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The volume of ordinary materials decreases in response to a pressure increase exerted by a surrounding
gas or liquid, i.e., the material volume compressibility is positive. Recently, poroelastic metamaterial
architectures have been suggested theoretically that allow for an unusual negative effective static
volume compressibility—which appears to be forbidden for reasons of energy conservation at first sight.
The challenge in the three-dimensional (3D) fabrication of these blueprints lies in the necessary many
hollow 3D crosses sealed by thin membranes, which we realize in this work by using 3D laser
microlithography combined with a serendipitous mechanism. By using optical-microscopy cross-
correlation analysis, we determine an extraordinarily large negative metamaterial effective volume
compressibility of k. = —0.8% bar~! = —80 GPa~! under pressure control.
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I. INTRODUCTION

The static volume compressibility ¥ of a material is

defined as
1 /oV
K = —v <aP>T7 (1)

with the material volume V, the hydrostatic pressure P
exerted onto it, and the fixed temperature 7" [1]. The minus
sign is convention and appreciates the fact that ordinary
materials shrink (0V/0P < 0) when increasing the pres-
sure onto them, leading to positive compressibility, k > 0.

Is ¥ < 0 possible, too? The answer is no. Consider a
gas at pressure P within a sealed container and the material
under investigation at the container bottom. Suppose a
small fluctuation slightly increases the gas pressure.
Mathematically, the condition ¥ < 0 means that the volume
of the material increases. However, for this volume increase
to happen, the material would need to perform work to
compress the gas around it. For passive materials contain-
ing no additional energy source, this behavior would
obviously violate energy conservation and is thus forbid-
den. This reasoning for bulk materials also holds true for
ordinary porous elastic materials (e.g., a sponge), where the
gas can penetrate into the poroelastic structure.

Negative compressibility has to be distinguished from
negative incremental [2,3] compressibility for which the
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derivative V/OP is only negative in a certain interval of
volumes, but positive otherwise. Negative incremental bulk
modulus (the inverse of the compressibility) has, e.g., been
observed in certain foams under volume control [2]. Under
pressure control, such configurations are unstable [3].

A negative static compressibility must also be distin-
guished from a negative dynamic compressibility. For
example, for conditions of an acoustic pressure wave, a
negative effective dynamic compressibility simply means
that the small time-harmonically varying density and
pressure differences on top of large constant offsets are
180 degrees out of phase with respect to each other. Such
behavior can occur for frequencies above a resonance
inside of the metamaterial unit cells [4-9].

Negative static three-dimensional volume compressibility
[10] must be distinguished from negative linear compress-
ibility [11-13]. This notion refers to highly anisotropic
structures that expand along one direction upon a hydrostatic
pressure increase, while they shrink along the other two
directions, or at least along one other direction. This leads to
an overall volume decrease [11-13], and hence to a positive
volume compressibility, but to negative linear compressibil-
ity along one or two axes. Nevertheless, this unusual special
class of counterintuitive materials has attracted considerable
interest because of its rarity and its potential applications in
artificial muscles and actuators [13].

In this paper, following the blueprint of our recent
theoretical prediction [14], we fabricate and characterize
microstructured metamaterials with a cubic translational
lattice that isotropically expand in all three dimensions in
response to an increase of the surrounding quasistatic air
pressure. This behavior corresponds to a negative effective
volume compressibility .z, which (for reasons given
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below) does not violate the stability and energy reasoning
outlined above.

What are possible implications and applications of such
unusual behavior? Tailoring the effective compressibility
from positive to negative includes the special case of zero
compressibility. Such a metamaterial would not change its
effective volume when being brought from ambient air
to the vacuum of outer space or to the huge hydrostatic
pressures of the deep sea—while being made out of
perfectly ordinary constituents. The opposite limit of
extremely large negative volume compressibility is poten-
tially useful for novel interferometric pressure sensors [11].
Unusually large values of |k.g| could also be useful as an
actuation mechanism. Materials with negative compress-
ibility might also exhibit interesting properties in regard to
three-dimensional acoustic wave propagation. For exam-
ple, bits of such metamaterials as inclusions within an
ordinary gas or liquid should lead to ultralow effective
pressure-wave velocities. Combined with some small
background absorption, these slow velocities from zero
frequency onwards might lead to large absorption coef-
ficients, which are useful for sound absorption.

