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The pursuit of materials with enhanced functionality has led to the emergence of
metamaterials—artificially engineered materials whose properties are determined

by their structure rather than composition. Traditionally, the building blocks of
metamaterials are arranged in fixed positions within alattice structure' ™. However,
recent research has revealed the potential of mixing disconnected building blocksin
afluidic medium®%. Inspired by these recent advances, here we show that by mixing
highly deformable spherical capsules into anincompressible fluid, we canrealize a
‘metafluid’ with programmable compressibility, optical behaviour and viscosity. First,
we experimentally and numerically demonstrate that the buckling of the shells endows
the fluid with a highly nonlinear behaviour. Subsequently, we harness this behaviour to
develop smart robotic systems, highly tunable logic gates and optical elements with
switchable characteristics. Finally, we demonstrate that the collapse of the shells upon

buckling leads to alarge increase in the suspension viscosity in the laminar regime.
As such, the proposed metafluid provides a promising platform for enhancing the
functionality of existing fluidic devices by expanding the capabilities of the fluid itself.

Unlike solid metamaterials, metafluids have the unique ability to flow
and adapt tothe shape of their container without the need foraprecise
arrangement of their constituent elements. Our goal is to realize a
metafluid that not only has these remarkable attributes but also pro-
vides a platform for programmable compressibility, optical properties
and rheology. To achieve this, we focus on a suspension comprising
elastomeric, highly deformable spherical capsules filled with air within
anincompressible fluid. We begin by considering centimetre-scale
capsules that are fabricated out of silicone rubber (Zhermack Elite
Double 32 with initial shear modulus G = 0.35 MPa) using 3D-printed
moulds®? (see Supplementary Fig.1and Supplementary Information
for details). AsshowninFig.1a, we place these capsulesinaglass cylin-
drical container with volume V,, and fill it completely with water. We
thenload the system by slowly introducing an additional volume AVof
water via asyringe pump and measure the pressure inside the container
with a differential pressure sensor (see also Supplementary Fig. 5).

We start by placing asingle capsule with outer radius R, =10 mmand
thickness t =2 mm into a container with V,,, =300 ml, leading to
aninitial capsule volume fraction of ¢ = 4TR2N/(3V,,) = 0.014 (N=1
denoting the number of capsules in the suspension). We record a
pressure-volume curve that is very different from that of water, not
only because the capsule makes the fluid more compressible (lowering
the initial bulk modulus K, to 31 MPa) but also because it introduces
asudden pressure drop at the critical pressure P= PP =120 kPa (Sup-
plementary Fig. 1b and Supplementary Video 1). This drop is caused
by the snapping of the elastomeric shell and leads to the formation
of a dimple, which becomes more accentuated as AV'is increased
(inset in Fig. 1b). When unloading the suspension by decreasing AV,
the dimple progressively reduces in size and the capsule snaps back
to aspherical shape when the pressure passes the critical pressure
P=P3o"1=50 kPa, leading to a hysteretic response.

Tobetter understand the dependence of the metafluid characteris-
ticonthe properties of the capsules, wethen consideralarger capsule
withR, =30 mmand ¢ =6 mminacontainer with V,,, =2,850 ml,so that
t/R,= 0.2 remains unaltered and ¢ increases to 0.04. In this case, the
system shows a lower initial bulk modulus (K, = 18 MPa), but still shows
apressure drop at PiP=120 kPa(red line in Fig. 1c), suggesting that K,
and PP can be tuned independently by varying ¢ and t/R,. Next, we
investigate the effect of the number of capsules by placing N = 27 cap-
sules with R,=10 mm and =2 mm in the same container with
Vioe = 2,850 ml. As both @ and ¢/R, remain the same (that is, ¢ = 0.04
and t/R, = 0.2), the suspension shows the same initial bulk modulus
(greenline in Fig. 1c) and all capsules snap at P= PP (snapshotsin
Fig. 1c and Supplementary Video 2). However, in this case, the large
snapping-induced pressure drop observed for N=1is replaced by
27 smalldrops, where each drop corresponds to the collapse of asingle
capsule. These individual drops occur at roughly the same pressure
suchthataplateauemerges (see Supplementary Figs.4-7 for additional
experimental results).

The results in Fig. 1a-c are for a fluid containing centimetre-scale
capsules, but most applications of fluids require the capability of flow-
ing through small openings. Therefore, we take advantage of micro-
capillarity®** to fabricate spherical capsules with R, = 250 pm and
t= 65 pmout of polydimethylsiloxane (PDMS; Fig.1d and Supplemen-
tary Figs. 2 and 3). We characterize the pressure-volume curve of the
resulting microcapsule suspension by placingitinasyringe with volume
V.o« and slowly displacing the plunger to reduce the enclosed volume
by AV, while keeping the tip closed and monitoring the pressure (see
Supplementary Fig. 10 and Supplementary Information for more
details). In Fig. 1e,f, we report the pressure-volume curves measured
for asingle microcapsule and for a suspension of many microcapsules
with @ = 0.3, respectively (see also Supplementary Videos 1and 2).

'J.A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA. 2Department of Mechanical Engineering, KU Leuven and Flanders Make, Heverlee,
Belgium. *Present address: The Racah Institute of Physics, The Hebrew University, Jerusalem, Israel. “Present address: Department of Mechanical Engineering, KU Leuven and Flanders Make,
Heverlee, Belgium. These authors contributed equally: Adel Djellouli, Bert Van Raemdonck, Yang Wang. *e-mail: benjamin.gorissen@kuleuven.be; bertoldi@seas.harvard.edu

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-07163-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07163-z&domain=pdf
mailto:benjamin.gorissen@kuleuven.be
mailto:bertoldi@seas.harvard.edu

Article

b c
<
Owww
300 300
: O9PVV% -
N
< 200 W < 200
5 i 5
a a
g R;T g
2 1N 2
8 100 $ 100
o - Experiment o
—— Simulation
‘/iv
‘ 20 mm
o1 Ak, 20 mm 0
0 0.005 0.010 0 0.005 0.010 0.015
Volume, AV/V, Volume, AV/V,
e f
PDMS\TWater 0 : ’J o =
Water : S - 5853
—|® [ i ii VoW 2
600 .. 600 .
£ 2 /|
A
¢ 3 g /
= 400 i /o : = 400 o
o’ . S v a® L
- X &V o -
o Lo 2 o ) ii
2 K¢ . 2 ‘
g 200 [oE w o 2 200 '
= . o' ped /
o [ PR a
o Z
— /
0 v 500 um 0
0 0.0005 0.0010 0.0015 0 0.05 0.10 0.15
Volume, AV/V, Volume, AV/V,

Fig.1|Metafluid comprising highly deformable capsules. a, Our centimetre-
scale capsules are fabricated viaamoulding approachand suspendedinafluid.
Theresulting metafluid is then pressurized. b, Pressure-volume curve of a
single centimetre-scale capsule with =2 mmand R, =10 mm. Loading (dark
purple) and unloading (light purple) curves are shown. The experimental
dataaredepicted as average (dots) and standard deviation (shaded area) of
five samples fabricated using the same mould and material. The solid line
indicates finite-elementresults. Insets: experimental (bottom) and numerical
(top) snapshots of the capsule. ¢, Experimental pressure-volume curves of

The curves show qualitatively similar nonlinear behaviours to their
centimetre-scale counterparts, confirming that the response of our
metafluids is independent of scale. Nevertheless, it is important to
highlight that the metafluid incorporating microscale capsules does
notshowaclear plateauin the pressure-volume curve. This deviation
can be attributed to geometric imperfections introduced during the
fabrication process, resulting in polydispersity and a wide range of
buckling pressures P¢P.

Modelling

To systematically explore the effect of the capsules on the response of
the metafluid, we conduct finite-element analyses using the commer-
cial package ABAQUS 2020 Standard. In our simulations, we assume
the deformation to be axisymmetric and use anincompressible Neo-
Hookean material model with initial shear modulus G to capture the
response of the elastomeric material (see Supplementary Figs.15-25,
Supplementary Tables 1and 2, and Supplementary Information for
additional details). We first conduct implicit dynamic simulations to
calculate the difference between the external and internal pressure
of the shells, APy, while slowly decreasing and then increasing the
volume of their internal cavity by AV (purple line in Fig. 2a). Then we
use the ideal gas law to obtain the pressure of the gas enclosed in the
shell cavity, P,,, asafunction of AV(cyanline in Fig. 2a). Finally, we take
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metafluids comprising centimetre-scale capsules. Insets: snapshots of the
metafluid at different level of compression. d, Our micrometre-scale capsules
are fabricated from double emulsions using a co-axial flow focusing glass
microfluidic device. e, Experimental pressure-volume curve of asingle
micrometre-scale capsule witht= 65 pmand R, =250 pm. f, Experimental
pressure-volume curves of metafluids comprising micrometre-scale capsules
withavolume fraction ¢ =~ 0.3 suspended insilicone oil. Insets: snapshots of
the metafluid at different levels of compression.

advantage of the shell incompressibility to calculate the pressure on
the external surface of the capsule, P,,,, as

Fexe= APipei(AV) + P (AV). @

Theresults reportedin Fig. 2aindicate that, since P,,.increases mono-
tonically with AV, the nonlinear response of the metafluid stems from
APg..;.. We also note that P.,, does not scale with G, as P, isindependent
ofthe shell material (Supplementary Fig.19). Further, we point out that
ifthe pressureis controlled during the tests, snapping triggers ajump
involume at P, (dotted lines in Fig. 2a). Finally, we test the relevance
of our model by comparingits predictions with the experimental results
reported in Fig. 1b as well as to the experimentally measured P:P and
Pdowntor avariety of centimetre-scale capsules (Fig. 2b) and find excel-
lent agreement.

Having established anumerical model that accurately captures the
response of theindividual capsules, we use it to predict the response of
suspensions comprising many capsules. Towards this end, we assume
that the capsules are suspendedinanincompressible fluid and that the
pressure is uniform throughout this medium (thereby neglecting the
effects of gravity and viscosity). Under these assumptions, the external
pressure is the same for all N capsules
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Fig.2|Modelling metafluids. a, Numerically predicted pressure-volume
curve foraspherical shellwith¢/R=0.22and G = 60 kPa (cyanline), the gas
containedinitsinternal cavity (blueline) and the resulting capsule (pinkline)
under volume control.If the capsuleis loaded under pressure control, the
instabilities are triggered at the circular markers and follow the dotted lines.
b, Critical pressures asafunction of shell thickness for capsules with

G =350kPa.Bothnumerical (hollow circular markers) and experimental data
(dots) are shown. Vertical lines on the experimental data points indicate
thestandard deviation between shells manufactured with the same mould.
c-e,Numerical pressure-volume curve for ametafluid containing N=1(c),
N=2(d)and N=10 (e) capsules with R, =10 mm, =2 mmand G =350 kPa.
Insets: the state of the capsules for different AVat P,,, =100 kPa. f, Evolution
of the pressure drop triggered by buckling, AP,,,,, as afunction of the number
of capsulesinametafluid, N. Inset: the pressure-volume curve for ametafluid
comprising N=2 capsules that produces the data pointslabellediandii.

where AV? denotes the change in volume of the ith capsule in the pres-
surized state, which is subjected to the constraint

N
Av=Y AV, 3)

i=1

It is noted that equations (2) and (3) together with the P& -AV®
curves extracted from the finite-element simulations are analogous
totherelations between force and displacement for chains of bista-
ble elements with trilinear characteristics****, with the only differ-
ence being that for the capsules the portion of the pressure-volume
curve immediately after snapping is inherently unstable.

Operationally, we determine all of the equilibrium configurations
ofametafluid comprising N capsules by first finding all stable AV? that
resultinapredefined set of pressure values for each capsule separately
(Fig. 2c). Then for each value of pressure, we construct the possible
equilibrium states of the metafluid by making all possible combinations
of those volumes. As shown in Fig. 2d,e, for a suspension comprising
Nidentical capsules, this process generates a pressure-volume char-
acteristicwith N+ 1unique equilibrium branches. When the suspension
isloaded by slowly introducing a volume AV of incompressible fluid,
thefirst branchisinitially followed until the critical buckling pressure
of the capsules, P¢P, is reached. At that point, one capsule snaps and
the pressure drops (at constant AV) until it reaches the next branch.
This process thenrepeats until all Ncapsules are collapsed, leading to
asawtooth pattern with Npeaks at P;P. As observed in our experiments,
we find that the magnitude of the pressure drops that follow the buck-
ling events, APy, decreases with N (Fig. 2f). This decrease is due to
the fact thatina suspension with N capsules, the sudden reductionin
volume experienced by one capsule upon snapping can be compen-
sated by a slight expansion of the remaining N -1 capsules (see Sup-
plementary Information for more details). Therefore, forlarge N, AP,
tends to zero and each capsule can be considered to experience pres-
sure control conditions even though the total volume of the metafluid
is controlled.

