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Cell Divisions Imprint Long Lasting Elastic Strain Fields in Epithelial Tissues
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A hallmark of biological tissues, viewed as complex cellular materials, is the active generation of mechanical
stresses by cellular processes, such as cell divisions. Each cellular event generates a force dipole that deforms the
surrounding tissue. Therefore, a quantitative description of these force dipoles, and their consequences on tissue
mechanics, is one of the central problems in understanding the overall tissue mechanics. In this work, we analyze
previously published experimental data on fruit fly Drosophila melanogaster wing epithelia to quantitatively
describe the deformation fields induced by a cell-scale force dipole. We find that the measured deformation
field can be explained by a simple model of wing epithelium as a linearly elastic sheet. This allows us to infer
the magnitude and dynamics of the mechanical forces generated by the cell divisions. In particular, we find
that cell divisions exert a transient isotropic force dipole field, corresponding to the temporary localization of
the cell nucleus to the tissue surface during the division, and traceless-symmetric force dipole field that remains
detectable from the tissue strain field for up to about 3.5 h after the division. This is the timescale on which elastic
strains are erased by other mechanical processes and therefore it corresponds to the tissue fluidization timescale.
In summary, we have developed a method to infer force dipoles induced by cell divisions, by observing the strain
field in the surrounding tissues. Using this method we quantitatively characterize mechanical forces generated
during a cell division and their effects on the tissue mechanics.

DOI: 10.1103/lh3v-v2c9

I. INTRODUCTION

How mechanical forces influence biological tissues is one
of the central problems in animal development and regen-
eration [1–5]. Biological tissues are often described as soft
viscoelastic materials [6] that are elastic on sufficiently short
timescales. Tissue fluidization on longer timescales arises
from cell divisions, extrusions, and intercalations, which re-
structure the tissue over time [7–10].

Cellular processes, such as cell divisions and cell extru-
sions, are intrinsic sources of mechanical force generation
within tissues, inducing deformation in the surrounding tissue
[11–13], which can in turn lead to cellular rearrangements
[14] and contribute to the overall tissue flow [7,15,16]. Fur-
thermore, cell divisions have been indicated to control the
glassy cell dynamics observed in cultured epithelial tissues
[17,18] and explanted embryonic tissues [19]. However, de-
spite the fact that cell divisions are a hallmark of biological
matter and seem to be a major factor in controlling material
properties of biological tissues, a quantitative understanding
of the mechanical forces generated by cell divisions and their
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immediate consequences on the surrounding tissue is still
lacking.

To study the mechanics of cell divisions, we need to probe
mechanical stresses in the surrounding tissue. One of the
most common methods of probing mechanical stresses is
the laser ablation experiment, in which one or multiple cells
are destroyed by a laser. The resulting displacement of the
ablated tissue boundary reflects the prestresses existing in
the tissue before the ablation [8,20–24]. Prestresses are then
characterized either by the initial dynamics of tissue boundary
displacement [21,23] or from the final relaxed shape of the
tissue [20,22,24,25]. Previous analyses focused on changes
in the position or shape of specific points or outlines in the
vicinity of the ablation. Therefore, they could not provide an
insight into the strain field induced in the surrounding tissue,
and they had to rely on assumptions about tissue mechanical
properties. Furthermore, to extract information about all com-
ponents of the prestress in the tissue, previous methods require
a precise, circular laser ablation [22,25]. If we could instead
infer force dipoles induced by cellular processes such as cell
divisions, we would be able to extract information about tissue
mechanics in a completely noninvasive way. Therefore, the
starting point of our work, on the way to study cell division
mechanics, is to develop a method that allows us to infer the
force dipole in an epithelial tissue from the tissue strain field.
The idea to infer properties of a localized force field from the
strain field it induces was recently employed to characterize
the properties of the core of plastic events in computer glasses
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[26–28]. Here, we proceed independently of these results us-
ing an approach better suited for epithelial tissue data.

In this work, we first provide a detailed quantitative anal-
ysis of the tissue displacement field following a linear laser
ablation performed in the pupal wing epithelium of the fruit
fly Drosophila melanogaster. We show that the response of
the fly wing epithelium to a laser ablation is consistent with
that of a two-dimensional (2D) linear elastic sheet. This al-
lows us to infer the force dipole induced by the ablation,
normalized by the elastic constant, from the observed strain
field. Furthermore, by analyzing the dynamics of the strain
field, we show that the dominant mode of dissipation in the
fly wing epithelium on short timescales less than 1 min is
viscous dissipation, as opposed to frictional dissipation with
a substrate.

