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Thermo-osmotic metamaterials with large
negative thermal expansion

Svetlana Savić-Šević, *a Dejan Pantelić,a Branka Murić,a Dušan Grujić,a

Darko Vasiljević, a Branko Kolaric ab and Branislav Jelenkovića

Negative thermal expansion (NTE) is important for compensation of

thermal dilatation effects and has significant applications in high-

precision devices and instruments. Several materials with intrinsic

negative expansion exist but are chemically complex, difficult to

manufacture and their thermal expansion coefficients (TECs) are

small, typically in the order of 10�5/K–10�6/K. Here we present a

metamaterial with a large NTE, with TEC in the order of 10�3/K,

enabled by thermo-osmosis of entrapped air molecules through a

multitude of nanometer-thin layers. We have generated this material

by holographically patterning a biopolymer (dichromated pullulan).

The presented manufacturing process is quite simple and capable of

generating large-area NTE materials. The concept of achieving (NTE)

through thermo-osmosis is universal and can be extended to many

other polymers. Our research, for the first time, introduces a relation

between NTE and thermo-osmosis.

Introduction

All materials change their dimensions with temperature due to
thermally dependent interatomic distances.1 This behavior is
quantified by linear (al) or volumetric (av) thermal expansion
coefficients (TEC):

al ¼
1

l

dl

dT
and aV ¼

1

V

dV

dT
(1)

where dl and dV are length l and volume V changes induced by
temperature difference dT, respectively.2 Almost all materials
expand upon heating and the thermal expansion coefficient is
thus positive (PTEC). Organic materials and polymers usually
have a larger coefficient of thermal expansion (PTEC greater
than 10�4/K) than inorganic materials (such as metals and
ceramics with PTEC of about 10�6/K).3

Materials with negative thermal expansion coefficients (NTECs)
are expensive, rare (except water between 273 K–277 K) and their
chemical composition is very specific.4,5 One of the main goals
of NTE research is finding materials with large NTECs to
compensate PTECs. In materials associated with a magnetic,
ferroelectric or charge-transfer phase transition a large NTE has
been discovered and such materials are used as thermal-
expansion compensators.6

The development of a material with a large NTEC is possible
by designing special structures made of several constituents.7,8

For example, origami structures, consisting of a bi-material’s
2D or 3D lattices, enable tailoring metamaterials with novel
mechanical properties, including a wide range of PTECs and
NTECs.9 Such NTE materials have important applications for
the control of the thermal expansion of materials. They allow
adjustment of the thermal expansion of composites and can be
used in microchip devices,10 as dental fillings,11 in optical and
electronic devices,12 for fasteners13 and as coating materials.14

However, such materials have a complex geometry difficult to
manufacture.

Many methods have been used to fabricate metamaterials:
laser interference lithography,15 electron-beam lithography,16

direct laser writing,17 and focused-ion beam (FIB),18 to mention
just a few. Metamaterials can be fabricated from different sub-
stances including photoresists,19 semiconductors,20 and metals.21

Holographic methods stand out as being capable of producing
one-, two- and three–dimensional periodic metamaterials. Large
areas can be fabricated simply and cheaply in a matter of minutes.

Here we describe a holographic method for generation of
mechanical metamaterials with simple architecture and high
NTECs, much higher than those of the other materials we found
in the available literature. Pullulan, a biological polysaccharide,
is used as a base material, which is further sensitized and
holographically patterned at the nanoscale. Structural, optical
and mechanical properties of the resulting metamaterial are
studied, its NTEC measured and a thermo–mechanical model,
explaining NTE behavior, presented. We also disclose a new
physical mechanism behind such unusual behavior.
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Holographic generation of mechanical
metamaterial

