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Abstract We design, fabricate, and test thin thermally
stable metastructures consisting of bi-metallic unit cells
and show how the coefficient of thermal expansion
(CTE) of these metastructures can be finely and coarse-
ly tuned by varying the CTE of the constituent mate-
rials and the unit cell geometry. Planar and three-
dimensional finite element method modeling (FEM) is
used to drive our design and inform experiments, and
predict the response of these metastructures. We develop
a robust experimental fabrication procedure in order to
fabricate thermally stable samples with high aspect ra-
tios. We use digital image correlation (DIC) and an
infrared camera to experimentally measure displacement
and temperature during testing and compute the CTE of
our samples. The samples, composed of an aluminum
core and an external titanium frame, exhibit a CTE of
2.6 ppm/°C, which is significantly lower than either
constituent. These unit cells can be assembled over a
large area to create thin low-CTE foils. Finally, we
demonstrate how the approach developed in this work
can be used to fabricate metastructures with CTE’s
ranging from −3.6 ppm/°C to 8.4 ppm/°C.
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Introduction

Designing materials with engineered specified thermal expan-
sion (CTE) has significant applications in biomedical engi-
neering, semiconductors, and solar energy. It is particularly
important to combine a desired (usually low) CTE with me-
chanical robustness at thin scales [1, 2]. Work has been
conducted to develop thin materials with low thermal expan-
sion for use in biomedical applications [1], flexible circuit
boards and electronics packaging [3, 4], and flexible solar
cells [5]. Most of this previous work has been focused on
designing low-CTEmaterials by modifying compounds at the
atomic level or by using the low CTE of fiber structures to
constrain the thermal expansion of an overall matrix, such as
in composites. It is also possible to design metastructures with
specific CTE by selecting the topology of different constituent
materials [6, 7]. These metastructures work by releasing ther-
mal strain in open spaces while exhibiting areas of minimal
displacement, thus exhibiting low overall CTE. Even negative
CTE metastructures can be readily attained [6]. Theory has
been developed to predict their thermal behavior [6–9] and a
few examples have been experimentally realized [9–11]. Their
mechanical stiffness and transient and steady state thermal
response have been characterized [9, 10]. Investigation of
the mechanical and thermal behavior at the interface between
the two constituent materials has also been conducted exper-
imentally and computationally [10]. In addition, Berger et al.
[12] developed detailed design principles for low thermal
expansion structures and studied their in-plane buckling be-
havior. Recently, work has been conducted on utilizing such
structures in acreage thermal protection systems for hyperson-
ic vehicles [11]. However, the previous work on low CTE
metastructures demonstrated the applicability of the design
principles only in large, macroscale structures [11, 12]. Fur-
thermore, previous computational models [11, 12] do not take
into account 3D effects. These effects become significant in

E. Gdoutos :C. Daraio (*)
Graduate Aerospace Laboratories,
California Institute of Technology, Pasadena, CA 91125, USA
e-mail: daraio@caltech.edu

A.A. Shapiro
Jet Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Dr.,
Pasadena, CA 91109, USA

Experimental Mechanics (2013) 53:1735–1742
DOI 10.1007/s11340-013-9748-z



high-aspect ratio metastructures, where the two constituent
materials overlap at the joints. In this work, we build
and test thin (<200 μm), tunable CTE metastructures
with large aspect ratios (~100). In addition to fabricat-
ing metastructures that are 25 times thinner than in [12]
and potentially leading to highly flexible metastructures,
we build on previous work in the following ways: (i)
We study, quantify, and exploit the effect on the CTE of
additional realistic design parameters (e.g. frame beam
width, young’s moduli, contact area); (ii) we improve
the interface of the constituent materials to optimize
fabrication procedures allowing further scaling down of
these metastructures; (iii) we perform a complete study
of the effects of out-of-plane deformations; (iv) we
develop a predictive model including a sensitivity anal-
ysis. Our structures are well suited for applications
where low thickness, high aspect ratio, and mechanical
flexibility are desirable, such as biomedical devices,
solar energy systems, and semiconductors. The large
aspect ratio of the metastructures in our design causes
sensitivity to stress concentration. To manage these
stresses we add curvature to the unit cell near the re-
gions of least in-plane displacement. We model the
metastructures using both planar and full three-
dimensional finite element models to guide the experi-
mental design of the materials interfaces and to inform
the experiments.