Harnessing the nonlinear metafluid behaviour

Guided by our understanding of the metafluid response, we then har-
ness its highly nonlinear behaviour for functionality. First, we exploit
the snapping-induced pressure plateau to realize a gripper that can
grasp objects of very different size and compressive strength when
actuated with the same input. More specifically, we consider atwo-jaw
parallel gripper actuated by pressurized fluid (Fig. 3a, top left) and focus
onthreedistinct objects:aglassbottle of 60 mmindiameterand160 g
inweight, aneggof about25 mmindiameter and about16 gin weight,
and ablueberry of about10 mmin diameter and about 0.5 gin weight.
Forasuccessfulgrasp, the supplied volume, AV, must be large enough
forthe actuatedjawtoreachthe object and holdits weight, but not so
large as to generate an excessive force that crushesit (Fig. 3a, top right).
In particular, for the considered bottle, egg and blueberry, the sup-
plied volume required to reach them and the pressures needed to hold
them and crush them are measured as AV, .., = 1.1ml, AV, ., = 3.9 ml
and AV,,cn = 5.1 ml, P g =110 kPa, P, = 12 kPa and P,y = 1 kPa, and
Py =700 kPa, P, = 105 kPa and P, = 55 kPa, respectively. When
using water or air as fluid to actuate the jaw, no AV can be identified
thatallows us to successfully grasp all three objects (see Supplementary
Fig.8,Supplementary Video 3 and Supplementary Information for more
details). By contrast, when using our metafluid with K, =2 MPa and
two plateaus at 45 kPa and 120 kPa (realized by filling a container with
Vioe =100 mlwith water and six capsules witht=2 mmandR,=10 mm,
three made out of rubber with G = 60 kPa and three made out of rub-
ber with G =350 kPa), we can successfully grasp all three objects by
injecting AV= 6.7 ml (Fig. 3a, bottom, and Supplementary Video 3).
Although in Fig. 3a we use centimetre-scale capsules enclosed in a
separate container to regulate the pressure of the fluid, such an inde-
pendent pressure reservoir is unnecessary when utilizing our micro-
suspension, asitcanbe directly placed inthe functional components.
To demonstrate this, we use the microsuspension of Fig. 1f to directly
pressurize a flexible latex tube (shear modulus G =1 MPa) with outer
diameter of 5.1 mm, thickness of 1.9 mm and length of 48 mm. Such a
tube undergoes a ballooning instability at a pressure Pé‘r‘be =400 kPa,
which uponinflation with glycerolisreached for AV=0.53 ml (redline
inFig. 3b and Supplementary Video 4). The compliance and pressure
plateau of the microsuspension offset the ballooning instability to
AV=0.94 ml(greenlineinFig.3band Supplementary Video 4), show-
ing that the nonlinear behaviour of the capsules also provides an
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Fig. 3| Programming metafluids for functionality. a, A two-jaw parallel
gripperactuated by our metafluid cangrasp abottle, aneggand ablueberry
uponapplicationofthesameinput AV=6.7 ml (dashed linesin bottom panel).
Top left, the experimental setup. Top right, having determined AV,.,ch, Proig and
P...en, the volume AVto be supplied to the system to successfully grasp an object
canbe easily identified by shifting the pressure-volume curve of the considered
fluid (black dashed line) horizontally by AV, for that object. We then identify
the volumes AVfor which P,y < Pey < P (Se€ regions highlighted inred,
yellow and bluein the plot). Bottom, the range of AVthat enables successful
grasping of thebottle, egg and blueberryis between the two vertical dashed
lines. b, Inflation of a flexible tube with our microsuspension. The ballooning

opportunity to tune theinteractions of the metafluid with surrounding
flexible structures.

Apart from the nonlinear pressure-volume curve, the substantial
alterations in the shape of the capsule induced by instability also
present opportunities for functionality. Inspired by the configuration-
dependentinteractions with light observed for droplets®, we investi-
gate the effect of the pronounced dimple caused by buckling on the
optical properties of the metafluid. To this end, we conduct simulations
in COMSOL using aray-tracing algorithm (see Supplementary Informa-
tion for details). As shownin Fig. 3¢, top left, the simulations show that
spherical and collapsed capsules show distinct scattering behaviours
(Supplementary Figs.26 and 27). When we then measure the power of
the transmitted light through a microsuspension with ¢ = 0.4 and
PiP=380 kPa, we find that the transmittance T suddenly increases
from T=8%to T=30% at P, = PP (Fig.3c, bottom left, and Supple-
mentary Fig. 11). This increase can be attributed to a combination of
thelensing effect and the reductioninthe coverage areaofthe capsules
inthe collapsedstate (see Supplementary Figs.26-28 and Supplementary
Information for details). Such a large change in transmittance makes
aHarvard logo, positioned beneath the metafluid, much clearer for
P...> PP (Fig. 3¢, top right, and Supplementary Video 5), as demon-
strated by the sharpincreasein contrast when the capsules snap (Fig. 3c,
bottomright).

The buckling-induced shape change of the capsules also modifies
the way in which the metafluid flows. To demonstrate this point, we
consider amicrosuspensionwith ¢ = 0.3 and Pi? =300 kPaand inves-
tigate its flow in an elliptical channel with major axis a., =3 mm and
minor axis b., = 750 pm. We fix the difference of pressure between the
inletand outletat AP=P,, - P,,.= 50 kPaand conduct experiments for
P,, €[50, 450] kPa (Fig. 4a, Supplementary Figs. 12 and 13, and Sup-
plementary Video 6). For each experiment, we monitor the position of
the front once the flowis fully developed and then calculate its average
velocity, U As expected, we find that for 50 < P, < 250 kPa, the velo-
city of the front increases with the pressure at the inlet (Fig. 4b). For
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instability is delayed to AV = 0.94 ml. Top, snapshots of the tube uponinflation
withglycerol (left) and the metafluid (right) for AV=0.9 ml. Bottom, pressure-
volume curvesrecorded uponinflation with glycerol and the metafluid.

c, Top left: tunable optics, ray-tracing simulation for spherical and collapsed
capsules. Bottom left: relative transmittance Tas function of pressure P,,,.
Theblackdashed linerepresentsP:P of the metafluid. Top right: aHarvard
logo displayed below the metafluid is clearer for P, > PtP. Bottomright: this
isconfirmed by the evolution of the contrast Cas function of the pressure P,,..
The contrast was measured in the region outlined by the dashed square on
snapshot (i).

this range of P,,, the capsules retain their spherical shape and isotrop-
ically shrink as the pressure increases, leading to a decreasing effective
capsule volume fractionand, in turn, to a faster flow® >, However, when
the pressureis highenough to snap the capsules, Uy, .. largely decreases.
Theunexpected drop in flow velocity canbe explained by the formation
ofadimple upon buckling, which causes the capsules to adopt aconcave
shape. This concave shape significantly modifies the interactions
between particles, resulting in the formation of clusters and aggregates
that ultimately slow down the flow®® (Supplementary Video 6). Impor-
tantly, this transitionis reversible and repeatable as the shape change
of the capsules is driven by an elastic instability (Supplementary
Video 6). The results in Fig. 4b suggest that the effective viscosity of
the metafluidsis higher when the capsules are collapsed. Nonetheless,
itisimportant to note thatin these experiments the metafluid is sheared
ataratey=1s"%. Toinvestigate how the effective viscosity of the meta-
fluid is affected by the shear rate, we characterize its rheology using a
parallel plate rheometer (see Supplementary Fig.14 and Supplementary
Information for details). The results reported in Fig. 4c indicate that
the collapse of the particles have a profound effect on its rheology.
In the presence of spherical capsules, the metafluid behaves as a
Newtonian fluid with effective viscosity n = 2.2n, (7, denoting the
viscosity of the solvent). However, when the capsules are collapsed,
the suspension transforms into a non-Newtonian shear-thinning fluid.
Inline with theresultsin Fig. 4a,b, the metafluid containing collapsed
capsules shows high effective viscosity at low shear rates. Such behav-
iourisascribedto the formation of clusters by the collapsed particles,
as previously reported for blood containing sickle-shaped red blood
cells®. Asthe shear rateincreases, we observe aninitial rapid decrease
in effective viscosity, which we attribute to the gradual disruption of
the clusters. Eventually, aty = 10 s the effective viscosity approaches
aplateauat1.3n,. This plateau can be attributed to the breakdown of
particle clusters at such high strain rates. Finally, we note thatat high
shear rates, the effective viscosity of the metafluid containing col-
lapsed particles is lower than that of the metafluid containing
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spherical ones, probably because of the decrease in particle volume
fraction caused by buckling. Altogether, these experiments highlight
that the metafluid shows rich rheology that can be tuned by control-
ling shape of the capsules through the level of the applied pressure.

Conclusion

Insummary, we have successfully demonstrated the potential of utiliz-
ing reversible buckling of elastomeric shells to create a novel class of
metafluids. These metafluids show programmable compressibility,
switchable optical properties and adjustable viscosity. The versatility
of these metafluids opens numerous opportunities for functionality,
asdemonstrated by the development of adaptable grippers and recon-
figurable logic gates (see Supplementary Fig. 9 and Supplementary
Information for details). Moreover, we anticipate that the programma-
bility of these metafluids will have significantimplications for acoustic
and thermodynamic properties, enabling the enhancement of ther-
modynamic cycles and customizable sound propagation. All these
applications would benefit from an inverse design platform capable
of identifying shell mixtures that yield desired responses. For exam-
ple, inversely designed metafluids with complex nonlinear behaviour
could be used to modify the functionality of soft actuators by simply

changing the actuating fluid instead of redesigning the actuator itself
for the new task. Furthermore, they could pave the way towards smart
hydraulic shock absorbers with dissipation tailored to the profile of
the shock. Finally, while this study primarily focused on situations
involving slow loading, dynamic pressure drops across the metafluid
could open opportunities for a spatial avalanche of snapping events
and interesting wave propagation.
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Methods

The details of the fabrication methods are summarized in Supplemen-
tary Information section 1. The experimental procedure for all the
experiments conducted for this study are described in Supplemen-
tary Information section 2. Finally, information about the modelling is
provided in Supplementary Information section 3.
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Supporting Information Text

S1. Fabrication

This section describes the fabrication of the elastomeric capsules at both the centimeter- and micrometer-scale.

S1.1.

Fabrication of centimeter-scale capsules.

The centimeter-scale capsules used in this study are made of nearly incompressible polyvinylsiloxane (PVS) elastomers. We use
Elite Double 32 from Zhermack (with green color and initial shear modulus p = 0.35 MPa). The Zhermack polyvinylsiloxane
elastomer is generated by mixing two parts of uncured liquid polymers. As the two parts are mixed, the liquid will polymerize
into a solid phase. The shell consists of two halves that are cast using a two-part mold, which is designed using NX 12 (Siemens)
and 3D printed with foamlab SLA 3D printer. Both halves are molded separately and combined afterward to form a full
spherical shell that encloses compressible air. The following step-by-step process is followed (see Fig S1):

Step 1: we 3d print the molds, which comprise a convex part (light brown colored) and concave one (ivory colored).
Step 2: we fill the concave part with uncured polyvinylsiloxane (PVS) elastomer mixture.

Step 3: we close the molds with pressure clamps to ensure accurate layer thickness and place the samples at room
temperature (25 Celsius) for 20 minutes.

Step 4: we remove each cured semi-spherical shell from the mold and carefully bond two semi-spherical shells into one
single capsule with uncured PVS elastomer.