II. OPERATION PRINCIPLE

In our present experimental work, we start from the
metamaterial blueprint shown in Fig. 1 [14]. If the sur-
rounding pressure is larger than the pressure inside of the
concealed volumes in the eight three-dimensional (3D)
crosses within one metamaterial unit cell, the six thin
membranes of each cross warp inwards. The lever arms
attached to the warping membranes lead to a rotation of the
crosses [14]. In any one direction, the two adjacent crosses
rotate in opposite directions, such that their rotations cancel
and a pure expansion results in this direction. Thus, for
isotropic expansion in three dimensions, 2° = 8 crosses are
required in each unit cell. The blueprint shown in Fig. 1 [14]
has an effective Poisson’s ratio of v. = —0.97 and is
loosely related to designs [15] used in recently presented
experiments on metamaterials with a negative thermal
expansion coefficient from positive constituents [16]. It is
also loosely related to previous theoretical designs of
negative-compressibility auxetic metamaterials based on
two different elastic constituents [17]. However, the use
of hollow concealed volumes in our blueprint takes advan-
tage of the huge ratio between the compressibility of air and
that of the polymer. This large material contrast allows for
changing the sign of the quantity

1 [OVe
= - 2
fett Veff< opP )T, @

which has the same form and unit as the compressibility in
(1) with the volume V replaced by the effective volume V.
We refer to this quantity as the effective compressibility
[14]. In the literature, it has sometimes also been referred to

FIG. 1. (a) Blueprint of a (nonprimitive) unit cell of the three-
dimensional (3D) metamaterial. This unit cell includes eight
hollow 3D crosses. The inset shows a cut-open hollow 3D cross.
The relevant geometrical parameters are indicated. (b) This unit
cell is placed onto a simple-cubic translational lattice with lattice
constant a, leading to the shown artificial crystal. Its effective
volume V. is defined by the volume enclosed by the meta-
material’s six surface facets (light gray) and exhibits a negative
effective static volume compressibility K.

as unjacketed compressibility [18]; as compressibility [17]
(i.e., no additional adjective); or as net volume compress-
ibility [19]. Altogether, at least four different notions have
been used. Following our own previous work [14], we use
the notion “effective compressibility” because all metama-
terial properties are effective properties.

The energy and stability arguments outlined in the
introduction apply to the compressibility x, which refers
to the volume V enclosed by the constituent material. The
hydrostatic pressure P leads to local forces along the local
surface normal of the volume V (but not V). However, V
is not directly observable for a porous structure. In contrast,
these arguments do not apply to the effective compress-
ibility x.g, which refers to the effective volume V
enclosed by the metamaterial sample facets, which are
illustrated by the gray surface in Fig. 1(b). The effective
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volume is what one “sees” when looking at the sample. It is
important to note that the effective compressibility refers to
a part of the combined system of elastic solid and gas.
Therefore, it must not be interpreted as the response
function of a system, for which causality combined with
passivity and stability would demand [20] that the real part
of the frequency-dependent response function cannot be
negative for zero frequency.

Conceptually, the effective compressibility of the blue-
print is unbounded. In the limit of thin membranes, i.e.,
t/a — 0, we get kg — —oo [14]. In the opposite limit of
thick membranes, the effective compressibility eventually
converges towards the positive bulk compressibility of the
constituent material (the polymer in our case), i.e., kog > 0.

