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Animal morphogenesis involves complex tissue deformation processes, which require tight control
over tissue rheology. Yet, it remains insufficiently understood how tissue rheology results from
the interplay between cellular packing and cellular forces, such as cortical tension, cell pressure,
and cell-cell adhesion. Here, we follow a biomimetic approach to study this interplay. We mimic
adhesive cells with oil droplets whose adhesion strength and specificity can be flexibly tuned. Using
microfluidics, we expose 2D emulsions to an oscillatory geometry imposing cyclic pure shear, and
we develop a geometric method to quantify their rheology using only imaging data. We find that
some of the emulsions made of two droplet types progressively change their yielding behavior across
subsequent shear cycles. Combining this with vertex model simulations, we show that the observed
shift in yielding behavior is due to a progressive compaction, which only occurs in emulsions with a
high adhesion differential and only when exposed to oscillatory shear. Gradients of cell compaction
have been observed during animal development. Our work demonstrates how such gradients can
be used to control gradients of tissue rheological properties. Moreover, the progressive compaction
suggests the emergence of a pumping mechanism, which potentially acts in many cellular materials,
from foams to tissues.

INTRODUCTION

In broad strokes, animal development consists of pat-
terning, i.e. ensuring cells take on the correct biochemical
identity in the right places, and morphogenesis, i.e. en-
suring tissues deform to obtain their correct adult shapes
[1]. Changes of tissue shape are driven by internal and
external forces [2], but the way these forces translate into
tissue deformation crucially depends on the tissue me-
chanical properties, i.e. tissue rheology. Tissue rheology
depends in turn on cellular forces [3–7], cell mechanical
properties [8–11] and on the tissue structure [4, 12, 13],
i.e. the way cells are packed within the tissue. Yet, these
properties are modulated by the biochemical identities
of the involved cells [14]. Moreover, whenever forces and
deformations are applied to tissues, they could in turn
modify the cellular packing. How all these effects com-
bine to affect tissue rheology and thus morphogenesis is
still not fully understood.

A cell-scale force that is particularly important for tis-
sue function and development overall is cell-cell adhesion.
Specifically, it has been shown to play a key role in the
patterning of germ layers [15, 16], in shape changes dur-
ing gastrulation [17, 18], in the emergence of epithelial
cell polarity [19], and it could play a role during verte-
brate axis formation [20]. Indeed, synthetic biological
systems explicitly demonstrated the capacity of hetero-
geneous adhesion to separate cell populations [21, 22].
From a theoretical perspective, understanding such cell
population separation by heterotypic adhesion has first
been discussed by Steinberg [23, 24], where adhesion was
proposed to reduce the effective interface tension between

tissues. Yet, later studies showed that cell-cell adhesion
molecules also affect cortical contractility, substantially
amplifying the effect that adhesion has on effective in-
terface tensions [25–28]. Moreover, models for biologi-
cal tissues, such as the vertex model, the Potts model,
or continuum models, often describe the effect of adhe-
sion by reducing cell-cell interface tensions [26, 29, 30].
The effect of adhesion can also be captured differently,
for instance by means of a higher energy barrier towards
separating individual cells [27, 31], which would also lead
to a higher barrier towards cell rearrangements within a
tissue. Such barriers provide another way in which cell
adhesion can affect tissue rheology [32]. Taken together,
while the role of differential adhesion for the separation
of cell populations and the related tissue surface tension
has been firmly established, a direct effect of differential
adhesion on tissue bulk rheology has never been reported
to the best of our knowledge.

Here we study how cell-cell adhesion affects tissue rhe-
ology using a well-controlled biomimetic system. We
use aqueous emulsions of oil droplets whose adhesions
can be tuned in order to mimic the minimal adhesive
and mechanical properties of cells in soft tissues, as first
described in [33]. This model system allows to iso-
late the role of adhesion from many other parameters
present in biological tissues. In previous studies, we used
such biomimetic systems to show how adhesion tunes
the material response to a single mechanical perturba-
tion [34, 35]. In particular, we showed that droplet rear-
rangements were slower and spatially delayed in the pres-
ence of adhesion, causing an increase of oriented elastic
droplet deformations. In static assemblies of droplets, we
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FIG. 1. (A) Schematic representation of DNA-functionalized droplets. Silicone oil droplets are stabilized with SDS, EPC and
biotinylated phospholipids. Two droplets holding the same DNA strand will interact together upon contact with a given binding
energy Eb, while there is no adhesion between droplets holding different strands. The average diameter of these functionalized
droplets is 29.6µm (B) Biotinylated palindromic DNA strands are grafted on the lipids hydrophilic heads using a streptavidin
bridge. Alexa Fluor 594 (red) or 488 (blue) is attached to the streptavidin, allowing to identify which DNA strand a given
droplet carries. (C) 2D representation of the microfluidic channel that was designed to apply periodic shear deformation to
the emulsions. The channel height is 30µm, which is adapted to the droplets diameter. Note that the straight channel used
for control experiments has the same design, except that the wavy borders are replaced by purely straight wall. (D) Stitched
confocal image of a P0/P10 emulsion in the wavy microfluidic channel (from left to right, undulations #11 to #13; blue is P0,
red is P10).

also showed how the percolation of the adhesive contacts
network could control the packing topology and large-
scale deformations [36]. However, so far, the role of het-
erogeneous adhesion on the tissue-scale rheology in such
biomimetic systems remains unclear.

Here, we introduce different droplet types with differ-
ential adhesion and study how it affects the yielding be-
havior of the emulsion. We introduce differential adhe-
sion through distinct DNA binders on two droplet types.
We probe the yielding behavior of these emulsions by
flowing them through an undulated 2D microfluidic chan-
nel in order to apply oscillatory pure shear deformations.
Surprisingly, we find that high adhesion differentials lead
to an increase of droplet shape anisotropy across subse-
quent shear cycles. To understand these observations,
we decompose the applied shear into contributions by
droplet shape change and droplet rearrangements [37].
Here, we extend this method, defining a reversible frac-
tion fr, which is the fraction of the overall shear that is
created by droplet shape changes. We show that fr de-
pends mainly on the local droplet shape anisotropy. This
relationship can act as a rheological constitutive relation,
capturing most of the yielding behavior of the emulsion,
which we demonstrate by predicting the observed droplet
shape variations. Guided by simulations of a cell-based
model, we could show that (i) the yielding behavior of the
emulsions strongly depends on the droplet packing frac-
tion, and (ii) the emulsions with heterogeneous adhesions
show a progressive compaction in terms of an increase of

droplet packing fraction across subsequent shear cycles.
Yet, this compaction occurred exclusively for emulsions
with heterogeneous adhesion and only when an oscilla-
tory shear is applied. Taken together, our findings show
that an adhesion differential modifies the flow properties
of adhesive emulsions, leading to their compaction un-
der repeated shear deformations, an associated shift in
their rheological properties, and an increase of droplet
shape anisotropy. We expect our work to help better
understand dynamic changes that biological tissues un-
dergo during morphogenesis. This includes for instance
the formation of packing fraction gradients [4, 12, 13],
and mechanisms creating hydraulic extra-cellular flows
[38].