Step 5: we place every single capsule in two concave molds at room temperature for another 20 minutes for curing.
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Fig. S1. Fabrication of centimeter-scale capsules. Snapshots of the 5 steps required to fabricate our centimeter-scale capsules.
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Fig. S2. Picture of the glass capillary device used in this study.

S1.2. Fabrication of micrometer-scale capsules.

The microcapsules considered in this study are produced from double emulsions using a co-axial flow focusing glass
microfluidic device (1). More specifically, we used the capillary device shown in Fig. S2 that was assembled on a glass slide and
comprises:

An injection capillary made out of a glass tube with inner and outer diameter 0.2 and 1.0 mm, respectively (Cat. No.
1B100-6; World Precision Instruments, Inc.).

A collection capillary made out of a glass tube with inner and outer diameter of 0.58 and 1.00 mm, respectively (Cat. No.
1B100-6; World Precision Instruments, Inc.).

A square capillary made out of glass with inner and outer edges of 1.05 mm and 1.5 mm, respectively (Cat. No. 810-9917;
AIT Glass Inc.). Note that the injection and collection capillaries are connected to this square capillary from opposite
directions.

A middle phase injection inlet which consists of a 20 gauge blunt tip dispensing needle.

An outer phase injection inlet which consists of a 20 gauge blunt tip dispensing needle.

The tips of all capillaries were polished with sand paper to ensure smoothness. Further, the collection capillary was dipped
inside 2-[Methoxy (Polyethylenoxy) propyl| trimethoxy silane) to make its inner surface hydrophilic. This capillary device was
used to generate double emulsion droplets from the following phases

Inner phase: polyvinyl alcohol (PVA) solution with 1% concentration;

Middle phase: polydimethylsiloxane (PDMS- SYLGARD® 182) with a ratio between the base and the cure agent of 5 to
1 for the middle phase;

Outer phase: polyvinyl alcohol (PVA) solution with 5% concentration.

To fabricate our microcapsules the following step-by-step process was followed (see Fig. S3)

Step 1: double emulsion droplets were generated using the glass capillary devices shown in Fig. S2. The three phases
were injected using syringe pumps (Harvard Apparatus, USA) connected to the injection capillaries through polyethylene
tubes (BB31695-PE/4, Scientific37 Commodities Inc.) and the double emulsion droplets were collected in glass vials.
Note that after collection the PVA concentration of the outer phase was decreased to 1% to balance osmotic pressure.

Step 2: to minimize eccentricity between the inner and middle phases (which lead to capsule with non-unifrom thickness),
all droplets were rotated in an oven supplied with a rotator (Hybridization Ovens, VWR) at 50 rpm and room temperature
for two days.

Step 3: all droplets were heated at 65 C for 8 hours to cure the PDMS (while rotating in the oven described in Step 2).
Afterwards, the temperature was lowered to room temperature and the droplets sediment within 1 minute to the bottom
of the vial. At this point, we removed the supernatant.

Step 4: The capsules were placed in a freezer at -80°C for 24 hours.
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61

62

¢ Step 5: The frozen capsules were placed in a freeze dryer (FreeZone® Triad® Benchtop Freeze Dryer) for at least 48
hours, under a 100 mtorr vacuum. This allowed the frozen inner core of the capsules to sublimate.

e« Step 6: the freeze-dried capsules were flushed by deionized water to eliminate the PVA polymer left on their outer

surface.

Note that to fabricate the PDMS microcapsules with outer radius of R, ~ 250 um considered in this study the flow rates of
inner, middle and outer phases were kept at 1000, 1000 and 30000 pL/h. Differently, for the microcapsules with the outer
radius of R, ~ 35um that we used for the rheology experiments, the flow rates of inner, middle and outer phases were kept at
240, 240 and 10000 pL/h.

Djellouli et al.

Step-1 Double emulsion Step-2 Rotation Step-3 PDMS curing
Eccentricity correction

™ ﬂsh at65° C
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Fig. S3. Fabrication of micrometer-scale capsules. Schematics of the 5 steps required to fabricate our micrometer-scale capsules.
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S2. Experiments

In this section we describe the procedure used for all the tests conducted with the metafluid with centimeter- and micrometer-scale
capsules.

S2.1. Metafluid with centimeter-scale capsules.

Pressure-volume curve. To characterize the pressure-volume characteristics of our metafluid with centimeter-scale capsules,
we place it in a glass container. As shown in Fig. S5, we load the system by introducing a volume AV of water at a flow
rate of 2.5 ml/min via a syringe pump (Harvard apparatus 33 DDS) and measure the pressure inside the container with a
differential pressure sensor (60 PSI Ashcroft® GV Pressure Transducer). Note that the pressure sensor signal is recorded via a
logic analyzer (Saleae Logic pro 8) which is synchronized with the syringe pump.

In addition to the results presented in the main text, we also characterize the effect of both cyclic loading and the loading
rate on the pressure-volume characteristics of the metafluid. In order to assess the effect of cyclic loading, we place a capsule
with R, = 10 mm and ¢ = 2 mm in a container with volume V;o: = 60 ml and perform 110 loading/unloading cycles. As shown
in Fig. S4, we find that pressure volume curves are mostly invariant, except for a small reduction in the critical snapping
pressures which decrease by 5 kPa over more than 100 cycles. As such, these results indicate that cyclic loading has a minimal
effect on the behavior of metafluids comprising centimeter scale capsules. Nevertheless, it is important to acknowledge that the
long-term behavior of the capsules may be influenced by the diffusion of air through their walls, posing a potential source of
alteration.

A
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Fig. S4. Cycling loading of a centimeter scale capsule (A) Pressure-volume curve recorded over 100 loading/unloading cycles. (B) Evolution of the critical pressures over
the cycles.

To characterize the effect of the loading rate, we place three capsules with R, = 10 mm and ¢ = 2 mm in a glass syringe (50
mL Gastight Syringe Model 1050 TLL, PTFE Luer Lock) filled with water. We connect a pressure sensor (60 PSI Ashcroft®
GV Pressure Transducer) to the syringe to record the pressure during the experiment and connect the plunger of the syringe to
an Instron machine through an acrylic plate. We then use the Instron to push the syringe’s plunger and, therefore, pressurize
the fluid at displacement rates ranging from 0.01 mm/s to 10mm/s. The results shown in Fig. S6 show that, within the
considered range, the effect of the loading rate on the response of the metafluid is negligible.

Note that the testing setup presents a not negligible compliance. To characterize it, we filled the container with Vi, = 250
mL of pure water (no shells) and measured the pressure while slowly introducing an additional volume of water AV. In Fig. S7
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Fig. S5. Pressure-volume curve of the metafluid with centimeter-scale capsules. Schematic of the test setup used to characterize the pressure-volume characteristics of
our metafluid with centimeter-scale capsules.
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Fig. S6. Effect of loading rate. Pressure-volume curve recorded for different loading rates ranging from 0.01 mm/s to 10mm/s.

we show the pressure-volume curve collected from these test, which we then used in simulations to mimic the experimental
conditions (see details in Section S3.1).

Gripper.  As shown in Fig. S8A, the gripper used to obtain the results reported in Figure 3A of the main text consists of

e a syringe that contains a volume of fluid AV large enough to hold a glass bottle;
e a glass container with Viox = 100 mL that we fill with either air, water or the metafluid;
e a syringe connected to the glass container that acts as the moving arm of the gripper;

e aload cell (Futek Miniature S-Beam Jr. Load Cell LSB200.FSH03875) connected to the static jaw that allows us to
measure the force experienced by the objects that are grasped. Note that the load cell is connected to an amplifier (Futek
Strain Gauge Analog Amplifier with Voltage Output IAA100.FSH03863), whose analog voltage signal is recorded via a
logic analyzer (Saleae Logic pro 8).

To demonstrate the concept, we focused on three objects and first measured for each of them the supplied volume required to
reach them, AV,cqcn, and the pressures needed to hold them, Phoiq, and crush them, P.rysn (note that these pressures are
obtained by diving the forces measured by the load cell by the cross sectional area of the syringe’s plunger). We found that

o for a a glass bottle of 60 mm in diameter and 160 g in weight, AV,cqcn & 1.1 mL, Phoiq &= 110 kPa and Pey,spn = 700 kPa;

o for an an egg of =25 mm in diameter and =16 g in weight AV,eacn = 3.9 mL, Proia = 12 kPa and P.rysp = 105 kPa;
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e for a blueberry of ~#10 mm in diameter and ~0.5 g in weight AV,.cqch & 5.1 mL, Phoia = and 1 kPa and Perysn =~ 55 kPa.

Having determined AVieqch, Phrota and Perysh, the volume AV to be supplied to the system to successfully grasp an object
can be easily identified by shifting horizontally by AV,cqcn the pressure-volume curve for the considered fluid and then
identifying the volumes for which Proig < Pext < Perush (see Fig. S8B). We find that (¢) for air 195 mL < AV < 308 mL,
91 mL < AV <190 mL and 68 mL < AV < 155 mL to successfully grasp the bottle, the egg and the blueberry, respectively;
(#t) for water 0.5 mL < AV <0.99 mL, 3.8 mL < AV < 4.2 mL and 4.8 mL < AV < 5.0 mL to successfully grasp the bottle,
the egg and the blueberry, respectively; (ii7) for the metafluid 6.6 mL < AV < 11.1 mL, 4.7 mL < AV < 10.7 mL and
5.1 mL < AV < 8.4 mL to successfully grasp the bottle, the egg and the blueberry, respectively (these regions are highlighted
in red, yellow and blue in Fig. S8B). These results clearly show that a different AV is required to successfully grasp all three
objects when using water and air. Differently, if we use the metafluid and choose 6.6 mL < AV < 8.4 mL we can successfully
grasp all three objects with the same AV. As shown in Fig. S8C, when we use air and supply AV = 218 mL, we can
successfully grasp the bottle, but we crush the egg and the blueberry. Similarly, if we use water and supply AV = 0.5 mL, we
can successfully grasp the bottle, but we don’t reach the egg and the blueberry. Differently, if we use the metafluid and supply
AV = 6.7 mL, we can successfully grasp all three objects.

Logic gates. Reconfigurable logic elements can be realized by taking advantage of the sudden change in AV triggered at P.”
under pressure controlled conditions. Towards this end, we first exploit the highly nonlinear response of our metafluid to
design a tunable flow switch. Such switch is realized by connecting a syringe to a container with V;,; = 100 ml filled with our
metafluid and attaching a blade to its plunger flange (Fig. S9C-(i)). We then connect an elastomeric tube to the syringe’s
barrel flange and use a pressure controller (Fluigent Flow EZ™ 7bar) to apply P;, to the the external side of the syringe’s
plunger. As P;, is increased, the plunger and blade move by AX until the blade flattens the soft tube and completely stops
the flow through it (for AX = 28 mm). It is important to note that the characteristics of this switch are determined by the
properties of the metafluid in the container. To demonstrate this point, we consider three metafluids with: (M1) Ko = 0.9 MPa
and P3P = 45kPa (realized by filling the with water and 12 shells with G = 60kPa, t = 2mm and R, = 10 mm); (M2) Ko =
18 MPa and Pj? = 120kPa (realized by filling the container with water and one shell with G = 350kPa, t = 2mm and R, =
10mm); and (M3) Ko = 140 MPa and P3P = 590kPa (realized by filling the container with water and one shell with G =
350kPa, t = 4.5mm and R, = 10mm). As shown in Fig. S9C-(ii), the initial bulk modulus of metafluid M1 is low enough
to make the switch close before P;,, = Py = 45 kPa (pink line), whereas that of metafluid M3 is large enough to keep it
open both at Py and P;, = P = 120 kPa (blue line). Differently, for metafluid M2 the snapping of the capsule triggers a
large AX that suddenly stops the flow through the soft tube at P = 120 kPa (green line). Next, we combine switches based
on these three metafluids to design reconfigurable logic gates. In particular, we consider two soft tubes both connected at
their end to a balloon (which allows us to read the state of the gate) and to a pressure supply and distribute three switches
along them (Figs. S9C-(iii) and S9C-(iv)). Note that two switches are actuated by the same input pressure Pjs and the third
one by PZ. If we define input logical states 0 and 1 as P, = Py and P;, = P, respectively, we can realize a NOR gate by
connecting the two switches arranged in series on one of the soft tubes to metafluid M2 and the other one to metafluid M1
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(Fig. S9C-(iii)). Remarkably, the very same system becomes a logical NAND gate when we simply replace M1 with M2 and
M2 connected to P/s with M3 (see snapshots in Fig. S9C-(iv)). It should be noted that, since both NAND and NOR gates are
functionally complete, they can be combined to construct many other logic circuits whose function can be reprogrammed by
simply changing the metafluid connected to the switches. These findings highlight a key benefit of employing metafluids in
logic gates: the ease with which the fluid can be replaced, allowing for the reprogramming of circuit functionality.

