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• Multistable shells with designable con-
figuration are obtained using localized
nanocrystallization processes.

• The size, shape & distribution of proc-
essed regions and boundary conditions
play important roles for stable configu-
rations.

• The multiple stable configurations
can be further modified by plastically
bending.

• Numerical model is formulated for
the design of the morphing surfaces.
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Highly multistable shells of designable configurations are proposed for morphing surfaces, which are
manufactured by using nanocrystallization process, i.e. surface mechanical attrition treatment (SMAT). Through
a localized treatment, the nanostructuring process can bring bistable properties for localized regions, whose con-
figurations were determined by their shapes and sizes. With coupled deformations among multiple nanostruc-
tured regions, the processed shell can hold different stable configurations with localized bistable regions
capping toward different sides. The stable configurations are determined by the shapes and sizes of the localized
bistable regions and their in-plane distributions. Furthermore, the stable configurations of the multistable shells
can be furthermechanicallymodified by plastic bending. To guide the design and investigation of themultistable
behavior, finite element analysis and experimental work have been conducted to correlate the stable configura-
tions to design parameters, including shapes and sizes of the localized nanostructuring regions, their pattern dis-
tributions, applied mechanical processes as well as boundary conditions.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Engineering, City University of
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1. Introduction

Morphing surfaces are extensively used in aerodynamic field to pro-
vide adjustable aerodynamic responses. Currently, mechanical systems
using mechanical actuation approaches to rotate or displace the shells
with specific configurations are popularly used in commercial airplanes
due to their maturity and robustness. To further increase efficiency of
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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aircraft, the weight of the mechanical actuation system and the defor-
mation ability of themorphing surfaces are improvable. Smartmaterials
and adaptive structures [1–5] are proposed for morphing surfaces with
light weight and efficient adaptive abilities. The ability to hold different
stable configurations without external support or inputting energy
makes multitable shells promising for morphing structures [6–9],
which are well demonstrated in nature by Venus Flytrap [10]. The valu-
able potential applications, such as morphing wing flaps [11], adaptive
trailing edges [12], efficient energy harvesters [13,14], adaptive inlets
for airplanes [15], automatic clappers [16], etc., inspire researchers to
propose variousmethods for bistable andmultistable shells [6–9,17,18].

The most popular bistable structures are bistable composite shells
[6–8,19,20], which can be manufactured with or without a residual
stress field in the initial stable state. The designable structure stiffness
by selecting layups makes anti-symmetric composite shells [6,21],
which are slowly cooled in cylindrical molds, to hold two cylindrical
configurations, curving toward one side but along different directions,
respectively. The large coupling stiffness between bending deforma-
tions in two orthotropic directions and strong twisting stiffness of the
anti-symmetric composite shells enable the transitioned cylindrical
configuration with a residual stress field to be stable in a free state [6],
even though the initial state is without residual stress. For bistable
unsymmetric shells [8,22,23], the residual stress field is not releasable
in two cylindrical stable configurations, respectively curving in two di-
rections and toward two sides. In fact, the residual stress field originates
from the thermal effect with inconsistent layups causing such bistable
behaviors. The stable configurations can be modified in some extent
using variable in-plane layups [19,24], which leave different residual
stress fields. To reduce the sudden change of the residual stress field
at the adjacent area of the in-plane layups, a tow-steering technique
with variable angle tows in a ply is used to achieve bistable composite
shells of fibre-continuity and better structural strength [25].

Besides bistable composite shells, isotropic materials are also used
for bistable shells [9,18,26]. The bistable behaviors of the spherical rub-
ber caps are commonly observed [9]. The reversed spherical state is sta-
ble due to the residual stress as well as the nonlinear geometric
deformation in this configuration. In fact, the nonlinear geometric de-
formation plays a critical role for cylindrical bistable shells [27]. Cylin-
drical bistable metallic shells are proposed by plastically bending in
two directions [26], whose bistablemechanism is similar to the bistable
unsymmetric composite shells.