Doped pullulan is a home-made holographic photosensitive
material used throughout this research to manufacture layered
metamaterial and analyze its thermo-mechanical behavior.
Pullulan is a linear polysaccharide produced from the yeast-
like fungus Aureobasidium pullulans. The material is composed
of maltotriose units connected by a-D-1,6-glycoside linkages22

and can be photosensitized with chromium ions to produce
dichromated pullulan (DCP)23 as a transparent, thermo-stable
film. Properties of DCP films as holographic material–surface
gratings, its diffraction efficiency, copying and environmental
stability–were previously investigated.24,25

DCP film was prepared by mixing an 8% aqueous solution of
pullulan and 30% ammonium dichromate, which was poured
on a flat glass plate. After drying, a thin film was placed in the
holographic setup to produce a volume Bragg grating.26 To do
that, the laser beam from a single-frequency, a diode pumped
Nd-YAG laser, at 532 nm, was expanded to expose the pullulan
film at normal incidence. A mirror was set behind the film and
a volume Bragg grating was recorded inside the DCP film by
interference of two counter propagating beams. The interference
pattern is responsible for generation of a large number of
alternating DCP and air layers, parallel to the substrate. After
exposure, the pullulan film was chemically processed by washing
the plate in a mixture of water and isopropanol, followed by
drying in pure isopropanol. Finally, the grating is slowly and fully
dried in a closed vessel.

The resulting hologram is about 10 mm thick and has a
complex structure, as shown in Fig. 1. On the nanoscopic level,
the structure is characterized by approximately fifty Bragg
layers. They are mutually separated and supported by nano-
pillars with a diameter of up to 50 nm, enabling the mechanical
stability of the whole structure.

The metamaterial acts as a selective reflector in the specific
band of wavelengths in accordance with the Bragg’s law:

l = 2(nala + nplp) (2)

where la and lp are the thicknesses of the air and pullulan layers
(both about 100 nm), and refractive indices na = 1 and np = 1.45,
respectively. A Bragg maximum (as defined in eqn (2)) depends
on thermal variation of refractive indices and layer thicknesses.
Thus, the spectral shift as a function of temperature can be
found by taking the first derivative of eqn (2):

dl
dT
¼ 2 la

dna

dT
þ na

dla

dT
þ lp

dnp

dT
þ np

dlp

dT

� �
(3)

This optical property of the DCP metamaterial was
measured in a heating/cooling cycle. The sample was heated
and cooled using a Peltier element (controlling temperature
between 295 K and 323 K) and the reflection spectra of the
white light from the halogen lamp were recorded using a fiber
type spectrometer. A thermocouple was embedded within the
sample to obtain accurate measurement of the temperature. As
can be seen in Fig. 2a, the reflectance peaks are blue-shifted
from 580 nm to 535 nm during heating, exhibiting a negative
spectral shift of 45 nm for a positive temperature difference of
+25 K (equivalent to 1.8 nm K�1). Upon temperature decrease, a
spectral maximum returns close to its initial position. Spectral
shift vs. temperature, for the whole heating–cooling cycle,
shows characteristic hysteresis, as in Fig. 2b. The hysteresis
effects are inherent to many natural phenomena. In our case,
we assume that hysteresis is a consequence of the nonlinear
viscoelastic behaviour of the polymer,27 i.e. pullulan nano-
pillars, with temperature. Upon heating, air diffuses through
membranes and escapes into the surrounding environment,
lowering the pressure inside the multilayer. Outside pressure
then compresses the layers until a new mechanical equilibrium
is achieved. Due to the compression of the layers, the pullulan
nano-pillars are bent. It is assumed that at higher temperatures
the viscoelasticity of the pillars slightly decreases. Thanks to the
capability to creep,27 after strain due to pressure, the pillars
return to their initial state, with a slightly lower temperature
than the initial one.

Thermal behavior of optical systems is typically explained by
thermal expansion and thermal variation of the refractive indices
(as in eqn (3)). In the following, we will show that these mechan-
isms cannot account for the large and negative spectral shift.