Using our method to infer the force dipole from its strain
field, we determine the force dipole generated by cell di-
visions in the D. melanogaster wing disc. We find that the
isotropic component of the cell division force dipole tensor is
only transient and vanishes almost immediately after the divi-
sion, indicating that no net cell growth is accumulated during
the cell division. Furthermore, we find that the traceless-
symmetric component of the force dipole, imprinted by the
cell division, remains visible in the surrounding tissue for up
to about 3.5 h after the division. This provides a measurement
of the fluidization timescale in the tissue and demonstrates
the importance of elastic interactions in tissue-scale morpho-
genetic processes that take place on a comparable timescale,
such as wing disc eversion [29].

II. THE FRUIT FLY WING EPITHELIUM IS A 2D LINEAR
ELASTIC SHEET

A. Linear laser ablation experiments

In linear laser ablation experiments, a small linear segment
of tissue is destroyed by a laser. In Ref. [24], laser ablation ex-
periments have been performed in the D. melanogaster wing
epithelium during pupal morphogenesis. Information about
the prestresses in the tissue was inferred from the dynamics
of the nearest cell-cell junction as it retracted away from the
ablation. Here, we use laser ablation experiment data pub-
lished in Ref. [24] to study the deformation field in the tissue
surrounding the laser ablation. An image of a wing tissue
before and after such a laser ablation experiment is shown
in Fig. 1(a.i), where the red line indicates the line ablated
by the laser. Ablations were performed in a plane thinner
than 1 µm on the apical surface of the tissue [24]. Following
the ablation, the tissue relaxes until reaching a mechanical
equilibrium after about Te ≈ 30 s after ablation. We show an
example of the relaxed state in Fig. 1(a.ii). The tissue remains
in this state until after around 1 min. After this time, the
tissue starts to exhibit additional flows, directed towards the
line of ablation, which likely correspond to the wound-healing
response of the tissue [see Sec. V and Supplemental Material
(SM) [30]]. Note that in most experiments from Ref. [24] we
could not segment and analyze a reasonably large circle of
cells around the ablation (SM Fig. 1 [30]), and we selected
four experiments that we could best analyze. In the main text
we present analysis of the clearest one, denoted experiment

1. In experiment 2, such flows appear earlier so that no inter-
mediate relaxed state can be identified. In experiments 3 and 4
the strain field generated by the ablation is also weaker than in
experiment 1, so that the noise overcomes the signal already
at small distances from the ablation. Analyses of these three
experiments are presented in the SM [30].

To measure the tissue strain field, we segment the apical
cell surfaces over time and quantify area a and the elongation
tensor Qi j of each cell. The cell elongation tensor is defined
such that the corotational changes in the elongation tensor Qi j

correspond to the accumulated pure shear strain [8,31]. Since
no cell divisions or rearrangements appear in the region of
interest following the laser ablation, we quantify the tissue
strain field Ui j (r, t ) from the change in cell shape and size
relative to their values before the ablation (see Sec. V). The
strain field tensor consists of the isotropic strain component
Ukk and traceless-symmetric component Ũi j which we denote
as the pure shear strain component. In Fig. 1(a.iv) we show
the pure shear strain field component Ũxy at 50 s after the
laser ablation, which exhibits a clear spatial pattern. See SM
Fig. 3(a) [30] for the other traceless-symmetric component
and the isotropic component.

Our goal is to find the relationships between the induced
strain field and the stresses induced by the ablation. Since
the process of ablation does not introduce any net force, the
dominant component of the induced force field will be dipolar.
Therefore, we aim to relate components of the strain field at
distance �r from the ablation to the components of the force
dipole tensor, as illustrated in Figs. 1(b.i) and 1(b.ii).

We first consider tissue strain after it has reached the
mechanical equilibrium after the time Te and calculate the dis-
crete angular Fourier spectrum Ũ ss

i j (r, m), where r = |r| is the
distance from the center of ablation and m is the angular mode
index (see Sec. V). We find the strongest signal in the second
and the fourth mode of the pure shear strain components
[see Fig. 1(c.i) and SM Fig. 3(bii) [30]], which correspond to
cos(2ϕ) and cos(4ϕ) angular Fourier modes. In the isotropic
strain component, we find the strongest signal in the zeroth
and second mode [see SM Fig. 3(b.i)], which correspond to
the constant and cos(2ϕ) angular Fourier modes. We then
quantify the radial dependence of the second angular mode
and we find that its radial profile is consistent with r−2, as
shown in Fig. 1(c.ii). These results reminded us of the far
field of Eshelby propagators in two-dimensional linear elastic
sheets [26,32,33], and we next tested whether the linear elastic
theory can indeed quantitatively account for our measure-
ments.

