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Abstract

We investigate the effect of gravity on the spreading of droplets of yield stress fluids, by performing both microgravity experiments (in a drop
tower) and experiments under terrestrial gravity. We study the dependence of the final droplet shape on yield stress and gravity. Droplets are depos-
ited on a thin film of the same material, mimicking a fully wetting surface, and allowing to directly test scaling laws derived from the thin-film
equation for viscoplastic fluids, in this limit. Microgravity conditions allow us to vary the two relevant dimensionless numbers independently, the
Bond number, B, and the plastocapillary number, J , and thus to disentangle the influence of surface tension from that of the yield stress on the
final droplet shapes. Simulations using a viscoelastic model with shear-thinning complement the experiments and show good agreement regarding
the droplet shapes. Possible deviations arising in the regime of non-negligible elastic effects and large plastocapillary numbers (large yield stress)
are discussed. © 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1122/8.0001083

I. INTRODUCTION

Yield-stress fluids (YSFs) are characterized by their dual
rheological response: they flow like (complex) fluids only
when the applied stress exceeds a threshold (the yield stress).
Below this threshold, their deformation behavior becomes
solidlike [1,2]. This invites a wide range of applications:
many commonly used materials, such as pastes, gels, emul-
sions, foams, and a variety of biological and industrial sus-
pensions, exhibit a yield stress [3]. As a result, the spreading
of YSFs (and in general non-Newtonian fluids) is central to
many processes in sectors including food processing, cosmet-
ics, pharmaceuticals, construction, and energy. For example,
the presence of a yield stress in 3D-printing materials ensures
that extruded filaments or droplets retain their shape after
deposition, enabling the controlled, layer-by-layer fabrication
of complex structures [4–8].

Despite this practical importance, some fundamental
aspects of the spreading of YSFs have only been established
recently [9–18]. A defining characteristic of YSFs is that
their droplets reach a finite size even on fully wetting sub-
strates. Unlike Newtonian fluids, which would theoretically
spread indefinitely into an infinitesimally thin film, YSFs
balance hydrostatic pressure and surface tension against the
yield stress, resulting in droplets of finite radius. This princi-
ple underpins direct-ink writing technologies and notably

bioprinting [19–21] both on ground and in space [22]. We
are, therefore, interested in how the asymptotic droplet size—
achieved at long times, t ! 1 after extrusion—depends on
parameters such as the deposited fluid volume, material prop-
erties, and gravity.

Since the formation and spreading of YSFs droplets is
mainly governed by three factors—yield stress, surface
tension, and hydrostatic pressure—(at least) two dimension-
less groups are needed to characterize their flow properties
[11]. The Bond number, B, quantifies the importance of
gravity over surface tension and is well known from the
spreading of Newtonian fluids. The existence of a yield stress
implies another relevant dimensionless quantity, the plastoca-
pillary number, J , to quantify the importance of yield-stress
effects over surface-tension ones. For a droplet of typical
length-scale L (to be defined more precisely further below)
and fluid mass density ρ, one defines

B ¼ ρgL2

σ̂
, J ¼ τ0L

σ̂
: (1)

Here, τ0 is the yield stress, σ̂ is the surface tension, and g is
the gravitational acceleration. Specifically, scaling laws were
derived for the standard viscoplastic Bingham model [11]
that predict the asymptotic droplet final radius, R, as a func-
tion of the dimensionless numbers B and J . A particularly
intriguing aspect of these laws is the emergence of distinct
scaling exponents in the pure plastocapillary limit B ¼ 0,
highlighting this regime as one where further experimental
studies are desired.

Note: This paper is part of the Special Topic on Space Applications and
Low Gravity Research.
a)Author to whom correspondence should be addressed; electronic mail:
thomas.voigtmann@dlr.de
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To vary the dimensionless numbers B and J , the length
scale L is arguably the parameter that is most easily changed
in Eq. (1). However, this does not allow to change both
numbers independently. Especially realizing the limit B ! 0
via L ! 0, i.e., in infinitely small droplets, implies both
J ! 0 and obvious experimental limitations. To access a
broader range of the parameter space and vary B and J inde-
pendently, we opt to vary the effective gravitational accelera-
tion, g. This allows us to probe the limit B ! 0 while
keeping J finite.

The study of droplets in the regime g ! 0 has hitherto
mostly focused on Newtonian fluids. Surface tension mea-
surements on droplets under such effective microgravity con-
ditions have a long-established history [23]. Sessile droplets
have also been studied at g ! 0 to assess variations in
contact angles and wettability [24–27]. The coalescence of
sessile water drops has been studied on the International
Space Station (ISS), investigating the contact line motion at
small Bond numbers, while taking advantage of the enhanced
optical resolution brought by large droplets [28,29].

Non-Newtonian droplet studies in the limit g ! 0 have
been proposed as a promising way to investigate fluid param-
eters, such as surface tension and viscosity, by means of levi-
tation and droplet oscillations [30]. However, to date, nearly
all studies have been conducted under Earth gravity, primarily
focusing on the spreading of sessile and impacting droplets
[12,31–34]. More applied studies include experimental setups
mimicking inkjet printing [35] or Leidenfrost droplets [36].