In order to design a thin and thermally stable unit
cell we draw inspiration from previous theoretical work
[9] as a starting point and employ FEM simulations to
drive our design process. In 2007, Steeves et al. [9]
showed that through a specific periodic arrangement in
a two-dimensional truss-like structure of two pin jointed
materials with different CTE’s (Fig. 1(a)) the overall
response of the structure could have zero CTE at spe-
cific points. The thermal expansion of these points is
governed by equation (1) [9]:
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where a is the CTE of the overall structure, a1 and a2 are the
CTE’s of the constituent low CTE and high CTE materials
respectively, and θ is a characteristic angle of the unit cell. As
can be seen in equation (1), the overall CTE of the structure is
a function of the ratio of CTE’s of the constituents and the
characteristic angle θ. As shown in Fig. 1, this function
vanishes for pairs of values of θ and a2/a1. Thus by designing
a unit cell with specific angle θ and picking appropriate
constituent materials, it is possible to create unit cells, and
consequently full-scale lattices having a final CTE less than
that of either constituent.

Design and Computational Method

General Design Principles

In this study, the unit cell is composed of an outer frame
(Fig. 2(a)) and an inner plate (Fig. 2(b)) combined to form a
low CTE metastructure (Fig. 2(c)), as in [12]. However, the
unit cells presented here are ~25 times thinner, ~4 times
smaller laterally, and have ~6 times higher aspect ratio than
those in [12]. Such smaller sizes required the redesign of the
interface between the constituent materials, to mitigate fabri-
cation challenges. The interfaces of the two constituents are
lap-jointed and ultimately fabricated by spot laser-welding
instead of press fit jointed as in [12]. This unit cell can also
be extended to a full-scale lattice, shown schematically in
Fig. 2(d) and as experimentally fabricated in Fig. 2(e).

The plate and frame are joined at three interfaces. These
interfaces displace primarily in-plane during thermal loading
and cause rotation but no in-plane displacement, at the low-
CTE points (Fig. 2(c, d)). In this design, the characteristic
angle θ is fixed at 30°. This results in the frame having a
regular hexagonal shape, which is advantageous for isotropy
in mechanical and thermal response. Unit cell dimensions are
as shown in Fig. 2(c) with thickness of 125 μm. Lateral
dimensions are chosen by taking into account functional,
application, and fabrication based constrains. To understand
the behavior of these structures and predict their thermal and
mechanical response we build realistic FEM models. While
previous theoretical work [9, 12] has provided significant
insight to the thermal response, it is based on several approx-
imations: (i) parts are composed of truss members; (ii) the
interfaces are point contact; (iii) the interfaces are either
pinned or bonded (iv) it does not take into account out-of-
plane effects which are relevant for this design. In addition, it
gives little insight into the response of the structure as a
function of variables other than θ and a2/a1.

Thermal Response

We conduct planar and full 3D FEM models of a
metastructure as shown in Fig. 2(c). In the planar case, to
account for the high aspect ratio and low thickness of the
structure, we model the structure using triangular shell ele-
ments. In the full 3D case, we use 10 node tetrahedral
elements. The interface between the plate and the frame is
modeled as bonded. The main simplification of the planar
model is that the two constituent parts of the unit cell are
modeled in the same plane, whereas the 3D model fully
captures the geometry of the metastructure. We compute
displacements under the application of a thermal load of
80 °C (Fig. 3). We calculate the CTE of the unit cell by
looking at the expansion of the low-CTE points (indicated
by arrows in Fig. 2(c and d)) and perform this analysis for
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multiple values of design variables (Fig. 3). The 3D FEM
predicts higher CTE for the unit cell than the planar FEM
model. For a metastructure composed of constituents with
CTE ratio of 2.7, and frame width of 814 μm (the design that
was experimentally implemented and discussed in “Experi-
mental, Results, and Discussion”), the planar FEM model
predicts a CTE of 0.6 ppm/°C, while the full 3D FEM model
predicts a CTE of 1.19 ppm/°C. As shown in “Measurement
of the Thermal Expansion Coefficient”, the full 3D FEM
prediction agrees better with experimental results.