We briefly present the linear elastic theory of a sheet
in which a point force dipole has been inserted. A force
dipole is represented by a tensor Di j that can be decomposed
into isotropic and traceless-symmetric contributions Di j =
D0δi j + D̃i j [34]. Inserting a force dipole in an elastic sheet
induces a strain field that is determined by the force balance
equation

∂ jσi j + ∂ j (δ(r)Di j ) = 0 (1)

where σi j is the stress tensor in the elastic sheet, which can
be decomposed into pressure P and shear stress σ̃ : σi j =
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FIG. 1. (a.i) Fluorescently labeled cell outlines show the cellular packing before the laser ablation. The red bar indicates the location that
will be ablated. (a.ii) Cell outlines 50 s after the laser ablation. (a.iii) Tracked and segmented cells in the region of interest are colored in white.
(a.iv) The accumulated cell strain component Uxy, 50 s after the laser ablation. The scale bar is 10 µm. (b.1) A force dipole in a two-dimensional
linear elastic system induces a strain in distance �r. (b.ii) Decomposition of two-dimensional strain field and force dipole tensors into isotropic
and traceless-symmetric components. (b.iii) A Voigt representation of the relation between strain at position �r induced by a force dipole at
the origin. (c.i) Angular Fourier modes of Ũxy at distance r = 16 µm, which corresponds to the yellow circle (a.iv), show a clear signal in
modes m = 2 and 4. (c.ii) The radial profile of the m = 2 angular mode shows a radial profile consistent with r−2 (dashed line). The dotted
line indicates the distance r = 16 μm. Analysis in both (c.i) and (c.ii) is performed on the strain field averaged over the time interval from
30 to 70 s after laser ablation and the error bars show the standard deviation over this interval. (d.i) The fit of the linear elastic theory to the
experimental data, shown in (c). The solid blue line is the fitted strain field with the corresponding fit parameters reported in the text. (d.ii)
Visualization of the fitted strain field. (e.i) The cellular network in the vertex model simulation. The red bar indicates two cells removed by
ablation. (e.ii) The cell strain field accumulated in the tissue after reaching the steady state following the simulated ablation. (f.i) Angular
Fourier modes of the strain field pattern in (e.ii) showing peaks in the second and fourth modes. (f.ii) The fit of the linear elastic theory to the
cell strain field in the vertex model. The solid blue is the fitted strain field with the fit parameters d0 = 0.72 ± 0.07A0, d̃xx = 0.65 ± 0.07A0,
d̃xy = 0.00 ± 0.07A0, and μ = 1.3 ± 0.1, where A0 is the cell preferred area in the model, see SM. The uncertainty intervals for fit parameters
are obtained by bootstrapping the data (see Sec. V).
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−Pδi j + σ̃i j . The resulting strain field can be written as

ui j (r) = Gi jkl (r)Dkl , (2)

where Gi jkl is the elastic dipole propagator and r is the dis-
tance from the force dipole (see SM [30]). We graphically
illustrate the components of Eq. (2) in Fig. 1(b.iii), using the
Voigt tensor representation. In this representation, the force
dipole propagator elements are organized in a matrix, which
we plot in Fig. 1(b). From this point, we use the normalized
force dipole defined as di j = Di j/2K . The propagator ele-
ments depend only on cos(2ϕ), sin(2ϕ), cos(4ϕ), and sin(4ϕ)
[see Fig. 1(b.iii) and SM], consistent with the observed second
and fourth angular Fourier modes in the data. Furthermore, all
components of Gi jkl decay in space as r−2. This is consistent
with the the radial profile observed in the experimental data
for m = 2 modes [see Fig. 1(c.ii) and SM Fig. 5]. The radial
profiles of m = 4 modes are more noisy so that it is difficult
to characterize the radial decay.

Therefore, the strain field measured in the laser ablation
experiments is consistent with a linear elastic response of the
tissue to the force dipoles generated by the ablation. However,
to confirm this hypothesis, we need to show that linear elas-
tic theory can quantitatively account for the observed strain
fields.

We fit the steady state tissue strain field U ss
i j with a strain

field predicted by a linear elastic theory of a two-dimensional
elastic sheet in Eq. (2). The fitting parameters are the three
independent components of the force dipole tensor and the
ratio μ of the two-dimensional shear and bulk elastic mod-
uli. By analyzing the ablation experiment, we find that the
data are well described by the fit, as shown in Fig. 1(d)
and SM Fig. 6(a) [30]. The fitted parameter values are d0 =
160 ± 10 µm2, d̃xx = 150 ± 10 µm2, d̃xy = 20 ± 10 µm2, and
μ = 1.9 ± 0.1 (see Sec. V). Furthermore, the ratio μ ≈ 2,
corresponding to the Poisson ratio of ν ≈ −0.33, is compa-
rable with the value μ ≈ 3, corresponding to the Poisson ratio
of ν ≈ −0.5, recently reported in the same tissue using a laser
ablation method based on circular ablation shape [24].