Owing to two stable configurations and only one shape change in
the bistable shells, multistable shells are more promising for morphing
surfaces. Theoretical models have predicted tristable shells under
some special structure stiffness and initial conditions [28], which are
verified by doubly curved composite shells with large initial curvatures
and designed stiffness [29]. Theoretical studies also show that the
tristable shells are achievable by combining two different bistable
mechanisms in one structure, such as by bending and extension [30],
corrugation geometries and bending [31], etc. To obtain multistable
structures with multiple (>3) stable configurations, one applicable ap-
proach is to assemblemultiple bistable shells. Themultistable structures
built by assemblingmultiple bistable unsymmetric shells via joints [32],
hold multiple states as each bistable shell can hold its own bistable
shapes, but the discrete structures hinder their applications. The transi-
tion tests also show that their loading bearing capacities are limited
[33]. To get continuous morphing surfaces, bistable unsymmetric shells
are proposed to be tessellated along one direction using biasing strips
[17]. Multiple stable configurations are successfully held by the tessel-
lated shells. The element bistable composite shells can hold their
bistable properties and interplay with nearby ones. However, this tes-
sellating approach is failed to get multistable shells with bistable shells
tessellated in-plane along two directions [34]. The constraints on the
edges of the bistable shells due to tessellation impede their independent
bistable properties. Only two stable configurations can be hold by the
tessellated shells. Inspired by the reversible spherical rubber caps,
snapping surfaceswithmicroarrays of spherical capsmade frompolydi-
methylsiloxane (PDMS) are proposed for switchable optical devices
[35]. As the microarrays of spherical caps are fixed in plane, no shape
coupling effect among them is allowed, so the stable configurations of
the snapping surfaces cannot be designed. Different from the fixed
spherical caps, the dimpled ultrathin metallic sheets can have alterna-
tive configurations [18]. The repetitive indentations cause localized
bistable caps in ultrathin metallic sheets, whose deformations interplay
with nearby ones. The stable configurations are the results of the
bistable caps in different bistable shapes, which are affected by the in
plane distribution of them [36]. However, the dimpling approach is
only applicable for ultrathin sheets (~0.1 mm thickness) and the weak
stiffness could not allow the multistable surfaces to sustain external
loads, especially in aerodynamic applications.

In the previous studies [37–40], the nanotechnique, SMAT, is used to
generate bistable disks [39] and shells [37] with good load bearing ca-
pacities through a localized treatment. This approach is further applied
to generate multistable shells, whose multistable behaviors are numer-
ically and experimentally investigated in this work.

2. Multistable shell using SMAT

2.1. Proposed multistable shells

Based on the previous study [37–40], SMAT is used to achieve
bistable shells through a localized treatment. Here, this nanotechnique
is proposed to further obtain multistable shells with designable config-
urations based on multiple localized bistable regions. During the SMAT
process [41], the fast moving balls randomly impact on the plate's sur-
face to transit energies into the processed material, which are obtained
from an ultrasonic transducer. Gradient plastic deformations induced
from the severe impacts are accumulated within the processed zones
stretching the plate under the constraint of the untreated region. Com-
pressive stresses are caused in the treated zones.When the compressive
stresses are large enough, the treated zone is buckled and able to trans-
versely cap in two sides of a local bistability [37]. With the further
nanocrystallization processes, the capping curvatures becomemore ob-
vious in two stable configurations of the nanostructured zone, which
becomes capable of holding external forces. At the same time, the con-
figurations of the multiple processed regions interplay with nearby
treated regions. The coupling effect enables the nanostructured shell
to hold different configurations.