In order to understand the response of the metastructure
as well as the limitations of this approach, we study its
thermal response as a function of two design variables: (i)
the ratio of CTE’s of the constituents; (ii) the frame width
normalized by the length of the unit cell (12.4 mm). We
consider CTE ratios between 1.75 and 2.75. We study this
range because the CTE ratio of most metals is below 2.75
[13] and at ratios less than 1.75 the CTE of the unit cell is

higher than desired. As seen in Fig. 3, the CTE ratio has a
significant effect on the unit cell CTE, as predicted by
equation (1).

To study the effects of the unit cell’s geometry, we model
frames with normalized widths between 3.84×10−2 (476 μm
frame width) and 10.97×10−2 (1.36 mm frame width). The-
se widths ratios were selected based on bounds imposed by
fabrication constraints on the lower end and the resulting
CTE of the unit cell on the high end. As the normalized
width dimension increases, the CTE of the unit cell in-
creases. This is due to increased resistance in the bending
of the frame. Furthermore, it is evident from Fig. 3 that
equation (1) is not a good approximation for the CTE of
the unit cell. This is most likely due to violation of the
assumption that the frame’s beams behave like truss struc-
tures. This presents a design trade-off as the frame beams
need to be wide enough to support structural loads, but the
ratio of CTE’s of the constituent materials needs to be small

Fig. 1 (a) Pin-jointed structure designed by Steeves [9] consisting of a high CTE and a low CTE material and exhibiting low overall CTE,
governed by equation (1). (b) equation (1) plotted for various values of a2/a1 and θ showing the thermal expansion coefficient of a pin jointed low
CTE structure [9] normalized by a1. It is possible to achieve zero and even negative thermal expansion coefficient by picking appropriate
combinations of CTE ratio a2/a1 and angle θ

Fig. 2 (a) Schematic diagram showing the geometrical characteristics of the unit cell’s outer frame. (b) Schematic diagram of the unit cell’s inner
plate. (c) Schematic diagram of the assembled unit cell. (d) Lattice exhibiting low CTE over wide area. (e) Experimentally fabricated lattice
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to prevent significant dissimilarities between the two mate-
rials which would result in fabrication challenges. In the
final design selected for experimental testing, the normal-
ized frame width is 6.56×10−2 (814 μm frame width). We
chose this frame width as it results in a design with the
lowest beam width still ensuring structural stability of the
structure, scalability to smaller scales, and fabrication feasi-
bility in the current scale. The existing theoretical frame-
work for these metastructures treats all constituent materials
as beams. In this work, we computationally compare the
response of a metastructure consisting of all beam elements
(as in the theoretical framework) and of one with a plate
interior constituent, using FEM. Detailed analysis (not
shown here) yielded negligible difference in the thermal
response of the two unit cells.

Out-of-Plane Effects

In addition to in-plane geometrical effects, out-of-plane
deformation is particularly important to this design. The thin
scale and relative out-of-plane attachment of the constituent
parts can induce out-of-plane deformation on the cells. A
potential application of this low CTE structure is as a ther-
mally stable layer in an active mirror layup [14]. In this
scenario, the out-of-plane response of this metastructure is
critical to the performance of the optics. Figure 4(a) shows
the maximum out-of-plane deformation induced during ther-
mal loading as a function of unit cell thickness, as predicted
by 3D FEM. As the thickness decreases, the out-of-plane
deformation increases, exhibiting the importance of out-of-
plane effects, at thinner scales.

Figure 4(b) shows the effect of thickness on the CTE of the
unit cell. As the thickness increases from 50μm to 250 μm the
CTE also increases, from 0.92 to 1.49 ppm/°C. The

dependence of CTE on thickness suggests that the out-
of-plane deformation has a measurable impact on the
CTE of the metastructure. However, this impact is small
and does not influence the low-CTE performance of the
metastructure.