We present results from microgravity experiments, that is,
experiments performed in a freely falling setup where gravi-
tational acceleration effectively vanishes. In this regime, we
test the scaling laws for the final droplet radius that were pre-
dicted by Jalaal et al. [11]. While previous experimental and
simulation studies have explored these laws [8,12], the
ability to independently vary both B and J in our micrograv-
ity experiments enables a far more stringent test of the

theoretical predictions. Our findings show agreement with
the theoretical power laws, including their predicted asymp-
totic prefactors. Small systematic deviations appear, and we
discuss possible reasons in terms of corrections to the surface
tension and the influence of viscoelastic effects. Note that
the effects of other dimensionless groups might also come
into play, like the Ohnesorge and Deborah numbers [12],

Oh ¼ η=
ffiffiffiffiffiffiffiffiffiLρσ̂p

and De ¼ τ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
σ̂=ρL3

q
, with the fluid’s

(zero-shear) viscosity η and structural relaxation time τ.
While we focus on the asymptotic regime where Oh=J and
De=J can be considered irrelevant, we employ simulations
using a shear-thinning pseudo-YSF with finite relaxation
time, to demonstrate that the observed droplet shapes can be
well predicted.

The paper is organized as follows: we give a brief review
of the experimental and computational methods in Sec. II,
including the rheological model studied. We present our
experimental findings and a comparison with simulation in
Sec. III, before we conclude in Sec. IV. A key point of the
microgravity experiments is to significantly expand the acces-
sible parameter regime in the (B, J ) plane; for illustration,
the range of values covered in our experiments is compared
to that of previous ground-based studies [11] in Fig. 1.

II. METHODS

A. Experiments

We conducted microgravity experiments (g ! gμ � 0)
complemented by ground-based experiments (in nominal
Earth gravitational acceleration, gE ¼ 9:8m s�1).
Experimental campaigns were performed at the Center of
Applied Space Technology and Microgravity (ZARM) drop
tower in Bremen, Germany [37–39] (see Fig. 2). Taking
advantage of its catapult system, the ZARM drop tower pro-
vides a total of 9.3 s of microgravity (gμ , 10�4 m s�1).

FIG. 1. Parameter space in terms of Bond number, B, versus plastocapillary
number, J . Our experiments on ground and in microgravity are represented
by open and filled square symbols, respectively; the nominal values of B and
J are given (see the text for details). The parameter space accessed in previ-
ous experiments by Jalaal et al. [11] (circle symbols) is indicated by a gray
shading.

FIG. 2. Platform used to conduct microgravity experiments. (a) Schematic
of the ZARM drop tower, including catapult system below. (b) Full experi-
mental capsule, including experimental platform and support systems.
Pictures reproduced from D’Angelo et al., Rev. Sci. Instrum. 93, 115103
(2022). Copyright 2022 Author(s), licensed under a Creative Commons
Attribution (CC BY) license.
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Ground reference experiments were conducted in the same
setup, using the same sample batches as the corresponding
microgravity experiment, and usually on the same day, a few
hours prior. A detailed description of the hardware is pro-
vided elsewhere [40]. Below, we summarize the main steps
of the experimental procedure.

The experiment consists of the deposition of a droplet of
complex fluid on a prewetted glass substrate covered by a
thin film of the same fluid (see Fig. 3). The initial wetting of
the substrate is done by rotating a rotary stage onto which the
substrate is mounted, underneath a custom-designed
nozzle-and-blade system. The latter is designed to cover the
glass surface with a thin fluid film. Importantly, for the
microgravity experiments, the thin film and droplet are both
deposited during the microgravity phase [40]. Subsequently,
a droplet is extruded through a nozzle placed in the center of
the droplet (inner diameter 0.8 mm, placed at 0.8 mm above
the substrate). The glass surfaces are chemically treated to
avoid slip [41]. The droplet volume, V , is controlled by a
linear motor driving the extrusion syringe. The volumes
deposited are V ¼ 0:5, 1:8, 4:2, and 5:6ml. Different extru-
sion speeds were used, but found to have no influence on the
asymptotic droplet shapes discussed here. For later reference,
unless otherwise specified, we give the corresponding length
scale L as the diameter of a sphere with the same volume,
i.e., L ¼ (6V=π)1=3. The corresponding values are L = 1.0,
1.5, 2.0, and 2.2 cm. We omit the unit when quoting L
values where convenient in the following. Note that, other
than in [11], L here refers to the diameter of the equivalent
sphere rather than its radius.

Prewetting takes around 1.4 s, and we find that the drop-
lets attain stationary final shapes well within the remaining
microgravity time for these parameters. While we do not
control for evaporation of the liquids, the droplets show no
obvious sign of evaporation being relevant over the relatively
short time span of the experiments. The video recordings
from all experiments are available online [42].

The droplets’ spread is measured using shadowgraphy, a
straightforward method for extracting the temporal evolution
of axisymmetric droplet shapes. For this, the droplet is illumi-
nated from one side using a custom-made LED panel and
observed from the opposite side using a high-speed camera.
The resulting images are subject to a standardized image-
analysis technique described in the Appendix. We specifically
extract the final droplet radius, R, and final height, h, from
these images. For the radius, two values are extracted from
the left- and right-hand parts of the images, and both values
are shown to indicate the precision of the measurement.

The complex fluids used as experimental materials are
Carbopol aqueous solutions, widely studied as model visco-
plastic fluids [2,11,43–48]. Six different concentrations
(labels c1–c6) were used, ranging from 0.3 to 0.55 wt. %,
corresponding to yield stresses, τ0, between 6.5 and 55 Pa
(see Table I for the precise values).

Experiments cover a large (but not complete) set of com-
binations of droplet sizes and concentrations. All solutions
were produced by dilution from a 1 wt. % stock solution. The
latter was prepared by dispersing polyacrylic acid (PAA)
powder (Sigma Aldrich) in Milli-Q water using a four-blade

marine impeller rotating at 1000–1500 rpm at room tempera-
ture. The mixture was then pH-neutralized with triethanol-
amine (TEA; Sigma Aldrich). Bubbles were removed from
the sample by centrifuging the fluids at 2200 rpm for 20 min.
The yield stress values of the solutions were obtained using
an Anton Paar rheometer (MCR-502), measuring flow curves
by increasing the shear rate from 0.01 to 1000 s�1 and fitting
a Herschel–Bulkley model through the flow-curve data.