More important is that nanotwins are also induced from the surface
into the sublayers and the grain sizes of the materials are meshed into
nanoscales in tandem with the fast random impacts [42]. Those micro-
structures dramatically increase the yield strength of thematerial with-
out largely sacrificing ductility, and the elastic deformation ability of the
processed region is considerably enhanced. So the transition of the
nanostructured region capping up and down does not involve plastic
deformations and stays within elastic regime of the material, and the
processed plate is able to hold multiple stable configurations.

There exist 2n stable configurations of the developed multistable
shell with n nanostructured zones as each separated nanostructured
zone can cap in two sides. The residual stresses in the shell are strongly
correlated to the stable configurations, which are determined by the
nanostructuring process, the dimension and shape of sole nanostruc-
tured regions and their distributions. Hence, multistable shells with
designable configurations in some extent are achievable using SMAT
via this method.

2.2. Modified multistable shells

As the nanostructure-induced multistable shells are based on local-
ized nanocrystallization processes, not all the shell surfaces are proc-
essed, even about half of the shell surfaces remain untouched for
some cases. Further mechanical process can be applied to modify the
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stable configurations. Here, plastically bending process is used for the
shape modification. The plastically bending process has a considerable
effect on the unprocessed region aswell as the processed region. Gener-
ally, the further plastic bendingdeformationwould not eliminate the lo-
calized bistable properties in each nanostructured region, unless the
shell is too heavily plastically deformed. All of the stable configurations
will be changed as the combination results of bending deformation and
localized nanocrystallization processes.
3. Experimental study

3.1. Multistable shell with nine nanostructured regions

Multistable shell with nanostructured regions in a matrix form
wasmanufactured. To simplify themanufacturing process, the nano-
structured regions were all in circular shapes and distributed in a
regular form, as shown in Fig. 1. An originally flat 304 stainless
steel plate of 0.46 mm thickness was directly cut into plates of
182 × 200 mm2 dimensions. Nine circular zones in a regular matrix
form were selected to be processed with the SMAT process on both
sides by turns. 304 stainless steel balls with a diameter of 2 mm,
whose total mass is 25 g, are used to randomly impact on the plate
at fast speeds during the SMAT process. A 3.3 kw power generator
was used for a 20 kHz ultrasonic transducer to accelerate the move-
ment of the balls in a confined chamber with a height of 35 mm. The
schematic setup was shown in Fig. 2. The treatment in multiple local
zones was realized by using one SMAT chamber and moving the
plate horizontally in two directions. As the inner diameter of the
chamber was larger than the diameter of the circular treated zone,
a mask made from adaptive tapes was used.

The nine circular zones were processed with the SMAT process
on one side in sequence. Each circular zone was processed for 8 s
in one treatment. Then the plate was processed on the other side
following the same procedure. After several iterative treatments,
the processed zones were able to hold local bistabilities by capping
up and down, respectively, and the monostable flat plate became a
multistable shell with multiple nanostructured zones capping up
or down. In this study, each circular zone was processed with the
SMAT process for 544 s in total.

Nine stable configurations of the manufactured multistable shell
with one short side fixed are shown in Fig. 3. It is clear that the stable
Fig. 1. Distribution of multiple SMAT regions in the plate.
configurations correlate to different combinations of the nanostruc-
tured regions capping up or down.

3.2. Modified multistable shell by further plastically bending

A simple bending machine used for bistable shells [43] was ap-
plied to process plastic bending deformation on multistable shells.
As shown in Fig. 2, the distances among three rolling bars were ad-
justable to apply different plastic deformations. The original flat
plate of 517 × 180 × 0.46 mm3 dimension was processed with
SMAT following the previous description in 12 circular localized re-
gions of 70 mm diameter, as shown in Fig. 4. Then, the obtained
multistable shell was plastically bended using the bending machine
along the short side. Eight stable configurations of the further proc-
essed multistable shell with one edge fixed were shown in Fig. 5.
The multistable shell held a cylindrical stable configuration when
all of the localized regions capped toward the cylindrically curving
side. When all of the localized regions capped toward the other side, the
stable configuration was in an almost flat state. Different combinations
of the 12 nanostructured regions capping up or down resulted in different
stable configurations. Comparedwith themultistable shellwithout plastic
bending deformation, the modified multistable shell could hold stable
configurations of larger curvatures.