Experimental, Results, and Discussion

Sample Fabrication and Measurement Setup

With the final frame width selected in our experiments and
having verified that out-of-plane deformations will not se-
verely negatively impact the CTE of this metastructure, we
proceeded to experimentally show that this metastructure
indeed behaves as predicted. While we intend to experimen-
tally show metastructures achieving different (and even
negative) values of CTE in the future, in this work we focus
on showing near-zero CTE. Thus, based on Fig. 3, we chose
to experimentally realize this design with two materials
whose CTE ratio is about 2.7. Based on their CTE ratio
and mechanical robustness, we fabricated the outer frame
out of Titanium (aTi=8.6 ppm) and the inner plate out of
Aluminum (aAl=23.1 ppm) [13].

We fabricated and prepared samples for testing in three
steps: (i) fabricate the Ti frame and Al plate separately; (ii)
attach the two pieces at three points; (iii) add speckle pattern
for DIC [15, 16] testing. Frame and plates were fabricated
using wire electron discharge machining (EDM).
Figure 5(a) shows a unit cell after the laser welding step,
but before the speckle pattern has been applied. Following
fabrication the two parts were cleaned and attached at three
points by laser welding (Fig. 5(b)). Laser welding was
performed with a 50 W maximum power pulsed Nd:YAG
laser. During the laser welding process, the laser beam is
normal to the sample while Argon gas was used to remove
oxygen from the weld area. Finally, a speckle pattern was
added by first painting the sample white and then adding
black speckles by spray painting. From a random sample of
speckles, the average speckle size was 26.97 pixels. Ap-
proximately half of the speckles contained less than 20
pixels and 40 % of speckles contained 10–20 pixels. The
size was controlled by changing the distance from which
black spray paint was applied. The speckle size must be
large enough to prevent aliasing but small enough that the
correlation algorithm can accurately track the speckle sub-
sets. The DIC algorithm tracks the speckle pattern by
performing a correlation on the greyscale values of “sub-
sets” (groups of pixels) between the deformed and
undeformed images. Based on the correlation, displace-
ments are computed at specific pixels, with the resolution
determined by the “step” size (e.g., with a step size of 1,
displacements are computed at every pixel). If the step size

Fig. 3 The CTE of the unit cell as predicted by FEM for various CTE
ratios a2/a1. The solid line indicates the prediction of equation (1). The
circular, triangular, star, and rhomboidal symbols indicate the FEM
prediction of a unit cell design with frame width ratios of 3.84×10−2,
5.44×10−2, 6.56×10−2, and 10.97×10−2, respectively. The square
symbols indicate the planar FEM prediction of the 6.56×10−2 frame
width ratio unit cell. The full 3D solid FEM model predicts a higher
CTE for the unit cell than the planar FEM model
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is too high, spatial resolution is lost; if it is too low, noise is
introduced to the displacement field. Subsets in this work
were composed of 21 pixels and the step size was 5 pixels.
This resulted in a ~50 μm spatial resolution and a correla-
tion displacement accuracy of ~500 nm. The correlation
accuracy corresponds to ~5 % of the maximum displace-
ment observed. The 50 μm spatial resolution is adequate to
capture the overall deformation behavior of the ~12 mm
sample.

We experimentally measured the CTE of the samples by
heating them and measuring displacements using DIC. The
samples were heated on a hot plate and the temperature was
measured using an infrared camera, a thermocouple, and a
resistance temperature detector. The IR camera used in this
work, a FLIR SC6000, employs an indium-antimonide de-
tector, sensitive at 3–5 μm [17]. The IR camera’s reading
was verified with thermocouples between room temperature
and 250 °C and was found accurate to within 0.4 °C. To
achieve such accuracy it is necessary that the emissivity of
objects imaged is high enough (ε>0.9) so that the radiation
from the sample is detectable against noise. The objects
being imaged during thermal testing were the aluminum
plate on top of the hot plate and the arrays composed of

aluminum and titanium. The emissivity of these materials
generally ranges from 0.04 to 0.2 [18], which is too low for
accurate temperature reading. This was resolved however,
by spray painting the objects with Krylon Flat Black 1502
(ε=0.95) [19]. Images were taken once the temperature had
stabilized at steps between 40 °C and 160 °C using a Nikon
ShuttlePix P-400R microscope. We then computed the dis-
placements at each temperature step using commercial VIC-
2D [20] software.

