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a b s t r a c t

Plate mechanical metamaterials with nanoscale thickness demonstrate significantly enhanced mechan-
ical properties compared to solid plates that lack micropatterning. We have previously reported how
the honeycomb corrugation greatly increases the bending stiffness, but any functional applications
also require a full understanding of the tensile properties. Here we report that, surprisingly, the
tensile properties of alumina plates with nanoscale thickness can be measured using conventional
materials testing tools and that the tensile stiffness of honeycomb corrugated plates is greatly
reduced, providing an unusual combination of high bending stiffness and low tensile stiffness that
cannot be achieved with unpatterned plates. These measurements, along with finite-element (FE)
simulations, provide validation for our analytical model that fully characterizes the tensile response of
the corrugated nanoplates, thus enabling predictable tuning of their mechanical properties by changing
the corrugation geometry. Plates optimized for high bending stiffness and low tensile stiffness can find
applications as wings of microflyers or deployable aerospace components.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Flat plates, such as plywood, paper, and glass sheets, are
frequently used as structural components but, for cutting-edge
miniaturized applications such as robotic microflyers, structural
plates need to be ultralight and therefore ultrathin. For example,
Fig. 1(a) illustrates the concept of a next-generation microflyer
that would need to be constructed out of plates that are both
strong and ultralight. Another potential application is using ul-
tralight weight plates to construct lightsails that could one day
propel an interstellar probe to Alpha Centauri [1]. In this case,
the areal density of the sail should be 1 gm−2 or less and the
plates must be adequately stiff to support complex loading, yet
also flexible enough to not break under large deformations caused
by collisions or stowing.

One way to achieve such ultralight wings is to reduce the plate
thickness to well below 1 micrometer. In practice, however, such
thin, planar films possess extremely low bending stiffness and,
therefore, can easily fold and stick to themselves. To enhance
the mechanical performance of thin, lightweight structural ma-
terials, many mechanical metamaterials have been investigated
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in recent years [2–6]. Studies have been mainly focused on 3D
bulk mechanical metamaterials under different loading condi-
tions, e.g., compression [7–10], tension [11–13], or rotation [14].
Origami and kirigami have also been investigated to create com-
plex 3D structures from 2D sheets by out-of-plane deforma-
tions through folding or folding with cutting [15–17]. Few-layer
bismuthene and MXene have also been reported with unique
electronic and mechanical characteristics [18–20]. However, only
a few studies have been conducted on plate-like structures that
would be most relevant to robotic wings, lightsails, and similar
applications.

To address the lack of research, we recently introduced ultra-
light plate mechanical metamaterials that use micro-corrugated
webbing to enhance mechanical performance [21–23]. Experi-
mentally, metamaterial plates with ∼ cm2 area and ∼ nm
thickness were stiff enough to not sag under their own weight,
and completely recovered their shape after large deformation
in bending. They provide an example of a plate material that
is ultralight, as well as stiff and robust enough to be consid-
ered as a structural component at the macroscopic scale. Our
previous work focused primarily on the bending and shear prop-
erties [21,22,24,25]. However, for most miniature applications,
the nanoplates would be subjected to more complex loading
involving not only bending, but also stretching, as shown in
Fig. 1(b). Thus, the tensile properties of the corrugated nanoplates
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Fig. 1. (a) Illustration of next-generation microflyers with microscale wings. (b)
Deformations of the wing membranes — combination of bending, twisting
and stretching. (c) Nanoscale plates with hexagonal corrugations that have
low tensile stiffness and enhanced bending stiffness. (d) Illustration of the
parameters of the hexagonal designs: diameterDhex , rib width Wrib , thickness
t , and height h.

must be considered in order to predict performance and prevent
failure.