To further test our analysis of the laser ablation experi-
ments, we simulate a linear ablation in the vertex model of
epithelial tissues [20]. We remove two cells from a prestressed
cellular network, where the prestress represents the proximal-
distal stress in the wing epithelium [8], and the ablation axis
is perpendicular to the prestress orientation, recapitulating the
orientation of ablation in experiments (see SM [30] for details,
which includes Ref. [35]). We then quantify the resulting
strain and find that the simulation shows the same pattern as
in experiments, consistent with the linear elastic theory of a
2D sheet [Figs. 1(e) and 1(f) and SM Fig. 7 [30]]. We fit the
linear elastic theory to the observed strain field pattern and
infer the force density generated by the ablation from tissue
deformation. Finally, we find Poisson’s ratio of the vertex
model cellular network to be ν = −0.13 ± 0.04. This finding
is consistent with the value ν = −0.095 ± 0.009 found by a
direct numerical measurement of the shear and bulk modulus
of the same network (see SM [30]).

Our results show that the response of the D. melanogaster
wing epithelium to a small linear laser ablation is consistent
with that of a linearly elastic sheet with a negative two-
dimensional Poisson ratio. This allows us to infer the force

(i) (ii)

(i) (ii)

(i)

µ

(ii)

FIG. 2. Time evolution of the second Fourier mode m = 2 of the
strain field xy component induced by a force dipole for a linear elastic
sheet with (a.i) viscous dissipation and (a.ii) frictional dissipation and
a vertex model simulation with (b.i) viscous dissipation and (b.ii)
frictional dissipation. (c) Laser ablation experiment. (c.i) Time evo-
lution of Ũxy shows a radial profile as r−2, consistent with a viscous
dissipation mechanism. (c.ii) Quantifying the viscous relaxation of
strain as described in the text, which allows the measurement of
viscous relaxation timescales. The black dashed line indicates the
power-law r−2 decay for reference. Each data point represents the
strain field average over five smaller bins and the errors are the
corresponding standard deviations over those bins.

dipole tensor induced by the ablation from the tissue strain
field, which we confirmed using the vertex model simulations.

B. Viscous dissipation determines tissue relaxation dynamics

Our analysis of the strain in the ablated tissue after it has
relaxed allows us to study its elastic properties. Now, we
explore the transient dynamics of tissue strain as it approaches
the mechanical equilibrium, which will allow us to study
dissipative processes in fly wing epithelium. We consider two
possible dissipation mechanisms: viscosity and friction with a
substrate.

Interestingly, in a continuum model of tissue as an elastic
sheet, these two dissipation mechanisms lead to qualitatively
different relaxation dynamics upon insertion of a force dipole.
In particular, in an elastic sheet with only viscous dissipation,
all strain field components decay as 1/r2 with the distance
from the force dipole throughout the relaxation with the
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amplitude evolving in time [see SM [30] and Fig. 2(a.i)].
However, in an elastic sheet with only frictional dissipation,
the strain field propagates through the sheet: at distances
within the propagation front, the strain field converges to the
steady state solution and rapidly decays beyond the front [see
SM and Fig. 2(a.ii)].

To compare the strain field dynamics in viscous and
frictional dissipation models within a cellular system, we
performed vertex model simulations of laser ablation that
include only the frictional dissipation and compare it with a
viscous dissipation (see SM [30] for details). As discussed
above, the signature difference between viscous and frictional
dissipation is the power law decay of the shape 1/r2 in the
former and the existence of a propagation front in the latter.
With a frictional dissipation, we indeed find a clear propa-
gation of the strain field that converges to the steady state
value as the propagation front expands [Fig. 2(b.ii) and SM
Fig. 12(b)], consistent with the analytical calculation [Fig.
2(a.ii)]. In contrast, with viscous dissipation, we observe that
the strain field decays as 1/r2 in all time points [Fig. 2(b.i) and
SM Fig. 12(a)].

To quantify the dynamics of tissue relaxation following the
laser ablation, we measure the strain field in time intervals
of 4.5 s, starting from 1 s after the ablation (see SM Fig. 8
and movies 1–3 [30]). We find that the angular strain pattern is
the same as in the mechanical equilibrium one. We analyze the
dynamics of the strain radial profile by calculating the second
angular Fourier mode of the strain field at all measured time
points [see Fig. 2(c.i) and SM Fig. 8 [30]]. We find that the
strain field is consistent with 1/r2 decay and we do not see any
signature of a propagating front (see Fig. 2). Therefore, we
conclude that the viscosity is the dominant mode of dissipa-
tion in the fly wing epithelium on timescales below Te ≈ 30 s.

Our continuum model of an elastic sheet provides the
dynamical strain propagator Gi j (r, t ) = Gi j (r)Ti j (t ), where
no sum over repeated indices is performed. Gi j (r) is the
steady state propagator, and Ti j (t ) is the relaxation matrix the
components of which contain two relaxation factors g1(t ) =
1 − exp (−t/τ1) and g2(t ) = 1 − exp (−t/τ2), where the two
relaxation timescales

τ1 = η

K

1 + 2η/η

1 + μ
, (3)

τ2 = η

K
(4)

are related to the bulk and shear elastic constants, and bulk
and shear viscosities K, 2K, η, and 2η, respectively (see SM
Sec. I.B.ii [30]). We extract τ1 and τ2 from experimental data
(see Sec. V, SM, and SM Fig. 13 [30]). We find that the
two relaxation timescales are very similar: τ1 = 11 ± 1 s and
τ2 = 12 ± 1 s, where intervals of uncertainty correspond to
the uncertainty of the fit (see Sec. V).