Measurement of the Thermal Expansion Coefficient

We observed agreement between the deformation predicted
by our full 3D FEM model and the experimentally tested
samples (Fig. 6). The four thermally stable areas predicted
by the FEM models (shown in colder/darker color tones in
Fig. 6(a, b)) agree very well with the low CTE areas in the
experiments (Fig. 6(c)). The experimental data shows slight
variations between the deformation at the welds, likely due
to sample fabrication defects.

To validate our experimental setup we measured the CTE’s
of the fabricated Al and Ti parts by themselves. As shown in
Fig. 7(a), we measured the CTE’s of Al and Ti to be within

Fig. 4 (a) The maximum out of
plane deformation of a unit cell
as a function of the unit cell’s
thickness. The maximum out of
plane deformation occurs at the
frame’s regions of least in-plane
displacement; (b) The CTE of a
unit cell as a function of the unit
cell’s thickness. There is a mea-
surable decrease in the CTE as
the thickness decreases

Fig. 5 (a) Fabricated low CTE
sample comprised of an Al inner
plate and a Ti outer frame; (b)
Laser-welded interface between
the sample’s Al and Ti part
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2.2 % and 1.6 % of values reported in literature [13],
respectively. We measured our metastructures to have CTE
of 2.56 ppm/°C (Fig. 7(a)). In Fig. 7(a), specifically for the
unit cell, error bars with horizontal caps indicate one stan-
dard deviation in measurement of the CTE error, while error
bars without horizontal caps indicate the predicted effect a
5 % measurement error in Al CTE, Ti CTE and frame width
would have on the unit cell CTE.

CTE Tunability and Sensitivity Analysis

To demonstrate CTE tunability with this design, establish
the effect of measurement error on our experimental results,
and determine the sensitivity of the CTE to its dependent
variables, we performed a sensitivity analysis on the CTE as
a function of six parameters: the CTE’s and elastic moduli of
the constituents (a1, a2, E1, E2) and the width of the frame
(fwidth) and the size of the welded contact area (Acontact). The
frame width and contact area were normalized by the unit

cell length (as shown in Fig. 2(c)) to allow scaling. The
welded contact area is neither a pivot nor a point contact, as
assumed in equation (1). Thus, some deviation from the
CTE predicted by equation (1) is expected. To assess
the effect of the bending induced by the welded area,
we analyze the sensitivity of the CTE to the contact
area and frame width, in addition to the material prop-
erties. The sensitivity analysis indicated that a 5 %
measurement error in the CTE of the materials, and
frame width can lead to significant error in the unit cell
CTE. This is shown as the error bars without horizontal
caps on the unit cell in Fig. 7(a). Figure 7(b) shows the
CTE of the unit cell as a function of frame width and
the CTE of the inner plate constituent material. By
varying those two parameters, it is possible to tune the
CTE of the unit cell from −0.5 to 1 ppm/°C.

The sensitivity analysis was performed by running planar
FEM simulations and computing the unit cell CTE by vary-
ing six parameters: a1 from 7.6 to 9.6 ppm, a2 from 22.1 to

Fig. 6 Magnitude of in-plane
deformation predicted for a
70 °C change in temperature by
(a) planar FEM, (b) 3D FEM,
and (c) experimentally observed
between 55 °C and 125 °C.
Colder/darker color tones repre-
sent regions of the unit cell with
low thermal expansion

Fig. 7 (a) CTE of Ti, Al, and
unit cell samples as measured by
our setup. Error bars indicate
one measurement standard devi-
ation for Al and Ti. (b) Unit cell
CTE as a function of frame
width (‘y’ axis) and CTE of
constituent material (‘x’ axis).
The unit CTE can range from
−0.5 to 1 ppm/°C ppm by
adjusting the CTE of one of its
constituents and the width of the
other constituent
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24.1 ppm, E1 from 106 to 126 GPa, E2 from 60 to 80 GPa,
fwidth from 5.77×10−2 to 7.38×10−2 μm/μm, and Acontact

from 8.06×10−3 to 24.2×10−3 μm/μm. Then, commercial
data analysis software JMP [21] was used to determine the
correlation coefficients of each of these variables and the
unit cell CTE. The correlation coefficient is a measure of the
linear dependence between two variables.