III. SAMPLE FABRICATION

In regard to 3D microfabrication of this blueprint, the
challenge lies in the making of the hollow 3D crosses, which
are concealed by thin membranes. All other parts can
immediately be made by standard 3D optical laser lithography
(Photonics Professional GT, Nanoscribe GmbH) and standard
resists (IP-Dip, Nanoscribe GmbH). The issue is that, after
polymerizing the closed surface of the 3D crosses, the liquid
monomer is encapsulated. The established ‘“‘shell-writing
mode” [21] takes advantage of this fact: After the development
process, the remaining liquid monomer can be polymerized by
ultraviolet-light flood illumination, substantially speeding up
the fabrication of large bulk polymer volumes [21]. We have
found in the present work, however, that this picture is only
correct for sufficiently thick shells or walls. In sharp contrast,
for thin shells/walls, the polymer swelling during the develop-
ment process leads to large stresses, which open up small
cracks in the polymer shell/wall through which the liquid
monomer escapes and is washed out. Upon drying, the
polymer shrinks again and the cracks close. Serendipitously
and surprisingly, this process leads to air-sealed individual
membranes with about p ~ 95% probability (ie., 1 — p® ~
30% probability of leaking 3D crosses) in our case here—of
course, only for a certain range of the membrane thickness ¢
with respect to the lattice constant a. Within this range, the
enclosed air can only escape via diffusion through the bulk of
the thin polymer walls of the final structure on a time scale of
some minutes (see below).

The described overall process is somewhat analogous to
a syringe needle punching a hole through the soft polymer
plug of a bottle and extracting some medication from
within. After pulling out the syringe needle, the plug still
securely caulks the bottle.

‘We mention in passing that such a fabrication process may
also be of interest for other 3D microstructures incorporating
hollow concealed volumes—which have previously been
inaccessible for any kind of 3D printing approach.

An example electron micrograph of a fabricated polymer
structure composed of 2 x2x2 =28 unit cells, ie.,

(b)

FIG. 2. (a) Electron micrograph of a metamaterial sample
composed of 2 x 2 x 2 = 8 unit cells [see Fig. 1(a)] fabricated
by 3D optical laser lithography. (b) Electron micrograph of a
detail of a control structure, in which we have intentionally
introduced a hole into each hollow 3D cross, for otherwise
identical geometrical parameters. (c) 3D isointensity surface
obtained from laser scanning fluorescence microscopy of one
unit cell. The shown cut through a part of these fluorescence data
reveals that the interior of the hollow 3D crosses is actually
hollow. To allow for a direct comparison, the blueprint [also see
Fig. 1(a)] is depicted below this measurement for a similar
viewing direction.

composed of 8 x 8 =64 hollow 3D crosses, on glass
substrate is depicted in Fig. 2(a) (compare Fig. 1).
The target geometrical parameters are a = 150 pm,
t=1.05 ym, r =18 ym, b =2.25 ym, ¢ =6 ym, and
[ =57 ym. However, from these images, it cannot be
judged whether the 3D crosses are actually hollow.
Therefore, we have also inspected the structures by using
a laser scanning fluorescence microscope (LSMS510
META, with oil-immersion objective Plan-Apochromat
63x/1.40, Carl Zeiss). Both the liquid monomer and the
polymerized material exhibit bright autofluorescence (see,
e.g., [22]). Hence, a massive or a filled 3D cross would
exhibit bulk fluorescence, whereas a hollow 3D cross
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should exhibit a nonfluorescent interior. Indeed, the cut
through the complete 3D data set depicted in Fig. 2(c)
shows a hollow interior and a geometry close to the target
blueprint, which is also depicted for a similar viewing
direction, to allow for direct comparison.

