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A B S T R A C T   

Hydrophobic particles (such as pepper) at an air-water interface can act as tracer particles to visualize the 
Marangoni effect caused by local surfactant addition. Light packing of the particles is necessary for them to be 
independent and faithfully represent this radially directed interfacial mass flow. Contrary, excessive addition of 
particles can result in their interaction and cause a dramatic change to the appearance. In fact, the typical cir-
cular opening in the particle layer can change to a star-like region. We investigate the transition between these 
two regimes by optically visualizing the evolution of the shape under different packing conditions. By defining a 
shape factor, we quantify the transition from a circle to a star shape. We find that the onset of the star regime 
coincides with the dense packing of the hydrophobic particles. The presented work is a simple, but thorough, 
demonstration of the transition between two regimes. It also shows how a system’s sensitivity to the phase- 
change-inducing parameter (here, the pepper density) exhibits a local maximum. This is highly relevant for 
sensing applications and we believe that actively thinking about ‘transitions for sensing’ can inspire the devel-
opment of novel sensors based on atypical transition-induced sensitivity such as the one presented here.   

1. Introduction 

Whenever multiple phases are accessible, there also exists a transi-
tion between them; either a stepwise or a smooth one. Investigating the 
transition gives information about the phases, their differences, and how 
to traverse from one to the other. In this paper, we seek to explore a 
smooth transition related to the Marangoni effect. 

The Marangoni effect is observed when a gradient in interfacial 
tension induces a mass transfer along the interface [1]. A simple 
demonstration of this is done by sprinkling pepper flakes on a plate with 
water and subsequently adding soap (Fig. 1a). The pepper acts as tracer 
particles that are transported with the moving liquid to visualize this 
flow. Hereby, a pepper-free region is created. In the typical experiment, 
this region is circular (Fig. 1b-top) due to the force being radial and the 
negligible interaction between tracer particles. 

However, excessive addition of pepper invalidates the assumption of 
zero-interaction, which can shift the resulting shape from circular to 
star-like (Fig. 1b-bottom). Vella and Mahadevan et al. investigated such 

atypical systems; although using polystyrene, lycopodium, and pliolite 
particles. First, to show that it can be modeled as a two-dimensional 
elastic solid [2] and after to describe the growth of star-like particle--
free regions [3]. Later, Bandi and Mahadevan et al. investigated the 
star’s dynamic formation and its number of arms as a function of particle 
surface coverage [4]. They observed a spatially uniform distribution of 
the arms, which is consistent with the self-similarity scaling of the 
dimensions. 

Shortly after, this uniform distribution was discussed from a fraction- 
nucleation perspective by Ma and Jing [5]. They presented the possi-
bility that, before crack development and propagation, periodic distri-
bution of flaws is generated by the phase separation of solvent and 
colloidal clusters. From these flaws, the cracks originate and follow the 
fracture mechanics. Other researchers have performed simulations to 
elucidate the topic further; such as the effect of the experimentally 
observed spatial variability in packing fraction [6] as well as the effects 
of both fracture resistance and surface tension difference on the fracture 
pattern [7]. 
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Here, we investigate the shape of the particle-free region for both low 
and high particle densities to capture the transition from independent to 
interacting tracer particles; observed as a transition from circular to star 
opening (see Fig. S1 for a photograph of the experimental setup and 
multimedia components MMC1–MMC5 for visualizations of the Mar-
angoni flows performed using the setup in Fig. S2). For particles, we use 
pepper (mean effective radius of 9 µm; see Fig. S3) as in the common 
demonstration. Design of Experiments (DoE) was used to preliminarily 
determine the main variables, their potential interactions, and facilitate 
decision–making before subsequent experimentation, thus assisting in 
the model scale-up and validation (see SI and Fig. S4). 

Initially, we visualize the pepper-free region for accumulated addi-
tion of surfactants (surface tension of (27 ± 1) mN/m) to water surfaces 
with different pepper densities. By defining a shape factor, we quantify 
the appearance to present the governing phase diagram. Subsequently, 
we explain the onset of the star-like appearance by zooming in on the 
particle layer. Lastly, we look at the dynamic behavior and discuss our 
results in relation to sensing applications. 