First, we experimentally determined the linear TEC of a pure,
unstructured DCP film. A circular, freestanding DCP membrane was
produced, clamped at its perimeter, and its central zone was heated
with the laser beam. The temperature of the film was measured
using a thermal camera, while the resulting thermal bending was
measured using digital holographic interferometry. The linear
expansion coefficient was calculated from the recorded interfero-
gram, Fig. 3, and found to be aDCP = 8.8 � 10�5/K, which is in
agreement with the values obtained for other polysaccharides.28,29

Now we can calculate spectral shift of the Bragg maximum
using eqn (3). The thermo-optic coefficient of air (dna/dT)30 is

Fig. 1 A cross-section of pullulan metamaterial (recorded using a
scanning electron microscope) showing pullulan layers separated by
nanopillars.
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very small and the first term in eqn (3) can be neglected.
Additionally, thicknesses of air and pullulan layers are almost
the same la = lp = l and eqn (3) can be simplified:

dl
dT
¼ 2 na

dl

dT
þ l

dnp

dT
þ np

dl

dT

� �
(4)

In a linear approximation dilatation dl = alT (see eqn (1)) and
finally:

dl
dT
¼ 2l

dnp

dT
þ a np þ na
� �� �

(5)

We were not able to measure the thermo-optic coefficient of
DCP, and we assumed the largest thermo-optical coefficient
recorded up to now, dn/dT = �5 � 10�4/K.31

By including these values of thermal constants dn/dT and
aDCP into eqn (5), together with the value of the layer thickness
l = 118 nm and refractive indices of air and pullulan, we have
found that the expected temperature shift of the Bragg peak is
dl/dT = �0.07 nm K�1. This value is much lower than the one
recorded experimentally, dl/dT = �1.8 nm K�1, and classical
thermal effects fail to explain the very large NTEC.

As shown above, while the change in the DCP film thermal
expansion is small, the thickness variation of air layers must be
the main contributor to the overall metamaterial contraction.
From the experimentally observed spectral shift and a tem-
perature change of +25 K, the calculated change in air layer
thickness (using eqn (2)) is �22 nm. Knowing that there are
fifty Bragg layers, the total thickness change is dl = �1.1 mm.
Knowing that the initial thickness of the material is l = 10 mm,
we estimate (using eqn (1)) that the linear thermal expansion
coefficient of DCP metamaterial is aDCPm = �4.4 � 10�3/K. This
value is quite large, compared to values of NTEC, available in
the literature. The results presented here have been verified in a
series of experiments on many different samples. We have
found that the behaviour of pulullan metamaterial is the same,
confirming a negative thermal expansion with NTEC of the
order 10�3/K.

Thermo-osmotic mechanism of
negative thermal expansion

As explained above, negative and large TEC cannot be explained
by usual and simple thermal effects (thermal dilatation and
refractive-index variation). In this section, the peculiar behavior
of DCP metamaterial is explained through thermo-osmosis,32 a
process defined as fluid or gas diffusion through a membrane
due to a temperature gradient.32,33 This phenomenon was
found in many areas from biology34 to energy harvesting.35

We should note that the pullulan layers are very thin (about
100 nm) and their mutual separation is of the same order of
magnitude. In such a small volume, only a small number of air
molecules are entrapped between the pullulan layers (the mean
path length of air molecules is 67 nm under normal conditions)36

and molecules diffuse through the layers, depending on the
temperature difference between the layer and their environment.
In a thermal equilibrium, a net flow of molecules between the
layer and the environment is zero. If the temperature of the layer
rises, more molecules escape the layer, lowering the pressure
inside the layer. The resulting pressure difference compresses the
layers, supported only by tiny nanopillars (Fig. 1).

Fig. 2 (a) Reflectance spectra of DCP metamaterial during heating and (b) spectral peak shift during a heating and cooling cycle.

Fig. 3 Interferogram of the thermal bending of the DCP film.
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Diffusion through permeable membranes is described by
Fick’s law,37 which determines the diffusive flux per unit area F
as a function of pressure p0 and membrane thickness l:

+ ¼ Pp0

l
(6)

where P is membrane permeability, which is an intrinsic
property of the material.