4. Numerical simulation

4.1. Numerical model for multistable shell

Similar to numerical models for nanostructure-induced bistable
disks [38] and shells [37], general S4R shell elements in commercial fi-
nite element method software, Abaqus, were used for numerical inves-
tigation on themultistable behaviors. The platewas simulatedwith two
layers of S4R elements, which were tied at their interface, as shown in
Fig. 6. The sequence of the stimulating effect applied to two layer ele-
ments in the processed regions would determine which direction the
nanostructured regions were capped toward in the stable states. The
stretching effect from the accumulated plastic deformation during the
nanocrystallization process, which should be transversely symmetric,
was considered via an equivalent uniform plastic strain (εs) field in
the nanostructured region, as schematically shown in Fig. 2. The equiv-
alent uniform plastic strain field was applied by a uniform thermal
strain (εT) field with

εT ¼ εs ð1Þ

The value was 3000 × 10−6, which was experimentally determined
with respect to the deflection of bistable shells [38]. This approach has
been proven to be practical and effective to predict bistable behaviors
of nanostructured shells with one localized region. To make the proc-
essed region to curve upside, the thermal effect by increasing the tem-
perature was applied firstly in the bottom elements in that region.

The numerical model for themanufacturedmultistable shell and the
formulation process were shown in Fig. 6. The nine nanostructured re-
gions were distributed in a matrix form and the separating spaces in
two in-plane directions were different. The inelastic strain fields were
applied in two steps for the elements in the ninenanostructured regions
simultaneously through thermal effect. Based on the targeted stable
configuration, the bottom elements or the top elements in localized re-
gions were selected to be applied with thermal effect by increasing the
temperature filed in one step. The increased value was controlled with
respect to the thermal expansion coefficients and the applied thermal
strain is equal to the equivalent uniform plastic strain. In the following
step, the temperature in the top elements or the bottomelements in local-
ized regions was increased by the same value. For the untreated region,
no thermal effect was applied. Nonlinear geometrical deformation was
considered during the modelling. A simple elastic material model for



Fig. 3.Nine stable configurations of themanufacturedmultistable shellwith nine circular nanostructured regions. The orange and purple circles in every inset indicate the processed zones
capping up and down, respectively.

Fig. 2. Equivalent strain fields applied in numerical simulation for SMAT process and plastically bending.
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304 stainless steel was selected with 192 GPa Young's modulus and 0.29
Poisson ratio.With amesh refinement study, as shown in Fig. 7, S4R shell
elements of 0.75mm average size were used for the numerical investiga-
tion in this work.

4.2. Numerical model for modified multistable shell

Numerical models were successfully developed for nanostructure-
induced bistable structures by further plastically folding [37] and bend-
ing in twodirections [43]. Here, a numericalmodelwasproposed for the
modified multistable shell, which was manufactured by further plasti-
cally bending in one direction.

The stretching effect in the treated region from the SMAT-induced
gradient plastic deformation was simulated via an equivalent isotropic
thermal expansion. For the plastic bending process in the untreated re-
gion, the induced plastic strain field should be transversely anti-
symmetric, as shown in Fig. 2. No in-plane stretching effect was directly
induced. The bending plastic strain field was considered by a thermal
field which was applied to the two layers of elements with transversely
uniform contractive and expansive thermal strains of the same value εb.



Fig. 5. Eight stable configurations of nanostructured multistable shell modified by further plastically bending.

Fig. 6. Numerical model to predict stable configurations of the multistable shell.

Fig. 4. Geometry of the manufactured multistable shell with further process.
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Fig. 7. Numerical results of maximum deflection of the multistable shell fixed at the center in one stable state using different meshes.