RESULTS

Introduction of an adhesion hierarchy into
biomimetic emulsions

We use biomimetic emulsions that are made of ather-
mal oil droplets dispersed in an aqueous solution [33, 39,
40]. To control droplet-droplet adhesion, DNA strands
are grafted onto the droplet surfaces through strepta-
vidin bridges [41, 42] (see Fig. 1A,B and Materials and
Methods). Different droplet populations are created by
using different DNA sequences, which are distinguished
by fluorescently labeling the streptavidin bridges with
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different colors. Our DNA constructs are all made of a
double-stranded backbone of 48 base pairs (bp) followed
by a single passive base serving as a flexible junction, and
a single strand, the “sticky end” (see Fig. 1A,B, SI for
the full sequences). In this work we use sticky ends with
palindromic sequences, i.e. sequences that bind to them-
selves. The binding energy of the sticky ends increases
with their length [43], and their sequences are chosen such
that two DNA strands with different sequences should
not bind to each other. This allows us to mix together
two populations of droplets that are self-adhesive but do
not exhibit any cross adhesion.

Specifically, we work with four distinct constructs: the
P0 construct only contains the double stranded back-
bone in the DNA sequence, making these droplets non-
adhesive; the P6, P10 and P14 constructs are made with
sticky ends of lengths 6, 10, and 14 bp, respectively. We
hereafter use these construct names to refer to the cor-
respondingly functionalized emulsions. We studied ho-
mogeneous emulsions (adhesive P10 emulsions or non-
adhesive P0 ones), but also mixed emulsions such as
P0/P10, P6/P10, P0/P14 and P6/P14, with a 1:1 vol-
ume ratio, in order to probe various adhesion hierarchies.
With these mixtures we vary two parameters indepen-
dently of each other. The average binding energy in
the emulsion depends on the sum of the binding ener-
gies associated with each droplet type. In that sense, the
P0/P10 mix exhibits a lower average binding energy than
the P0/P14 or P6/P10 mixes. Alternatively, one can take
into account the difference between the binding strength
of the two droplet types, e.g. the adhesion differential is
larger for P0/P14 and P0/P10 mixtures as compared to
the P6/P10 one.

We flow these emulsions in microfluidic channels that
are designed to apply repetitive pure shear deformations
to the system (see Fig. 1C,D). The total amplitude of
each oscillation, which corresponds to a total strain am-
plitude of ∼ 50%, is sufficient to induce plastic rearrange-
ments (see Video S1 and Fig 3B) [34]. We flow the emul-
sions sufficiently slowly to ensure that the droplets can
re-adhere between constrictions (see Materials and Meth-
ods). Finally, the emulsions are imaged in two ways: ei-
ther the flow is stopped and static images are acquired at
all undulations, or the flow is maintained and a movie is
acquired at a given undulation in order to track droplet
dynamics and rearrangements (see Materials and Meth-
ods).

We first seek to understand if there is an effect of
adhesion on the structure of the emulsion through-
out the channel. To do so, we measure the number
and total length of homotypic (red/red or blue/blue)
and heterotypic (red/blue) contacts between neighbor-
ing droplets on static images. We find that, even with
the largest adhesion differentials, the length proportion of
heterotypic contacts does not change significantly as the
emulsion progresses through the channel (see Figure S4

right). This indicates that segregation between the two
droplet populations does not take place over the twenty
shear cycles of the channel. However, significant effects
are unveiled regarding droplet shapes, as discussed in the
next section.

Increase of droplet shape anisotropy along the
channel

We explore droplet shape for different adhesion config-
urations on static acquisitions in the successive undula-
tions. Indeed, adhesive emulsions flowing in constrictions
are expected to be deformed as their plastic response is
impaired by droplet-droplet adhesion [34, 35]. Here we
study this effect in the presence of repeated shear and
heterogeneous adhesion. To do so, we measure the as-
phericity A = p2/4πa, which compares the perimeter p
of a droplet to its cross-sectional area a. It is one for a
circular disc, and increases as the droplet shape deviates
from that of a circle. We plot the asphericity averaged
over all droplets in each undulation cycle of the chan-
nel as a function of the cycle number in the channel and
for all adhesion conditions (Fig. 2A). Some conditions
exhibit a larger linear increase of droplet asphericity as
the emulsion progresses through the channel. Notably,
the sharpest increases are observed for emulsions that
exhibit high adhesion differentials between droplet popu-
lations such as P0/P10 (yellow circles) and P0/P14 (pink
crosses). This indicates that this increase in droplet as-
phericity under repeated shear depends on the adhesion
differential in the system. Strikingly, the deformation
value associated with the lowest average binding energy,
i.e. the P0/P10 condition, even surpasses the one of the
P6/P10 condition after the thirteenth cycle in the chan-
nel (Fig. 2A). This suggests that the presence of an adhe-
sion energy differential can be more important than the
average adhesion energy in creating droplet asphericity.
This is in contrast with previous descriptions of static

adhesive droplet packings in which the equilibrium shape
of a droplet is given by the balance between the binding
energy gain and the energetic cost of surface deforma-
tion due to the oil/water surface tension [33]. According
to these simple considerations, a stronger binding energy
automatically induces larger droplet deformations. Here
the rheology of such adhesive emulsions under repeated
shear seems incompatible with this static vision. In or-
der to verify if this increase is indeed due to the applied
shear, we use a control experiment in which a P0/P10
mixture experiences a plug flow inside a straight channel
with otherwise similar dimensions (see SI). In this case,
the average droplet shape remains constant throughout
the whole channel (Fig. 2A, grey points), confirming the
central role of repeated shear deformations for the in-
crease of droplet asphericity.
In order to understand how channel geometry may af-
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FIG. 2. (A) Average asphericity ⟨A⟩ computed over all the droplets in each undulation cycle in the channel for different
conditions (P0/P10 emulsions: yellow circles, P6/P10: orange triangles; P0/P14: pink crosses; P6/P14: purple thin diamonds;
P10: red pentagons) or at equivalent cycles in the straight channel (grey circles). The analysis was performed on static images
acquired after the flow was arrested in the channel. Error bars represent the standard error of the mean across experimental
repetitions. Each data point was averaged over about 1500 droplets (min=993, max=2233, average=1488). (B) Example of
a triangulated droplet network (red) overlaid on the image of a segmented emulsion. Blue bars represent the orientation and
magnitude of Q, computed for each triangle (see magnified inset). (C) Evolution of Qxx along the x-axis for undulations #5
(yellow circles) and #15 (gold circles) of a P0/P10 heterogeneous emulsion as well as undulation #15 for P10 (red pentagons)
and P0 (blue diamonds) homogeneous emulsions in the oscillatory channel. Values are measured in movies and averaged over
time, error bars represent the standard deviation. Dashed lines represent the prediction of Qxx(x), reconstructed for each
condition from the reversible fraction and the observed velocity field in the movie. (D) Evolution of ∆Qxx, calculated as the
amplitude of Qxx(x) variations within a channel oscillation, as a function of the undulation for each experimental condition
(same color code as in panel A). Similarly to the results displayed in panel (A), P0/P10 (yellow) and P0/P14 (pink) emulsion
exhibit a specific linear increase, whereas other conditions display more stable ∆Qxx values along the channel. In the case of
the P0/P10 in the straight channel (gray), ∆Qxx is constant near 0 as there is no geometrical constraint inducing any ordered
anisotropy in the emulsion.