Note that from Eq. (1) one infers the droplet sizes for
which gravitational effects become relevant. This is usually
expressed through the capillary length ‘κ ¼ ffiffiffiffiffiffiffiffiffiffiffi

σ̂=ρg
p

, such
that B ¼ (L=‘κ)2 � 1 if L � ‘κ. For a typical liquid density
of ρ � 1� 103 kgm�3, and with the surface tension of
water, σ̂ ¼ 0:072Nm�1, as a reference, we obtain
‘κ � 2:7mm. All our experimental data are in the regime
L � ‘κ.

B. Simulations

The experiments are complemented by fluid dynamics
simulations, carried out using the open-source software lan-
guage BASILISK C

1 [49].
In BASILISK, the volume of fluid technique is used to track

the interface between the droplet fluid and a surrounding
low-density, low-viscosity fluid (representing ambient air). A
color function f is used (where f ¼ 1 in the liquid and f ¼ 0
in the gas), which satisfies the scalar-advection equation.
One solves the governing equations, incorporating surface
tension as a body force, using a one-fluid approximation
[50,51], using adaptive mesh refinement based on wavelet
estimated discretization errors. The solver has been exten-
sively used for various Newtonian and non-Newtonian prob-
lems with deformable interfaces [11,12,34,52–54].

The governing equations are given by the mass-
conservation equation for incompressible fluids, ∇ � v ¼ 0,
and the momentum conservation equation,

ρ
D

Dt
v ¼ �∇pþ ∇ � σ þ fext , (2)

where fext is an external force density representing gravita-
tional force, if present. For the stress tensor, σ, we use the
constitutive equation of a shear-thinning viscoelastic fluid
that is representative of a glass-forming fluid with a dynami-
cal yield stress that emerges at the glass transition [55,56].

Specifically, we set σ ¼ ηN _γ þ σp, where ηN is a
Newtonian background viscosity, and _γ ¼ (∇v)þ (∇v)T is
the symmetrized shear-rate tensor. The non-Newtonian con-
tribution is modeled in a form known as a White–Metzner
model from rheology [57,58],

1
τ(k _γk) σp þ σp

5 ¼ G1 _γ: (3)

For fixed relaxation time τ ¼ τeq, this is the standard upper-
convected Maxwell model (Oldroyd-B model including the

1Basilisk, “Basilisk user manual,” http://basilisk.fr (accessed 24 September
2025) (2025).
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Newtonian background viscosity). The symbol indicates the
upper-convected time derivative, defined by

A
5
¼ d

dt
A� (∇v)T � A� A, � (∇v) (4)

for a twice-contravariant tensor A such as the stress tensor [59].
The Oldroyd-B model describes viscoelastic stress relaxa-

tion: for time scales t � τeq, the response is that of an elastic
solid, while for t � τeq, viscous flow sets in, with a
non-Newtonian contribution to the viscosity ηp ¼ G1τeq.

To include the effect of shear thinning, we introduce a
shear-rate dependent relaxation rate. We set

τ�1 ¼ τ�1
eq þ k _γk

γc
(5)

in Eq. (3). This form is inspired by microscopic approaches
to the rheology of glass-forming colloidal suspensions and
has been referred to as a “nonlinear Maxwell model” [55,56].
In the limit τeq ! 1, this model describes a YSF, with a
yield stress τ0 ¼ G1γc. For finite τeq, the model describes
a quasi-YSF, regularizing the infinite zero-shear viscosity by
a finite one. For the numerical simulations considered here,
we set τeq ¼ 50 s, large enough to consider our simulations
to be in the YSF regime. Asymptotic droplet shapes are mea-
sured in a time window where the initial relaxation of the
fluid has passed, but on a time scale t , τeq before viscous
relaxation sets in. (See below for specific examples.)

The simulations consider droplet spreading in cylindrical
symmetry, assuming the z-axis to be the symmetry axis (and
transforming the Navier–Stokes equations into the corre-
sponding coordinate system). Cross sections are, thus,
obtained in the (x, z)-axis, and gravity, if present, acts in the
negative z-direction. The initial conditions are that of a rota-
tion ellipsoid, given by

x2 þ (ζz)2 ¼ R2
0, (6)

with ζ ¼ 3 to allow for the relaxation of prolate droplets to
flatter shapes. The conversion between experimental values
L and simulated radius R0 is, thus, L ¼ R0 � 4ζð Þ1=3. Further,
a prewetted film of thickness h1 ¼ 1mm is added to the sim-
ulations for numerical stability.

The final heights of the droplets were obtained from an
analysis of the long-time behavior of the droplet height h(t):

Since the simulations introduce a finite relaxation time τeq,
the final evolution is that of a Newtonian fluid, given by
Tanner’s law [60], h(t) � t�1=10. We, thus, fit the long-time
part of the height curve as h(t) ¼ h0 � Ct�1=10 using C and
h0 as fit parameters and the latter as a proxy for the asymp-
totic droplet height for a true YSF.