In this letter, we complete the mechanical characterization of
the corrugated nanoplates by investigating the tensile response.
We experimentally characterized the tensile response of our alu-
mina nanoscale plates using a standard material testing system
and procedure. The tensile modulus of uncorrugated planar alu-
mina nanofilms was also validated, providing a baseline for the
corrugated nanoplates. Analytical and numerical models of corru-
gated nanoplates were then developed, and the predictions were
compared to the experimental observations.

The effective tensile Young’s modulus of the architected plates
was studied with respect to the geometric parameters in Figs. 1(c)
and (d) (i.e., height h, thickness t , hexagonal diameter Dhex, and
rib width Wrib). In combination with our previous studies on
bending, this letter highlights geometric optimization for re-
duced tensile resistance and increased bending resistance with
respect to a minimum body weight. The tunable mechanical
behavior makes the nanoplates appropriate for applications in
lightsails [1], wearables [26], wings for microrobots [27,28], and
piezoelectric nanogenerators (PENG) [29]. We particularly envi-
sion the reported plates as a sensing platform for biochemical
applications [30] or skin-like technology in health care [31].
Taking advantage of the honeycomb corrugation, the nanoplates
can provide an adjustable mechanical response while the hexag-
onal cells provide storage and protection to sensitive electric
microdevices, biological cells, or other microscopic objects in
specific applications.

2. Experimental setup, nanoscale fabrication and testing

Fig. 2 illustrates the studied nanoplates, as well as the experi-
mental setup for tensile testing and finite element (FE) modeling.
Fig. 2(a) shows the nanoscale alumina cantilevered plates with
hexagonal corrugation, with previous reports providing more in-
depth coverage of the materials and fabrication process [21,22]
(Sec. 1 in the supplemental material). We chose a hexagonal ge-
ometry because it is an approximately isotropic arrangement that
mimics many natural nanoscale materials [32–34]. To benchmark
the changes in the mechanical response due to the corrugation,
we also experimentally measured the tensile stiffness of pla-
nar, uncorrugated nanofilms, as shown in Fig. 2(b), to be Es ≈

120 GPa. To support these otherwise floppy planar nanoscale
films, we surrounded them with corrugated nanoplates, which
prevented the planar films from folding onto themselves but con-
tributed only negligibly to the measured tensile stiffness. Fig. 2(c)

Fig. 2. (a) Nanoscale cantilevered plates with honeycomb corrugation. (b)
Experimental calibration of the tensile stiffness of uncorrugated alumina planar
nanofilms that have the same length, width and thickness as the nanoplates.
(c) Experimental setup and tensile testing of the corrugated nanoplates using
Instron loading machine. (d) FE modeling of the nanostructures under axial
tension (L = 1 mm, W = 0.5 mm, h = 10 µm, Dhex = 50 µm, Wrib = 10 µm,
and t = 400 nm).

shows the experimental setup of the tensile testing using the ma-
terials tester in which the plates were epoxied to two glass slides
which were themselves attached to the testing fixture. Fig. 2(d)
shows an example of the FE models built in Abaqus 2017x (Sec. 2
in the supplemental material). The S4R shell element in ABAQUS
was used to simulate the thin nature of the corrugated plates.
Clamped-guided boundary conditions were used for the plates.

3. Theoretical Modeling of the Corrugated Nanoplates Sub-
jected to Tension

To explain the experimental observations and FE simulation,
we also analytically modeled the architected nanostructures (Sec.
3 in the supplemental material). Fig. 3(a) presents the deforma-
tion analysis of an arbitrary corrugation cell in the axial tension.
A key observation in this regard is that the majority of defor-
mation occurs (as in Fig. S8(a)) in the channels. At the same
time, the planar hexagons do have much effect on the tensile
stiffness except by preventing in-plane Poisson contraction that is
perpendicular to the tensile loading [35]. Hence, our strategy is to
compute the in-plane moduli of the honeycomb structure under
the constraint that no Poisson contraction occurs. The work done
by the axial force F is stored as elastic energy in the honeycomb,
hence we equate the work to the bending and twisting energy in
the channel cross-section struts as [36]

Fδ = α′
EsIδ2

D3
hex

+ β ′
Esh4W 4

ribδ
2

tD5
hex (Wrib + 2h)

, (1)

where α′ and β ′ are the constants that characterize the bending
and twisting mechanisms of the nanoplates, respectively. δ and I ,
the deflection and moment of inertia, are given as⎧⎨⎩δ =

√
3FD3

hex
3EsI

I =
tW3

rib
12 +

t3h
6 +

thW2
rib

2 .