fect droplet shape, we quantify not only the magnitude,
but also the orientation of droplet shape anisotropy. In-
deed, previous work on foams [44, 45], emulsions [34, 35]
and tissues [37, 46–50] related the droplet or cell shape
and its orientation to the overall material shear defor-
mation. Here, following Refs. [37, 47], we probe local

droplet elongation using a symmetric, traceless tensor
Q, which quantifies both magnitude and orientation of
droplet shape anisotropy. To this end, we first trian-
gulate the emulsion by connecting the centers of neigh-
boring droplets by triangles (Fig. 2B inset), leading to
a triangulation of the whole emulsion without gaps or
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FIG. 3. (A) The observed shear is decomposed into a con-
tribution from cell shape changes (elastic deformation, re-
versible, upper right sketch) and a contribution from T1
transitions (plastic events, irreversible, lower right sketch).
(B) Confocal images of a T1 transition in a P10 emulsion.
Droplets 1 and 2, initially neighbors at t0, are progressively
pulled apart (t0 + 3.7s), until they are no longer in contact,
letting droplets 3 and 4 become new neighbors (t0 + 3.75s).
(C) Whether and how much shear is accommodated elasti-
cally vs. plastically depends on its direction. If shear is ori-
ented perpendicular to droplet reorientation (left arrow) one
expects purely elastic deformation. If shear is oriented paral-
lel to droplet shape, a part of the shear may be accommodated
by plastic rearrangements. (D) Reversible fraction as a func-

tion of the projected elongation Qproj = sgn(Ṽxx)Qxx. All
curves are labeled according to the experimental conditions
(red: P10 emulsions, blue: P0 emulsions, yellow: P0/P10
emulsions), independently of channel undulation. Each curve
represents the analysis of one movie. (E) Schematic of ver-
tex model simulations. We use periodic boundary conditions,
whose dimensions are modified to impose oscillatory pure
shear deformations at a constant total area.

overlaps (Fig. 2B, details in SI). For a given triangle, the
magnitude of Q corresponds to log(AR)/2, where AR is
the aspect ratio of an ellipse fitted to the triangle, and
the orientation of the tensor Q corresponds to that of
the long axis of the ellipse. For any given region of the
emulsion, we define the local droplet shape as the area-
weighted average of the triangle-based Q tensors (details
in the SI).
In Fig. 2C, we show examples of time-averaged Qxx,

which is the horizontal component of Q, versus the posi-
tion x along the channel within one undulation, averaged
across the channel width y (see Fig. 2B). A positive hor-
izontal droplet shape component, Qxx > 0, indicates a
droplet elongated along the channel direction, whereas a
negative component, Qxx < 0, indicates a droplet elon-
gated perpendicular to the channel direction. We find
that Qxx oscillates with positive values, i.e. horizontally
aligned droplets, where the channel is narrow, and neg-
ative values, i.e. vertically aligned droplets, where the
channel is wide (Fig. 2B,C). We furthermore quantified
∆Qxx := Qmax

xx − Qmin
xx , the difference between maximal

and minimal values of Qxx within a single channel undu-
lation (Fig. 2D), and find that it behaves very similarly
to the asphericity A (Fig. 2A). Specifically, we observe
a substantial shift for emulsions with a large adhesion
differential, such as P0/P10 (Fig. 2A,D).

Geometric analysis of the yielding behavior

To understand the evolution of the droplet shape
anisotropy Qxx for different emulsions both with and
without oscillatory shear, we study the yielding behavior
of these emulsions. To this end, we use the fact that any
anisotropic deformation of a cellular material can be de-
composed into contributions by cell shape changes and by
cell rearrangements, so-called T1 transitions (Fig. 3A,B).
Specifically, for a given set of droplets that we experimen-
tally track over time, we use the formalism from Ref. [37]
to decompose the rate tensor (i.e. the anisotropic part of
the strain rate tensor) Ṽ as follows:

Ṽ =
DQ

Dt
+R. (1)

with Ṽ being the shear rate tensor averaged over the
tracked region, which is decomposed into the rate of
change of the average droplet shape anisotropy Q, where
D/Dt is an advective, corotational derivative, and a con-
tribution from T1 transitions R occurring within this
region (Fig. 3A). In other words, the first term on the
right-hand side in (1) represents reversible, elastic con-
tributions to shear, while the second term represents ir-
reversible, plastic contributions. Note that we slightly
simplify (1) as compared to Ref. [37]. First, we neglected
contributions that appear only in biological tissues, such
as cell divisions. Second, for simplicity, we choose a
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quasi-1D description, neglecting the corotational contri-
bution, and focusing only on the components along the
channel direction:

Ṽxx =
dQxx

dt
+Rxx, (2)

where d/dt = ∂Qxx/∂t + vx(∂Qxx/∂x) denotes the ad-
vective derivative, with vx being the x component of the
local velocity. Note that in our emulsions, we can mea-
sure all terms in Eqs. (1) and (2) (see SI, Figure S7).

The mechanical relaxation rate of our emulsions is
much faster than the shear rate that we impose through
the undulations, i.e. the emulsions are deformed quasi-
statically (see SI). This condition of quasi-static defor-
mation allows us to go beyond the formalism of Ref. [37].
Since the shear time scale does not play any role, we
divide (2) by Ṽxx:

1 = fr + fi, (3)

where fr = (dQxx/dt)/Ṽxx is the fraction of the over-
all shear that is due to reversible (i.e. elastic) droplet
shape deformations, and fi = Rxx/Ṽxx is the fraction
of the overall shear that is due to irreversible (i.e. plas-
tic) droplet rearrangements. If we can understand for
each of our emulsions what fraction of the applied strain
changes droplet shapes, fr, vs. what fraction is accom-
modated by droplet rearrangements, fi = 1− fr, we will
be able to predict droplet anisotropy Qxx as the emul-
sion is pushed through the undulating channel. In other
words, knowing the behavior of fr amounts to knowing
a constitutive relation. Note that, while the stress tensor
does not explicitly appear in these equations, it can be
easily computed from the droplet shape anisotropy and
the interface tensions using the Bachelor formula [51–53].