As further simulation details, the fraction of densities is
fixed as ρair=ρfluid ¼ 0:001, and the fraction of Newtonian
viscosities ηair=ηfluid ¼ 0:1. A box of side length Lx ¼ 0:1m
(large enough to prevent finite size effects) and a resolution
level of 8 for adaptive mesh refinement in BASILISK were
chosen for the simulations. The value of the surface tension
σ̂ ¼ 0:07Nm�1 mimics that of a typical nonsurfactant
aqueous suspension. For the constitutive equation, Eq. (3),
γc ¼ 1=5 is fixed; this sets a typical strain scale where plastic
yielding starts to dominate over elastic response in the
model, and values of that order are to be expected on the
grounds of microscopic theory [55]. To adjust the yield
stress, we vary the Maxwell shear modulus, G1 ¼ 32:5, 45,
70, 105, 175, and 275 Pa, such that the simulated fluids have
the same yield stress values as determined for the Carbopol
solutions used in the experiment. Note that in this model,
elasticity and yield stress are linked; the addition of elastic
effects is an extension of the simpler Bingham viscoplastic
model used in the theory [11]. Our viscoelastic shear-
thinning model is also distinct from elasto-viscoplastic
models that incorporate an ad hoc, explicit yield stress and
that have recently been used to study droplet spreading [12].

III. RESULTS

A. Droplet shapes

We begin by analyzing the droplet shapes obtained in the
experiments. Figure 4 shows exemplary height functions

FIG. 3. Experimental setup and procedure for one droplet. (a) The thin film is deposited by rotating the substrate underneath a disposal blade (red arrow).
(b) The droplet is deposited through a needle. (c) Exemplary shadowgraphy result.

TABLE I. Concentration and yield-stress values of the Carbopol aqueous
solutions used in the experiments, with the labels used in the text and figure
captions as a reference.

Label Composition (wt. %) Yield stress (Pa)

c1 0.3 6.5

c2 0.35 9
c3 0.4 14
c4 0.45 21
c5 0.5 35
c6 0.55 55

634 HEITMEIER et al.
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obtained from the image analysis, for a fixed concentration
(fluid c4, cf. Table I) and different droplet sizes, for micro-
gravity [Fig. 4(a)] and Earth gravity [Fig. 4(b)] experiments.
One can observe that the droplet shapes are clearly different
depending on g. For the concentration and range of parameters
shown in the figure, the droplets in microgravity are taller due
to the lack of hydrostatic pressure and, therefore, consequently
less wide at the same volume than under Earth gravity.

All droplets considered here correspond to non-negligible
Bond number. For L ¼ 1 cm (smallest droplet), we get
B � 14 in Earth gravity, or Bh ¼ B=42=3 � 5:4 if we calculate
the Bond number from the expected height of the droplet.
Comparing the droplet shapes in gμ and gE [Figs. 4(a) and
4(b)], we see that in this case, the droplet shapes are still little
influenced by g. For larger L, the gravity-induced flattening of
the droplets becomes more and more apparent. The largest
droplets in microgravity [Fig. 4(a)] are reasonably close to
half-spheres, indicated by dashed lines. However, while this is
true for this specific fluid, it does not generalize to other con-
centrations—we return below to a discussion of the
concentration-dependence of droplet shapes.

While the droplet volume is, in principle, fixed by
the automated deposition system, we account for possible devia-
tions in the finally extruded volume. To this end, the droplet
cross sections extracted from the image analysis are numerically
integrated to obtain their volume. Assuming cylindrical symme-
try around the z axis, we obtain Vexp ¼ 2π

Ð
x_0 x z(x) dx. In the

experiments, we confirmed by shadowgraphy also from below
for some droplets their cylindrical symmetry (see the Appendix
for details and images). The integral is taken over either positive
x or negative x, resulting in two estimates for Vexp. Note that
the image analysis tends to systematically underestimate z(x):

reflections from the light source sometimes cause bright features
inside the shadowgraphy projection of the droplet. We, thus,
obtain Vexp as the larger of the two integrals. This estimate of
the extruded volume defines the experimentally corrected
droplet length scale, Leff ¼ (6=π)Vexp.

The resulting Leff are compared with the nominal L in
Fig. 5. We see that, in particular, in Earth gravity (open
symbols), the reconstructed droplet volumes sometimes show
large deviations from the expected ones, droplets often
appearing smaller than expected. The microgravity data are
much closer to the expected trend.

Discrepancies between L and Leff arise from two main
sources apart from poor reconstruction by image analysis. In
the experiments, great care was taken to avoid air inclusions
in the fluids, and the syringes were driven by precisely con-
trolled linear motors. However, the tubing connecting the
syringes and extrusion needles has finite stiffness, which can
result in a quantity of extruded material that is lower than
expected. There may also be fluid loss into the prewetting
film. Both these sources of error are compatible with a sys-
tematic under-estimation of L.

B. Scaling laws

Jalaal et al. [11] derived scaling laws for the dependence
of the final droplet radius on the dimensionless numbers B
and J . These scaling laws arise from an asymptotic analysis
of the thin-film equations, using the Bingham model as a
constitutive equation for the stress tensor. One obtains the
final radius of the droplet

R

L ≃
1
2

25
32

� �1=5B1=5J �1=5 , B � 1,

β � J �1=7, B ! 0,

(
(7)

with β � 0:87 (converting the results of [11] to our conven-
tion that introduces a factor of 2 in L, as we define L as the

FIG. 4. Experimental droplet shapes for different volumes (L =1, 1.5, 2,
and 2.2 cm from bottom to top) for concentration c4. Solid lines are recon-
structed from image analysis, shown for (a) microgravity experiments and
(b) experiments in Earth gravity. (Note that L ¼ 2:2 cm is missing in the
latter.) In (a), dashed lines correspond to half-spheres as a comparison. In
(b), a dotted line replicates the L ¼ 1 cm result from (a) to ease comparison.

