transfer loading forces during loading tests. Quasi-static con-
ditions were applied using a displacement control at a loading
rate of 10mmmin−1. During the mechanical deformation of the
structures, we quantified the snap-through transitions as force–
deflection curves. All the tests and measurements shown in this
paper were repeated three times for each sample. For each design,
three samples were fabricated and tested to get mean values.

Nonlinear finite element analysis (FEA) was performed using
ABAQUS to investigate in detail the local deformation of the
designed structures. Because the strips experience only small
deformations, a linear elastic constitutive model was used in the
FEA. Four-node shell elements with reduced integration (S4R)
were employed for the thin six-strip structure with Young’s mod-
ulus E = 180 GPa and Poisson’s ratio v = 0.29, consistent
with the material we used in experiments. Frames were meshed
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Fig. 3. Schematics for fabrication of the presented unit cells and metastructures. (a) The flat six-strip element with an out-of-plane thickness te and its in-plane
geometric parameters. (b) 3D printed frames with an out-of-plane thickness tf and in-plane dimensions. (c) Assemble the bi-stable unit cell by connecting the
six-strip structure to the two frames. (d) An assembly of the unit cells to obtain a multi-stable metastructure.

using eight-node linear brick, reduced integration solid elements
(C3D8R). A relatively high Young’s modulus was assigned to the
frames to mimic their rigidity. Pre-stresses were introduced to
the metastructure by thermal loads. Specifically, thermal expan-
sion coefficients were assigned to the top and bottom frames.
By applying a controlled temperature drop, the frames shrank
and resulted in the desired initial configuration of the modeled
metastructures. The detailed modeling procedure we followed
can be found in the supplementary data.

4. Mechanical properties of transitions into LSCs and TSCs

In this section, the mechanical properties of the designed unit
cell as well as the associated metastructures are presented. The
bi-stability of the unit cells and multi-stability of the metas-
tructures are quantified, respectively. The results of experimen-
tal characterization will be given and discussed along with the
numerical analysis.

4.1. Bi-stability of the unit cell

To measure the responses of the presented unit cell under uni-
axial loads, we firstly compressed the unit cell to Configuration
2 (denoted as loading) and then pulled it back to Configura-
tion 1 (denoted as unloading), as depicted in Fig. 4(a)–(b). Main
mechanical characteristics can be observed in Fig. 4(b): (i) The bi-
stable deformation behavior is evident from the force–deflection
curve. In the initial phase, the force gradually increases along with
the axial displacement until the maximum critical compression
force (Fmax) is reached, as plotted in Fig. 4(b). A further deforma-
tion triggers elastic instability (i.e. snapping), where the structure
shows negative stiffness. During the snapping phase, the force
initially reduces to zero, and then becomes negative (tension).
When contact between top and bottom frames occurs at a certain
displacement (represented as the vertical dashed line in Fig. 4(b)),
the negative force is balanced by the contact force, leading to
the Configuration 2. (ii) Symmetric behavior is observed, meaning
that Fmax is almost equal to that of the maximum tensile force
(referred to Fmin in Fig. 4(b)). This is due to the fact that the
pre-stress is introduced to the flat six-strip structure. Similar
behavior is also observed in other pre-stressed bi-stable designs
in literature [32,33]. (iii) The reverse unloading process (black
curve) follows nearly the same path as the loading (red curve),
which demonstrates that the hysteresis is negligible for these
structures.

In comparing numerical and experimental results, good agree-
ment is observed before the contact occurs, as seen in Fig. 4(b).
Since the frames are considered rigid, only the six-strip structure
of the unit cell is modeled in FEA. It can be seen in Fig. 4(b) that
the simulation reproduces the snapping response in experiments
before the contact. The mismatch at the contact phase can be

explained by the fact that the contact is not considered in simu-
lations and thus, the six-strip structure is deformed further into
the symmetric Configuration 2. In addition, the symmetric tran-
sition behavior is also demonstrated by the stress distributions in
Fig. 4(c) and (d), where the two stable configurations correspond
to the same level of strain energy.

4.2. Multi-stability of the metastructure

The metastructures allowing for level and tilted configurations
were characterized with representative samples which are 1D
combination of two unit cells, as shown in Fig. 5(a). The loading
response between LSCs is displayed in Fig. 5(b). It can be ex-
pected that compared to the snap-through of one unit cell, the
critical force of this metastructure doubles while the maximal
displacement remains unchanged. The characteristics of snapping
transition are similar to the expected results, where the average
Fmax is around 2.8 N. In addition, integrating the force–deflection
curve over the region of positive force and negative force (de-
noted as Ein and Eout in Fig. 5(b)), we find that Ein is almost equal
to Eout as a result of the symmetric transition.