Effects of temperature on gas permeability were previously
analyzed.38,39 For gases, the temperature-dependence of perme-
ability is defined according to the Arrhenius relationship:

P ¼ P0 exp
�Ep

RT (7)

where P0 is a constant (a kinetic frequency factor), R is the gas
constant, and EP is the activation energy for permeation.
According to the above equation the gas permeability increases
with temperature.

For simplicity of the further analysis, we will explore a
single membrane separating a closed compartment from the
surrounding air environment; see Fig. 4.

We suppose that the environment is a thermal reservoir with
infinite capacity at constant temperature T0 and pressure p0. If
a compartment with a membrane is at temperature T1 and
pressure p1, we have a flux F1 of molecules diffusing out of the
compartment into the environment and flux F0 of particles
flowing from the environment into the compartment, i.e. by
combining eqn (6) and (7):

+0 ¼
p0

l
P0 exp

�
Ep

RT0 (8)

+1 ¼
p1

l
P0 exp

�
Ep

RT1 (9)

Due to the temperature difference between the compart-
ment and its external environment, ingoing and outgoing
fluxes are not equal any more, and there is a net molecular
flow. Suppose that the temperature inside the compartment is
larger than that of the surrounding air, molecules will leak out
and reduce the pressure p1 inside the compartment. The
resulting pressure difference will exert a mechanical force on
the membrane and compress it until a new equilibrium is
reached, i.e. when F1 = F0. From eqn (8) and (9) we can easily
find that this will happen when:

p1 ¼ p0 exp

�
Ep

R
1

T0
�
1

T1

� �
(10)

As stated before, this pressure difference is compensated by
the mechanical resistance of nanopillars to compression.

In the case of DCP metamaterial, we have a number
of pullulan membranes stacked one above the other and
separated by tiny nanopillars. Air is gradually leaking from
one layer to another until it goes out to the atmosphere. Air
leakage is a process that takes some time, before thermo-
mechanical equilibrium is reached.

Dependence of pressure p1 on temperature was calculated
from eqn (10) and is shown in Fig. 5(a). The activation energy of
air permeation through the polysaccharide membrane is
about 40 kJ mol�1.40 The graph shows that p1 decreases with
increasing temperature of the pullulan layers. Based on this
dependence, Fig. 5(b) and (c) show the dependence of pressure
p1 on the measured time to achieve a new equilibrium state and
the dependence of pressure p1 on the air layer thickness,
respectively.

Discussion and conclusions

We have shown that the proposed thermo-osmotic mechanism
explains well all the experimentally recorded properties of the
pullulan NTE metamaterial. However, there are other, less
obvious mechanisms that could contribute to the negative
thermal expansion, most notably the effect of air humidity.

Fig. 4 Compartment with a single membrane, where T and p are
temperatures and pressures, while F are fluxes.

Fig. 5 Ratio of the pressure inside and outside of the compartment as a function of (a) DCP temperature, (b) time needed to reach a new equilibrium
state, and (c) air layer thickness. The points on graphs (b and c) correspond to experimentally measured values.
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To test if pullulan absorbs water from the air we performed a
simple gravimetric experiment with an analytical balance. First,
the DCP metamaterial was measured under normal laboratory
conditions, it was then heated to 373 K for 45 min, to eliminate
moisture, and measured again. After that, the sample was
kept under normal laboratory conditions and the mass was
measured every hour until it reached its original value, see
Fig. 6. It can be seen that the change of mass, caused by
moisture, is only 0.07%. Bearing in mind that pullulan does
not form the gel, and does not swell significantly, we conclude
that the influence of moisture on the pullulan structure is
negligible.