As mentioned above, experiment 1 presented here was
selected based on our ability to segment and track cells in a
radius of 40 µm surrounding the laser ablation, which was not
possible for most of the other experiments. Here, we highlight
that in experiment 2, the angular and radial pattern of the strain
field are consistent with that of an elastic sheet with viscous
dissipation on times comparable to the relaxation timescales
τ1 and τ2 extracted above, as reported in the SM Fig. 13 [30].

Interestingly, on longer times radial profile of strain departs
from r−2 and continues to evolve throughout the experiment.
Similar additional motion is observed even in experiment 1
reported above, but only after about 2 min (see SM Fig. 11
[30]). This suggests that additional dynamics are due to a
wound-healing response in the tissue and understanding this
behavior would require a dedicated experimental exploration
in the future.

In summary, our detailed analysis of the strain in the fly
wing epithelium in response to the laser ablation shows that
the tissue behaves as a two-dimensional viscoelastic solid.
These results suggest that we can now infer force dipoles gen-
erated by cell divisions, and thereby study their mechanics,
by simply observing the dynamics of the surrounding tissue
strain caused by the division, without the need to directly
perturb the tissue.

III. ELASTIC DEFORMATION IMPRINTED
BY A CELL DIVISION

Cell division is a complex process during which the mother
cell is split into two daughter cells. Here, we aim to character-
ize the mechanical forces generated by the dividing cell from
the analysis of the strain field that the dividing cell induces in
the epithelium. We analyze cell divisions in previously pub-
lished experiments [25] on explanted D. melanogaster wing
imaginal discs. We are interested in the generic features of
the response of epithelial tissues to a mechanical perturbation,
such as the laser ablation or a cell division. Therefore, we aim
to extract normalized force dipoles in the surface plane gen-
erated by cell divisions using the same approach as with the
laser ablation experiments. However, we perform the analysis
independently of any results obtained from laser ablations in
the pupal wing.

The wing disc developmental stage precedes the pupal
stage in which linear laser ablations analyzed above were per-
formed [24], and their mechanical moduli may be different.
However, a quantification of the strain field generated by cell
divisions is more convenient in the wing disc stage compared
to the pupal wing stage. Cell divisions in the pupal wing differ
from divisions in the wing disc in that they are patterned in
time and space, with most cells dividing at least once within
several hours, and the tissue exhibits strong tissue shear flows
and active cell rearrangements [36]. Therefore, analysis of
the strain field induced by individual divisions is practically
impossible in the pupal wing due to additional dynamics in
the tissue. However, in both tissues, the apical surfaces are
mechanically special as they contain a high concentration of
actomyosin cortex and adherens junctions between cells that
are important for morphogenesis. Therefore, it is likely that
apical mechanics plays a significant role in the overall tissue
mechanics in both tissues.

Wing discs were cultured over about 13 h, during which
the tissue was imaged every 5 min, and individual cells were
segmented and tracked over time. The progress of a typical
cell division is shown in Fig. 3(a). Before the actual cell
division, the mother appears to inflate [Fig. 3(a.ii)]. This is
not a real increase in cell size, but is rather a consequence
of the cell nucleus arriving at the apical surface of the cell
to divide and transiently stretching the cell apical surface
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FIG. 3. (a) Snapshots of a cell division in three stages. (a.i) As
the mother cell starts the division process, (a.ii) it rounds up, corre-
sponding to the inflation, and then (a.iii) it shrinks and divides into
the daughter cells. The red dots show the mother and the daughter
cells. (a.iv) A schematic representation of the cell area of the mother
cell (brown) and the daughter cells (orange) during the division
process. The symbols highlight the stage of the dividing cell before
the division, at the peak of inflation, and after the division. The new
bond forms at t = 0, and t0 is the reference state. (b) Strain Ũxy of
the cells near a typical cell division at the three stages shown in (a)
with t0 = −60 min. (c) Ensemble average (N = 682) of Ũxy around
the dividing cell: (c.i) at the peak of the inflation t = −20 min [cor-
responding to (a.ii) and (b.ii)] and (c.ii) after the division t = 30 min
[corresponding to (a.iii) and (b.iii)]. The radial extent of the plots is
6 µm. (d) The angular Fourier transform of the Ũxy at a distance of
r = 3 µm from the center of the mother cell at t = −20 min (d.i) and
at t = 30 min (d.ii).