The transition to TSCs was realized by applying loads on one
side of the top frame. The metastructure snaps from the initial to
tilted configurations, as displayed in Fig. 6(a)–(b). Similarly, after
the process of snapping and contact, the metastructure stabilizes
at the TSC without external loads. This snapping behavior differs
from the snapping behavior of the level configuration in two
aspects: (i) The critical compression force Fmax (1 N in Fig. 6(b))
is smaller than that of LSCs (2.8 N in Fig. 5(b)). Therefore, less
force/energy is required for the metastructure to switch into
TSCs while the transition to LSCs requires larger actuation force.
(ii) The snapping response shown in Fig. 6(b) is not symmetric
because curves in compression (positive) and tension (negative)
loading are obviously different. The critical tension force Fmin
(−0.5 N) is lower as compared to Fmax (1 N), indicating that the
TSCs are less stable than the corresponding LSCs. This can also be
explained from an energy perspective. It can observed that Eout in
Fig. 6(b) is much smaller than Ein, implying that energy is trapped
within the deformed stable TSCs. Therefore, when snapping to
TSCs, the strips locally reconfigure to a higher energy, yet stable
deformed state.

The corresponding numerical result agrees well with the ex-
perimental measurement, as plotted in Fig. 6(b). The stress evolu-
tion in Fig. 6(c)–(e) shows that the first cell experiences relatively
larger deformation than the second cell. In particular, the three
top strips (1,3,5) in the first cell snap into the other configuration
during the initial loading stage. When this metastructure reaches
the state as illustrated in Fig. 6(e), the Strip 3 already snapped to
the other side. However, the Strip 1 and 5 have not been snapping
fully. High stresses can be found in Strip 1 and 5, as shown in
Fig. 6(e). The overall equilibrium of the tilted stable state can be
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Fig. 4. Snap-through behavior of the bi-stable unit cell. (a) The two stable configurations in experimental measurements. (b) Force–deflection curves for snap-through
transitions between Configuration 1 and 2. The red and black curves represent the mean values of multiple experimental tests (yellow area) for loading and unloading,
respectively. The dashed vertical line (contact) represents the situation that during loading, the top frame is in contact with the bottom frame. Blue curve denotes
the snapping response obtained from FEA. (c)–(d) Contour plots for von Mises stress of the unit cell at Configuration 1 and 2, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Characterization of snapping transitions from the initial configuration to the other level stable configuration for a metastructure composed of two bi-stable
elements. (a) Two LSCs: initial and deformed level configurations. (b) Force–deflection curves corresponding to the snapping from the initial to level configuration.
Red curve shows the mean values of multiple measurements.
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Fig. 6. The tilting transitions of metastructures by experimental and numerical characterizations. (a) The initial configuration and the deformed tilted configuration.
(b) Force–deflection diagrams for transitions from the initial to tilted configuration. Red line displays mean values of experimental results (green area); numerical
result is plotted as black line. (c)–(e): FEA of snapping transitions: (c) represents the initial configuration of this metastructure. Then, the structure is loaded on the
left side and (d) depicts the critical state where the maximum compression force Fmax is reached. The stress distribution of the tilted state before the contact is
shown in (e). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

interpreted as a combination of three force components: upward
contact force from the bottom frame; downward pushing force
applied by the first cell and upward pulling force generated in
the second cell. A simplified analytical model for capturing the
tilting transitions can be further developed based on the force
equilibrium in future.

5. Metastructures with different arrangements

Here, two main arrangements of combining bi-stable mech-
anisms are studied and demonstrated: parallel in either one or
two directions (1D and 2D), and serial arrangements. The serial
arrangement represents the case of stacking bi-stable unit cells
on top of each other, where the load is equally resisted by all
unit cells but with different deformations for each. A parallel
arrangement helps synthesizing new multi-stable characteristics
from existing bi-stable units and it can be realized by in-plane
patterning of the unit cells. Since the LSCs will be similar to the
behavior discussed in previous section thus, from here on the
main focus will be on the TSCs.

5.1. Parallel arrangement: 1D

Metastructures with unit cells arranged in 1D are depicted in
Fig. 7(a). Fig. 7(b) depicts multiple force–deflection responses for
switching from the initial configuration to different TSCs shown
in Fig. 7(a). It is first found that these metastructures are able to
exhibit TSCs, which is also demonstrated by experimental results
shown in Fig. 7(b). Fig. 7(c) presents the critical compression
forces Fmax and the resulting tilt angle θ (see Fig. 7(a)) at TSCs

as a function of cell numbers. Non-proportional relations are
reported as a result of the nonlinear behavior of the unit cells.
With increasing the number of cells, the critical compression
force increases while the tilt angle decreases.

5.2. Parallel arrangement: 2D

The smallest 2D arrangement is composed of three unit cells,
as seen in Fig. 8(a). Besides the stable initial and level con-
figurations, multiple TSCs (i.e. tilting behavior along different
directions) are realized for the metastructure. Furthermore, it is
noted that the tilting axes depend on the in-plane symmetry of
structure. As this structure has three axes of symmetry as shown
in Fig. 8(a), we separate the TSCs into two categories: two-point
tilting (Configuration 4,6,8) where there are two contact points at
the TSCs and one-point tilting (Configuration 3,5,7) in which only
one contact point is observed.