In general, the reversible fraction fr will depend on
the state of the emulsion, particularly on the average
droplet shape anisotropy Qxx. Yet, it likely also depends
on whether the emulsion is sheared parallel to the droplet
elongation axis, i.e. ṼxxQxx > 0, or perpendicular to the
droplet elongation axis, i.e. ṼxxQxx < 0 (Fig. 3C). Specif-
ically, in a simple picture, one would expect that if the
emulsion is being sheared parallel to Q (Fig. 3C, right ar-
row), this would in part increase droplet elongation and
in part lead to droplet rearrangements. Meanwhile, when
the emulsion is sheared perpendicular to Q (Fig. 3C, left
arrow), one would just expect that the droplet shape
relaxes towards a less elongated state, while almost no
droplet rearrangements are expected to occur. Thus, we
expect fr to depend mostly on the projection of Qxx

on the shear direction, Qproj := sgn(Ṽxx)Qxx, where

sgn(Ṽxx) denotes the sign of Ṽxx.
To measure how the reversible fraction fr depends on

the projected droplet shape Qproj for different emulsions,
we acquired movies for conditions that exhibit the most
salient differences: non-adhesive P0 homogeneous emul-
sions, adhesive P10 homogeneous emulsions, and P0/P10

mixtures of droplets. The movies were acquired in differ-
ent undulations of the channel (#5, #10 and #15). Note
that droplets in these experiments are all labelled with
the same fluorophore, even in the case of heterogeneous
P0/P10 emulsions, in order to acquire the movies at a
high enough frame rate so that individual droplets can be
tracked. In order to measure the reversible fraction func-
tion fr(Qproj) in these movies, we essentially divide each
image into stripes across the whole channel height, and
with a width of 96 pixels (≃ 21.5µm). For each stripe,
we quantify the average triangle elongation Qxx and the
shear rate Ṽxx, which we average over all time points
(see SI for details). We also check that for any given po-
sition, droplet shapes are essentially stationary over time
(see SI, green curve in Figure S7). We then compute the
projected shape and reversible fraction for that stripe as
Qproj = sgn(⟨Ṽxx⟩t) ⟨Qxx⟩t and fr = ⟨dQxx/dt⟩t/⟨Ṽxx⟩t,
respectively, where ⟨ · ⟩t denotes an average over time.

The resulting fr(Qproj) curves for all experimental con-
ditions are presented in Fig. 3D, in which we pooled un-
der the same label all the movies acquired at all undu-
lations for one type of emulsion. The curves associated
to the P0/P10 emulsions appear shifted to the left with
respect to the homogeneous P0 and P10 emulsions: at
a fixed value of fr < 1, these emulsions yield at a lower
value of Qproj. In other words, in order for them to yield,
the P0/P10 emulsions do not need to be deformed much,
i.e. one does not need to elongate the droplets very much
until they start to rearrange.

Note that we also observe values of fr > 1 for the
smallest Qproj < 0 (Fig. 3D). By definition, a value of
fr > 1 means that droplet shape elongation in these
cases is even larger than the shear strain, which essen-
tially implies that T1 transitions occur perpendicular to
the external shear direction. We make very similar ob-
servations in simulations of our emulsions (see below –
Fig. 4C). In experiments and simulations, these perpen-
dicular T1 transitions occur for negative Qproj right after
the reversal of the shear direction. We believe they rep-
resent regions that were close to undergoing T1s before
the shear reversal, but are only triggered right after the
shear reversal. The existence of these T1 transitions in-
dicates a refinement of the simple picture given above,
which suggests that there should be no T1 transitions
for Qproj < 0.

So far, we have hypothesized that fr depends only on
the local projected cell shape, Qproj. Yet, there are also
other possibilities, e.g. fr could additionally depend on
other aspects of the local emulsion packing structure.
Moreover, fr could also be affected by non-local effects,
e.g. strain steps elicited by T1 transition in other regions
of the emulsion that are propagated through long-range
elastic interactions [54]. If fr depended mostly only on
the local Qproj, then fr(Qproj) should play the role of a
constitutive relation and it should be possible to predict
the measured Qxx(x) curves knowing only fr(Qproj) and
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the applied shear protocol (see Methods and SI). If this
hypothesis was wrong, and other dependencies of fr also
played an important role, the reconstruction of Qxx(x)
based on fr(Qproj) should fail. In Fig. 2C, we compare
the Qxx(x) curves predicted based on fr(Qproj) (dashed
lines) to the measured ones (circles, diamonds and pen-
tagons). We find good agreements between reconstructed
and measured Qxx(x) for most of the emulsions. Thus,
a single dependency of fr on Qproj alone captures most
of the observed Qxx(x) behavior. This includes specifi-
cally the shift in ∆Qxx across shear cycles in the P0/P10
emulsions. This strongly suggests that the observed shift
in droplet asphericity in heterogeneous emulsions is due
to a shift in the fr(Qproj) curves towards higher Qproj

values.

Simulations exclude heterogeneous interface tensions
or energy barriers to T1 transitions as reasons for

the observed shift

To study possible reasons for the shift in the yielding
behavior, we carried out simulations of 2D vertex models
(see Methods) [56]. Vertex models describe emulsions,
foams, and biological tissues as polygonal tilings, where
each polygon corresponds to one droplet. We subject
the vertex model to an oscillatory pure shear, where af-
ter each shear step, we quasi-statically minimize the sys-
tem energy stemming from the droplet-droplet adhesion.
Droplets are allowed to rearrange if a droplet-droplet con-
tact shrinks below a length given by a T1 cutoff parame-
ter ℓT1, defined in terms of the average droplet area. Us-
ing a mixture of two kinds of droplets, we studied whether
a shift in the yielding behavior could be created by adhe-
sion heterogeneities, where we tested two different ways
of representing adhesion in our simulations.

First, we tested whether adhesion heterogeneities could
create substantially different droplet-droplet interface
tensions, and whether this could create the observed
shift. To experimentally obtain the interface tension ra-
tio in our P0/P10 emulsions, we measured the contact
angles between interfaces at three-droplet junctions and
found an interface tensions ratio of at most 1 : 0.68 (see
SI & Fig. S11). Using this maximally possible tension ra-
tio, we ran simulations with heterogeneous interface ten-
sions, and compared with the case of homogeneous inter-
face tensions. Indeed, there was a shift across subsequent
shear cycles in the yielding behavior of the heterogeneous
in-silico emulsions (Fig. S12D), like in the experiments.
Yet, the amount of shift was small, and we observe the
same amount of shift in the homogeneous in-silico emul-
sions (Fig. S12C), in contrast to the experiments. This is
due to a known effect, where under oscillatory shear the
structure of the emulsion shows an initial transient evo-
lution [53]. Furthermore, comparing Figs. 3D, S4 right,
and S12A,B, we find that unmixing and yielding behavior

of heterogeneous in-silico emulsions is inconsistent with
our experimental data. In short, in-silico emulsions un-
mix much faster and/or yield less easily than our exper-
imental emulsions. Taken together, the modulation of
interface tensions by adhesion can not explain the differ-
ence in shift that we observe between homogeneous and
heterogeneous emulsions.
Second, given that adhesion also sets a barrier for

droplet-droplet detachment, we tested whether hetero-
geneities in T1 transition barriers could create the ob-
served shift. In the simulations, we describe the T1
transition barrier by the T1 cut-off length ℓT1. The
most adhesive emulsions would thus be associated to
smaller values of ℓT1 as compared to less adhesive ones.
In this scenario, the homogeneous, less adhesive in-
silico emulsions yield more easily than the more adhe-
sive ones (Fig. S12F), which is in contradiction with our
experimental observations (Fig. 3D). Moreover, the re-
versible fraction function of the heterogeneous in-silico
emulsion lies in between the two homogeneous cases
(Fig. S12F), again in contrast to our experimental ob-
servations. Taken together, homogeneous emulsions with
a lower barrier for T1 transitions will yield more easily,
suggesting that T1 barrier heterogeneity can not play a
major role in our emulsions.