[11,37]. This transient inflation is followed by the creation
of the new cell boundary, and the two daughter cells become
visible [Fig. 3(a.iii)]. For each cell division, we define the time
of the new bond creation as the reference cell division time
t = 0.

Figure 3(a.iv) qualitatively summarizes the experimental
observations. For each cell division, we quantify the tissue

strain field in the vicinity of the dividing cell, as described
in Sec. II, relative to the starting time point t0 = −60 min
before the cell division time. We show an example of the
cell strain field induced by a dividing cell in Fig. 3(b). The
timescale on which the cell division forces evolve, which is on
the order of tens of minutes, is much larger than the minutes
relaxation timescale reported in the wing disc [25]. Therefore,
the strain field dynamics observed over tens of minutes is
largely due to changes of the force dipole generated by the
cell division, and not due to much faster stress propagation
through the tissue. Although it is possible that on these longer
timescales cells adapt to the experienced stress and adapt their
reference shape, a clear positive correlation between stress
and strain has been reported in our past work [25]. Therefore,
it is reasonable to interpret the change in cell elongation as
a measure of elastic strain, even if the adaptation to stress
effectively renormalizes the elastic constants, as discussed in
Ref. [25].

We find that a single cell division generates weaker
forces compared to those induced by laser ablation [compare
Figs. 1(a) and 3(b)], and the corresponding strain field is
more susceptible to noise. Therefore, we average the strain
field from multiple cell divisions (N = 682). We first align
the centers of the cell division, defined as the area-weighted
average of daughter cell centers at the cell division time
(t = 0). We next rotate each division such that the orientation
of the line connecting daughter cell centers is oriented along
the xaxis at the cell division time. We show the resulting
strain field component Ũxy in Fig. 3(c) and the corresponding
angular Fourier modes in Fig. 3(d) at times t = −20 min,
corresponding to the peak of the cell inflation, and t = 30 min
after the cell division. In Fig. 3(c.i), the twofold symmetry
of the angular strain pattern indicates that the isotropic force
dipole is dominant, consistent with the isotropic cell inflation.
In Fig. 3(c.ii), the pattern is closer to a fourfold symmetric
one, such as would be induced by an anisotropic force dipole.
Finally, we find that radial profiles of the Fourier modes are
consistent with r−2 decay (SM Fig. 15 [30]), as was the case
with laser ablation experiments above.

We fit the linear elastic theory Eq. (2) to the experimen-
tally measured strain field at each time point and extract the
resulting force dipole di j (t ). Comparison between the fit and
the data is shown for the xy component of the strain field at
t = −20 and 30 min in Fig. 4(b). We find that the isotropic
force dipole component d0 rises sharply during the mother
cell inflation and peaks at about t = −20 min [magenta line
in Fig. 4(b)]. However, by the time of the new bond forma-
tion, the isotropic component has disappeared and remains
negligible at later times. This result shows that cells do not
noticeably grow during the division, but rather that the divi-
sion reorganizes the available material into the two daughter
cells. The traceless part of the force dipole d̃xx grows as the
new bond is formed and persists in the tissue multiple hours
after the division [green line in Fig. 4(b)], indicating that the
division-induced strains remain imprinted in the tissue long
after the division has been executed. Over time, d̃xx slowly
decays while its fluctuations increase, representing the effect
of other cell divisions and rearrangements that appear in the
tissue. We estimate the tissue fluidization time from the decay
of d̃xx in time by fitting an exponential function to it. We find
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(a)

(b)

(c)

(i) (ii)
µ µ

FIG. 4. (a) The fit of linear elastic theory to the measured strain
field around cell divisions (a.i) at the peak of inflation t = −20 min
and (a.ii) after division t = 30 min. Each data point shows the av-
erage strain field in polar bins and the error bars are the standard
deviation over these bins. (b) The force dipole generated by a cell
division as a function of time, normalized by the average cell area
in the tissue. (c) A schematic summary of the force dipoles during
stages of a cell division.

the fluidization timescale to be τα � 3.5 ± 0.7 h (see Sec. V),
over which d̃xx vanishes and, therefore, the strain field induced
by the division is erased. Note that component d̃xy remains
negligible at all times.

Finally, we note that at the time of the peak of d0, there
is a small but clear negative peak in d̃xx. To interpret this
observation, we have to remember that our strain measure-
ments are relative to the state of the cells at t0 = −60 min.
Since the mother cell attains an almost perfectly circular shape
during the inflation, any initial anisotropy of the mother cell
at time t0 gives rise to an anisotropic force dipole component
during the inflation. Therefore, the observed negative value of
d̃xx indicates that mother cells are elongated along the future
division axis, consistent with the well-known Hertwig’s rule
[11,38–41]. We summarize these results in Fig. 4(c).