The characterization of snapping into LSCs and TSCs is dis-
played in Fig. 8(b) and (c), respectively. The snapping transition
between LSCs shows a similar characteristic as the snap-through
behavior of the unit cell. For the two-point tilting, the critical
compression force is approximately two times larger than that of
one-point tilting, as shown in Fig. 8(c). This can be explained by
the fact that in case of two-point tilting two cells show snapping
deflections whereas for one-point tilting, only the cell close to
the loading point switches into the other stable configuration. The
non-buckled unit cells mainly act as rotation points. The buckled
unit cells essentially determine the snapping force of transitions.
Moreover, the TSCs corresponding to the two-point tilting exhibit
larger negative critical force (Fmin) as compared to the one-point
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Fig. 7. The 1D parallel arrangement of the unit cells. (a) Metastructures consisting of three, four and five unit cells. (b) The tilting response of these 1D metastructures:
loading from the initial configuration into TSCs experimentally. The solid curves represent the mean values. (c) The maximal critical compression forces (Fmax) and
tilt angles (θ ) as a function of the number of unit cells.

Fig. 8. A 2D parallel arrangement of metastructure and its stable configurations. (a) The stable configurations include six TSCs and two LSCs. Two types of TSCs are
found for the metastructure: two-point and one-point tilting. (b) The experimental force–deflection response of snapping between LSCs (from Configuration 1 to 2).
(c) The force–deflection diagrams for two types of snapping transitions in experiments: one-point tilting (from Configuration 1 to 3, 5 or 7) and two-point tilting
(from Configuration 1 to 4, 6 or 8).
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Fig. 9. A two-layer metastructure obtained by serial arrangements of the unit cells. (a) Five out of sixteen stable configurations for the two-layer metastructure.
Experimental tests were conducted via uniform loading (level tests) and loading on the left side (tilt tests). (b) The mechanical response of level tests, namely the
snapping transitions to LSCs. (c) The mechanical response of tilting tests, namely the snapping transitions to TSCs.

tilting, which implies that two-point TSCs are more stable than
the one-point TSCs.

5.3. Serial arrangement

As discussed, the in-plane parallel arrangements mainly affect
the tilting behavior and resulting stable configurations. The influ-
ence of assembling unit cells in series is studied through a metas-
tructure with two layers, as displayed in Fig. 9(a). Specifically,
each layer exhibits four stable configurations and the demon-
strated two-layer structure can realize sixteen stable configu-
rations in total. In general, by stacking elements with x stable
configurations, the resulting n layers metastructure can possess
xn stable configurations. Here, we choose four typical stable con-
figurations realized by applying different loading conditions, as
shown in Fig. 9(a): level and tilt tests. These two tests denote
the snap-through transitions to the LSCs and TSCs, respectively.
The results of tests are plotted in Fig. 9(b)–(c). Two sequential
snap-through responses are captured in both tests. The amplitude
of the second peak force is slightly larger than the first one,
although they are designed to be the same. Discrepancies arise
from manufacturing imperfections and assembling tolerances.
The fluctuation of force–deflection curves in a particular region
may be caused by the loading or structural imperfections.

For the proposed bi-stable unit cells, the basic behavior of
arrangements can be summarized as follows: (i) The 1D parallel
arrangement results in two LSCs and TSCs with different tilting
angles. (ii) For 2D in-plane symmetric patterning of the unit cells,
the possible TSCs can be found based on the structural symme-
try axes. (iii) By serial arrangements, more LSCs and TSCs can

be realized for the metastructure while each layer still exhibits
multi-stable behavior independently. The presented multi-stable
metastructures with various LSCs and TSCs can be further used
as building blocks to construct multi-stable metamaterials. For
instance, a multi-layer metamaterial can be formed as an assem-
bly with both parallel and serial arrangements of the unit cell, as
displayed in Fig. 2(b). Through controlling the layout of unit cells
and the number of serial layers, the spatial positions and tilting
angles of stable configurations can be tuned.

6. Conclusion

In this work, we have proposed a new type of 3D bi-stable unit
cell which allows the corresponding metastructures to exhibit
both level and tilted stable configurations (LSCs and TSCs respec-
tively). The pre-stress gives rise to the LSCs and the rotational
compliance of the unit cell paves the way for the TSCs. The
snapping responses of the unit cells and metastructures were
studied both experimentally and numerically. Results show that
the transition to LSCs exhibits symmetric behavior in terms of
maximal critical compression and tension force. Therefore, no
energy is stored in the deformed configuration. For transitions to
the TSCs, the load–deflection responses are asymmetric in such a
way that the critical tension force is smaller than the maximal
compression force, resulting in a deformed tilted stable state
with higher strain energy. This indicates that TSCs are less stable
when exposed to an external stimulus. Moreover, the metas-
tructures are capable of exhibiting TSCs in multiple directions.
Two main arrangements with different metastructures have been
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demonstrated and studied. It has been shown that the tilting
directions of in-plane symmetric patterning are determined by
the symmetry axes of the metastructures while a number of
LSCs can be accomplished by serial arrangements. Based on these
arrangements, metastructures with multiple LSCs and TSCs can
be designed and used to build reconfigurable metamaterials.
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