Table 1 shows the correlation of unit cell CTE with the
six parameters. As expected, the strongest correlation is
observed with the CTE’s of the constituents. However,
while theoretical work predicts that the unit cell thermal
expansion depends equally on the CTE of the constituents,
our sensitivity analysis shows a much stronger correlation
on the CTE of the frame. This is likely attributed to the
relatively large width of the frame which the theory does not
take into account. Also strong correlation of the unit cell
CTE is observed on the width of the frame. The Young’s
moduli of the two materials and the contact area between
them do not have a strong correlation with the CTE.

Since a1, a2, and the frame width (fwidth) are the most
important parameters influencing the CTE of this metastructure,
we conducted a series of full 3D FEM simulations to determine
the effect of these variables on the CTE. Statistics programming
language R [22] was used to produce a multivariate fit of the
CTE on those three variables (equation (2)). The multivariate fit
performed is a linear, least squares regression and results in an
expression of the unit cell CTE as a linear function of three
parameters.

a ¼ �4:263þ 1:689 a1 � 0:646 a2 þ 87:945fwidth ð2Þ

In equation (2), a1 and a2 are in ppm, fwidth is in μm/μm,
and the output a is expressed in ppm/°C.

Figure 8 presents a comparison between the CTE pre-
dictions of equation (1), equation (2) and the planar and 3D
FEM models developed in this work, and our experimental
results.

Equation (2) was designed for the range 2.3≤a2/a1≤3.6.
However, equation (2) performs well at the boundary a2/a1=1
for a2=a1=23.1 (11% error) and a2=a1=8.6 (22% error). As
seen in Fig. 8, equation (2) agrees well with computational
and experimental results in this work. Using equation (2) we
can thus tune the CTE of our samples by varying three
parameters: the CTE’s of the constituents and the width of
the frame. We can utilize the strong sensitivity of the frame’s
width to make coarse adjustments to the unit cell CTE, while
making finer adjustments through the CTE of the plate and
frame. This enables the design of metastructures with a pre-
cisely specified CTE.

Table 2 shows the CTE of metastructures that can be
achieved by using different metallic constituents and by
tuning geometric parameters such as the frame width.
Metastructures with a wide range of CTE can be fabricated
by using the approach described in this work. This approach
can be used to develop even negative CTE metastructures
when the ratio of CTE’s of the constituents is high enough
as in the in the case of the metastructure composed of Kovar
(a=5.9 ppm/°C) and Aluminum.

Conclusion

We have demonstrated experimentally the ability to create
thin bi-material metastructures exhibiting CTE of
2.6 ppm/°C, significantly lower than that of their constitu-
ents (a1=8.6 and a2=23.1 ppm/°C). Using 3D finite ele-
ment analysis, in very good agreement with experiments, we
showed the ability to achieve fine and coarse control of the
CTE from −3.6 to 8.4 ppm/°C by varying three key param-
eters (a1, a2, and the frame beam width). Finally, we devel-
oped a robust fabrication procedure for high aspect ratio thin
metallic structures allowing us to easily attempt new designs
and ultimately develop large structures of arbitrary CTE.
This allows us to design and fabricate thin, thermally stable,
high aspect ratio metastructures with tunable CTE. In future
work, we aim to test large area lattices and to scale down

Table 1 Correlation coefficient between unit cell CTE and design
parameters

a1 a2 fwidth Acontact E1 E2

0.89 −0.33 0.29 0.04 0.03 −0.05

Fig. 8 A comparison for the CTE prediction between equation (1)
(solid line), equation (2) (dashed line), the planar FEM (triangular
symbols) and 3D FEM (circular symbols) models developed in this
work, and experimental results (star symbol), for various values of
CTE of constituents ratio a2/a1

Table 2 CTE of metastructures with different constituent materials

Constituent 1 Kovar Titanium Nickel
Constituent 2 Aluminum Aluminum Aluminum

CTE prediction (ppm/°C) −3.63 1.12 8.35
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this design to thin film scales. We also aim to experimentally
show metastructures with a broad range of CTE’s, including
negative values.
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