FIG. 5. Verification of the extruded volumes: equivalent sphere diameter
Leff ¼ (6=π)Vexp from the numerically reconstructed droplet volumes, as a
function of their nominal size L. Full symbols correspond to droplets in
microgravity experiments, open symbols to those under Earth gravity;
symbol shapes indicate the various Carbopol concentrations as labeled. The
dotted line is the expected Leff ¼ L. Outliers identified from visual inspec-
tion of the images are marked with gray circles.
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diameter of the equivalent sphere, not its radius). Accounting
for the conservation of fluid volume, in three dimensions,
this implies

h

L � 4α 32
25

� �2=5B�2=5J 2=5, B � 1,

αβ�2J 2=7, B ! 0:

(
(8)

with a prefactor α that depends on the droplet shape and is
α ¼ (3=2π)(π=6) ¼ 1=4 for droplets of ellipsoidal shape with
a volume equal to a sphere of diameter L.

These scaling laws are, in principle, free of fit parameters.
However, they require knowledge of the surface tension in
the case B ! 0, entering through the definition of the plasto-
capillary number J . In the following, we assume a fixed
value of σ̂ ¼ 72mNm�1, assuming that the surface tension
of the aqueous solutions is close enough to that of pure
water. We will comment on this assumption in Sec. IV.

Figure 6 shows the experimentally measured heights and
radii of the droplets in dependence on the nondimensional
number J . Lines represent the scaling laws. For the case of
the droplet radii, the analytically calculated prefactors have
been used; thus, there are no free fit parameters in this com-
parison. We observe that all data are compatible with the two
predicted power laws, R � J �1=7 without gravitational accel-
eration, and R � J �1=5 for the ground experiments. The
height data follow the respective power laws, however espe-
cially in the ground experiments, stronger deviations are
seen, including also the simulation data of L = 1 cm. Note
that the theoretical predictions for the height have to assume
a certain droplet shape, so that potentially some deviations

can be attributed to this. Specifically, we assume ellipsoidal
shapes as discussed in conjunction with Eq. (8), α ¼ 1=4.
Possible sources of error coming from the experiment
include the fact that the droplets are extruded through a
needle that remains fixed in the center of the droplet. Hence,
the capillary rise of the fluid around the needle cannot be
completely avoided. This influences both the droplet height
and its determination in image analysis. However, this would
likely lead to an over-estimation of the true height, whereas
the deviations we observe in Fig. 6(c) are systematically
toward lower values.

In the data from the microgravity experiments, we observe
a systematic deviation most notably in the droplet radii: the
experimentally determined values fall below the analytical
prediction. This effect had also been seen in [11] where the
limit B ! 0 could only be realized by letting L ! 0. Indeed,
also in our microgravity experiments, deviations appear to be
most pronounced for the smallest L [blue triangles in
Fig. 6(b)], while the L = 2.2 cm data appear to be somewhat
closer to the predcition (green circles). However, the quality
of our data does not allow us to conclude a systematic effect.
In the simulations (open symbols), the predicted analytical
law is quantitatively fulfilled for all L; this would attribute
deviations for small L in the experiment to the details of the
extrusion mechanism and highlight the difficulty of analyz-
ing small droplets.

Let us investigate the deviations in more detail.
Figure 7(a) repeats the radii obtained from the microgravity
experiments, but in the fully nondimensionalized form sug-
gested by Eq. (7), i.e., R=L as a function of J . This confirms
the data collapse predicted by the scaling law to within 20%

FIG. 6. Test of the scaling laws of [11] for final droplet sizes as a function of viscoplastic number J , for different sizes L. Filled symbols correspond to the
experimental data (L = 1.0 and 2.2 cm as labeled), open symbols to simulations for height (top row) and radius (bottom row); (a) and (b) refer to microgravity
data, B � 0, while (c) and (d) refer to data for B � 1. Lines in all panels correspond to the expressions given in Eqs. (7) and (8); for the height values, hemi-
spherical droplets were assumed in evaluating a global prefactor. In (b) and (d), light-filled symbols indicate separate estimates for the radii to indicate image-
analysis error.
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and highlights the systematic overestimation of the radii by
the theory.

We do not expect evaporation from the droplet itself to
play a significant role. The prewetting film, which has a
much larger surface area exposed to the ambient atmosphere,
is deposited immediately before droplet deposition [40], min-
imizing possible evaporation time.

Another possible experimental source of error is incom-
plete extrusion. It is indicated by the fact that we consistently
find Leff , L by image analysis (see Fig. 5). This is consis-
tent with a systematic deviation toward lower radii. We, thus,
show in Fig. 7(b) a comparison of the data from the micro-
gravity experiments to the scaling prediction, where we also
correct the nominal droplet sizes L to the measured ones Leff

(symbols with error bars). Note that this also shifts the
dimensionless numbers to corrected ones, J eff (and Beff in
the presence of gravity). This indeed reduces the deviations
to around 15%, but a systematic difference remains.

Two physically relevant parameters can be considered to
contribute to the observed deviation. First, note that in the
preparation of the Carbopol suspensions, TEA is added for
charge neutralization. TEA can reduce the surface tension of
water, by what we estimate to be at most 20% for the low
concentrations used [61]. A change in surface tension would
introduce a prefactor γ ¼ (σ̂ 0=σ̂)1=7 to the scaling law.
Indeed, such a modified scaling law is compatible with our
data (dashed line in the figure), and from a fit we obtain
γ � 0:87. This would imply a surface tension reduction from
the standard value of water, σ̂ � 72mNm�1, down to

σ̂ 0 � 30mNm�1; this is still significantly lower than what
one expects from the effect of TEA.

Another source of deviation is suggested by theoretical
considerations of an elasto-viscoplastic model [12]. There
one concludes that elastic effects that are not considered in
the Bingham model behind Eq. (7) should suppress spread-
ing. In the limit of weak elasticity in this model, the leading-
order correction can be captured by a reduction of the prefac-
tor of the viscoplastic power law.