(2)

Note that symbol nomenclature in the theoretical model is sum-
marized in Table S3 in the supplemental material.

Since the effective Young’s modulus of the nanoplates E∗ is
proportional to F

δ
, Eq. (1) can be rewritten as the ratio of the
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Young’s moduli between the corrugated nanoplates and planar
nanofilms:

E∗

Es
= α

I
tW 3

rib
+ β

h4W 4
rib

t2D5
hex (Wrib + 2h)

, (3)

where α and β are the constants based on α′ and β ′. We fitted
the numerical simulation results of E∗

Es
using the nonlinear least-

squares algorithm for a variety of different geometric parameters,
with the best fit corresponding to α = 0.234 and β = 0.062.
Assuming the force F acts through the centroid of the channel
section, Eq. (3) is rewritten as

E∗
= Es

[
α

I
tD3

hex
+ β

Ψ

t4D5
hex (2h + Wrib)

]
, (4)

where Ψ =

(
th2W2

rib
4 +

I
2 ·

2h2+tWrib
2h+Wrib

)2

. Further assuming the

honeycomb to be an elastic continuum under plane-stress, the
effective Young’s modulus of the honeycomb corrugated plates
in the longitudinal direction can be characterized as

E∗

11 =
σ11

ε11
=

E∗

1 − v∗2 , (5)

and the effective Poisson’s ratio is given as

ν∗
=

Λ − 36I
Λ + 108I

, (6)

where Λ = AD2
hex + 3 (2.4 + 1.5νs) AW 2

rib. Note that A = t (2h+
Wrib) denotes the cross-sectional area of the channel in Fig. 3(a),
and νs is the Poisson’s ratio of the alumina nanofilms. Note that
bending, shear and stretching deformations are considered in the
hexagonal struts for the Poisson’s ratio; however, stretching is not
considered in the tensile modulus.

Substituting Eq. (4) into Eq. (5), the effective Young’s modu-
lus of the corrugated nanoplates in the longitudinal direction is
obtained as

E∗

11 =
Es

1 −
(

Λ−36I
Λ+108I

)2 [
0.234I
tD3

hex
+

0.062Φ
t4D5

hex (2h + Wrib)

]
. (7)

Figs. 3(b) and (c) compare the tensile stress–strain relations of
the corrugated nanoplates between the experimental, numerical
and analytical results based on Eq. (7), and good agreements are
obtained between E∗

num, E
∗
exp and E∗

theo from both the comparisons.

4. Parametric studies

4.1. Optimal effect regions (OERs)

To study the tunability of the tensile stiffness (the slope of the
force–displacement curves), we define the stiffness ratio between
the corrugated plates and planar films Kcp

Kpf
, which we call tensile

stiffness reduction factor TSRF , as (Sec. 4 in the supplemental
material)

TSRF =
Kcp

Kpf
=

h
t
E∗

11

Es
, (8)

where Kcp and Kpf denote the tensile stiffnesses of the corru-
gated plates and planar films, respectively. Fig. 4(a) shows the
density plot of TSRFhex for hexagonal nanoplates obtained using
the analytical model, and Fig. 4(b) presents the numerical results.
Note that TSRFhex is studied with respect to the pattern ratio
of diameter-to-rib width Dhex