Progressive compaction explains the shift in yielding
behavior

To understand what else might cause the observed
shift in yielding behavior, we noted that, in the simu-
lations, the T1 cutoff ℓT1 strongly affected the yielding
behavior (Fig. S12). While this parameter is not sub-
stantially tuned by adhesion (see previous paragraph), it
is expected that the barrier towards T1 transitions de-
pends on the packing fraction ϕ, i.e. the area fraction
of oil within the emulsion. Indeed, for a lower packing
fraction, one would expect the droplets to rearrange more
easily. To relate the T1 cutoff and packing fraction, Prin-
cen considered the triangular regions of continuous phase
where three droplets meet (blue regions in Fig. 4B inset)
[55]. He found:

ℓT1 =
α
√
1− ϕ
√
ρ

, (4)

where ρ is the average area number density of the
droplets (in the simulations, ρ = 1). Crucially, Prin-
cen assumed that droplets would rearrange exactly at
the moment when two triangular regions meet (Fig. 4E).
For ordered packings of non-adhesive, monodisperse,
hexagonally packed droplets, this implies α = α0 ≡
2/
√
3(2

√
3− π) ≈ 2.0 [55].

We therefore measured the local packing fractions in
our emulsions. Indeed, the heterogeneous P0/P10 emul-
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FIG. 4. (A) Distribution of the packing fraction in static acquisitions for different experimental conditions and undulations
in the channel. Heterogeneous emulsions (yellow, P0/P10) exhibit an overall shift towards higher values of packing fraction
along the oscillatory channel (from top: undulation 1, to bottom: undulation 19), while heterogeneous emulsions in the straight
channels (grey) start at the same value without exhibiting any evolution. The distributions of packing fraction for homogeneous
emulsions in undulated channels (red) also remain constant across undulations. Vertical doted lines represent the mean value of
each distribution. (B) Reversible fraction as a function of the projected droplet shape elongation Qproj, colored according to the
packing fraction ϕ measured for each movie. Dashed lines: heterogeneous P0/P10 emulsions, solid lines: homogeneous P0 and
P10 emulsions. Inset: sketch of two tricellular junctions from which the packing fraction is estimated in the movies (adapted
from [55]). (C) Reversible fraction computed from vertex model simulations at different T1 cut-off length ℓT1. In gray, we
reproduce the experimental curves from panel B. (D) Evolution of Q∗ as a function of the packing fraction ϕ for experiments
and numerical simulations. In the case of numerical simulations, the T1 cut-off lengths ℓT1 have been converted into packing
fractions using Eq. (4), using either Princen’s prefactor α0 = 2 or α ≈ 4.4, obtained through squared error minimization (see
SI). (E) Representation of the T1 cutoff length ℓT1, defined at the moment when two tricellular junctions meet and are about
to merge, thus triggering the T1 event. ℓT1 is defined as the distance between the two tricellular junctions’ centers in this
geometry (adapted from [55]). (F) Last snapshot of the droplet-droplet interface before a T1 event for homogeneous (P10, red
border and P0, blue border) and heterogeneous emulsions (P0/P10, yellow borders), 50 ms before the contact has disappeared
(i.e. before the next snapshot). Scale bar is 10µm, arrows represent the direction of the T1 (i.e. of the separation between
previously contacting interfaces).
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sions display an increase in packing fraction across sub-
sequent shear cycles (see yellow curves in Fig. 4A), while
the packing fraction distribution is maintained through-
out the channel for homogeneous emulsions (red curves).
Furthermore, heterogeneous P0/P10 emulsions that are
not exposed to cyclic shear also show a roughly constant
packing fraction distribution (grey curves). This suggests
that the adhesion differential modifies the flow properties
of our emulsion such that the water phase can be progres-
sively expelled under the cyclic shear, thus increasing its
packing fraction. Yet, this progressive compaction only
occurs when both an adhesion differential and a repeti-
tive strain are acting together.

To study the effect of the packing fraction on the yield-
ing behavior, we color the reversible fraction curves from
Fig. 3D as a function of the packing fraction (Fig. 4B).
Indeed, we find a clear trend where, as the packing frac-
tion increases, emulsions yield less easily, i.e. the droplets
need to be deformed up to higherQproj until yielding. We
compare these results to vertex model simulations, where
we vary the T1 cutoff from ℓT1 = 0.15 to 0.3 (Fig. 4C).
We note that the fr curves of our in-silico emulsions have
a similar qualitative shape as our experimental curves.
Furthermore, the in-silico emulsions yield less easily as
the T1 cutoff is decreased.

To compare experiments and simulations more di-
rectly, we quantify the droplet shape Q∗ where the re-
versible fraction is fr(Qproj = Q∗) = 0.5 (see gray dashed
lines in Fig. 4B,C, SI). In Fig. 4D, we plot Q∗ as a func-
tion of the packing fraction ϕ. We first note that when
plotting our experimental data against ϕ, strikingly, our
data almost collapse to a master curve, which means
that there is no significant effect of adhesion hierarchy on
yielding (blue vs. red vs. yellow data points). This obser-
vation is a central result of our work. We compare this
experimental data to simulations (shades of magenta),
where the packing fraction ϕ is computed from the T1
cutoff ℓT1 using Eq. (4) with different values of α. For
the packing fraction range ϕ ≳ 0.97 . . . 0.99, covered by
our experiments, the idealized value α0 ≈ 2.0 captures
qualitatively the experimentally observed trend but does
not match quantitatively. Our experimental data are ac-
tually best fitted with α ∼ 4.4 (see SI). This indicates
that the simple criterion from Princen is insufficient to
capture our experimental findings, and yielding can oc-
cur already before the two continuous-phase triangular
regions meet (see Fig. 4E). Note that the vertex model
simulations do not capture the experimental trend at low
packing fractions (ϕ ≤ 0.98), i.e. high T1 cutoff length,
which is due to the fact that vertex models are inherently
not designed to model wet foams (see Methods).