Let us note that attributing these deviations to finite elas-
ticity is subtle: our simulations employ a model that also con-
tains elasticity, but in the form of a viscoelastic
liquid-material model, with a dynamical yield stress that
emerges as the flow rate drops below the relaxation rate of
the material. The asymptotic droplet shapes obtained from
the model agree well with the prediction based on the
Bingham model, except for systematic deviations in the
L ¼ 1 case, that can be attributed to the finite h1; for a more
detailed explanation of the simulation analysis, we refer to
Sec. III C. In contrast, in [12], an elasto-viscoplastic solid-
material model with a static yield stress was studied. For the
model used in the simulations here, no in-depth theoretical
analysis is available yet.

Also the gravity-based data collapse onto a master curve.
According to Eq. (7), the normalized radii R=L become a
unique function of (J =B) for all droplet sizes. This is veri-
fied with our data in Fig. 8 for which we observe the pre-
dicted collapse to within experimental errors. The possible
correction to the nominal L coming from our image analysis

FIG. 7. Scaling plot for the droplet radii in the regime B ! 0: normalized
radii R=L are shown as a function of the plasto-capillary number J . Filled
and open symbols correspond to data from microgravity experiments and
simulations, respectively. Experimental data are shown using (a) nominal L
and (b) corrected Leff accounting for the experimentally extruded volume in
separate panels for clarity. A solid line represents the theoretical result,
Eq. (7). Dashed lines represent the theory with an ad hoc adjusted prefactor
as noted in the legend, obtained from a fit of the experimental data.

FIG. 8. Scaling plot for the droplet radii in the regime B = 0: normalized
radii R=L as a function of J =B. Filled and open symbols correspond to data
from experiments and simulations, respectively. A solid line represents the
theoretical result, Eq. (7). The two panels show separately the results of
scaling (a) with the nominal droplet size L and (b) with the corrected Leff

(see text). Symbols with enclosing circles indicate outliers as assessed by the
quality of the image analysis.
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plays a subleading role here, as both datasets, R=L as a func-
tion of J =B (filled symbols in Fig. 8), and R=Leff as a func-
tion of J eff=Beff (symbols with error bars), do not show any
systematic deviation from the prediction.

The shape of the droplets, for fixed volume, depends on
their yield stress and on the presence or absence of gravity.
We have extracted the aspect ratio of the droplets, Φ ¼ h=R,
from the experiments. A value of Φ ¼ 1 indicates a hemi-
spherical droplet, while for Φ , 1, droplet shapes are oblate,
and Φ . 1 indicates prolate droplets.

Combining the scaling laws, Eqs. (7) and (8), one easily
obtains analytical predictions for the aspect ratio, Φ � J 3=7

for the microgravity case B ! 0, and Φ � (J =B)3=5 in the
presence of gravity, B � 1. We show these predictions
together with the aspect ratios from our experiments in
Fig. 9. For the analytical prediction, we assumed ellipsoidal
droplet shapes (setting α ¼ 1=4) but used no fitting parame-
ter otherwise. Both these asymptotes imply Φ � 1 for large
enough J . For the microgravity conditions, our experimental
values span the regime of both Φ , 1 and Φ . 1. In the
ground-based experiments, we observe Φ , 1 for all drop-
lets, i.e., they are all oblate even for those combinations of τ0
and L where the scaling laws suggest to reach the regime of
prolate droplets also under gravity.

Note that the numbers J and J =B are proportional to the
yield stress τ0. Thus, from the droplets’ aspect ratio shown in
Fig. 9, we confirm previous results by German and Bertola
[62]: a higher yield stress always increases droplets’ aspect
ratio. This correlation can be attributed to the fact that a
higher yield stress results in a larger immobile regions inside
the droplet, which can be lifted up while remaining immobile
during deposition. The final droplet shape hence becomes
elongated upwards.

C. Comparison to simulations

Figure 10 shows exemplary cases of droplets for L ¼ 2:2 cm
and different yield stresses (Carbopol concentrations). In the

microgravity experiment, one clearly sees the evolution
toward more prolate droplets with increasing yield stress.

Also shown in Fig. 10 are simulation results for asymp-
totic droplet shapes (red lines). They confirm that our visco-
elastic shear-thinning fluid model is able to capture the
specific droplet shapes well. Deviations are seen toward the
bottom. But note that the simulations use a rather high
background-fluid layer for numerical stability, which results
in droplet shapes that are much more “rounded” than the
ones in experiment toward the bottom, missing a clearly
defined contact line. In fact, in the experiment the apparent
contact angles increase with increasing yield stress [40], and
they increase in the microgravity experiment compared to the
one in Earth gravity. For the largest yield stress shown in
Fig. 10, the apparent contact angle exceeds 90�; an effect not
observed in the simulation.

To illustrate how the asymptotic droplet shapes are
extracted from the simulation, we show in Fig. 11 exemplary
results for the evolution of the droplet height in the simula-
tion. Results are shown for fixed yield stress without gravity
and different L. Typically for a viscoelastic fluid model, the
height shows an initial decrease at short times, driven by
surface tension adjusting the shape of the droplet from the
arbitrarily chosen initial configuration. For large droplets,
this evolution hints at some oscillations (around t ¼ 0:2 s in
the figure for L ¼ 2:0 and L ¼ 2:2), indicative of elastic
restoring forces. After this initial decay, a plateau is observed
in the height-versus-time plot. Recall that our model always
allows flow on time scales t � τ, but acts like a YSF for
t � τ. We, thus, extract the asymptotic droplet shape that
represents the balance of the yield stress with the other forces
(surface tension and gravity) in the plateau regime that is
(within the limits that we checked) independent of the
precise initial conditions and not yet affected by the ultimate
liquidlike flow of the model.

