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I. SAMPLE PREPARATION

We prepare the materials as described in the Materi-
als and Methods of the main paper. We first fabricate
NaPAA microgel particles via emulsion polymerization.
Figure 1 shows images of the microgel particles in mineral
oil (as fabricated), dried, and reswollen in water. Subse-
quently, we mix the particles with the two liquid compo-
nents of the elastomer, degas the mixture, and pour this
into a mold. After overnight curing, this yields the solid
composite. The dry sample dimensions for the dog bone
samples were 2.2 mm thick, 59.5 mm long and the central
segment had a width of 10.8 mm. The dry trouser-test
samples were 25 mm x 50 mm before notching and had
an average thickness of roughly 0.7 mm. All dimensions
were measured with calipers before testing.

An image of fully swollen Sil-DS composite with 10wt%
of dry NaPAA is shown in Figure 2. This was taken with
a confocal microscope (Nikon Ti2 microscope with a 3i
Spinning Disk Confocal system).

II. SAMPLE CHARACTERIZATION

Samples were swollen in de-ionized water for different
durations. We characterized the swelling by weighing the
samples and comparing the results to their original dry
mass to obtain the wt% of water in the samples, ϕw. This
is related to the volume increase of the sample, relative
to the dry volume (Figure 3).

We measured the elastic properties of samples by per-
forming uniaxial tensile tests on thin samples with a ten-
sile testing machine (TA.XTplus, Stable Microsystems).
Samples were stretched at 0.05mm/s by 5% of their ini-
tial length, and their Young’s modulus was calculated
by fitting the linear section of the resulting stress/strain
curve. At these slow strain rates, we saw no evidence
of hysteresis during loading and unloading, so there is
essentially no viscoelastic dissipation.

We measured sample fracture energy by performing
trousers tear tests [1]. For these experiments, dry, rectan-
gular specimens were fabricated. These were then swollen
by different amounts before tear testing. To perform the
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experiment, thin, flexible, but inextensible stripes con-
sisting of double-sided tape (Tesa 51970, with the pro-
tective layer removed) were superglued to the sides of
the sample, as shown in Figure 3 of the main paper.
These prevent stretching of the sample legs during tear-
ing [2, 3], so that the fracture energy can simply be cal-
culated 2F/b, where F is the average force during crack
propagation, and b is the sample thickness [1].

We measured the osmotic pressure versus swelling
curve for NaPAA powder by vapor equilibration experi-
ments (Figure 4). We placed a measured mass of powder
in a chamber with an open container filled with mag-
nesium chloride (MgCl) solutions with various osmotic
pressures. The chamber also contained a continuously
running fan to mix the air. The mass of the powder was
recorded at regular intervals, and when this plateaued,
we took this as the osmotic pressure of the hydrogel
equalling the osmotic pressure of the solution. For os-
motic pressures lower than 1 MPa, we directly measured
the osmotic pressure of the MgCl solution with a freezing-
point osmometer (Gonotec Osmomat 3000). Higher os-
motic pressures were extrapolated from the literature [4].

III. QUALITATIVE IMAGES OF SAMPLES AT
THE POINT OF FAILURE

The resistance to fracture of our composites is demon-
strated in Figure 5A-C, which show examples of notch
tests on composites with different matrix materials at
different water contents (all originally made with 10wt%
of dry NaPAA). In each image, the sample is at the point
of crack propagation.

IV. VIDEOS

Two of supplementary videos show the swelling of the
flower and the bilayer in Figure 4 of the main paper. In
both cases, the dry samples are submerged into water and
imaged at regular intervals. There is a slightly coloration
of the water over time, due to dye (used for coloring
purposes) leaching out of the samples. The final video
shows the printing of the spiral in Figure 4 of the main
paper.
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Figure 1. NaPAA microgel particles at different stages of prepataion. Left: microgels in mineral oil after emulsion polymerisa-
tion. Center: dried microgel powder consists of clumps of dried particles. Right: fully swollen microgels in de-ionized water.
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Figure 2. A confocal microscopy image of a fully swollen Sil-
DS composite made originally with 10wt% dry NaPAA. For
reference, the image in Figure 1 of the main paper shows a
swollen sample with 30wt% dry NaPAA.

Figure 3. The relationship between the wt% of water in the
samples, ϕw (as reported in the main text) and their % volume
increase.

V. CALCULATION OF THE INCREMENTAL
MATRIX STIFFNESS

To simplify the problem we reduce the composite to a
single particle growing inside an sphere of matrix mate-
rial. Initially, the matrix is taken as a sphere of material
with radius, R1, with a hole in the middle of radius R0,

Figure 4. The osmotic pressure vs. swelling for NaPAA pow-
der. The dashed line shows the equivalent osmotic pressure
for an ideal solution of NaCl, calculated with ideal solution
theory.
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Figure 5. (A-C) Images showing notched samples of different
composites at the point of failure due to mode I fracture. The
samples are made with 10 wt% of dry NaPAA and are swollen
to ϕw = 30, 51, 60 wt% respectively. All scalebars are 2.5cm
long.

and has volume V0 = 4π(R3
1 −R3

0)/3 (see Figure 6). The
hole represents the position of a NaPAA particle. Thus,
the initial volume fraction of dry NaPAA in the com-
posite is R3

0/R
3
1. The matrix material is modeled as a

nonlinear elastic Yeoh material with strain energy den-
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Figure 6. Inflating spherical cavity within a matrix of finite
thickness. Left: Undeformed configuration, right: deformed
configuration.

sity

WY =
µ

2
(tr(C)− 3) + C2 (tr(C)− 3)

2 − Λ(R)(J − 1).

(1)
Here, C = FTF is the right Cauchy-Green deformation
tensor, µ is the shear modulus, J = det(F), and Λ(R)
enforces the incompressibility constraint. Material pa-
rameters are µ = 0.37MPa and C2 = 0.0186MPa.
As the particle expands, due to the spheri-

cal symmetry of the problem, we have F =

((λR, 0, 0), (0, λ
−1/2
R , 0), (0, 0, λ

−1/2
R )) with

λR =
∂r

∂R
=

R2

(r30 −R3
0 +R3)2/3

. (2)

Here, R is the radial distance of a piece of the matrix ma-

terial from the centre of the particle in the undeformed
configuration, and r is the equivalent radius in the de-
formed configuration. We solve for Λ(R) using a linear
momentum balance and subsequently linearize the elastic
modulus

Cijkl =
1

J
FjJFlL

∂2WY

∂FiJ∂FkL
. (3)

This expression is evaluated at each point in the mate-
rial in the swollen configuration. Moving to a Cartesian
frame of reference and integrating over the volume of
material in the undeformed configuration gives an upper
bound on the incremental stiffness tensor C̃eff

ijkl of the
matrix material. The stiffness in response to an applied
uniaxial loading then gives the incremental unidirectional
Young’s modulus Em.

Note that, to solve for Em, there is an additional in-
ternal incompressibility constraint, Λ̃, that we must ap-
ply to ensure that the linearized swollen material does
not change volume during the application of a uniaxial
stretch. We solve for this using

σij = C̃eff
ijkluk,l − Λ̃δij , (4)

with stress-free boundary conditions perpendicular to the
applied stretch. The results for composites with selected
different initial loadings of dry NaPAA are shown in Fig-
ure 7.
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Figure 7. The effective matrix stiffness for swelling compos-
ites made with Sil-DS and NaPAA at different initial mass
fractions.