To independently assess whether T1 fusions may occur
before triangular regions touch, we created snapshots of
droplet-droplet interfaces right before a T1 transition is
about to happen (Fig. 4F). In all cases, and for different
kinds of emulsions, we find that droplet-droplet interfaces

still have a length on the order of the size of the triangular
regions right before the T1 transitions are triggered, quite
different from the scenario assumed by Princen (Fig. 4E).
Because of the time resolution of our movies, these obser-
vations cannot be considered as a quantitative measure-
ment of ℓT1. Nevertheless, they are in qualitative agree-
ment with our findings in Fig. 4D. This indicates that
there could be a – so far unknown – instability through
which droplet-droplet interfaces may already undergo a
fast collapse at a finite length.

DISCUSSION

Here we studied the impact of adhesion architecture
on the mechanical properties of biomimetic emulsions.
To do so, we compared emulsions composed of a single
droplet type, i.e. displaying an homogeneous adhesion,
with emulsions composed of two distinct droplet popula-
tions, each with their own adhesion strength. We applied
cyclic shear to these emulsions and developed a geometric
framework to characterize their elastoplastic properties.
We showed that the emulsions with an adhesion differen-
tial changed their yielding behavior across shear cycles.
Comparing this approach with vertex model simulations
revealed that this shift in yielding behavior was due to a
progressive compaction.
It has long been known that viscosity, stiffness, and

yielding behavior of particulate matter are closely linked
to the packing fraction [57–60]. Yet, here we demon-
strated that for emulsions this relation can be quantified
using imaging data only. We extended the geometric for-
malism of Ref. [37] to the quasi-static limit by defining a
reversible fraction function fr, which corresponds to the
fraction of shear created by droplet shape changes alone.
We showed that the reversible fraction fr depends mostly
only on the local projected droplet shape, Qproj, by re-
constructing the observed droplet shape changes from the
function fr(Qproj). This means that fr(Qproj) can be
considered as a constitutive relation describing the yield-
ing of the emulsion. While the stress tensor does not
explicitly appear, it can be directly computed from the
droplet shape tensor Q knowing the interface tensions
[51–53, 61]. Our approach is quite general and relies only
on the assumption of quasi-staticity. It can thus be used
to quantify yielding behavior of many foams or emulsions
but also biological tissues, without the need of explicit
force measurements. Our approach could therefore also
prove powerful to study morphogenetic processes that
rely on transitions in tissue mechanics.
Future work can further refine the reversible fraction

function fr(Qproj). One extension could account for the
observed values of fr > 1 both in experimental and
in-silico emulsions. These values likely stem from T1
transitions triggered right after the shear reversals. An-
other extension could account for non-local interactions.
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Specifically, in some of the data, there were indications
of T1 transitions that have been triggered by other T1
transitions through long-range elastic deformations [54].
We further considered the system essentially as one-
dimensional. Yet, we observed small heterogeneities of
the flows with respect to the channel height (see SI). In
future work, it should be possible to predict the 2D flows
using a single 2D constitutive relation akin to fr(Qproj).
Finally, it will be interesting to link our work to related
ideas, e.g. studying the density of weak spots in cellular
materials including biological tissues [62].

Based on the geometric analysis of the yielding be-
havior, vertex model simulations helped us test how im-
portant the effect of adhesion was on droplet-droplet in-
terface tensions or energy barriers towards droplet re-
arrangements. We showed that any substantial effect of
either would be inconsistent with our experimental obser-
vations. While the vertex model actually describes com-
pletely dry emulsions, we were able to account for pack-
ing fractions lower than 100% by varying the T1 cutoff
length. Yet, this approach started to fail at packing frac-
tions below ∼ 98%, corresponding to a T1 cutoff of ∼ 0.3,
essentially, both because of a high droplet area poly-
dispersity, and because the geometry of the continuous-
phase triangular regions is completely ignored in the sim-
ulations (see Methods for details). In the future, smaller
packing fractions will be accessed by explicitly account-
ing for the continuous phase in our simulations [63]. Nev-
ertheless, our approach allowed us to show that packing
fraction dominated in determining the yielding behavior
of our emulsions.

Our results also suggest a deviation from the long-
standing assumption, initially by Princen [55], that in
foams and emulsions, T1 transitions occur when two
continuous-phase triangular regions meet. Specifically,
we provide direct and indirect evidence that T1 transi-
tions were already triggered much earlier in our emul-
sions. We are not aware of any previous report of such
a deviation from the Princen rule, and so far, it is un-
clear what mechanism creates it. For instance, it could
be due to either a static instability that leads to an ear-
lier triggering of the T1. Another possibility could be
that frictional forces play a role, as previously discussed
in foams [64, 65]. While the large-scale dynamics in our
emulsions was quasi-static, friction might still influence
the behavior of individual T1 transitions. Regardless of
the precise mechanism, while today Princen-like rules are
often used when studying cellular materials, e.g. as a cri-
terion for T1 transitions in vertex models, our finding
shows that such classical ideas may not be sufficient to
describe emulsions, and possibly neither biological tis-
sues. It would thus be interesting to explore whether an
early triggering of T1s can also be observed in other soft
matter and biological systems.

Importantly, our work also provides new insight in the
context of animal morphogenesis, where spatial gradients

or temporal increases in compaction have been observed
in several developing animals and correlated with corre-
sponding tissue rigidification [4, 12, 13, 66]. Recent work
on biological tissues suggests that compaction and rigidi-
fication can result from the presence of a higher adhesion
overall [67], and that adhesion and compaction can be
disentangled as control parameters, with adhesion being
more important for rigidification [19]. In contrast, in our
droplet emulsions, we observed progressive compaction
and rigidification, which only occurred for emulsions with
an adhesion differential and only under ongoing (cyclic
shear) deformation. Using mass conservation, one can
furthermore show that the flow speed of the continuous
phase has to increase in magnitude across subsequent
shear cycles (see SI). In other words, the interplay of
heterogeneous adhesion and cyclic shear may create an
effective pumping of the continuous phase with respect to
the droplet phase, and preliminary data tracking the con-
tinuous phase suggests that, indeed, the continuous phase
generally flows faster than the droplet phase. While the
precise origin of such a pumping mechanism remains to
be elucidated, it might explain the emergence of com-
paction [4, 12, 13] or contribute to fluid flows [38] in bi-
ological tissues. More generally, it highlights how cellu-
lar material rheology can be modulated through cellular
packing, which is in turn driven by externally applied
deformation.
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APPENDIX

Emulsion Preparation

All products are obtained from Sigma Aldrich, unless
mentioned otherwise. We first prepare an oil-in-water
emulsion using a pressure emulsifier (Internal Pressure
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Type, SPG Technology Co.). 50 cSt silicone oil is emul-
sified through a SPG membrane (Shirasu Porous Glass,
hyrdophilic, pore size= 10µm �) in a 10 mM Sodium
Dodecyl Sulfate solution (SDS). The obtained emulsion
of oil droplets in water can be kept at room temperature
for weeks.