As a final proof of diffusion of air through pululan layers and
the corresponding thermo-osmosis, as a dominant mechanism,
we placed the pullulan metamaterial in a vacuum chamber, at
the pressure of 4 � 10�2 Pa, for 45 minutes. During that time,
entrapped air diffused out of the pullulan layers. The reflection
spectra measured immediately after the sample was removed
from the vacuum and placed back to the normal atmospheric
conditions, were shifted towards lower wavelengths. This shift
was caused by the air pressure compressing the layers due to the
large pressure difference between the inside (p B 0 Pa) and
outside of the metamaterial (patm B 100 000 Pa). Following the
prolonged stay in the atmosphere the air diffuses into the layers,
equilibrating pressures and expanding the material as evidenced
by the spectral shift, see Fig. 7.

It is also important to note that when the temperature
excised a certain maximum value (higher than 383 K) the DCP
metamaterial loses its NTE properties. We believe that in this
case there are no more air molecules entrapped within the
pullulan layers, and the pressure difference is large enough to
break the pullulan nanopillars, which otherwise will sustain the
mechanical integrity of the whole structure. Bear in mind that
all the mentioned effects (dilatation, thermo-optical, and
humidity) are simultaneously present, but nevertheless our
experiments show that the thermo-osmosis is a dominant one,
which converts an ordinary PTE into an NTE material. Without
diffusion, a pressure of entrapped air between the pullulan

multilayers will follow the temperature variation–increasing
upon heating, and decreasing upon cooling. This will turn the
pullulan multilayer into a positive thermal expansion material,
in contrast to what we observed experimentally.

Regarding the thermo-osmotic process, we emphasize the
simplicity of the presented model, which very well describes
the complex phenomenon responsible for NTE. First of all, the
pullulan layers have a stochastic distribution of thicknesses,
size and position of nanopillars, which is difficult to take
into account in the model. Also, the mechanical properties of
materials at the nanoscale level can be quite different, com-
pared to those of the bulk. Additionally, for such thin layers, air
cannot be treated as continuum and more complex effects
come into play, such as thermophoresis and thermoconvection.
In our case, the situation is further complicated by extremely
small (100 nm) separation between the layers when the number
of entrapped molecules is correspondingly small. This means
that losing a single molecule from the layer significantly reduces
the pressure. In spite of this, the proposed model is able to
explain the most distinctive properties of the system: negative
thermal expansion and the corresponding optical properties.

In conclusion, we have found that holographically patterned
dichromated pullulan is a new mechanical metamaterial with a
large NTE of aDCPm = �4.4 � 10�3/K in a temperature range
between 295 K and 323 K. Our investigations are in this
temperature range because most of the practical interests and
potential applications of organic devices are around room
temperature. We show that it is simple to fabricate a stable
and durable material using the holographic technique. Our
explanation of the mechanism that converts an ordinary positive
thermal expansion material into an NTE material is based on
thermo-osmosis of the air molecules through the pullulan nano-
layers. Dependence of the optical response on temperature of the
pullulan metamaterials was investigated. The reflection spectra
show a blue shift with increasing temperature, which originates
from the contraction of air nanolayers due to the thermo-
osmosis of the air molecules through the pullulan nanolayers.

Fig. 6 The change of mass of DCP metamaterial in time due to humidity. Fig. 7 Reflectance before and after vacuuming and exposing to air.
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The proposed mechanism can be applied to various holographic
structures and materials, as well as to different gases and tem-
perature ranges. We have performed the same measurements
using holographically patterned dextran (another polysaccharide)
and found NTE, too. While pullulan is linear, dextran has a
branching structure but shows the same behavior as pullulan,
and the reflectance peaks are blue-shifted during heating. Our
multilayer design is simple and the proposed mechanism is useful
for surfaces of arbitrary size. We have shown that experimental
results can be explained by simple relationships, in the nanoscale,
linking the structures, mechanical and optical properties, and
temperature-response. The disclosed mechanism is universal
and opens a range of possibilities to construct engineered
materials with tailored negative thermal expansion.
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