2. Results 

In Fig. 2a, we present the final shapes for various pepper densities 
(from 1.12 to 3.80 mg/cm2, see Fig. S5 for lower densities) after five 
sequential additions of 1 µL soap drops (see Fig. S6 for 3 × 5 µL exper-
iments). A monotonic enlargement of the cleared region is observed 
together with a gradual transition from circle to star with increasing 
pepper density. For each experiment/photograph we measured the area 
and the circumference of the resulting shape and plotted these against 
each other (Fig. 2b-top). Along with the data, we have also plotted the 
fixed relationship (red dashed line) between area and circumference for 
a circle. Thus, data on the curve corresponds to a circular shape, while 
deviation indicates a more star-like appearance. In the plot, we have 
highlighted three experiments with nearly identical final areas but 
widely different circumferences. We further quantified the deviation 
from a circle by defining a descriptor (i.e. a shape factor): C2/4πA. For 
unity value, the shape takes the form of a circle, while values > 1 
indicate a star-like appearance. In Fig. 2b-bottom, a phase diagram over 
the shape factor for the parameters pepper density and soap volume is 
presented. The shape primarily depends on the pepper density, but the 
non-vertical slope of the contour lines to the right infers that soap vol-
ume also affects the transition although this is less obvious in the visual 
data (Fig. 2a). On the left, the contour map is largely flat although some 
noise is present. 

We investigated the relationship between pepper surface coverage 

and the shape of the pepper-free region for different pepper densities, σ. 
In Fig. 3a, a schematic explaining the exclusion region’s effect on density 
for finite reservoir sizes. A reservoir of area A has a mass of pepper, M, 
added. Upon soap addition, the Marangoni effect creates an exclusion 
region of area B, which increases the pepper density from σ1 to σ2. 
Fig. 3b shows optical microscopy images of the pepper-containing 
reservoir surface prior to surfactant addition to show the increasing 
surface coverage with increasing pepper density. Notice that the regions 
with pepper are most easily recognized by using the background on the 
case with 0.47 mg/cm2 as a reference. As a function of σ2, we plot in 
Fig. 3c the relative pepper surface coverage and shape factor together. 
The surface coverage is for low densities proportional to surface density 
and the data until 1.38 mg/cm2 are fitted linearly (with an intersect at 
the origin) to predict the saturation, i.e. 100 % surface coverage. The 
saturation coincides with the onset of an increasing shape factor value 
(vertical dashed line). That the birth of the star coincides with the dense 
packing of the particles may be expected, but here we present the sys-
tematic scientific confirmation. For our particles, the onset of transition 
from circular to star regime is empirically determined to be around (2.34 
± 0.08) mg/cm2 (uncertainty calculated using the standard error on the 
fitted slope). The same onset (2.1-2.7 mg/cm2) is found using a reservoir 
that is 43% smaller (see Fig. S6). 

Fig. 4 presents the dynamic circle and star formation for the addi-
tions of single drops of soap. Sequences of video frames from the 
extreme densities (lowest and highest pepper density) are shown in 
Fig. 4a (see Fig. S7 for data related to the dynamic expansion in the 
experiment with the sequential addition of soap). Apparent is the 
significantly slower expansion of the pepper-free region for the star as 
compared to the circle. The effective radius (calculated by 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Area/π

√
) as 

a function of time is for each pepper density plotted in Fig. 4b. 
Furthermore, the same data is also visualized in a log-log plot (Fig. 4c) to 
better visualize the growth exponent in case of power-like growth. The 
exponents for the lowest and highest pepper densities are obtained by 
fitting the function R = atb to the data in the interval 0 to 0.30 seconds 
(at later times, the spreading exponents decrease and, eventually, 
become negative, which is likely due to surfactant dissolution). The 
extreme cases are plotted as slopes; 0.47 and 0.24 respectively. In the 
inset, all slopes/exponents are plotted and a discontinuity is hinted at 
the ∼2.4 mg/cm2 mark. 