IV. DISCUSSION

In this work, we devised a full spatiotemporal analysis
of tissue strain induced by two types of force dipole fields:
linear laser ablations and cell divisions. In this way, we have
shown that the developing Drosophila wing epithelium can
be described as a two-dimensional elastic solid with viscous
dissipation. We also measured its two-dimensional Poisson
ratio, which we find to be negative, consistent with the values
reported in the literature [24,25]. Our analysis was based on

laser ablation of the wing tissue during pupal development, at
which time the wing consists of two apposed epithelial layers.
Although the experimental observations are consistent with a
model of the wing apical surface as a linear elastic sheet, in the
future it might be interesting to probe the three-dimensional
structure response of the tissue with deeper ablations and in
wings where the two epithelial layers have been separated
[42].

We characterized the dynamics of mechanical forces gen-
erated by a dividing cell throughout the cell division process.
We found that the strain fields imprinted by a cell division are
slowly erased on the timescale of τα = 3.5 ± 0.7 h, which can
be understood as a fluidization timescale of the Drosophila
wing tissue. Furthermore, our analysis shows that there is
no cell growth during a division, and stresses induced by
the cell division correspond to those of a pure shear force
dipole. Finally, we found that Hertwig’s rule applies in the
D. melanogaster wing disc [11,12].

An important implication of our work is that the
Drosophila wing epithelium is a solid the fluidization time
τα of which is not negligible on the developmental timescales.
For example, large-scale shape changes that the wing under-
goes during eversion are executed on a similar timescale [29].
A possible physical picture of the Drosophila wing epithelium
that could account for our observations is that of a glassy
material, or as was put forward in the glass literature, a solid
that flows [43–45]. In other words, the long-range elastic
interactions between cells would lead to correlated glassy
dynamics, which has been reported in tissue cultures [17,18],
and it remains to be seen whether they indeed play a role in
developing tissues. Furthermore, active biological processes
in the wing tissue make it an active glass which might exhibit
mechanical properties distinct from passive ones [10,46–49].
In summary, our results quantify force dipoles generated by
dividing cells in developing D. melanogaster wing epithelia,
as well as elastic interactions between cells, which paves the
way to the development of tissue mechanics theory and moti-
vates further experimental study of collective cell dynamics.

V. METHODS

A. Cell segmentation and tracking

The linear ablation experiments were performed during the
pupal morphogenesis stage and were previously published in
Ref. [24], where the authors analyzed the initial retraction
velocity of the ablated bonds. Here, we reanalyzed movies
of those experiments, and fully segmented and tracked cells
in the entire field using the Fiji plugin, TissueAnalyzer [50],
using a bond cutoff of 2 pixels. Then, after the manual cor-
rection of segmentation errors, we use TissueMiner [36] to
analyze changes in the cell shape and size.

The cell division experimental data came from the wing
disc stage and were previously segmented, tracked, and ana-
lyzed in Refs. [25,51].

B. Tissue relaxation after a laser ablation

After the ablation, nearby tissue relaxes to a new mechan-
ical equilibrium. In experiment 1 reported in the main text,
we estimate equilibrium to be reached after about 30 s after
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ablation, when the tissue does not visibly evolve any more.
However, this equilibrium state is not permanent, as at about
1 min after the ablation, we observe additional motion of the
tissue, which we interpret as the onset of the wound-healing
response. In this work, we are interested in the stress response
to the ablation, not the wound-healing process, and therefore
we limit our analysis to times below 1 min after the laser
ablation. Note that in experiments 2–4, reported in detail in
SM [30], the additional patterns appear to emerge earlier and
we could not extract as clear an intermediate regime as in
experiment 1. However, even in these experiments the profiles
of strain observed during the relaxation are consistent with the
linear elastic theory, thereby further strengthening our results
from experiment 1.

C. Tissue strain field measurement

The strain field consists of isotropic strain Ukk (r, t )/2 and
shear strain Ũi j (r, t ). To determine the strain field from the
changes of cell shape and area, we use the method based
on the cell triangulation [8,31,52] in which the corotational
change of the cell elongation tensor Qi j corresponds to the
tissue shear rate, and changes in the logarithm of cell area
correspond to the isotropic strain rate. Here, we approximate
the accumulated tissue strain by the change in cell elongation
tensor and in the logarithm of cell area for pure shear and
isotropic components, respectively. To define the cell elon-
gation tensor Qi j , we choose the subcellular triangulation of
the tissue obtained by connecting two adjacent vertices to
the geometric center of cells, as described in Ref. [52]. We
estimate the accumulated tissue shear strain field in a cell from
the difference between the cell shape tensors:

Ũi j (t ) � Qi j (t ) − Qi j (0). (5)

The only approximation is that we neglect to account for
changes in cell elongation due to local rotations. We deter-
mined the exact cell shear tensor at several time points, and we
found that the differences from our approximation are small.
Therefore, we use the approximate expression for simplicity.
The isotropic strain field in a cell is defined as the accumulated
relative area change rate [8,31], which we measure relative to
the initial cell state as

Ukk (t ) = ln

(
a(t )

a(0)

)
, (6)

where a is the cell area.
Finally, we define the tissue strain field Ui j (r, t ) at position

r to have the value of the strain tensor obtained for the cell
inside of which point r lies.