S$2.2. Metafluid with micrometer-scale capsules.

Pressure-volume curve of a single microcapsule. To measure the pressure-volume curve of a single micrometer-scale capsule (as
shown in Figure 1E of the main text), we place the capsule in a micro-liter glass syringe (Hamilton®25 pL Model 802) filled
with immersion oil (Cargille immersion oil type A). Note that, to reduce the distortion caused by the glass syringe and obtain a
clear image of the capsule with minimal optical errors, we submerge the syringe in a larger transparent container filled with the
same immersion oil. In our experiments, the volume inside the syringe is controlled by mechanically connecting the syringe’s
plunger to a high precision linear stage (PI®PLS-85, controlled via a motion controller - PI®SMC Hydra Motion Controller).
The deformation of the capsule is then visualized by using a high speed camera (Phantom/Ametek TMX 5010) connected to a
200 mm focal length tube lens (Thorlabs AC254-200-A-ML - f=200 mm) and a long working distance objective (10X Mitutoyo
Plan Apo Infinity Corrected Long WD Objective). To measure the pressure P.s:, we inject an air bubble with a diameter of
~370 pm in into the syringe and monitor the evolution of its volume when the syringe’s plunger moves. More specifically, we
extract the shape of the bubble from the recorded videos and fit it to a sphere. We then calculate the pressure as

PoViusbie(0)
Pez t) =
«(®) Viubbie (t)

where Py is the initial (atmospheric) pressure and Viypbie(t) is the volume of the air bubble at time ¢. Finally, we note that, to
correct for the presence of the bubble, we subtract Viyuppie from the volume change imposed by the syringe’s plunger.

Pressure-volume curve of a microsuspension. The results presented in Figure 1F of the main text are for a micro suspension
obtained by mixing microcapsules with external radius R, = 250 um and thickness t = 65 um together with glycerol (99%
pure, Sigma Alrich). In our experiment, a 10 mL syringe is filled with a solution with initial capsule volume fraction ¢ = 0.3.
The syringe’s plunger is slowly displaced to reduce the enclosed volume by AV, while keeping the tip closed with a 3-way valve
(Luer-lok) and monitoring pressure with a pressure sensor (60 PSI Ashcroft® GV Pressure Transducer).

Optical properties of the microsuspension. Two set of experiments were conducted to investigate the optical properties of the
microsuspension: one to characterize its transmittance as function of the applied pressure and the other to qualitatively
investigate the light scattering as function of the applied pressure. For both experiments, we used the microcapsules considered
in Figure 1F of the main text suspended in a silicone oil (Polydimethylsiloxane, Trimethylsiloxy terminated, CAS No:
9016-00-6/63148-62-9, GELEST Inc.) with ¢ ~ 0.4.

To characterize the transmittance, we loaded 1 mL of the microsuspension in a 3mL plastic syringe (Becton-Dickinson).
For the experiments, which were conducted in a dark room, we positioned a fiber-coupled Helium-Neon laser with red light
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Fig. S9. Reconfigurable logic gates: (i) Schematics of the tunable flow switch. Color indicates state: orange closed, purple open. (ii) Characterization of the switch with
different metafluids: M1 (pink) with Ko = 0.9 MPa and PP = 45 kPa; M2 (green) with Ko = 18 MPa and P3P = 120 kPa; M3 (blue) with K¢ = 140 MPa and P\ =
590 kPa. (iii) Schematics of a NOR gate and snapshots. If the balloon is inflated the output of the gate is 1, otherwise it is 0. (iv) Schematics of a NAND gate and snapshots.
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Fig. S$10. Testing of a single micrometer-scale capsule. Schematic of the setup used to characterize the pressure-volume characteristics of a single microcapsule.
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(wavelength 633 nm, Newport N-LHR-121) in front of the syringe and a laser power meter (Thorlabs S170C) on its back (see
Fig. S11).

Laser source Pressure  Photo-detector
Metafluid

Fig. S11. Optical transmittance of the metafluid. Schematic of the test setup used to characterize the optical properties of metafluid as function of pressure.

We used a collimator (Thorlabs TC12FC-633) to align the laser and measure the transmittance power with the power meter.
Note that we used a pressure pump (Flow EZ™ 7 bar, FLuigent Inc.) to apply a constant pressure to the microsuspension
and performed 15 tests at different levels of Pey: (we used Peg: = 0, 500, 1000, 1500,..., 7000 mbar). For each Pe¢, we recorded
ten instantaneous power readings. Further, we also measured the transmitted power when the syringe was filled with pure
silicone oil and when the laser was off, both at atmospheric pressure. The transmitted power T of the metafluid relative to that
of pure silicone oil was then computed as
P (Pext) — Poyy

TPee) = =P F s

[S1]
where P, (Pezt) is the measured power for the microsuspension at Pegt, Posys is the recorded power with the laser off, and P,y
is the transmitted power with pure silicone oil in the syringe. To quantify the uncertainty on the measurements, we calculated
the standard deviation of the relative transmittance, or, as

2
2 (O0T\? » or 2 T \* »
or = (ﬁ) Ty ¥ OFosy TPoss + <8Pm‘z) TPoit? 52]
where op,,;, op,;, and op,

., denote the standard deviation of the power measured for the metafluid, when the laser was off
and for PDMS oil, respectively. Substitution of Eq. (S1) into Eq. (S2) yields

2 1 : 2 Py — Pou ? 2 Posr — Py ? 2
o= (Poil - Poff) TPns ((Poff - Poil)2> TPors ((Poff - Poil)2> TPoir:

To characterize the scattering, we fabricated a 70x70x26.6 mm transparent pressure cell using a combination of laser
cutting and milling. More specifically, we used two 0.5" acrylic plates (in which a groove for a 1.54" ID O-ring was added)
separated by 1.2 mm acrylic plate that acts like a spacer and allows for the creation of a chamber. Small holes were made
in the upper plate to host two 14 gauge blunt tip needles that were used to introduce the fluid and degas the pressure cell.
We assembled the pressure cell with 8 screws and filled it with our microsuspension. We then used a pressure pump (Flow
EZTM 7 bar, FLuigent Inc.) to control the pressure inside the cell and perform a pressure sweep from 0 to 7000 mbar. In our
experiment, we placed a Harvard logo under the pressure cell and used a camera (Canon 90D) positioned above it to record to
the logo as the pressure in the pressure cell was increased.

L =600 mm

Transparent
Flexible A_"“ acrylic plate

e I

Pressure controller Inner thickness =750 um Pressure controller

Inlet § Outlet
Section A-A’

Fig. S12. Flow of the microsuspension. Schematic of the test setup used to characterize the flow of the metafluid.

Flow of the microsuspension. To characterize the flow of our metafluid, we built an experimental setup that consists of a flexible
tube of inner and outer diameter of 3/32" and 5/32" and a length of 1.2 m that is squeezed between two acrylic plates spaced
by 1/16". to account for the tube thickness plus 750 pm. This gives the tube an elliptical gross section with major axis acn, =3
mm and minor axis bep, =750 pm. As shown in Fig. S12, the tube is connected on both ends to reservoirs, themselves connected
to a pressure controller (Fluigent Flow EZ 7 bar pressure controller). For this set of experiments we used capsules with outer
radius Ry = 250 pum and thickness t = 75 pum that snap at P,? =~ 300 + 20kPa. In particular, we tested two fluidic media:
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« a solution of pure silicone oil with a kinematic viscosity v = 100¢St (Polydimethylsiloxane, Trimethylsiloxy terminated,
CAS No: 9016-00-6/63148-62-9, GELEST Inc.) which is the base solution (¢ = 0%).

e a suspension obtained by mixing pure silicone with microcapsules with external radius outer radius Ry = 250 um and
thickness ¢ = 75 pum and buckling pressure P3P ~ 300 £ 20kPa. Note that we considered two values of capsule volume
fraction: ¢ = 0.1 and 0.3.

In our experiments, we fixed the difference of pressure between the inlet and outlet to be AP = P;,, — Pyt = 50 kPa and
considered P;, € [50,450] kPa. We monitored the flow front using a camera (Phantom TMX 5010 high speed camera) and then
calculated its average velocity once the flow was fully developed, Ufyont. In Fig. S13, we show the extracted average velocity
front (normalized by the average velocity front at P;, = 50 kPa) as a function of P;, for metafluids with ¢ =0 (pure fluid), 0.1
and 0.3. Note that the shear rate experienced by the metafluid in all these tests can be estimated as

Q_Jfront

. S3

77 05D, 58]

where VUfront is the measured front speed reported in Fig. S13. Further, D} denotes the hydraulic diameter, which is given by
4A

where A = Tacnber = 1.77 mm? is the cross sectional area of the channel and I is its perimeter, which for an ellipse can be
approximated as

II~n 3(ach + bch) — \/(3ach + bch)(ach + 3bch) = 6.43mm [55}

By using ﬁ;fﬁ;;iml = 1.65 mm/s and @;jlolz‘tosed = 1.05 mm/s, we obtain 4 =~ 1.5 s™'. and 4 ~ 0.95 s™! for the metafluid with
spherical and collapsed capsules, respectively.

To record the microscopic images reported in Fig. 4 of the main text, we relied on the same optical system presented in Fig.
S10.

® 4-=0% '
2051 ® ¢=10% |
o =30%

lé‘l.o $ ¢ ¢ : o

0.5 |

|
00 100 200 300 400

Pressure P, (kPa)

Fig. S13. Measurements for pressure driven flow at constant A P = 50 kPa Average velocity front (normalized by the average velocity front at P;,, = 50 kPa) as a
function of P;,, for metafluids with ¢ =0 (pure fluid), 0.1 and 0.3.

Rheology of the microsuspension. To better understand the impact of capsule shape on the flow of metafluid, we characterize
its rheology using a parallel plate rheometer (TA instruments Discovery HR 30) with two disks of 50 mm diameter separated
by a gap of 500 pm. In all our tests, at room temperature (20°°C) we applied a ramp of increasing shear rate 4 and swept it
logarithmically from 1s~! to 100s™! with five points per decade and an averaging time of 30s. We first performed the test
with increasing shear rate and then repeated it in decreasing order to check the reproducibility of the measurements. Note that
the reported results are the average of the two tests, the variability measured is typically of the order of 3% of the average
value at a given shear rate. Since using this setup we were unable to control external pressure applied to the metafluid, we
prepared two suspensions:

e (i) a suspension with 30% volume fraction of spherical microcapsules (with R, = 40 um and t = 8um) in silicone oil.
Note that the miscrocapsules are fabricated following all steps shown in Fig. S3;
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¢ (i1) a suspension with collapsed particles in silicone oil. To obtain the collapsed particles, we prepared the same volume
of spherical capsules (with R, = 40 pm and ¢t = 8um) as in (i) but this time we followed the process described in Fig. S3
up to Step 3. After that, we dried the inner core by evaporation (instead of sublimation), causing them to collapse
permanently. The collapsed shells where then re-suspended in silicone oil to match the volume fraction of the first solution

after collapse (upon pressurization).

In addition to these two suspensions, we also tested pure silicone oil (the solvent used for the two tested suspensions). The
results are shown in Fig. S14A and indicate that the silicone oil behaves as a Newtonian fluid with viscosity 7o ~ 0.1 Pa.s.

Finally, we performed oscillation sweeps with frequency w € [0.1,10] Hz at low strain amplitudes (3% to remain in the
linear-viscoelastic region) to probe the viscoelastic behavior of the metafluid with spherical and collapsed particles. As shown
in Fig. S14B, we find that the suspension with spherical microcapsules is dominated by viscous effects which are linear with w.
Differently, the suspension with collapsed microcapsules behaves like a viscoelastic solid at low frequencies (w < 1Hz) where
G’ dominates. For w > 1Hz, the dominance of G” indicates that viscous effects prevail in the metafluid.