Wrib
and geometric ratio of height-to-

thickness h
t . Satisfactory agreements of the patterns are obtained

between the analytical and numerical predictions. Based on our
previous studies on the corrugated plates in compression, the

bending stiffness enhancement factor can be written with the

pattern ratio as BSEFhex ≈

(
Dhex
Wrib

+ 1
)2

[21]. Fig. 4(c) presents the
optimal effect region (OER) for the corrugated plates comparing
with the planar films. We can see that the optimal geometries
that lead to high bending stiffness (i.e., BSEFhex > 125) and low
tensile stiffness (i.e., TSRFhex < 0.05) are achieved with smaller
h
t and larger Dhex

Wrib
. In order to better characterize the bending and

tensile relationship, we also investigated the BSEFhex-to-TSRFhex
ratio, which can be viewed as a figure of merit of the plate
metamaterials that simultaneously have high bending stiffness
and low tensile stiffness (Fig. 4(d)). In solid plates, including the
planar nanofilms in Fig. 2(b), the tensile and stiffness increase
together with increasing thickness and this ratio is always one.
In our plate metamaterials, this figure-of-merit ratio can ex-
ceed several thousand for geometries with high Dhex

Wrib
and low h

t
(Fig. 4(d)).

The honeycomb corrugation investigated in this letter can be
expanded to other patterns. We defined two design rules for the
architected metamaterial plates (i.e., the no-straight-line rule and
regularity rule) and investigated alternative corrugation patterns
(Sec. 5.1 in the supplemental material). Rhombille, basketweave
and cylindrical patterns were numerically investigated to obtain
the regions of TSRF and BSEF , as shown in Fig. 5. Compared to
h
t , the diameter-to-rib width ratio is likely to affect the TSRF
and BSEF more significantly. This indicates that the corrugation
patterns can be used to efficiently tune the bending and tensile
responses of the nanoplates, while maintaining their overall ge-
ometries (e.g., length, width, thickness or height) the same. It can
be seen from Fig. 5 that when the thickness t and pattern-specific
rib width Wpat are fixed as constants, smaller nanoplates height h
and larger pattern-specific unit diameter Dpat are likely to provide
the optimal effects in both bending and tension. The BSEFpat-
to-TSRFpat ratios for the rhombille, basketweave and cylindrical
corrugations are given in Sec. 5.2 in the supplemental material

4.2. Areal density ratios

To obtain the optimal design ratios h
t and Dpat

Wpat
that lead to

the minimum self-weight, we further analyzed the areal density
of the nanoplates. In particular, the ratio of the corrugated plate
areal density to that of planar film ADcp

ADpf
was used to compare

between the hexagonal, rhombille, basketweave and cylindrical
nanoplates, as shown in Fig. 6. The obtained optimal effect re-
gions (OERs) from Figs. 4(c) and 5 are shaded. We found that
no other patterns offer significantly better performance than the
hexagonal corrugation in Fig. 6(a).

We note that, in principle, the same mechanical response can
be obtained at larger length scales as long as h

t and Dhex
Wrib

are
maintained the same. However, the reported nanoplates have
extremely large aspect ratio (i.e., height-to-thickness ratio is ∼

103), making it difficult to manufacture and test similar plates
at the macroscale. To maintain the unique mechanical response
of the corrugated plates with ∼ 100 µm such as with paper
thickness, the height h needs to be scaled up to the meter-scale,
which requires the length L and width W to be at the scale of
tens or hundreds of meters.

5. Conclusions

In this letter, we presented nanoscale plates with corrugated
patterns that have high bending stiffness in combination with low
tensile stiffness. Nanofabrication was used to manufacture the
honeycomb nanoplates and planar nanofilms. Surprisingly, exper-
imental testing could be carried out using a standard material
tester to obtain the effective Young’s moduli of the nanoplates E∗

11



4 P. Jiao, S.M. Nicaise, M. Azadi et al. / Extreme Mechanics Letters 34 (2020) 100599

Fig. 3. (a) Deformation illustration of an axially loaded honeycomb cell in the nanoplates. Comparisons of the effective Young’s moduli between the experimental,
analytical and FE results for (b) L = 6 mm, W = 3 mm, t = 400nm, and (c) L = 4 mm, W = 8 mm, t = 100 nm, (h = 10 µm, Dhex = 50 µm and Wrib = 10 µm for
both of the cases). The experimental curves show hysteresis but the slope (stiffness) remains consistent throughout the measurements.