IV. MEASUREMENTS

To measure the effective metamaterial compressibility, we
have built a dedicated optical microscopy setup. It contains a
small sample chamber, which can be pressurized with a gas
up to excess pressures of about AP = +4 x 10° Pa between
the inside and the outside of the chamber. The chamber
is mounted on a 3D piezoelectric translation stage, allowing
for aligning the sample. The chamber is pressurized by a
pressure controller (PQ1, AirCom), connected to an electronic
pressure monitor (DC 400, tecsis) and a computer. Within the
chamber, the sample can be positioned close to a 1-mm-thick,
1-cm-diameter fused-silica window, which is glued to the
inside of the chamber. This setting allows for a fairly small
working distance required for large magnification and good
image quality. We use a 20x objective lens (LD Acroplan
20x/0.40, Carl Zeiss), a 10-cm focal-length tube lens, and a
standard silicon black/white camera (BFLY-PGE-50H5M-C,
Point Grey Research), connected to a computer. We have
performed such experiments for top views onto the samples as
well as for side views. For the latter, the substrate had to be cut
close to the metamaterial sample. The acquired images are
processed by standard image cross-correlation analysis [23] to
derive the displacement-vector field vs surrounding air pres-
sure. From the small relative length change AL/L < 1, we
obtain the relative effective volume change in three dimen-
sions AV g/ Ve &~ 3AL/L and thus

. _LAL 1
Keff ~ -3 TE . (3)

Inspecting the displacement-vector field also allows for
assessing the homogeneity and the 3D isotropy of the
expansion/shrinkage effect (see below).

Results are depicted in Fig. 3. We start from an ambient
air pressure of P = Py~ 1 x 103 Pa = 1 bar. To minimize
leakage and hysteresis effects, we switch to the air pressure
P = Py + AP > P, and measure the mean relative length
increase AL/L within 2.5 s and move to the next higher
pressure value P, etc. Clearly, AL/L as averaged over the
xy-plane in Fig. 3 increases nearly linearly vs AP. The side
view of the xz-plane reveals that the sample also expands
along the z direction (see below). From these observations,
we derive an effective volume compressibility of . =
—0.8 x 1077 Pa~! = —0.8%bar~!. We have reproduced this
behavior on five different samples.

As controls, we have repeated the experiments for
similar metamaterial samples, however, with intentional
holes in the walls of all 3D crosses [see Fig. 2(b)]. In the
presence of these holes, a pressure difference between the

0 1 2 3 4
AP= P - P, (10°Pa)

FIG. 3. Measured mean relative length change AL/L vs excess
pressure AP = P — Py > 0, with ambient pressure P,. The
observed behavior leads to an effective volume compressibility
of ke = —0.8 x 1077 Pa~!. The blue dots are measured (full:
pressure ramping up, open: pressure ramping down); the red solid
curve is calculated numerically. The green dots correspond to
measurements on a control sample, in which we have intention-
ally introduced a hole in each of the hollow 3D crosses [compare
Fig. 2(b)]. The black dots refer to a control experiment on a
copper surface.

inside and outside of the 3D crosses cannot build up.
As expected on this basis, the resulting relative length
changes are much smaller (see green data points in Fig. 3).
We ascribe the observed deviations from AL/L = 0 partly
to incorporation of gas molecules into the bulk polymer,
leading to a slight swelling of the polymer and hence an
increase of the overall structure. Another part of these
deviations is a minor artifact of the measurement setup that
we will discuss in more detail below.

To investigate the question over which time scale the
hollow volumes (without intentional holes) can be consid-
ered as sealed, we have performed yet additional experi-
ments shown in Fig. 4. Herein, we increase the air pressure
from P = Py =1x10° Pato P=Py+AP=4.8x10°Pa
in a steplike manner and then monitor the mean AL/L at
fixed excess pressure vs time. The sample relaxes towards
its original state corresponding to AL/L =0 on a time
scale of some minutes. We ascribe this time scale to slow
diffusion of the air through the polymer membranes.
By fitting a single exponential to the experimental data,
we derive a time constant of z,;, = 745 s. There are some
minor indications that even better agreement could be
obtained by using a double-exponential fit. Two different
time constants would be consistent with the fact that air is
mainly composed of oxygen (21%) and nitrogen (78%).
Nitrogen has a smaller gas permeability [24] and hence a
larger time constant. It is thus expected to dominate the
derived single time constant.