3. Discussion 

We will now look at the similarities and differences between this and 
other studies on Marangoni flow’s effect on particles at the water-air 
interface. Most prominently, other studies have focused on the 
behavior of the high-density regime, whereas we have focused our 
attention on the transition towards it from the low-density regime; i.e. 
from a regime with liquid-like behavior to one with more solid-alike 
behavior. Commonly, the behavior in the high-density regime has 
been investigated using spherical particles, but here we use the much 
more heterogeneously shaped pepper ground grains and find that 
similar fractures occur. One notable difference is in the comparably 
lower degree of symmetry observed in the high regime (see the stars in 
Fig. 2a) as compared to that observed by Bandi et al. [4], which is likely 
related to the larger variation in particle shape. Despite this, trends such 
as the negative correlation between initial packing particulate packing 
fraction and the number of arms for the star is observed (see the 5 µL 
images in Fig. 2a); Bandi et al. found a relationship N ≃ 4πφRCP/φinit. The 
appearance of our stars impedes exact counting, which is why we have 
left out the quantitative comparison with their model. 

Bandi et al. [4] also showed that the growth in radius scales with t3/4 

consistently with the classical result [8,9] where the thickness of the 
viscous boundary layer in the fluid bulk is much smaller than the depth 
of the fluid layer throughout the experiment. Looking at our dynamic 
behavior, we find initial power growths (revisit Fig. 4c) with exponents 

Fig. 1. Classical Marangoni experiment and atypical observation. (a) A water 
reservoir with pepper flakes sprinkled atop is observed with a camera. Upon 
introduction of a surfactant (soap), a pepper-free region is created due to the 
Marangoni effect. (b) Depending on the amount of pepper, the shape of the 
pepper-free region can be circular (top; less pepper) or star-like (bottom; 
more pepper). 
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in the interval 0.24 to 0.56. Here, we have used the effective radius 
rather than the radius of an enclosing circle, so the model is not appli-
cable in our high-density regime where the two deviate from each other. 
Further deviation from this model may be caused by our shallower 
reservoir (H = 3mm), which causes the Blasius layer to reach the bottom 
after T = H2/ν ≈ 9 seconds (using ν = 1 × 10− 6m2/s as the kinematic 
viscosity for water). To this end, Jensen and Grotberg theoretically 
investigated surfactant spreading on thin liquid layers and found the 
radius to scale with t1/4 for an axisymmetric drop [10] and Fallest et al. 
experimentally confirmed this using fluorescent visualization [11]. Our 
results (R ∼ t1/2 for low densities) fall between these two predictions 
and could be due to an intermediate reservoir thickness. Jensen eluci-
dated the transition to insoluble surfactant spreading on a deep fluid 
layer [12]. Moreover, changes in the mass diffusivity of the surfactant 
can alter the spreading dynamics (depending on the Marangoni 

number), which may also affect the final shape of the particle-free re-
gion. Finally, the particles’ shapes may influence the dynamics. Zhang 
et al. found a R ∼ t1/2 relationship, which is closer to our observation 
(see Fig. S8) [13]. They hypothesize that the deviation from the ¾-power 
law is due to the shape of the particles (more specifically the elongation 
of their nanotubes; aspect ratio of 103). They found the radial growth 
speed of the enclosing circle to be largely unaffected by surfactant 
concentrations, but the concentration does affect the area of the 
particle-free-region (note that in our experiments, the surfactant con-
centration and amount were kept constant). 