The droplets are stabilized with phospholipids through
the following procedure [41, 42]: 9 mg of egg L-
α-phosphatidylcholine (EPC) and 1 mg of DSPE-
PEG(2000)-biotin are dried under Nitrogen and resus-
pended in 500 µl of Dimethyl Sulfoxide (DMSO). This
solution is diluted with 4.5 ml of a 5 mM SDS aqueous
buffer (5 mM SDS, 10 mM Tris, pH = 7.5) and sonicated
for 30 min at room temperature. 2 ml of creamed emul-
sion is then added to this solution, incubated overnight
at 4 °C and washed in the morning with 250 ml of the
5mM SDS buffer in a separating funnel. We repeat this
procedure once in a 1 mM SDS buffer (1 mM SDS buffer,
10 mM Tris). The emulsion is finally washed with 250 mL
of the 1 mM SDS buffer and stored at 4 °C for several
weeks. Average diameter ⟨D⟩ = 29.6µm, polydispersity
index: 13.06%.

Emulsion Functionalization

All DNA sequences share the same structure: a biotin
molecule, followed by a 49 bp sequence that is common
to every strand and that we call the backbone, and finally
a palindromic sticky end sequence whose length ranges
from 0 bp to 14 bp (P0, P6, P10, P14). All sequences
are detailed in Supplementary Information.

The chosen binding energies are low enough to allow
the droplets to detach during rearrangements without
pulling the lipids from the oil/water interface, which is
verified by the fact that droplets keep their color integrity
throughout all experiments.

Each DNA sequence is prepared separately. First, the
backbone is hybridized with a 48 bp complementary se-
quence (CS) in order to obtain a stiff double stranded
spacer between the sticky end and the biotin anchor. By
construction the backbone and the sticky end are there-
fore separated by a 1 bp spacer. To do so, 192 pmol of
the desired sequence and 192 pmol of CS are dissolved
in 200 µl of filtered TS-buffer (1 mM SDS, 10 mM Tris
pH= 7.5, 10 mM of NaCl) in a 0.5 ml DNA Lo-Bind tube
(Eppendorf), and incubated at 35°C during 30 min. We
then add 5.7 µl of 1 mg/ml streptavidin, Alexa Fluor con-
jugate (ThermoFisher Scientific) to the DNA sequences
and incubate the solution for 30 min in the dark at 35°C.
An excess of DNA is used at this step so that all the strep-
tavidins carry at least one DNA strand. This prevents
the presence of free streptavidin in solution that could in-
duce droplet adhesion through biotin-streptavidin-biotin
bridges. We use streptavidin, Alexa 594 for the palin-
drome with the longest sticky end (red droplets in all

images) and streptavidin, Alexa 488 for the other se-
quence with a shorter sticky end (blue droplets). Finally,
100 µl of creamed emulsion, prepared as indicated in the
previous section, are added to the DNA solution and in-
cubated in the dark at 35°C for 1h. Gentle agitation is
applied every 20 min in order to resuspend the emulsion.
After this final incubation the droplets are rinsed 3

times with 200 µl of filtered TS-buffer and once with a
filtered TSgly-buffer (1 mM SDS, 10 mM Tris pH= 7.5,
10 mM of NaCl in a solution of 1:1 w:w glycerol:water).
This buffer ensures a better match between the refrac-
tive indices of the oil and aqueous phases, which in turn
facilitates imaging of the fluorescent droplet edges. Im-
mediately before the experiment, 100 µl of each droplet
population are mixed together in 1 ml of filtered TN30S-
buffer (1 mM SDS, 10 mM Tris, 30 mMNaCl, 0.05 mg/ml
β-casein from bovine milk, in a solution of 1:1 w:w glyc-
erol:water, pH= 7.5).

Experimental Set-Up

The microfluidic channels are engineered as described
in [34]. The whole channel is 30 µm high, which confines
the droplets in a 2D monolayer, and consists of three
main parts. The first section of the channel is 315 µm
wide and 1.65 mm long and is lined with ten 15 µm wide
evacuation channels. These evacuation channels allow us
to reach reproducible high packing fractions downstream.
In the second area, the width of the channel presents 20
oscillations between 315 µm and 185 µm, imposing 20
shear cycles, with a periodicity of 420 µm. The last area
contains a constriction that decreases over a length of
385 µm from a width of 315 µm to 25 µm. Afterwards
the channel keeps its width of 25 µm for 583 µm before
the final outlet.
Once mounted, the channel is passivated by flowing a

solution of casein at 0.25 mg/ml for an hour (β-casein
from bovine milk), before injecting the emulsion in the
channel using a pressure pump (MFCS-8C, Fluigent).
The microfluidic device is maintained at a temperature
ranging between 18 and 20°C thanks to a custom mi-
croscope stage made of PMMA (see Supplementary In-
formation), in which we circulate cooled water from a
thermo-regulated bath (Cooling bath thermostat, CC-K6
Huber).
For static acquisition, once the emulsion is packed in-

side the channel, we repeat the following protocols for
several set of acquisitions: the emulsion is let to flow
at low speed for ten minutes, the flow is then stopped
by progressive decrease of the applied pressure. We im-
age the droplets at all undulations through spinning disk
confocal microscopy using a 20x objective (Spinning Disk
Xlight V2, Gataca systems) and finally resume the flow
to evacuate the previous emulsion.
For dynamic acquisitions, we acquire movies of 1000
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images at 20Hz in a single undulation of the channel. We
image three undulations (#5, #10 and #15) and vary the
applied pressure, i.e. the flow velocity. The average flow
velocities range from ∼ 8 to ∼ 50µm/s. It thus takes
the droplets between ∼8.4 to ∼52.5 s to travel across one
undulation, which is sufficient to initiate new adhesion
between droplets [68]. Note that the lower bound of flow
velocity roughly corresponds to the one used to flow the
emulsion in between two static acquisitions.

Image analysis

We analyze separately the channels corresponding to
each droplet population. First, images are segmented
using Ilastik [69] in order to separate the fluorescent con-
tour of the droplets from the background. Using a home-
made Fiji routine and the segmented images, we create a
mask for both channels in order to identify the droplets
and compute a surface Voronoi tessellation of the whole
packing (in such tesselation, the whole contour of the
droplet is considered to be the seed of the Voronoi cell,
which automatically takes in account the polydispersity
of the system). We exclude Voronoi cells on the edge of
the image, i.e. we exclude droplets on the edge of the
channel and partial droplet images. These steps are ex-
emplified in the attached SI. The rest of the analysis is
performed using the Sci-kit image Python module. For
each image, we start by labeling the Voronoi tessellation
and the combination of red/green masks of the droplets.
Each droplet is associated to its Voronoi cell and its color.
We compute the local packing fraction ϕloc as the ratio
between the droplet area and its Voronoi cell area, note
that to measure the packing fraction in the dynamic ac-
quisition, we evaluated ϕ from the area of the triangles
at tri-cellular junctions which corresponds to a similar
measurement (Fig. S9B). The positions of the droplets
are extracted from the centroid coordinates of a fitted
ellipse. In addition, we extract the perimeter p and sur-
face a of each droplet to calculate its corresponding shape
factor A = p2/4πa.
From the segmented images, we identify inner vertices

(i.e. vertices involving at least 3 droplets, thus excluding
droplets along the channel border) in order to triangulate
the network as in [37] (details in the SI). Triangles elon-
gation is characterized by the tensor Q. The triangles
and their connectivity are analyzed over time, allowing
one to measure the shear contributions by droplet de-
formation and T1 transitions in order to compute the
reversible fraction fr.