Fig. 8. Numerically predicted nine stable configurations of the multistable shell fixed at the center. The colour contour is for the transverse deflections. The orange and purple
circles respectively indicate the nanostructured zones capping up and down.

6 S. Yi et al. / Materials and Design 195 (2020) 109047
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The value of εbwas 1160×10−6, whichwas experimentally determined
with respective to themeasured curvatures [43]. For the plastic bending
process in the nanostructured region, the induced bending strain field
should be different, as severe gradient plastic deformations were in-
duced in the processed regions by the SMAT process and the yield
strength of the processed material was extensively improved due to
the induced nanostructures. The shell was plastically bended in a cylin-
drical state via the three rolling bars. It was reasonable to assume that,
no stretching plastic strain was further induced and the compressive
plastic strain induced in the plastic bending deformation cut off the
stretching plastic strain induced in the nanocrystallization process.

In the numerical model, the applied thermal strain values to the top
and bottom layers of elements in the untreated portion along the plas-
tically bending direction were

εx;top ¼ εb ð2Þ

εx;bottom ¼ −εb ð3Þ

In the nanostructured regions, the applied thermal strain values to
the top and bottom layers of elements were

εx;top ¼ εs ð4Þ

εx;bottom ¼ εs−εb ð5Þ

As the shell was only plastically bended in one direction, no thermal
strain in the other direction was needed in the untreated portion. In the
nanostructured regions, the applied thermal strain values to the top and
bottom layers of elements were the same as
Fig. 9. Numerical and experimental stable configuratio
εy;top ¼ εs ð6Þ

εy;bottom ¼ εs ð7Þ

5. Results and discussions

5.1. Stable configurations

Thenumerically predicted stable configurations of themultistable shell
with free edges are shown in Fig. 8 with the corresponding combinations
of nanostructured regions capping up or down. It is clear that the deforma-
tions of the nanostructured regions interplay with the nearby ones. The
final stable configurations are the results of the selected capping shapes
of all the nanostructured regions. As the separating space along the short
side is smaller than the long side of the shell, the cylindrical configurations
of the nanostructured multistable shell with all processed regions
capping toward the same side are curved along the short side, as
shown in Fig. 8(a, d). The transverse deflections in the other stable
configurations with some localized regions capping upward and
some nanostructured regions capping downward, are within the
range of the two cylindrical stable configurations. The other stable
configurations can be regarded as shape transition states of the
multistable shell between the two cylindrical stable states.

To be validatedwith respect to the configurations of themanufactured
multistable shell, numerical configurations of the multistable shell with
the short side fixed are shown in Fig. 9. The numerical and experimental
deflections of the multistable shell along the middle line are compared in
Fig. 10. It can be observed that the predicted stable configurations agree
wellwith theexperimental results, showing that the formulatednumerical
ns of the multistable shell fixed at one short edge.



Fig. 10. Comparison of the numerical (a) and experimental (b) deflections of the multistable shell in different stable states.

Fig. 11. Deflections of mutlistable shells with nanostructured regions in different sizes and nanostructured ratios. The applied isotropic inelastic strain εs = 3000 × 10−6.
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model provides an applicable approach to design the multistable shells.
The experimental deflections are a little smaller than the numerical ones
due to the unideal fixed boundary conditions in experimental measure-
ments and the imperfect uniformdistribution of the nonastructuring effect
in the treated regions. Comparedwith the cylindrical stable configurations
of themultistable shell with the center fixed and no edge constrained, the
multistable shellwith one short edgefixed is cylindrically curved along the
long edge when all the nanostructured regions capping toward one side.
The free multistable shell has cylindrical stable configurations curving
along the most packed directions of the nanostructured regions, which
can optimally release the stretching effect through the coupling effect be-
tween the transverse and in-plane deformations. When boundary con-
straints are applied, the stable configurations of the multistable shell
have to adapt to the shapes compatible to the boundary constraints and
with the localized lowest potential energies. So the multistable shell is
curved along the secondly most packed directions of the nanostructured
regions, in which the short edge is in-plane fixed.
5.2. Size of element bistable region