Another difference in the experiment is that the pepper powder 
particles are less rigid and require less force to break into smaller grains 
as compared to the spherical particles often used. This use of fragile 
particles may be a way to add an extra layer of complexity as a shift in 
particle distribution during the evolution would likewise shift the 

Fig. 2. Transition from circle to star. (a) Photographs 
of the resulting shape for five sequential additions of 1 
µL soap-water to the reservoir with pepper densities 
(σ1) from 1.12 to 3.80 mg/cm2. The scale bar is 10 cm. 
(b-top) The area and the circumference of the pepper- 
free region were measured and the relationship is 
plotted (0.47 to 3.80 mg/cm2). The symbol shades 
reflect the pepper density. (b-bottom) For a circle, the 
relationship between area and circumference is fixed 
(C2/4πA = 1) and deviation (C2/4πA > 1) indicates a 
more fractured, star-like shape. The phase diagram 
shows a region with circular shapes (value = 1) to the 
left and more star-like shapes (value > 1) to the right.   
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maximum packing fraction that in turn may affect the fracture pattern. 
Moreover, the use of low-symmetry shapes causes the shape distribution 
to be less affected by the breaking of the particles, which is another 
interesting variation of the experiment. 

A mention-worthy observation during the investigation was the 
behavior of pepper as we sprinkled it on the reservoir. The pepper ten-
ded to distribute itself across the surface to autonomously form a uni-
form pepper layer everywhere but at a ∼1 cm band near the container 

Fig. 3. Relationship between pepper density and the transition from circle to 
star. (a) Schematic of the three-step experiment showing the change in pepper 
densities (from σ1 to σ2) upon the emergence of an exclusion-region (via the 
Marangoni effect). (b) Optical microscopy images of the investigated pepper 
densities, σ1. Examples of regions with pepper and no pepper are indicated with 
arrows. (c) The pepper surface coverage (±SE, n = 3) and the shape factor (C2/ 
4πA) as functions of pepper density. The onset of the star-shape coincides with 
100 % surface coverage. 

Fig. 4. Dynamics of the circle/star formation. (a) Selected video frames 
showing growth examples for the circular and the star regime. The scale bar is 5 
cm. (b) Effective radius of the pepper-free area as a function of time for various 
pepper densities, σ1. (c) Same as (b) but presented as a log-log plot to visualize 
the power-like growth behavior. The fitted growth exponents are shown in 
the inset. 
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wall where it remained clear from the pepper. This self-distributing 
property may be due to surface tension reducing properties of the pep-
per itself. However, the pepper-free zone arises from the surface tension 
gradient, which would mean that if a significant and lasting reduction in 
surface tension was made due to peppers addition, then both dynamics 
and the resulting size of the region would be pepper-density dependent. 
While we do observe some dependency on pepper density of the dy-
namics, the final size is largely unaffected. To this end, it would be 
interesting to compare the surface pressures of the surfactant (which 
drives the flow) and the surface pressure of the pepper monolayer 
(which resists the radial spreading). Presumably, the axisymmetric 
spreading stops when these two surface pressures are equal, but can, 
under the right conditions, be followed by a fracturing of the particular 
raft. This shows similarities with surface-tension-driven instabilities in 
gels investigated by Daniels et al., who found that the onset of the 
instability depends on the ratio of surface tension to gel strength [14]. As 
a proxy for the surface pressures, we performed contact angle mea-
surements of liquid sampled from the pepper-covered reservoirs (see 
Fig. S9 for the apparent contact angles measured). While no significant 
change in contact angle was observed as a result of added pepper, a 
slight decrease in contact angle was observed following the addition of 5 
µL of soap, which is interesting as the resulting effect is larger than the 
sum of components (pepper + 5 µL soap). 

It is also possible to think more along the lines of engineering the 
fracture patterns; i.e. crack engineering. By introducing obstacles in the 
interfacial plane, the Marangoni flow can be dictated to guide the cracks 
in a specific direction [15]. A potential application of crack engineering is 
for materials fabrication. To this end, Phillips et al. performed such 
crack engineering with inverse opal structures [16]. Colloidal assembly 
of opal structures are often prone to cracking defects, but in this paper, 
they use their mechanistic understanding of the fracture behavior to 
fabricated microscopic photonic structures with controlled sizes and 
geometries in a highly parallel fashion thereby taking advantage of what 
is typically regarded as a drawback. In our experiment, we introduced 
the surfactant locally and only in one place. However, one could imagine 
introducing the surfactants in parallel across the whole surface using an 
atomizer or perhaps an inkjet [17] or droplet microarrays [18,19], if 
higher control over droplet position is desired. Via a subsequent transfer 
to another solid, the induced patterns may be exploited to create 
nanopatterned structures for different applications [20]. 