A
= -1
gollpaes s
&
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10 Gl l G|
g G" -+ G
gl
© 10
S
=
s,
Qo
= -1
10 {° | | | | |
10" 10° 10" 10" 10’ 10’

Frequency, o (1/s)

Frequency, o (1/s)

Fig. S14. Rheological measurements of the micro-suspensions. (A) Shear rate measurement of the outer phases used for the solutions comprising spherical and collapsed
micro-capsules. (B) Oscillation sweep in frequency for micro-suspensions comprising spherical and collapsed micro-capsules.
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S3. Modeling

In this Section, we first describe the simulations conducted to characterize the response of individual capsules and then explain
how we model the interactions between them.

S3.1. FE simulations of individual capsules. To model the behavior of single capsules under hydrostatic pressure loading, we
first conduct a finite element (FE) simulation in Abaqus (Abaqus/CAE 2020, Dassault Systémes) and then account for the
contribution of the compressible gas inside the capsule.

Geometric model. The geometry of our spherical capsules is fully defined by two parameters: the outer radius R, and the
thickness ¢t. Following the framework of thin shell theory, we can then express these in terms of the midline radius R and the
dimensionless thickness n (Fig. SI5A) as

RO:R<1+g), t =nR. (S6]

Note that 7 is the ratio between the thickness of the shell and R and always lies in the interval ]0, 2], since for 7 = 0 the shell
has no thickness and for n > 2 the shell has no inner surface.

For the capsules analyzed in this study, R ranges from 10~2 m for the centimeter scale capsules to 107> m for the micrometer
scale capsules in which the smallest feature size is below 107%m. Since in Abaqus the smallest length scale supported by the
geometry engine is 1076 (2), the dimensions of the capsule can not be expressed in SI units in the software. Therefore, we scale
the simulation geometry uniformly to R = 1 and represent all other geometric parameters as dimensionless fractions of R. The
dimensionless simulation results are then transformed back to SI units in a post-processing step.

A I nk B +5R
'R p 'R
i i
! :
! i
i i
perfect sphere polar dimple

Fig. S15. Shell simulation geometry. Cross-sections of a spherical capsule before (A) and after (B) applying a polar dimple imperfections.

When using a perfect sphere, the FE simulations can only produce spherically symmetric deformations. In physical spherical
capsules, however, the deformation in response to a uniform pressure loading is only spherically symmetric up to the critical
pressure. At that pressure small imperfections in the geometry destabilize the uniform deformation and a dimple forms
that breaks the spherical symmetry. To reproduce this behavior reliably in our simulations, the stress-free base geometry is
perturbed by a small dimple, as shown in Fig. S15B. More specifically, this dimple is generated by radially displacing every
point throughout the shell with the field (3)

5d1;ple _ 75ef(¢/ﬁ)27:: [S7]
where the dimensionless numbers § and S describe the dimple depth and width, respectively, i is the vector pointing from the
center of the sphere to the point on the shell and ¢ is the angle between r and an axis going through the center of the shell.
This localizes the formation of a dimple at ¢ = 0. The point at this angle that lies on the outer surface of the shell is called the
pole, while the point on the outer surface at ¢ = 7 is called the antipole. Note that for all numerical results presented in the
main text we use 8 = 30° and & = 0.0057. When running the same simulations with a larger imperfection of 6 = 0.027, the
critical pressure P4P decreases by at most 10 % for all shells with < 1. As such, we can conclude that § = 0.0057 is large
enough to prevent numerical artefacts due to the perfect spherical symmetry but small enough to minimize the distortion of
the pressure-volume characteristic.

In our simulations we assume the deformation to be axisymmetric and discretize the models using using four-node bilinear
axisymmetric solid elements (element type CAX4H in Abaqus) for shells with 7 > 0.05 and two-node axisymmetric shell
elements (element type SAX1 in Abaqus) for shells with n < 0.05. The axisymmetric simplification is consistent with the
observed deformation of the manufactured capsules in this study. However, it is important to point out that it is only valid for
shells that are sufficiently thick. For thin shells, the instability on loading that leads to the formation of a circular dimple at the
pole can be followed by a secondary instability in which the edge of the dimple becomes polygonal. This symmetry-breaking
secondary instability occurs at a critical volume of approximately (4)

up 2

L Y S8

Vo o 12(1 — v2)’ [58]

where Vo = (4rR?)/3. Since silicone rubbers can be considered as incompressible, v & 0.5, if follows that AVEE, [Vo > 1 for
7 > 0.05. This means that for all shells that are of practical relevance in this research the secondary buckling transition does
not occur before the shell is fully compressed so that the volume of the internal cavity vanishes (i.e. AV =V}). Therefore, the
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assumption of axisymmetric deformation does not introduce an additional modelling error. This is confirmed by the results
reported in Fig. S16A, where we compare the pressure-volume response from an axisymmetric and a fully three dimensional
simulation for a shell with n = 0.22. We find that the two responses are indistinguishable for AV/Vy < 0.8. Discrepancies
occur if the shell is compressed further and the inner surface makes self-contact (cross-section in the inset of Fig. S16A), but
for most practical applications this level of compression is not reached, so axisymmetric simulations are sufficiently accurate
and used for this study.

We note that the the computational time could be reduced by using shell elements also for models with 1 > 0.05. As shown
in Fig. S16B, simulations with shell and solid elements yield identical results for thin shells with n < 0.3. However, for shells
with > 0.3 the results obtained using shells elements diverge from those obtained using solid elements in the collapsed regime.
One reason for this divergence is that the model for the SAX1 elements assumes that the strain in the thickness direction varies
weakly over the surface of the shell (5) - an assumption that is violated for thick shells. For example, for the deformation of the
shell with n = 0.3 depicted in the inset in Fig. S16B, the large localized curvature at the inner surface results in thickness
variations in the range of 20 % over the entire shell. Moreover, shell elements do not accurately model the spherical regime for
n > 0.5 since the SAX1 shell element formulation also assumes that the strain in the thickness direction is uniform throughout
the thickness of the shell (5) - an assumption that is again violated for thick shells. All these results motivasted our decision to
use four-node bilinear axisymmetric solid elements (element type CAX4H in Abaqus) for shells with n > 0.05 and two-node
axisymmetric shell elements (element type SAX1 in Abaqus) for shells with < 0.05.

As for the size of the mesh, we conduct the following mesh size studies to determine the number of elements along the radial
direction of the shell, N,, and the number of elements along the tangential direction, N;:

Solid elements: We consider a shell with 7 = 0.22 and investigate the effect of N, on its pressure-volume response. Note
that we mesh the model with square elements, so that Ny = Rw/(Rn/N,) = Nym/n. As shown in Fig. SI7A, we find that the
critical pressure is captured accurately for N, = 5, as the critical pressure changes by only 1.5 x 107* % when N, is further
increased. Further, we investigate the effect of changing N; independently from N, over a large range. This is only possible for
a mesh of shell elements, so the second study concerns a spherical shell with n = 0.22 meshed with N; SAX1 shell elements
(Fig. S17B). We find that the critical pressure varies by less than 0.1 % for Ny > 40. Since the largest curvature occurs at
the inner surface of the shell with radius R; = (1 — n/2)R, in all simulations with solid elements the mesh size is at most
7R(1 —n/2)/40, unless the requirement on N, that limits the maximum element size to nR/5 is more strict.

Shell elements: We consider a spherical shell with 7 = 0.016 meshed with SAX1 shell elements and systematically vary Ny
(Fig. S17C). We find that for small values of N, the collapsed branch of the pressure-volume characteristic develops ripples with
amplitude that decreases with N; and frequency directly proportional to N:. These ripples are caused by the high curvature of
the rim. As the dimple expands, elements traverse this region of high curvature and the angle between these elements and
neighboring elements changes. If N; is too small, this change in angle is drastic so the total bending energy increases whenever
an element traverses the rim. Therefore, the equilibrium pressure increases significantly with a frequency proportional to N;.
As N: increases beyond N; = 50, the relative amplitude of the ripples decreases below 0.6 % and a more physically accurate
characteristic is obtained. Therefore, in all simulations carried out with shell elements, the element size is set to at least
7R(1 —n/2)/100.

A B
| n = 0.03 | | n =01
0.25
0.0041 — shell — solid | 0047
0.201 0.002 A q p |l 0027 Q 9
Q015 ) by A— - 0 . =
< ‘ < 0 005 010 015 020 0 0.2 0.4
F R | |
. | 2 7 =03 n=1
2 0.10 2
8 ‘ 8 041
ol I -
0.05 o / 21
— 3D model 0-2 S —
axisymmetric model /
0 T T T T 0+ T T T 0 T T T
0 02 04 06 08 10 0 02 04 06 08 0 025 050 075
Volume AV/V; (-) Volume AV/V; (-)

Fig. S16. Shell simulation order reduction. A, Pressure-volume characteristics of a spherical shell with n = 0.22 modeled using full three-dimensional and axisymmetric
continuum elements. The inset shows the top view and the cross-sectional side view of the shell in the fully collapsed state with the color indicating the maximum principal
strain. B, Pressure-volume characteristics for spherical shells with varying thickness n simulated with axisymmetric solid and shell elements. For the shell with n = 1, the
simulation failed to converge past the critical volume. The insets show the cross-sectional side view of the shell in the fully collapsed state with the color indicating the maximum
principal strain.

Material model. To determine hyperelastic material models capable of adequately capturing the response of the silicone rubber
used to make the capsules, we perform uniaxial tensile tests on dogbone samples made out of PVS (Green silicone rubber)
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Fig. S17. Mesh size study. A-B, Simulated pressure-volume characteristics for a shell with n = 0.22 with varying mesh sizes where N,. is the number of solid elements in
the radial direction and IV is the number of shell elements in the tangential direction. The insets show the dependence of the simulated critical pressure A P_;? on the number
of elements in either direction. C, Simulated pressure-volume characteristics for a shell with = 0.016 meshed with N, shell elements. The inset shows the region of the
pressure-volume characteristics on loading indicated by the rectangle, zooming in along the pressure axis.

and PDMS. The dobgone samples are fabricated following the ASTM D638 standard tensile testing approach and are loaded
by an Instron 5696 at a strain rate of 0.2mm/s. For the PVS material we find an almost linear relation between true stress
and true strain which is accurately captured by fitting a Neo-Hookean model to the data (Fig. SI8A). Differently, for PDMS
the Neo-Hookean model fails to capture its stress-strain response, but models with two parameters such as the first order
Mooney-Rivlin and Ogden models closely follow the data (Fig. S18B). The coefficients that produce the optimal fits for these
models are shown in table S1, where A\ = 1 + € represents the stretch. Note that all models assume that the material is
incompressible. Even though for PDMS the different models produce different estimates for the initial shear modulus of the
material G, the pressure-volume characteristics of a PDMS capsule align well when the pressure is normalized by the shear
modulus (Fig. S18C). The reason is that for small strains each of the stress-strain relations in table S1 reduces to the linear
form o = 3Ge and that the deformed shape of a shell is independent of AP/G (6). This result is consistent with the fact that
analytical calculations using different material model formulations yield similar values for the critical buckling pressure of
spherical shells (7). Since the assumption that pressure scales with the initial shear modulus suffices for practical purposes, we
use a Neo-Hookean model with G = 1 in all simulations and report all pressures as the dimensionless group AP/G.

Fig. S18. Material model. (A)-(B) Experimentally measured (markers) and numerically predicted (solid lines) true stress-strain curve for a dogbone sample of (A) PVS and (B)

Material  Model Stress-strain relation Parameters Shear modulus
PVS Neo-Hookean o =2C10 (A2 — i C10 =215kPa G =430kPa
PDMS Neo-Hookean o =2C10 (A% — % C10 =306 kPa G =612kPa
PDMS  Mooney-Rivin o =2 (Cio+ ) (A2 = 1)  Cio=685kPa, Co1 = -499kPa  G'=371kPa
PDMS  Ogden o=2 (,\a -2 1 = 453kPa, o = 4.55 G = 453kPa
Table S1. Material parameters for both PVS (green rubber) and PDMS.
A PVS material B PDMS material c 0o PDMS shell
0.3 .
Measurements 0.8 Measurements — Neo-Hookean
= — Neo-Hookean = | — Neo-Hookean ~0.20 — Mooney-Rivlin
g 0.2 .%_' 06 — Mooney-Rivlin S Ogden
S o Ogden E 0.15
A a <
[0} (&)
5 5 0.4 % 0.10
g 0.1 3 3
= 02 & 0.05
0.0 .0 0.00
0.0 0.1 0.2 0.0 0.2 0.4 0.00 0.25 0.50 0.75 1.00

True strain € (-)

True strain € (-)

Volume AV/Vj (-)

PDMS under uniaxial tension. (C) Simulated pressure-volume characteristics for a shell with n = 0.22 with the fitted material models for PDMS.