5.2.1. Different nanostructured ratios
Previous studies on nanostructure induced bistable disks showed

that the size of the nanostructured region had a considerable effect on
the deflection of the two stable configurations. The analytical model
and experimental results present the optimal nanostructured region
ratio is about 50% to achieve the largest deflections for bistable shells
[38]. The numerical deflections along themiddle lines of themultistable
shells in cylindrical stable configurations with one short edge fixed are
compared in Fig. 11, whose nine circular processed regions are different.
It is clear that the nanostructured region ratio has a considerable effect
on the deflections of multistable shells. The numerical results indicate
that the nanostructured region ratio of about 50% also produces maxi-
mum deflections for the multistable shells. The multistable shell with
nine nanostructured regions of 26 mm radii has the maximum deflec-
tions, whose nanostructured region ratio is 52.5%. This is reasonable as



Fig. 12. Deflections of multistable shells with nanostructured regions in different sizes and the same nanostructured ratio. The applied isotropic inelastic strain εs = 3000 × 10−6.

Fig. 13. Numerically predicted stable configurations for multistable shells fixed at center with different distributions of circular nanostructured regions. The applied isotropic
inelastic strain εs = 3000 × 10−6.
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the configuration of themultistable shell is the combination result of the
nine localized bistable regions.
5.2.2. Different element sizes
The number of the stable configurations of themultistable shells is de-

termined by the number of the localized nanostructured regions. For the
same nanostructured region ratio, the element size has a considerable ef-
fect on the deflections. The deflections along the middle line of the shells
with different nanostructured regions, whose total area ratios are the
same to be 52.5%, are shown in Fig. 12with all the nanostructured regions
capping downward. The deflections does not always increase with the
increase or decrease of the number of the nanostructured regions or the
element sizes. There exists an optimal element size which is related to
the nanostructured region ratio and the shell thickness.
5.3. Distribution of localized circular regions

As circular nanostructured regions do not own directionality, the con-
figurations of the manufactured multistable shell largely depend on the
distributions of those circular nanostructured regions. The stable configu-
rations of twomultistable shells of 0.46mm thicknesswith circular nano-
structured regions capping toward the same side (capping up) are



Fig. 14.Numerically predicted stable configurations ofmultistable shells fixed at centerwith different distributions of elliptic nanostructured regions. The applied isotropic inelastic strain
εs = 3000 × 10−6.

Fig. 15. Numerical and experimental stable configurations of the multistable shell fixed at one long side and further plastically bended.
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Fig. 16. Comparison of the numerical (a) and experimental (b) deflections of the multistable shell after plastic bending process in different stable states.
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predicted in Fig. 13. The circular nanostructured regions,whose diameters
are 60mm, are distributed uniformly in a squarematrix form and a hexa-
gon matrix form, respectively, with a spacing of 5 mm. It is noticed that
the two multistable shells in the free boundary condition can hold other
stable configurations when all the circular nanostructured regions are
capping in the same side. For the multistable shell with nanostructured
region uniformly distributed in a square matrix form, the multistable
shell can also hold a cylindrical shapewhich curves along the other direc-
tion (Direction 2), perpendicular to the curving direction (Direction 1) of
the stable state in Fig. 13(a). The distribution of the localized regions in
the two directions is the same, so the stored potential energies in the
two stable states are the same. This phenomenon is different from the re-
sult of the dimpled shell with dimpled regions in a matrix [36], which
holds cylindrical shapes curved perpendicular to the least packed direc-
tions of the dimpled regions. As no considerable in-plane internal force
is directly induced during dimpling process, the stable configurations
are sensitive to the bending stiffness and the preferred curving axis of
the cylindrical states complies with the directionwithminimum bending
stiffness, in order to have maximum curvatures to release stored elastic
energies. One least packeddirection (Direction3) and themost packeddi-
rections of the nanostructured regions are shown in Fig. 13(a). For nano-
structuredmultistable shells, the stable cylindrical configurations with all
the bistable regions capping toward one side are curved along the most
packed directions, which have a weak relationship with the least packed
directions. For the multistable shell with nanostructured regions uni-
formly distributed in a hexagon matrix form in Fig. 13(b), the cylindrical
configuration curving along another diagonal lines (Directions 2 and
3) can also be held by the multistable shell. The results agree with the
conclusion of the dimpled multistable shells, because the perpendicular
directions to the least packed directions (e.g. Direction 4) are also the
most packed directions of the bistable regions.