Prediction of droplet shape

In Fig. 2C, we use quantified reversible fraction curves,
fr(Qproj), to predict the droplet shapes Qxx(x) as the

emulsion is pushed through the undulated channel. To
this end, we start in our 1D picture from the definition
of the reversible fraction, which implies:

dQxx

dt
= fr(Qproj)Ṽxx, (5)

where dQxx/dt = ∂Qxx/∂t + vx∂xQxx with vx being
the x component of the local velocity, and Qproj =

sgn(Ṽxx)Qxx. Using stationarity, ∂Qxx/∂t = 0, we thus
obtain:

∂xQxx = fr

(
sgn(Ṽxx)Qxx

) Ṽxx

vx
. (6)

With incompressibility, we have Ṽxx = ∂xvx. Because
the log function is monotonously increasing, sgn(Ṽxx) =
sgn(∂x log vx), implying:

∂xQxx = fr

(
sgn

[
∂x log vx

]
Qxx

)
∂x log vx. (7)

If the velocity vx was perfectly homogeneous along the
width h of the channel, we would have hvx = const. and
thus ∂x log vx = −∂x log h. Yet, we observe that there
are some variations of vx with channel width and so we
use a phenomenological fit to the measured vx(x), which
we then insert into Eq. (7) (see SI for details).
To solve Eq. (7), we need to be able to compute

fr for any value of Qproj = sgn
[
∂x log vx

]
Qxx. Yet,

for the experimentally determined fr curves, we only
have discrete (fr, Qproj) data points. We thus fit these
data points to the phenomenological function fr = 1 −
0.5 exp ([Qproj −Q∗]/λ) with fit parameters Q∗ and λ.
This fit function is then inserted into Eq. (7).
Finally, we integrate Eq. (7) using an explicit Euler

method with a spatial stepping of ∆x = 1µm. We ran
the integration for a number of cycles corresponding to
the cycle of the experimental observation (i.e. 5 or 15)
and compare in Fig. 2C only the last cycle to the exper-
imentally determined Qxx(x) data.

Vertex model simulations

Our vertex model describes a 100% dense packing of
N = 400 polygonal droplets, where the degrees of free-
dom are the positions of the polygon corners, called ver-
tices. The mechanics of our model is defined by the fol-
lowing energy functional:

E =
1

2

N∑
i=1

kA(Ai −A0i)
2 +

∑
⟨i,j⟩

λijℓij . (8)

Here, the first sum is over all droplets i, where kA is
parameter denoting an area elastic modulus, Ai denotes
the actual droplet area, and A0i is a droplet-dependent
target area. The second sum is over all pairs ⟨i, j⟩ of
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neighboring droplets. These are unordered pairs, i.e. each
pair ⟨i, j⟩ ≡ ⟨j, i⟩ appears only once in the sum. In this
sum, λij denotes an effective interface tension and ℓij is
the interface length.

We use periodic boundary conditions, where we ap-
ply varying dimensions Lx × Ly, but with a constant
total area LxLy = N , i.e. each cell has on average an
area of 1 available to it. We initialize our in-silico emul-
sion as the Voronoi tessellation of a random point pat-
tern. Afterwards, we apply cyclic pure shear by set-
ting Lx =

√
N eγ , where the shear strain γ varies be-

tween γ = −γ̂ and γ = +γ̂ with γ̂ = 0.27 and con-
stant shear step ∆γ = γ̂/100 = 0.0027. The strain
amplitude is taken from the experiments, computed as:
γ̂ = log (w/[w − 2∆])/2 ≈ 0.266, where w = 315µm and
∆ = 65µm (compare Fig. 1C). The value of γ̂ = 0.27 was
used in the all simulations (Fig. 4C and Figure S12). All
results (Fig. 4C and S12) were averaged over 50 to 150
simulation runs with different random realizations of the
initial conditions.

After each shear step, we quasi-statically minimize the
energy in Eq. (8) using a custom Conjugate-Gradient
algorithm. During the energy minimization, we test
whether the interface length between any two droplets
i and j is below the T1 cutoff ℓT1;ij . If this is the case,
we fuse the two vertices into a many-fold vertex (i.e. a
vertex where more than four droplets meet). Moreover,
we also test if forces applied to a many-fold vertex allow
for the stable formation of a new interface, in which case
we split it into a new interface with length 1.5ℓT1;ij .
We use the following parameter values. We set

kA = 100 to enforce an effective incompressibility of the
droplets. To match the experimental polydispersity, we
draw for each droplet i the target area A0i from a Gaus-
sian with a standard deviation of 0.4 and average of 1,
where we impose a lower cutoff of 0.3 to prevent droplets
from disappearing. We impose a number ratio of 1 : 1
between P0 and P10 droplets, corresponding to the ap-
proximate experimental value (Fig. S4 left). For simu-
lations with a homogeneous interface tension, we always
use λij = 1 (Fig. 4C and Fig. S12C,E,F). For simulations
with heterogeneous interface tensions (Fig. S12A,B,D),
we use:

λij =

{
0.68 if i and j are both P10

1 if i or j is P0.
(9)

Similarly, for the simulations with heterogeneous T1 cut-
offs (Fig. S12E,F), we set ℓT1;ij to 0.1 if both i and j are
P10, and to 0.25 if at least one of both is P0.

We realized that in our vertex model simulations, for
large ℓT1 the energy minimization became problematic in
the sense that (1) many-fold vertices tended to form (i.e.
vertices that abut more than three cells), and (2) there
were always new T1 events occurring during the mini-
mization. To accommodate for problem (1), we ran sim-
ulations where many-fold vertices were allowed. We tried

to also handle (2) by allowing only a given maximal num-
ber of 3 T1 transitions on any given edge or vertex. Yet,
this resulted in pathological configurations (e.g. many tri-
angular cells, many concave cells), which is likely due to
T1s also getting “stuck” this way, preventing a proper
minimization. That there will be problems at large ℓT1

becomes clear already from the fact that we have a sub-
stantial area polydispersity with the minimal area cutoff
at 0.3. Indeed, e.g. the side length of a hexagon with an

area of 0.3 is
√

2× 0.3/3
√
3 ≈ 0.34. Thus, already from

this very optimistic estimate, one would expect prob-
lems related to “never-ending” T1 transitions at least
for ℓT1 ≳ 0.34.

∗ Contact author: matthias.merkeluniv-amu.fr
† Contact author: lea-laetitia.pontanisorbonne-
universite.fr
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