Finally, we return to the broader discussion about transitions for 
sensors. Sensing can be thought of as obtaining information about one 
variable by measuring another and using a known relationship (transfer 
function) between the two of them. It is generally beneficial if the var-
iables are reversible in their state, but irreversible one-time-use sensors 
also find many applications such as light exposure of wine [21], food 
freshness [22] and cold chain monitoring [23], gas monitoring [24], 
food additives detection [25], and product tampering. The transition 
from one system state to another is central to many sensors and 
explicitly thinking about sensing in this way can inspire novel sensors. 
As a practical example, our system is a sensor for the initial packing 
fraction, the surfactant amount in a droplet, and many other parameters 
describing the system. Here, in the Marangoni-pepper experiment and 
most often, there is unused dynamical information (incl. absolute values 
as well as derivatives) that can give more information about the system. 
Examples with spreading on liquid surfaces already exist in the literature 
as sensors; one is the determination of critical micelle concentration 
[26]. Other examples of transitions for sensing include intrinsic contact 
angle [27] and temperature [28]. As an example moving forward from 
this paper, we envision how the Marangoni effect can be used to char-
acterize both particles and surfactant-containing substances. This 
seemingly simple experiment is affected by numerous variables making 
it a convenient model system for exploring the concept of ‘transitions for 
sensing’ in more detail. 

4. Conclusions 

In summary, we investigated the transition from independent to 
interacting tracer particles – from a regime of fluid-like to one of solid- 
like behavior. Each regime is characterized by a distinct shape of the 
pepper-free region caused by the Marangoni effect; one is circular to 
reflect the symmetry of the radial force causing it and the other is star- 
shaped caused by fracture mechanics. We found the onset of the tran-
sition to coincide with the saturation of the surface (the saturation 
pepper density was empirically determined to be around 2.4 mg/cm2). 
The growth was found to be power-like, but with a smaller exponent 
than related studies with spherical particles. Still, the number of arms of 
the fracture exhibited a similar negative correlation with particle den-
sity as has been observed with spherical particles. Our use of pepper 
flakes and dish wash soap makes the experiment repeatable by most 
people and citizen scientists could easily contribute to this field, which 
although its apparent simplicity has numerous affecting variables and 
the opportunity to increase complexity by introducing competing forces 
to induce non-monotonic growth behavior. Such particle-covered liquid 
interfaces are also increasingly being exploited in a wide variety of 
technological and medical applications [29]. 

5. Methods 

5.1. Experiment 

We used Milli-Q water (> 18 MΩ), black ground pepper (stødt sort 
peber, Aruna), and dish-wash soap (dishwashing soap, Abena A/S, 
Denmark; ingredients: 5-15 % anionic surfactant, <5 % nonionic sur-
factants, <5 % amphoteric surfactants, phenoxyethanol). For the re-
cordings, a Huawei p30 lite was used with disabled auto-focus. The 
experimental procedure was as follows. 200 mL of Milli-Q water was 
added to a 22-by-30 cm2 reservoir resulting in a liquid layer of 3.0 mm. 
An amount of pepper was weighed on a precision scale in a plastic 
weighing boat and the content was spread across the liquid reservoir in a 
raster motion to improve uniformity. The properties of pepper make it 
distribute itself, which results in highly uniform pepper distribution. The 
emptied weighing boat was weighed again, and the difference was taken 
as the added mass. Then, a picture was captured of the pepper coverage 
reservoir and video recording started. We added the 5 µL soap (diluted a 
factor of ten as default) droplet with a 10 µL pipette by expelling it from 
the pipette into a pendant position and slowly brought the droplet in 
contact with the center of the reservoir surface. The resulting coales-
cence locally introduced the surfactants to create a surface tension 
gradient that sets the system up for exhibiting the Marangoni effect, 
which is seen as an expanding pepper-free region of either circle or star 
shape. The recordings were ended when the expansion appeared to have 
reached its maximum and another still picture was captured. Finally, the 
reservoir was cleaned from pepper and soap using DI water and the 
procedure was repeated with a new set of experimental parameter 
values. 