To further solidify our interpretation of gas diffusion
through the polymer walls, we have repeated the experi-
ments using the same sample, yet employing carbon
dioxide as the pressurizing gas. We find an exponential
decay with a much shorter time constant of 7o, = 26 s,

041060-4



EXPERIMENTS ON METAMATERIALS WITH NEGATIVE ...

PHYS. REV. X 7, 041060 (2017)

0 20 40 60 80 100 120
time (min.)

FIG. 4. Measurements as blue dots in Fig. 3. However, at t = 0,
the pressure of the gas is stepwise increased from ambient pressure
P=Py,=10x10°Pato P =438 x 10° Pa and then kept con-
stant. The resulting spatial mean AL /L is measured vs time using
image cross-correlation analysis. The blue dots correspond to air
(mainly composed of oxygen O, and nitrogen N,) as gas, and the
green dots to carbon dioxide CO, instead. In the second half of the
cycle, the pressure is switched back down to P = 1.0 x 10° Pa.
The solid curves are single-exponential fits to the experimental
data. For air, the derived time constant is 7,;, = 745 s. For carbon
dioxide, the exponential time constant is 7¢o, = 26 s.

followed by a plateau. We ascribe the plateau to swelling of
the polymer by incorporation of CO, into its bulk. For air as
surrounding gas, this effect is much smaller as can be seen
from the above control experiments on metamaterials with
holes in the 3D crosses (see Fig. 3). The observed time
constants are roughly compatible with estimates based on
literature values of the gas permeabilities through typical
polymers [24]. Altogether, these findings confirm that the
majority of the hollow 3D crosses are properly sealed and
that the gas escapes out of them via diffusion through the
bulk of the polymer walls. This behavior has been found on
five different samples.

To quantify possible artifacts of the measurement setup
itself, we replace the sample by a piece of bulk copper. We
can safely assume that copper changes neither its side
length nor its volume noticeably for the pressures under
investigation. Its small positive compressibility would
lead to an extremely small negative ratio AL/L <O0.
Nevertheless, we find an apparent relative length change
of AL/L = +10~* at AP = +3.8 x 10° Pa in the recorded
optical images (see black dots in Fig. 3). By numerical
calculations, we have traced back this artifact to a small
outwards warping of the I-mm thin silica window in
response to increasing the pressure inside of the sample
chamber. The warping of a dielectric plate within the
optical path of the microscope does not induce a lens,
but the resulting beam displacements lead to an apparent
increase of the object in the camera image plane.
Ray-tracing calculations (not shown here) quantitatively
reproduce this artifact. Importantly, its magnitude is about
two orders of magnitude smaller than the effects for the
metamaterial samples (compare blue dots in Fig. 3).

VIDEO 1. Image cross-correlation analysis of a metamaterial
sample composed of 2 x 2 x 2 unit cells (compare Fig. 2). Top
view onto the xy-plane. The displacement vectors shown as
red arrows, stretched by a factor of 15 with respect to the black/
white optical microscope image shown in the background,
refer to the centers of mass of the unit cells and to a hydro-
static-pressure increase of air from ambient pressure P = Py =
1.0 x 10° Pa to P = P, + AP, with AP = 3.8 x 10° Pa. From
these arrows, we derive an effective metamaterial volume
compressibility of x4 = —0.8 x 1077 Pa™! = —0.8% bar™".

Therefore, this artifact is quantitatively irrelevant for our
conditions. It would be relevant though if samples or
aspects exhibiting smaller effects were to be investigated.
For example, this artifact prevents us from measuring
simultaneously the volume V and hence the ordinary bulk
compressibility x of the constituent material according to
Eq. (1) along the same lines.