Fig. 4. Effects of the geometric ratio of height-to-thickness h
t and pattern ratio of hexagonal diameter-to-rib width Dhex

Wrib
on the tensile modulus ratio E∗

11
Es

between the
corrugated nanoplates and planar nanofilms obtained using the (a) analytical model and (b) FE model. (c) Optimal effect region (OERhex) for the corrugated nanoplates,
which combines the bending stiffness enhancement factor BSEFhex and tensile stiffness reduction factor TSRFhex . (d) BSEFhex-to-TSRFhex ratio (the metamaterial figure
of merit) for the corrugated nanoplates (L = 6 mm, W = 3 mm, t = 400 nm, Wrib = 10 µm, h = 4 ∼ 12 µm, and Dhex = 80 ∼ 120 µm for all the cases).

Fig. 5. Optimal effect regions (OERpat ) with respect to BSEFpat and TSRFpat for the corrugated nanoplates with the patterns of (a) rhombille with Drhom = 40 ∼ 80 µm,
(b) basketweave with Dbask = 90 ∼ 130 µm and (c) cylindrical with Dcyl = 70 ∼ 110 µm (L = 6 mm, W = 3 mm, t = 400 nm, Wpat = 10 µm and h = 4 ∼ 12 µm
for all the cases).
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Fig. 6. Areal density ratios ADcp
ADpf

with respect to h
t and Dpat

Wpat
for the nanoplates

with the patterns of (a) hexagonal with Dhex = 10 ∼ 130 µm, (b) rhombille
with Drhom = 10 ∼ 290 µm, (c) basketweave with Dbask = 10 ∼ 170 µm and
(d) cylindrical with Dcyl = 10 ∼ 210 µm (L = 6 mm, W = 3 mm, t = 400 nm,
Wrib = 10 µm, and h = 0.4 ∼ 40 µm for all the cases). The shaded areas show
the optimal effect regions (OERpat ) from Fig. 5.

and the nanofilms Es. An analytical model was developed to fully
characterize the tensile response of the corrugated nanoplates,
and the predictions were validated with the experimental and
numerical results, and satisfactory agreements were obtained. Ar-
chitected nanoplates with rhombille, basketweave and cylindrical
corrugations were also investigated theoretically; however, none
of these patterns offered better performance than the honeycomb
plates (i.e., achieving the optimal stiffness enhancements with the
minimum weight). Together with our previous studies, we char-
acterized the effects of corrugation patterns on the bending and
tensile stiffnesses (i.e., bending stiffness strengthening and tensile
stiffness reduction). Comparing with planar nanofilms that have
the same overall geometries, the corrugation patterns enhanced
the bending stiffness by at least 150 times (BSEFpat > 150) and
decreased the tensile stiffness by at least 20 times (TSRFpat <

0.05). More importantly, the systematic studies indicated that the
geometry of the corrugated patterns can be used to tune the me-
chanical response over a large range. With this tunability, these
proposed corrugated nanoplates can be employed for applications
requiring light, rigid and flexible plates, e.g., wings of microflyers
or expandable aerospace components that need to be deployed
after take-off.
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Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.eml.2019.100599. See supple-
mentary material for the detailed descriptions of corrugated
nanoplates fabrication, Young’s modulus calibration and tensile
testing. Numerical and analytical modelings of the nanoplates
subjected to tension were provided in detail as well. Systematic
studies led to the discussions on the bending stiffness enhance-
ment factor BSEF and tensile stiffness reduction factor TSRF
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