D. Discrete angular Fourier transform

We examine the angular discrete Fourier transformation
of the tissue strain field to investigate its angular pattern and
study its radial profiles. The strain in position r is represented
by Ui j (r, ϕ), where r is the distance to the center of the cut
and ϕ is the polar angle. We use the notation Ui j (r, m) for the
mth angular mode of discrete angular Fourier transform at a
distance r, and it is defined as

Ui j (r, m) = 1

N

N∑
i=1

Ui j (r, ϕi )e
imϕi , (7)

where ϕi are N uniformly distributed numbers between 0 and
2π . In rare cases a point with coordinates (r, ϕi ) does not
belong to a cell, making Ui j (r, ϕ) undefined at that point.
To handle such cases, we modify the Fourier transform as
follows:

Ui j (r, m) =
∑N

i=1 Ui j (r, ϕi )eimϕi ι(r, ϕi )∑N
i=1 ι(r, ϕi )

, (8)

where ι(r, ϕi ) = 1 if the point belongs to a cell and zero
otherwise.

For the analyses of cell division data, a point can belong
to multiple cells due to simultaneous analysis of multiple cell
divisions. In such cases, we replace Ui j (r, ϕi ) with its average
〈Ui j (r, ϕi )〉 where 〈· · · 〉 is the average over all divisions.

E. Fit of the elastic theory to data

We measure the force dipole, the ratio of shear moduli to
bulk moduli, and viscosity by fitting the strain field pattern
to the elastic and viscoelastic theories. First, we define a cost
function:

E =
∑

α∈cells

{[
U α

kk − ukk (rα )
]2 + [

Ũ α
xx − ũxx(rα )

]2

+ [
Ũ α

xy − ũxy(rα )
]2}

, (9)

where U α
i j is the cell strain measured from data, rα is the

position of the center of each cell, and ui j (rα ) is the strain
field predicted from theory at position rα . By minimizing E ,
we find the magnitude of the force dipole, the ratio of the shear
modulus to bulk modulus, and when fitting the relaxation
dynamics the relaxation timescales.

When fitting the steady state strain field measured in ex-
periment 1, we wanted to take into account the fluctuations in
the steady state. For this, we sampled the strain field at 5 time
points uniformly spaced between 36 and 58.5 s after ablation.
We constructed datasets by bootstrapping the sampled data ten
times, and we fit the linear elastic theory for each dataset. The
reported parameter values and uncertainties are mean values
and standard deviations of these ten fit outcomes.

To fit the relaxation dynamics and extract the relaxation
timescale, we consider the strain field at each time point ti,
spaced 4.5 s apart, during the relaxation and use the steady
state parameters and force dipole to fit the elements of
the matrix T (ti ). Finally, we fit an exponential function to
the obtained matrix element values at different time points
[Fig. 2(c.ii)] and report the relaxation timescale values and
their uncertainties obtained by this exponential fit.

To analyze cell divisions, we first reduce noise in the strain
field by applying a moving average over a 10-min window.
Next, we select the time point t = 30 min and systematically
vary the reference time t0 from −120 to −40 min. For each t0
within this range, we fit the steady state linear elastic theory
to the measured strain field to extract the corresponding set
of μ(t0) values. The parameter μ is then determined as the
average 〈μ(t0)〉, which remains fixed for the subsequent strain
field analyses (see SM Fig. 14 [30]). This is done to more
precisely measure the parameter μ, which cannot be extracted
independently of d0 when traceless symmetric components of
the force dipole vanish. Namely, in that case it is impossible
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to factorize the product μD0 as the two factors only appear
in the form of the product [see SM Eqs. (9) and (10) [30]].
Finally, to compute the force dipole at each time point t we set
t0 = −60 min, and we perform the fit at each time point using
the bootstrapping algorithm over the ensemble of all divisions,
obtaining the force dipole values and their uncertainties at
each time point, while using the previously obtained values
of μ as a constant.

F. Estimation of the tissue fluidization time

To measure the decay timescale of the anisotropic force
dipole d̃xx, we fit an exponential function to normalized force
dipole y = d̃xx(t )/〈a〉 as f (y) = d̃xx(t = 0) exp[−t/τα] to ob-
served data in SM Fig. 16 [30]. From that, we obtain the
fluidization timescale τα = 3.5 ± 0.7 h and d̃xx(t = 0)/〈a〉 =

0.53 ± 0.01, normalized by the average cell area in the tissue
before ablation. The reported errors correspond to the range of
parameters over which an exponential function successfully
fits the data.
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