Next, we use the image cross-correlation analysis to
investigate the behavior inside of the metamaterial and along
the three spatial directions upon increasing the air pressure.
Video | shows results from a top view onto the xy-plane and
Video 2 from a side view onto the xz-plane. The red arrows
exhibit the displacement vectors of the center of mass of
the corresponding unit cell. In Video 1, the overall mean
displacement vector has been subtracted from all displace-
ment vectors. The length of the arrows grows roughly linearly
from the center towards the outside, indicating a homo-
geneous behavior. Edge effects have only a minor effect. All
arrows point roughly radially outwards, indicating an iso-
tropic behavior in the xy-plane. Video 2 shows the behavior in
the xz-plane. Here, we have subtracted the mean of the
displacement vectors at the substrate plane at z = 0 from all
displacement vectors. From this view, we do observe edge
effects at the substrate, onto which the metamaterial is fixed;
hence, its bottom obviously cannot move along the x and y
directions near z = 0. However, the second lattice constant
(i.e., layers three and four) already behaves as bulk.

V. COMPARISON TO THEORY

Finally, we compare the experimental data with theory,
i.e., with numerical finite-element calculations of the
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VIDEO 2. Image cross-correlation analysis of a metamaterial
sample composed of 2 x 2 x 2 unit cells (compare Fig. 2). Same
as Video 1, but a side view onto the xz-plane. The displacement
vectors at the substrate plane are set to zero. For the control
structure with intentional holes in each of the 3D crosses
[compare Fig. 2(b)], the displacement vectors are smaller than
the full red dots in the middle of the 3D crosses for both the top
view in Video 1 and side view in this Video.

continuum-mechanics equations for the geometry shown
in Fig. 1, closely following along the lines of Ref. [14].
To compute bulk behavior, we use periodic boundary
conditions along all three spatial directions. We neglect
geometric nonlinearities, which is appropriate in the limit
AL/L < 1. Further details have been described in
Ref. [14]. The calculated result shown as the red curve
in Fig. 3 can directly be compared with the measured data
(blue dots). Here, we have chosen the following geomet-
rical parameters [compare Fig. 1(a)]l: t/a =1.15%,
rfa=12%, b/a=15%, c/a=4%, and l/a=38%
(compare Fig. 1). Theoretically, the relative membrane
thickness f/a is the most sensitive parameter [14].
Experimentally, it is the most difficult to determine. In
addition, as discussed above, some membranes are leaky.
Therefore, we have used ¢/a as a fit parameter. The quoted
values are consistent with the sample electron micrographs
within the experimental errors. Furthermore, we have
used for the constituent polymer a Young’s modulus of
E =3 GPa and a Poisson’s ratio of v = 0.4. Obviously,
experiment (blue dots) and theory (red curve) in Fig. 3
agree well, in line with our overall interpretation. From the
calculations, we also infer that the observed behavior
corresponds to a bulk property; i.e., a metamaterial crystal
built from many unit cells behaves similarly to one with
only a few unit cells and even more similarly to one
comprising only a single unrestricted unit cell.

Figure 5 shows a comparison of experiment and theory
upon varying the membrane thickness with respect to
that in Fig. 3 over the range accessible to our fabrication
approach. As expected from theory, the modulus of the
(negative) effective compressibility increases with decreas-
ing membrane thickness.

-50
g-U\ 100
Q
3
X

-150

-0.2 -0 0 0.1 0.2
At (um)
FIG. 5. Effective compressibility vs difference in membrane

thickness, Af, with respect to the thickness of r = 1.725 ym
(equivalent to /a = 1.15% for a = 150 um) in Fig. 3. The solid
curve is calculated for otherwise identical parameters as the
calculations in Fig. 3; the full dots are measured. The different
colors correspond to different nominally identical samples.
The vertical error bars are + three times the standard deviation
of the mean for ten measurements each, such as the one shown in
Fig. 3, which corresponds to the single open triangle at At = 0.
The horizontal error bars are estimated. The effective compress-
ibility changes by about a factor of 3 upon changing the
membrane thickness by 0.4 ym.

VI. CONCLUSION

In conclusion, we have demonstrated experimentally, for
what we believe is the first time, a metamaterial with a
negative effective compressibility under quasistatic (rather
than time-harmonic) conditions. We hope that this advance
enables some of the unusual applications and perspectives
mentioned above.
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