To unambiguously determine the plateau values, we have
fitted the simulation results for h(t) with a combination of
a yield-stress plateau and Tanner’s law (as described in
Sec. II). This is exemplified by the dashed lines in Fig. 11.
The extraction of a plateau value in this way effectively con-
siders the limit of zero Deborah number (observation time
much smaller than the fluid’s structural relaxation time).

FIG. 9. Geometrical aspect ratio, Φ ¼ h=R, as a function of the plastocapil-
lary number (for the case in microgravity) and as a function of J =B (for the
case with gravity). Black dashed lines correspond to the theoretical predic-
tions; a dotted line indicates Φ ¼ 1. Full symbols correspond to data from
microgravity experiments, and open symbols to those in Earth gravity. Gray
symbols represent the simulation results.

FIG. 10. Illustration of droplet shapes for droplets with size L ¼ 2:2 cm.
The top row shows the images from microgravity experiments; the bottom
row shows the corresponding results on ground. Different Carbopol concen-
trations are shown, with increasing yield stress from left to right (concentra-
tions c1, c4, and c6). The white scale bar in the top left panel represents
1 cm. Red lines indicate results from simulations with a shear-thinning
Maxwell fluid, using various shear moduli G1 to match the experimental
yield-stress values. The large deviation in the center bottom panel is attrib-
uted to an experimental problem during droplet extrusion.
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The simulation allows to address the role of the fluid rhe-
ology in determining the droplet shapes. Recall that the
scaling laws were obtained for a model viscoplastic fluid,
where a yield stress is incorporated in an ad hoc manner. The
good agreement with our simulations of a refined model of a
viscoelastic shear-thinning fluid is encouraging: in the
asymptotic long-time regime that we analyze, only the value
of the (dynamic) yield stress τ0 enters.

On purely dimensional grounds, also elastic effects might
be considered, i.e., the balance of elastic restoring forces
(quantified by the shear modulus G1 of the viscoelastic
fluid) compared to surface-tension forces. However, the
droplet shapes observed in experiment are clearly determined
by the dynamic yield stress. To assert this, we compare in
Fig. 12 droplet shapes obtained from the simulation with and
without shear thinning. We observe that the purely viscoelas-
tic droplet (red line in Fig. 12) remains taller and less spread
compared to the one with shear thinning: shear thinning ini-
tially aids the flow of the material in response to the surface
tension forces. The forces opposing the complete spread of
the droplet are then given by the yield stress, τ0 ¼ G1γc, and
these are not equivalent to a simply reduced elastic force

Geff
1 : as the comparison with the model without shear thin-

ning, but Geff
1 ¼ G1γc shows (dashed line), the droplet

shapes are not identical with and without shear thinning.
This effect can be understood by recalling that in our

model, stress relaxation in the regime t � τeq is incomplete.
The droplet, thus, contains inner “residual stresses” that are
the result of a dynamical balance between arrested relaxation
(τeq ! 1) and shear-thinning effects. As such, the residual
stresses are a nonequilibrium phenomenon and can depend
on the dynamical pathway of the spreading, and not only on
the mechanical balance of elastic forces.

D. Note on surface tension

A potential cause of deviations from the scaling laws
could be hidden in the role of the surface tension. In our
analysis, we have assumed all our Carbopol solutions to have
the same surface tension as water, irrespective of their yield
stress. This is in line with recent experiments [63], and the
interpretation that Carbopol as a nonsurfactant polymer
should not drastically change the surface tension of the
solvent. Note, however, that the determination of surface
tension in the presence of a yield stress is intricate [64,65], as
the YSF approaches solidlike behavior and one in principle
needs to distinguish surface tension and surface energy.

Making use of the scaling laws for the case B ¼ 0 one
could, in principle, determine the surface tension from a mea-
surement of the droplet radii or heights,

σ̂R ¼ Rβð Þ7L�6τ0, (9)

respectively,

σ̂h ¼ 12β
ffiffiffi
h

p� �7
L9=2τ0 , (10)

where σ̂R ¼ σ̂h ¼ σ̂ holds if the scaling laws are obeyed. In
principle, data from microgravity experiments would be
uniquely suited to determine σ̂ this way, because the
expected variation with L can be tested for fixed τ0 and not
leaving the required B ! 0 regime. However, the high
powers of R and h entering the equations cause large uncer-
tainties. For our data, the obtained values of σ̂ are still com-
patible with the value of the pure solvent.

To illustrate the point, we show in Fig. 13 the deviations
from the theoretical scaling law in the form
εσ̂ ¼ (σ̂R � σ̂)=σ̂. Both experimental values, with and
without correction for the effective droplet size, are shown
alongside deviations observed in our simulations. The latter
data indicate the level of accuracy that can be expected if the
surface tension is known. One observes that the simulation
data have a systematic error of around 10%, slightly increas-
ing with increasing yield stress. Assuming that read-off
errors are small in the simulation, this can be interpreted as
the influence coming from finite elasticity. The experimental
data deviate much more and systematically to lower values.
If one were to interpret this as due to an effective surface
tension, one would obtain σ̂h � 30mNm�1, relatively inde-
pendent of the yield stress within errors. Such a strong

FIG. 11. Height evolution as a function of time in the simulations; shown
for a yield stress of τ0 ¼ 6:5 Pa (c1), and different droplet sizes L as labeled.
Dashed lines correspond to the fit comprising a yield-stress plateau and the
expected t�1=10 long-time asymptote (Tanner’s law).