Since the goal of the simulations is to quantify the quasi-static rather than the dynamic behavior of the shells, material
properties related to damping and inertia are not based on physical measurements but only serve to stabilize the simulation.
Therefore, damping is modeled with the Rayleigh coefficients o = 0.002s~!
stabilize the snapping transitions in the simulations and small enough not to distort the quasi-static characteristic. The inertia
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and 8 = 0.002s. These values are sufficient to
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of the material is determined by its density p which is in the range of 1000 kgm™2 for silicone rubber. To preserve the relative
contributions of stiffness and inertia to the shell deformation in the simulations with R = 1 and G = 1, this density needs to be
scaled with R?/G. With a reference value of R = 10mm and G = 500 kPa, this leads to a dimensionless density of 2 x 107".
Because the reference case is a shell on the centimeter scale, this overestimates the contribution of inertia in the micrometer
scale shells. However, for a simulation of a shell with n = 0.22, R =1 and G = 1, the peak in kinetic energy during buckling is
17 x 107 J which is negligible compared to the peak in energy dissipation through the Rayleigh damping of 0.42J, so inertia
has a negligible influence.

Boundary conditions. In all our simulations we fix the vertical coordinate of the bottom node on the axis of revolution and the
horizontal displacement and all rotations of the nodes located on the axis of revolution. Further, we include a self-contact
interaction to prevent the inner surface of the shell to self-intersect after buckling. This constraint becomes relevant when
AV /V, approaches zero because at that point both poles touch (see inset in Fig. S16). The normal contact behavior is captured
by an exponential closure model. In this model, the contact pressure is zero until the gap between two surface elements
decreases below 1% of the thickness. For smaller gaps, the contact pressure increases exponentially until it reaches 2G when
the gap becomes zero. For a sphere with n = 0.22, this model is sufficient to prevent self-intersection and produces a minimal
gap of 0.75 % relative to the shell thickness. The tangential contact behavior is modeled as static friction with a coefficient of
1.15 This coefficient is an estimation but it already limits the tangential slip to 0.01 % of the shell radius so we conclude that
the precise value for the friction coefficient does not have a significant influence on the quasi-static pressure-volume curve.

Loading. To simulate the pressurization and depressurization of the shells, we use implicit dynamic analysis with two steps
- one for the loading and one for the unloading. In the simulations we control the volume rather by defining a fluid cavity
interaction on the inner surface and applying a load of the type fluid flux on this interaction.
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2 0.3 o =
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Q
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/S = < —0.0041
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0 02 04 06 08 10 0 0.5 1.0
Volume AV/Vj (-) Volume AV/V; (-)

Fig. S19. Finite element model loading. A, Simulated pressure-volume characteristics for a spherical shell with = 0.22 for dynamic volume-controlled loading, dynamic
pressure-controlled loading and static loading using the Riks method for arc length continuation. The dotted vertical line indicates the change in volume above which the inner
surface of the shell makes self contact. The inset shows an enlarged section of the characteristics around the critical point on loading. B, Difference in pressure between the
dynamic and the static simulation on loading (right pointing arrowhead) and unloading (left pointing arrowhead). This difference is only plotted for the quasi-static segments of
the simulation in which the normalized pole velocity 1/R - dy/dt < 1 s

In the loading step the cavity is deflated until less than 5% of the original volume remains and in the unloading step the
direction of the flux is inverted until the initial volume of the cavity is restored. The flux magnitude is constant throughout
each step, except for the first and last 0.01s when it changes linearly from or to zero to avoid excessive accelerations. The
dynamic snapping transitions are stabilized numerically by applying Rayleigh damping (as described in section "Material
model") and setting the type of the step to moderate dissipation. With a step time of 5s for both steps, these measures suffice
to ensure convergence. As a final measure to facilitate convergence, a variable time stepping scheme is used. To ensure that the
onset of buckling is captured with sufficient resolution in time, the maximum time increment size is limited to 0.03s.

Note that the highly nonlinear response of the shells could be also captured using arc length continuation in a static
simulation step (8) (Fig. S19A). However, simulations using this methods do not converge reliably for thicker shells. Remarkably,
when comparing the results of static and dynamic simulations, we find an error for the critical pressure that is less than 1%
(Fig. S19), which confirms that the simulation approximates quasi-static loading conditions well. The only exception to this
is the region around the critical point on loading, where the dynamic simulation overestimates both the pressure and the
volume by approximately 5 %. However, since in practical loading scenarios dynamic effects are also present, the results for
the dynamic simulation are more accurate than for the static simulation, which is confirmed by the good match between
experiments and the numerical model.

Effect of the internal gas. The contribution of the internal pressure caused by the compression of the gas inside the capsule
Pt (AV) is calculated by a post-processing algorithm operating on the simulation results as

1
Pint(AV) = Py | — 5 — 1 9]
Iy
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with Py atmospheric pressure (101.325kPa) and V; the internal volume of the capsule when it is exposed to atmospheric
pressure at the outside. Both contributions are then added to obtain the relation between the external pressure on the capsule
and the change in volume as

Peot(AV) = APspei(AV) + Pint(AV) [S10]

This approach allows to examine the influence of a large number of parameters on the deformation of spherical capsules with a
minimal number of simulations. It also shows that, in contrast to structures that are inflated from the inside and of which
the outside is exposed to atmosphere, the effective pressure P.,: to obtain a certain deformation does not scale linearly with
the shear modulus of the capsule wall G (Fig. S20). The reason is that even though APspc (AV) scales linearly with G as
demonstrated in the previous paragraph on the material model, P;,: only depends on the properties of the gas inside the
capsule which are independent of G. Therefore, we do not normalize the pressure axis when reporting Pe.:+. Instead, it is
possible to convert the pressure P..: for a capsule with a given shear modulus G and a given change in volume AV to the
pressure P, of a capsule with the same geometry and AV but a different shear modulus G* using the equation

Pe*:tt(AV) = %*Pezt(AV) — (1 — Cé;) Pznt(AV) [Sll}

where P;,(AV') can be obtained from Eq. (S9).

15
. G = 60 kPa
—- G = 350 kPa
210
K
©
205
4
o

0.0

0.0 0.1 0.2 0.3

Volume AV/V; (-)

Fig. S20. Dependency of the total pressure on the shear modulus. Pressure-volume curves for capsules with t/R = 0.22 and G = 60 and 350kPa where the
pressure-axis is normalized by G and the volume axis by the initial external volume of the capsule V, = 47rR3/3.

Data processing.  After calculating the total external pressure due to the shell stiffness and the internal gas pressure, we extract
the portions of the pressure-volume characteristic of the capsules that are statically stable in the spherical and collapsed
configuration. Since the spherical branch becomes unstable due to a bifurcation in the energy landscape at (AV: P, P4P), this
point appears as a local maximum in pressure in the dynamic volume-controlled simulation. Therefore, the first branch contains
the data from all time increments in the loading step of the simulation up to the point where P..: starts decreasing. The
collapsed branch, on the contrary, loses stability because of a limit point in volume at AV,2°%™ as shown on the pressure-volume
characteristic obtained from the static Riks simulation in Fig. S19A. Since this point does not coincide with a local extremum
in pressure, we identify it based on the velocity of the pole in the axial direction dAy/dt. This velocity increases significantly
at the unstability because elastic energy is released and converted into kinetic energy. Therefore, the end of the collapsed
branch is as the increment at which dAy/dt becomes larger than ten times the typical velocity in the quasi-static region of the
simulation. This typical velocity is calculated as the average of dAy/dt over the time interval starting at the increment where
the two poles break contact and ending at the increment where the cavity volume exceeds AV,;P because in this region the
pole is always in motion and the simulation is always stable.

After this procedure, the pressure and volume of the critical points on loading and unloading under volume control and
loading under pressure control are known. Next, the critical point on unloading under pressure control is found as the local
minimum P2°%" on the collapsed branch. Due to numerical artefacts caused by the self-contact interaction, multiple local
minima in pressure exist that do not correspond with a physical instability threshold. This numerical noise has a high frequency
and mostly occur when the shell is nearly in the fully collapsed state. Therefore, we identify PZ°*" as the point on the
quasi-static collapsed branch with the lowest AV that has the lowest pressure of the eight points on the branch that lie closest
to it in volume and that has a lower pressure than at least half of the data points on the collapsed branch. This algorithm
also finds P°¥™ in case it occurs at the same time increment as AV,2°“"™ which is the case when the shear modulus G is low
compared to the initial gas pressure Pjn¢,0.

Model validation. To validate the results of the FE simulations, in Fig. 1B of the main text we compare the numerically
predicted and experimentally measured pressure-volume curve of an individual capsule. As described in Section S2.1, in our
experiment a capsule is inserted into a container containing a fluid and then a known volume of fluid AV is injected into the
container while the pressure P..: is monitored. Since our testing setup presents a not negligible compliance

AV(Pezt) = AVcap(Pezt) + A‘/corr(Pemt) [812}
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where AV, is the change in external volume of the capsule and AV, is the change in volume of all other parts of the
system at P.:, assuming that the pressure is uniform. AV, is experimentally characterized (see Fig. S7), whereas our FE
simulations provide AVegp(Pest). We then use Eq. (S12) to obtain the numerically predicted pressure-volume curve to compare
to experiments. As shown by Fig. 1B, after this correction the numerical results align closely with the measurements.

As an additional validation of the numerical model, we compare the results of the numerical model to numerically measured
values for PP and P2°“". To this end, we manufacture centimeter-scale capsules following the procedure of section S1.1 with
R, = 10mm and with different values for their thickness ¢ following the values of table S2. For each value of ¢, we manufacture
N capsules from the same material. We then measure the critical pressures PP and P2°“" for all N shells with the same
geometry and take their average to produce the values in table S2 and Fig. 2B featured in the main text. Next, we use our
model to estimate the values for P and P°*"™ numerically for the same values of ¢ and R,. In all these simulations, we
keep the material shear modulus G = 350kPa and the imperfection magnitude § = 0.025 constant to avoid overfitting the
simulation data to the experimental results. Therefore, the good match between the numerical and experimental data for PP
and P2°"™ reported in table S2 and Fig. 2B demonstrates the predictive power of our numerical model.

Parameters Average experimental results Numerical results
R, (mm) t(mm) | N PYP (kPa) Pdown (kPa) | PuP (kPa) Pdown (kPa)

10 1.0 4 28.1 15.7 21.8 12.4
10 2.0 4 123.0 57.6 97.5 56.7
10 2.3 8 159.9 76.9 137.1 78.4
10 25 8 174.8 83.2 166.8 96.4
10 3.0 8 289.9 150.5 260.1 152.5
10 4.0 6 524.8 343.2 498.9 336.7
10 4.5 4 598.0 473.2 649.1 4741
10 5.0 6 800.9 632.1 796.8 615.7

Table S2. Comparison between numerical and experimental values for the critical pressures

Effect of bulk modulus. It is well known that elastomers are nearly incompressible. Consequently, they are characterized by v
approaching 0.5 and high values of K/G (where v, K and G represent the initial Poisson’s ratio, bulk modulus colorred and
bulk modulus, respectively). The classical buckling pressure of elastic thin spherical shells is given by (3)

2K 2

AP = 73(1 = 1/2)77 . [S13]
By introducing
E:%andu:;’(ff(i_fg) [S14]
Eq. (S13) can be rewritten in terms of K/G as
APYP = >

[S15]

As such, we anticipate that as K becomes larger, the value of AP4? will increase asymptotically. To verify this point, we
perform a number of FE simulations on a shell with n = 0.22 where we systematically vary the normalized bulk modulus K/G
from 10" to 10° (note that K/G = 5 x 10* for PDMS mixed in a base polymer to curing agent ratio of 10:1 (9) and K/G =
3 x 10® when the ratio is 5:1 as in our micrometer scale capsules (10)). The results of Fig. S21 show that for K/G > 1 x 10°
the change in APYP is less than 0.1 % as the K is varied from 10° to 10° Further, in Fig. S21B we compare the evolution
of AP.? as a function of K as predicted by Eq. (S15) with the data extracted from our FE simulations. Again, we find
that the dependence of AP.? on K is weak. Finally, in Fig. S21C we show the evolution of the critical volumes on volume
controlled loading and unloading as a function of K and again find a weak dependence. Since approximating the material
as incompressible introduces a negligible error (0.7 %o assuming K/G = 1 x 10® and using Eq. (S15)), we use a perfectly
incompressible material model in the simulations.