5.2. Shape analysis – static 

For each of the still images, the pepper-free region was identified 
using the graph cut method of the Image Segmenter application in MAT-
LAB R2017b. This produced a binary image with 1s representing the 
pepper-free region. Its area was then calculated as the 2D pixel sum and 
the circumference using the build-in function bwperim. Both measures 
were calibrated using the known reservoir size. 

5.3. Shape analysis – dynamic 

For the video data, we wrote a script analyzing every next frame 
using the result of the previous frame. The script initially prompts one to 
crop the shape’s inscribed rectangle as an initial guess on the pepper- 
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free region’s shape. The contained pixels are used to create background 
and foreground masks for the build-in function named lazysnapping. The 
masks are created by dilation and eroding the shape with 100 and 25 
pixels, respectively, and taking the perimeter (extracted using the 
bwperim function) as the background and foreground pixels. The pepper- 
free region is identified by the AI-powered application and the resulting 
binary mask is visualized together with the original data to confirm the 
correctness. Every next frame uses the previous shape results as the new 
guess on the shape that is dilated/eroded to determine the foreground/ 
background pixels. This continues for all frames in the video. Finally, 
each identified shape has its area calculated by summation of the binary 
mask and the circumference using the build-in function bwperim. 

5.4. Growth exponent 

t = 0 for the dynamic data in Fig. 4b and c was first determined using 
the videos and the apparent onset of the Marangoni effect. The data was 
subsequently shifted in time (up to 0.08 seconds, which corresponds to 
the frame duration) so the radius was zero to t = 0. A power fit was 
performed on the first 0.30 seconds of the growth curves as they all 
appeared linear in the log-log plot until this point. 

5.5. Surface coverage of pepper 

In MATLAB R2017b, the microscopy images of the pepper-covered 
surface were analyzed using the Image Segmenter application with its 
Flood Fill option. The sensitivity was chosen based on a visual assess-
ment. The surface coverage was calculated from the resulting binary 
image. The surface coverages up to a pepper density of 1.38 mg/cm2 
were fitting with the function y = ax (with x and y being the variables) 
and used for predicting the transition to the star regime by equating it 
with 100 %. Only the data up to 1.38 mg/cm2 were used in the model 
since the performance of the Flood Fill function decreased significantly 
for higher pepper densities due to their disconnected background. 

5.6. Pepper grain size distribution 

Optical microscopy images (captured with a Zeiss Axio Zoom.V16, 
Zeiss, Germany) were loaded into MATLAB R2017b. Using the build-in 
application Image Segmenter with the Flood Fill (threshold of 0.01) the 
pepper grains were isolated from the background. Hereby, a binary 
image with the pepper grains was created, and using the bwconncomp 
function a structure with all grains was obtained. From here, the grain 
areas were determined and the corresponding radius was calculated by 
assuming a circular shape. A histogram with the grain sizes is plotted in 
Fig. S2 using a bin width of 3 µm. The average grain size is 9 µm. 

5.7. Surface tension 

The surface tension of the surfactant solution was measured using a 
DataPhysics OCA 15EC contact angle goniometer with the SCA 22 
software module (pendant droplet method with Young-Laplace fitting; 
see Fig. S10). The surface tension was measured three times for the soap 
concentrations [0, 5, 10, 20, 50] %. While the reference measurement 
with 18.2 MΩ DI water gave 69 ± 1 mN/m, the non-zero concentrations 
all gave values in the range 24-29 mN/m, which indicates that the 10% 
solution used for the experiments was above the critical micelle con-
centration [30]. 
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