FIG. 12. Shape of a droplet for G1 ¼ 32:5 Pa and R ¼ 0:02m. Red line:
simulation results for the case without shear thinning, blue line: simulation
results for the case with shear thinning (γc ¼ 1=5). The case without shear
thinning, but effective reduced shear modulus Geff

1 ¼ G1γc is shown as a
dashed line for comparison. The red plot exhibits slight wiggles due to the
finite numerical resolution.
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decrease in the surface tension in the YSF can be regarded as
surprising. We note that these values are compatible with
those reported earlier from dedicated surface-tension mea-
surements in Carbopol by Jørgensen et al. [65] (gray
symbols in Fig. 13).

IV. CONCLUSION

We studied the spreading of droplets of Carbopol suspen-
sions, a model YSF, both with and without gravitational
acceleration. The droplets spread on a prewetted thin film
and eventually attain a finite shape, due to a balance between
surface tension, their yield stress, and hydrostatic pressure in
the presence of gravity. Conducting microgravity experiments
at the ZARM drop tower, we were able to separate the limit
B ! 0 from the limit J ! 0 by decoupling B from the
droplet size, L. We could hence verify scaling laws by Jalaal
et al. [11] for both the gravity-dominated case (characterized
by finite Bond number, B � 1) and the surface-tension dom-
inated case (B ! 0, at finite plastocapillary number J ). We
complemented our experiments with simulations using a
model including a dynamical yield stress together with visco-
elasticity, and found that the simulations obey the scaling
predictions very well.

The scaling laws predict a power-law dependence of the
final droplet size on the plastocapillary number, J . For the
experimental droplet radii, we find good agreement with the
predictions, while the droplet heights show somewhat larger
deviations, especially in the gravity-dominated case.

Using a standard viscoplastic constitutive equation, viz.,
the Bingham model, Jalaal et al. also derived the numerical
values of the prefactors in the scaling laws. Our experimental
results confirm these prefactors, but show that in order to
observe them, the limit L ! 0 should be avoided if B ! 0.
Systematic deviations could point to finite elasticity effects
as discussed more recently by França et al. [12]. There, an
extension of the Bingham model to include both a static
yield stress and solid elasticity was studied, and corrections
to the scaling laws coming from finite Ohnesorge and
Deborah numbers would be compatible with our

experimental data. Note, however, that our simulations show
good agreement with the theoretical predictions based on the
Bingham model, even though our simulation model includes
viscoelastic effects. This is a subtle point: our model is ulti-
mately a liquidlike model, with a regularized dynamical yield
stress. The model of França et al., in contrast, has a static
yield stress and includes elasticity in a solidlike model. The
connection between these different constitutive modeling
approaches will have to be investigated further.

As discussed above, the deviations we observe from the
scaling laws in the microgravity case can be connected to
previous experimental investigations of yield-stress-induced
changes in the surface tension. While the high sensitivity to
experimental error prevents definite conclusions, our results
still suggest that the role of surface tension in YSF remains
to be further explored.
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APPENDIX: DATA ANALYSIS OF THE
EXPERIMENTAL DATA

We briefly summarize our image analysis procedure to
obtain the droplet shapes. We analyze the images from the
experiment in five different steps, as sketched in Fig. 14.

From the video recording of the experiment, we extract
the raw image of the droplet in the late stage of the experi-
ment ( just before impact in the microgravity case), as in
Fig. 14(a). We first identify all edges in the images with a

FIG. 13. Deviation of droplet radius from the viscoplastic scaling law
expressed in deviations converted to units of a surface tension, as a function
of yield stress. Symbols show results from our microgravity experiments
(both using the nominal, L, and the corrected droplet size, Leff ) and from
simulation (as labeled in the legend). Dotted lines connect the estimated
mean values as a guide to the eye. Gray symbols correspond to values con-
verted from surface-tension measurements of [65].
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canny-edge filter (standard OpenCV implementation in
python, cv2.Canny, using thresholds of 48% and 52% of the
maximal image pixel. This step is illustrated in Fig. 14(b).
To keep only the outer shape of the droplet, all edges
detected inside the droplet (typically from small air inclu-
sions or reflections) are removed. This is done by deleting,
for every x-values, every y-value except the highest value.
The outer shape of the droplet, thus, found is marked yellow
in Fig. 14(c). As the deposition needle, which is part of the
experimental images, should not be part of our analysis, we
then delete all values that have an x-value in the range of that
of the needle. The resulting image can be seen in Fig. 14(d).

Finally, we perform the analysis of the extracted droplet
shape. The bottom of the droplet (thin film of prewetting
fluid), placed at height h0, is found by taking the minimum
value of the y-values of the droplet shape. This is marked by
the dashed yellow line in Fig. 14(e). The height of the
droplet, h, can be extracted by taking the maximum value of
the y-values of the droplet’s shape. The height of the droplet
is drawn as a green line in Fig. 14(e). The radius is deter-
mined by defining a new height, hradius, given by
h0 þ (h� h0) � 0:1, which is drawn as a red line in
Fig. 14(e). This rise of 10% of the droplet’s height from its
bottom allows us to capture the droplets’ radii without the
wetting angle. We identify the x-values at which the shape of

the droplet crosses this point to capture the droplet’s extremi-
ties [blue lines in Fig. 14(e)].

The center of the image is defined by the position of the
needle. To convert the values of the heights and radii
obtained in image processing, before each experiment cali-
bration images with a 2 mm grid were taken; the resolution
of the setup is typically 15 pxmm�1.

We verified the circularity of the droplets by pictures
taken from below the glass substrate [example in Fig. 15(a)].

Another concern in the volume reconstruction by image
analysis is the fact that light reflections sometimes affect the
detection of the droplet’s contour. One such example is
given in Fig. 15(b): on the right side of the image, the image
analysis algorithm picks up a light reflection instead of the
true droplet’s shape. In such case, we used the well-
reconstructed half of the droplet (left half here) and deter-
mined its volume by mirroring it.
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