Scaling laws. We start by noting that analytical formulas are well established to describe the initial behavior of spherical
shells subject to uniform external pressure (3, 11, 12). These formulas are derived using thin shell theory and therefore their
accuracy is limited for capsules with 1 ~ 0.3 such as the microcapsules produced in this work. However, they can be still used
to explain the general trends observed in the data.

Critical points:

It is well known that for a thin spherical shell subjected to a pressure loading the difference between the external and
internal pressure of the shells and volume at which buckling is triggered is given by (13)

2
Apw— 2B (i) . S16]
3(1—v2) \R
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Fig. S21. Influence of the material bulk modulus. A, Simulated pressure-volume characteristics for a shell with n = 0.22 made out of a Neo-Hookean material for different
values of the normalized bulk modulus K /G. B, Relation between the normalized bulk modulus K /G and the normalized shell critical pressure AP.P /G. The dashed
line represents the analytical scaling law given by Eq. (S15). C, Relation between the normalized bulk modulus K /G and the change in volume at which the instabilities on
volume-controlled loading (AV,;?) and unloading (AVC‘i"w") occur for the curves plotted in A.

For an incompressible material with v = 0.5, E = 2G(1 4+ v) = 3G and Eq. (S16) reduces to

AP = %02 = 4Gn’, [S17]

where 7 = t/R. Further, the change in internal volume at which buckling is triggered can be expressed as (13)

AVEP = nVg™e, [S18]
where Vg™ = 47 R?/3 is the initial volume enclosed by the midsurface of the shell. Using Eq. (S6), Vi can be rewritten as
; \%
v = 819
(L-=n/2)

where Vo = 47 R} /3 is initial volume of the gas-filled cavity (R; denoting the inner radius of the shell). Taking a Taylor series,
Eq. (S19) can be approximated with second order accuracy as

Vil v (1 + 32ﬁ) . S20]

Finally, substitution of Eq. (S20) into Eq. (S18) yields
AV ~ g (1 + 37’7) Vo, [S21]

As shown in Figs. S22A and B, Egs. (S17) and (S21) closely match the numerically obtained values for AP and AV, for
small 1. For n > 0.15, the accuracy of the equation becomes limited since the shells can no longer be assumed to be thin, but
qualitatively the trends line up well.

Next, we use these formulas to predict the total external pressure at the critical point, PP

Pgrp = APcu;«p + Pint,cr, [822}
where Pjn¢,cr denoted the critical internal pressure caused by the compression of the gas inside the capsule. Using Eq. (S9),

Pint,cr can be expressed as

1

1
Ppter=Po| ——m — 1| =P | ——% 57— 1], 2
" \1o 2nL ’ <1 —n(1+3n/2) ) o

where Py is the atmospheric pressure. Substitution of Egs. (S17) and (S23) into Eq. (S22) yields

PG, 1
Ay Ry T —— S24
P PR T 1—n(l+3n/2) 2

In Fig. S22C we compare the predictions of this equation to numerically obtained data and find that it accurately predicts the
trend, especially for low values of 7.

Change in volume upon collapse: Next, we derive a scaling law for the change in volume of the capsule as it suddenly
collapses at PP when under pressure controlled conditions, A\/;;Zt. Note that AV;Zt is proportional to the width of the
plateau in the pressure-volume characteristic of a metafluid consisting out of many identical capsules under both pressure and

volume control conditions (see Section S3.2).
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Fig. S22. Scaling of critical pressures and volumes with shell thickness and modulus. A, Evolution of the differential shell pressure at the critical point on loading A PP
in function of the dimensionless shell thickness 7. Square markers indicate data points obtained with the FE model while the dotted line corresponds to Eq. (S16). B, Evolution
of the volume at the critical point upon loading, AV,;?, as function of n. The dotted line corresponds to Eq. (S20). C, Evolution of the total pressure at the critical point upon
loading, P*?, as a function of n for different values of the dimensionless shear modulus G/ Py. The square markers correspond to numerical FE results and the dotted lines to
Eq. (S24). D, Evolution of the change in volume during the instability on pressure-controlled loading, AVIZZV as function of 7 for different values of G/ Py. The square
markers correspond to FE resutls and the dotted lines correspond to results from Eq. (S27). The line colors correspond to the same values of G/ P, as indicated in the legend
of panel C.

We start by noting that
AVEE = AV AVLE, [S25]

plat cr,col
where AVP . is the volume of the collapsed capsule after the instability and AV? is given by Eq. (S21). After collapse the
capsule is highly deformed and its behavior is no longer captured accurately by analytical models. However, our FE simulations
show that in the collapsed state APspey(AVEP ) < Pint(AVEP ), so that the influence of the shell stiffness can be neglected.

cr,col cr,col
As such, AV? | can be estimated from Eq. (S9) as:
A‘;c;rz,)col —1_ Pupl [826]
0 e 4]
Substitution of Eq. (S24) into Eq. (S26) yields
AVE 1 3
plat
=1- —n(l—i—fn). [S27]
G 1
Vo ARt T 2

Eq. (527) predicts that AV,;", /Vo reaches a maximum for intermediate values of 7. This trend is confirmed by the numerical
data shown in Fig. S22D. However, Eq. (S27) starts to largely underestimate the numerical data for 7 past this maximum
largely due to the overestimation of AV/P.

Influence of shear flow. When a metafluid flows, every point in the fluid experiences a shear stress 7., proportional to the
viscosity of the fluid, 7o, and the spatial velocity gradient. If this shear load is sufficiently large, the relation between the
hydrostatic pressure applied to a capsule and the resulting volume is modified. The reason is that the shear load deforms
the sphere approximately into an oblate ellipsoid with the major axis rotated at 45° to the flow lines and that such a shape
has a lower buckling pressure than a sphere (14). The change in shape of the capsule due to a simple shear stress Tez: can
be estimated analytically for a thin spherical shell made of an incompressible material and surrounded by an incompressible
fluid (15). According to this model, the Taylor parameter D is given by

DiL_B7§Tezt
T L+B 12Gno’

[S28]
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where L and B are the major and minor radii of the ellipsoid, respectively. Since it has been shown that the critical buckling
pressure AP4P of oblate ellipsoids scales with the square of their aspect ratio B/L (16), it follows that
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Fig. S23. Influence of a shear load on the pressure-volume characteristic. A, lllustration of the simulation procedure: (i) initial spherical shape of the capsule, (ii) a shear
load 7., is applied on the outer surface, (iii) a uniform normal pressure A P is applied on top of 7.+. B, Simulated pressure-volume characteristics for a shell with n = 0.22
subjected to a constant external shear load 7.+. C, Relation between the normalized shear load 7.+ /G and the critical shell pressure APP /G for a spherical capsule with
n = 0.22. The dashed line represents the analytical scaling law provided by Eq. ( S29). D, Relation between the normalized shear load 7.+ /G and the change in volume at
which the instabilities under volume-controlled conditions are triggered upon loading (A V,“P) and unloading (AV,2°*™).

To validate the predictions of Eq. (S29), we perform a series of FE simulations in which we apply to the outer surface of the
models a distributed load consistent with a uniform shear stress in the surrounding medium 7.5: prior to loading the capsule
hydrostatically (Fig. S23A). Note that the models used for these simulations comprise three dimensional elements rather than
axisymmetric ones. In Fig. Fig. S23B we report results for a spherical capsule with n = 0.22. These results indicate that Eq.
(S29) accurately captures the drop in APLP as Terzt/G is increased (Fig. S23C). They also show that the critical volumes on
loading AV follows a similar trend, while AV,2°%™ is less sensitive to the shear load (Fig. S23D).

For n = 0.3 and G = 400kPa, which are typical values for the produced microcapsules, the total critical pressures P5? and
Pdown change by less than 2% if 7er+ remains below 620 Pa. Below this limit, these capsules can be considered to be unaffected
by the flow field such that all modeling techniques presented in this paper for individual capsules and metafluids yield accurate
results even though they assume hydrostatic loading.

S$3.2. Modeling interactions between capsules.

§3.2.1. Systems with finite number of capsules. In our experiments we impose a change in the volume of the metafluid AV and
measure the resulting pressure in the metafluid Peg+. As such, the change in volume of the i-th capsule in the pressurized state,
AV® s subjected to the constraint

N
AV =Y AV, [$30]
i=1
since we assume that the fluid is incompressible. Further, we assume that all spherical capsules in the fluid are subjected
approximately to the same pressure Pe.y,

Pewi = P (AV®) = P2 (AV®) = .= PLY (AVY) [$31]
where Pé;)t denotes the pressure to which the i-th capsule is subjected. Note that this assumption is valid if the piston is small
enough such that pressure fluctuations propagate quickly throughout the entire fluid and the hydrostatic pressure difference
over the height of the fluid is small compared to the typical pressure in the system. With an upper estimate for the density of
the fluid at 1000 kg/ m?, the hydrostatic pressure drop for a container with a height of 30 cm is approximately 3kPa. A lower
estimate for the speed of sound in the fluid is the speed of sound in air which is approximately 330 m/s. For a container with
as typical size 30 cm, this means that dynamic pressure differences throughout the fluid remain below 3 kPa as long as the
speed with which the pressure changes is below 3300 kPa/s.

Since in our system the pressure is approximately equal for all components in the system and the volumes add up to produce
the global AV, the capsules and the fluidic medium are said to be loaded in series. This means that the pressure-volume
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characteristic of a system can be obtained by evaluating the pressure-volume characteristics of the different constituents at a
given pressure and adding up all the resulting volumes. Operationally, to determine all of the equilibrium configurations of a
metafluid comprising IV capsules, we first find for each capsule all stable volumes that result in a predefined set of pressure
values. Then, for each value of pressure, we determine the equilibrium states by making all possible combinations of those
volumes. As shown in Fig. S24A, for a suspension comprising N identical capsules through this process we identify N + 1
equilibrium branches. When the suspension is loaded by controlling AV, the first branch is initially followed until the critical
buckling pressure of the capsules, P3P, is reached. At that point, a capsule snaps and the pressure drops (at constant AV')
until it reaches the next branch. This process then repeats until all IV capsules are collapsed, leading to a saw-tooth pattern
with N peaks at P3P. Note that if AV is divided by N, the branch for which all capsules are in the spherical configuration as
well as that for which all capsules are in the collapsed configuration collapse on each other for all N (Fig. S24B) The other
N — 1 branches are uniformly interpolated between these two branches (17).
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Fig. S24. Interaction between many identical spherical capsules. A, Quasi-static pressure-volume characteristics for a system of N = 1, 5 and 15 identical spherical
capsules (R =10mm, ¢t = 2mm, G = 600kPa) suspended in an incompressible medium. The color of the branches indicates the ratio of capsules in the collapsed
configuration. B, Dynamic pressure-volume characteristics of the same systems under volume controlled inflation and deflation. The volume axis is normalized by the total
initial internal volume of the capsules N Vj such that the fully spherical and fully collapsed branches are coincide for all N. As indicated on the figure for the system with
N =5, AP;:?ZP is the drop in pressure caused by the collapse of the n-th capsule. As N increases, the pressure drop for every capsule in the system decreases and the
characteristics for volume control converge to the pressure control case.