5.4. Shape of element bistable region

Different from the circular processed regions in the dimpled
multistable shells [36], the nanostructured regions can have various
shapes, such as circular, elliptical, square, rectangular shapes, and even
irregular shapes. The element region may have directionality, which
has a considerable influence on the design of the multistable shells.
The stable configurations of twomultistable shells of 0.46mmthickness
are shown in Fig. 14 with all the elliptical nanostructured regions cap-
ping upward. The elliptical nanostructured regions, whose two axes
are 75 mm and 45 mm, are distributed in a uniform matrix form with
a spacing of 5 mm and the major axes along different directions. The
geometric centers of localized elliptic nanostructured regions are
distributed in a rectangular matrix form, as shown in Fig. 14, and the
most packing direction of the geometrical centers of the element
bistable regions is along their minor axes. So the multistable shells
held cylindrical configurations curving along the directions of the
minor axes. Different from themultistable shellwith circular nanostruc-
tured regions distributed in a square matrix form in Fig. 13(a), the
multistalbe shell cannot hold another cylindrical state curving along el-
liptic region'smajor axis,whichdirection is notmost packed in this case.
The directionality of the elliptical localized region breaks the symmetric
distribution condition of the nanostructured regions. Of course, the ap-
plied boundary condition will affect the stable configurations.

5.5. Mechanical modification process

Eight predicted stable configurations of the multistable shell after
plastic bending process are shown in Fig. 15 with one long edge fixed.
The numerical and experimental deflections along the middle line are
compared in Fig. 16. It can be observed that the numerically predicted
stable configurations agree well with the experimental results. The
comparable smaller deflections from experiments in Fig. 16 can be
explained by the unideal fixed boundary conditions and imperfect
uniform distribution of the plastic deformation induced from the
nonastructuring processes. The further applied plastically bending
process considerably changes the stable configurations of the multistable
shell. The nanostructured regions maintain their bistable properties,
though the capped configurations in the nanostructured regions are
changed. The stable configurations of themultistable shell are the combi-
nation results of the stable configurations of the multistable shell after
nanocrystallization process and bending process, but the results are not
the linearly superimposed results of the two processes.

6. Conclusion

Multistable shells manufactured by nanoscrystallization process
with and without plastically bending process are proposed and
manufactured, whose stable configurations can be predicted by using
the formulated numerical models. Though only circular nanostructured
regionswere used to generate multistable shells in experiments, the lo-
calized regions in other shapes, such as elliptic, rectangular, and triangu-
lar shapes, can also be adopted as the element, and distributed in
various forms, even in irregular forms. The stable configurations of the
multistable shells can be designed by selecting shapes and sizes for
the multiple localized regions as well as their distributions, which can
be predicted by using the developed numerical models. Of course, the
applied nanocrystallization process has a considerable effect on the
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configurations, especially the deflections. It is important to take account
of the boundary effect to themultiple stable configurations. In addition,
the obtained nanostructure-induced multistable shells can be further
mechanically processed tomodify the stable configurations. The formu-
lated numerical model provides an applicable approach to the design of
the nanostructured multistable shells for morphing surfaces.
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