Next, we investigate the effect of N on the magnitude of the pressure drops in the saw-tooth pattern. To this end, we note
that, when the n-th capsule starts to collapse,
Peyt = PP, [S32]

and the corresponding AV is given by Eq. (S30). Since all capsules are identical, at this point their change in volume is
AV_P. , for the n — 1 capsules that are already collapsed and AV?, , for the other N — (n — 1) capsules (including the capsule

that is about to collapse) that are in the spherical state (Fig. SQ5A). It follows that the total change in volume of the capsules

when the n-th capsule starts to collapse, AV;:;; (") i given by

AVt = (N —n+ 1AV, + (n— DAV [$33]

Since the volume is controlled during the tests, the change in volume of the capsules after the collapse of the n-th capsule has

ended, AVdeTZi’(n), is identical to AV;:S; tn)

Avstart,(n) — Avend»<">. [834]

drop drop

Even though the total change in volume of the capsules remains constant, the volume of the individual capsules has changed
because of the snapping of the n-th capsule. We estimate this change in volume by approximating the pressure-volume curve of

capsules in the spherical and collapsed state with a first order Taylor series around P.,? and express AV;TTZ?(" as

end(n u m AV [ . N
AVdTO(:;( ) ~ (N - TZ) A‘/CTI,)SPh - APz;"(ZP W + n A‘/crz,)col - APd(TO)IJ dP ’

cr,sph cr,col

[935]

where AP;:Q denotes the drop in pressure caused by the collapse of the n-th capsule (Fig. S25A). Substitution of Egs. (S33)
and (S35) into Eq. (S34) yields
AVYP — AVYP

(n) cr,col cr,sph
drop ™ (N — ) dAV |uP + dAV | uP [836]
n dP |cr,sph dP lcr, col

In this equation, the numerator represents the change in volume of an individual capsule when it collapses at P3P under
pressure controlled conditions. This value only depends on the geometry of the capsules and it does not vary with the number
of capsules N. on the other hand, the denominator represents the inverse of the slope near P of the branch of the suspension
pressure-volume curve on which n capsules are in the collapsed state. This slope scales with the number of capsules N, so
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APd(:LC),p decreases as N increases (i.e. AP;fgp o< Nﬁl)‘ We also note that, since the derivatives of AV, and AV, are generally

not identical, APy, is different for every capsule (i.e. it varies with n) (17, 18). In particular, for the first and last capsule to
collapse, APgyrop is given by
AV“? - A‘/::u,Psph dPsph AV’“‘p - A‘/uf)sph chol

AP(l) ~ cr,col T d AP(N) ~ cr,col cr
drop N dAV |ppur ™" drop N dAV | p_pur’

[S37]

respectively. For all other capsules, APy, lies between these two values which means that APy, varies proportionally with
N~! for all capsules. The decreased magnitude of the pressure drops with N is due to the fact that the sudden reduction in
volume experienced by a capsule upon snapping can be compensated by a slight expansion of the surrounding N1 capsules. To
verify this scaling, we numerically evaluate the pressure-volume characteristic of systems with N identical capsules. We then
extract from each simulation the N values for APCE:LBP and plot them as points in Fig. S25B. We find that for large values of
N all numerical data points lie between the approximate bounds provided by Eq. (S37), confirming the scaling of APyop
with N~!. Finally, Eq. (S36) also shows that, for large N, APg.op tends to zero, so that the saw-tooth pattern converges to a
horizontal plateau at the pressure P.? for loading.

A

s |up up | — \

200 ddAPv (',I‘,!S[)]L % cr,(:(:)/ 9: 102 ‘\‘| ® Numerical
E < : ‘l\.\\ == Analytical
= 150 / < < |\

i : < R
TV ISR S RS A A a 10! W (1)
) 100 ! o IJ\ A}Ddrop
E | S WL
a [0} J s~
SV - ) Wiy
& w up g ) Jay
A‘/cr,sph A‘/m',col 5: 0 AF)drop
0 10
0.0 0.2 0.4 0.6 0.8 0 50 100
Volume AV/Vj Number of capsules N (-)

Fig. S25. Scaling of the pressure drop with the number of capsules. A, Pressure-volume curve for a spherical capsules with R = 10mm, ¢ = 2mm and G = 600 kPa)
upon inflation and deflation. B, Drop in pressure caused by the collapse of a capsule A Pg,.,, as a function of the number of capsules fluid with IV for a suspension of shells all
identical to that considered in ¢ A. Dots denote A Py, recorded in numerical simulations upon collapse of each capsule. The colored area is their envelope. Dashed lines
correspond to the analytical approximations for A Py, of the first and last capsule to collapse (Eq. (S37)).

S§3.3. Ray tracing simulations. We performed 3D ray tracing simulations using the geometric optics module in COMSOL v6.1.
Individual capsules. We started by focusing on two individual capsules:

e a capsule in its initial spherical state whose geometry was generated using basic geometry tool in COMSOL;

e a capsule in its collapse state. Note that collapsed shape is extracted from our FE simulations. More specifically, we
used the shape of the inner cavity of the capsule, since we assume that the PDMS shell and the PDMS oil have a close
refractive index and that any effect would be dominated by the contrast in refractive index between the PDMS oil and
the air which are nppas =~ 1.5 and ngir = 1. We neglected any change that might occur to the refractive index of the
air under variable pressure conditions.

In our simulations rays arranged on a hexapolar pattern with a power of 1 W and a radius of Rpeqam = 95um are initiated
500um away from the capsules. The analysis is stopped when the rays have travelled for 5 mm, taking into account reflections
on the surface of the capsules. As shown in Fig. 4A of the main text, we find that spherical and collapsed capsules exhibit
distinct scattering behaviors when interacting with incident rays. To check for the robustness of these results, we conducted
simulations for different orientations of the incoming rays. Snapshots extracted from these simulations are shown in Fig. S26.
Further, we systematically quantified both the transmittance and focusing efficiency for incident angles 8 € [0, 180]
(Fig. S27A). To measure the transmittance, we placed a power sensor at the focal length of the capsule, f (estimated from
measurements of the spot diagram) for angles 6 <= 90 and at a distance —f for 6 > 90 (to make sure to measure transmitted
rays). The transmittance 7" was then obtained by integrating the power density recorded on the power sensor and dividing it
by the power of the incident ray (fixed at 1 W),
_ Powertv‘ansmitted

T = [$38]

Powerincident

To obtain the focusing efficiency, we integrated the power density recorded on the portion of the power sensor where it is above
the half maximum, Powerpw unm, and divided it by the transmitted power (19, 20)

P Powerrw um [939]

Powertransmitted
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Fig. S26. Ray tracing simulations. Results for different orientation of the incident rays. Color map corresponds to time during ray propagation.

As shown in Fig. S27B, we find that the average transmittance over all angles is ~70%, with a maximum of 99% for
0 = 180°(concave side facing the incident rays). We also find that the average focusing efficiency is above 40% for a wide range
of angles, with a maximum of ~60% for 6§ = 20°.
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Fig. S27. Effect of incident angle. A Schematics of the simulations. B Transmittance and focusing efficiency as function of the incident angle 6. Dashed lines denote the
average values across all angles.

Array of capsules. We also considered a dense cluster of capsules (with outer radius R, = 250um) arranged on a 8x8x8 FCC
lattice with a volume fraction of 0.6 (resulting to a center-to-center distance of 2.06 R, between neighboring spheres). We
explored three scenarios: (1) an array of spherical capsules, (2) an array of randomly oriented collapsed capsules all with the
convex side facing the rays, and (3) an array of randomly oriented collapsed capsules. Note that we chose all collapsed capsules
to have the same projected area as the spherical ones. In the simulations rays arranged on a hexapolar pattern with a power
of 1 W and a radius Rpeam = 500pm are initiated 5 mm away from the array of capsules. To quantify this light scattering
behavior of the three considered arrays of capsules, we monitored the light reflected onto a square screen with an edge length
of 15 mm positioned at a distance of 15 mm from the arrays (Fig. S28A).

In Fig. S28B we show the power density collected on the screen for the three considered arrays of capsules. We find that the
transmitted power is much larger for the two arrays of collapsed capsules. Furthermore, we observe that the randomly oriented
array of collapsed particles proves more effective in light transmission. To quantify this effect, we calculate the transmission, T,
as defined in Eq. (S38). The results reported in Figure S28C show that the transmission for the array of ordered collapsed
capsules is 2100 % larger that that of the array of spherical microcapsules - an increase that can be attributed to the lensing
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capability of the collapsed particles. Finally, when we compare the arrays of collapsed ordered and randomly oriented capsules,
we find that the transmission is ~60 % higher for the latter. Such increase can be attributed to the decreased projected area of
the randomly oriented capsules in the plane perpendicular to the incoming rays. Indeed when we measure the coverage area
for the arrays of ordered and randomly oriented collapsed capsules, we find that the latter is reduced by 58 %. This decrease
in coverage area is clearly visible in Fig. S28D, where we show cross sections of the three considered arrays. The snapshots
clearly indicate that the light rays can penetrate more deeeply the array of randomly oriented collapsed capsules without
being deviated by the shells. As such, these results suggest that the experimentally observed tunable optical behavior of our
metafluid can be ascribed to a combination of the lensing effect (Fig. S27) and the reduced capsule coverage area within the
randomly oriented array of collapsed capsules (Fig. S28D).
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Fig. S28. Ray tracing simulations for a cluster of capsules. A Schematics of the simulation setup. B Heat map plots of the transmitted power density in the three different
scenarios considered: cluster of spheres (left), cluster of collapsed capsules with their convex side facing the incident beam (middle) and cluster of randomly oriented collapsed
capsules (right). C Transmitted power measured for the three different scenarios divided by the input power. D Numerical snapshots showing the propagation of the light rays
across the three considered arrays.

26 of 28 Djellouli et al.



617
618
619
620
621
622
623
624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

Video S1. Pressure-volume curve of a single capsule.  Centimeter-scale capsule: To characterize the pressure-volume characteristics
of a single centimeter-scale capsule, we place it in a glass container. We then load the system by introducing a volume AV of
water via a syringe pump and measure the pressure inside the container with a differential pressure sensor. Micrometer-scale
capsule: To measure the pressure-volume curve of a single micrometer-scale capsule, we place it in a micro-liter glass syringe
with immersion oil. In our experiments, the volume inside the syringe is controlled by mechanically connecting the syringe’s
plunger to a high precision linear stage. To measure the pressure Pe..:, we inject an air bubble into the syringe and monitor the
evolution of its volume when the syringe’s plunger moves. Finite Element simulations: To model the behavior of single capsules
under hydrostatic pressure loading, we conduct a finite element (FE) simulation in Abaqus (Abaqus/CAE 2020, Dassault
Systémes) and then account for the contribution of the compressible gas inside the capsule.

Video S2. Pressure-volume curve of the metafluid.  Metafiuid with centimeter-scale capsules: To characterize the pressure-volume
characteristics of a metafluid with centimeter-scale capsules, we place it in a glass container. We then load the system by
introducing a volume AV of water via a syringe pump and measure the pressure inside the container with a differential pressure
sensor. Metafluid with micro-scale capsules: To measure the pressure-volume curve of the metafluid with micrometer-scale
capsule, we place it in a syringe. The syringe’s plunger is slowly displaced to reduce the enclosed volume by AV while keeping
the tip closed and monitoring pressure with a pressure sensor.

Video S3. Smart gripper.  We exploit the snapping-induced pressure plateau to realize a gripper that can grasp a glass bottle,
an egg and a blueberry upon application of the same input. When using water or air as fluid to actuate the jaw, no A can be
identified that allows us to successfully grasp all three objects. By contrast, when using a metafluid, we can successfully grasp
all three objects by injecting AV = 6.7 ml.

Video S4. Interactions with flexible structures. We inflate a flexible tube. Upon inflation with glycerol the ballooning instability
is triggered for AV = 0.53 ml. The compliance and pressure plateau of the metafluid offset the instability to AV ~ = 0.94 ml.

Video S5. Tunable optical properties. A Harvard logo displayed below the metafluid becomes much clearer for Pyt > PuP.

Video S6. Pressure-driven flow. We investigate the flow of a microsuspension in a elliptical channel where we fix the difference
of pressure between the inlet and outlet at AP = P;,, Poyt = 50 kPa. For P;, = 50 kPa (top) the capsules are all spherical and
the flow is much faster than for P;, = 350 kPa (bottom).
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