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1. Introduction

The continuous improvements of manufacturing techniques allow
substrate surfaces to be designed very specifically for a particular pur-
pose. Processes where drop impact is prevalent are very suitable for
such surface modifications and include regularly structured surfaces. A
better understanding of how imbibition into structured surfaces occurs
during all phases of a droplet impact can lead to efficiency improve-
ments in various applications such as spray cooling [1-3] or in new
technologies like self-cleaning surfaces [4,5]. Thus, numerous studies
have investigated the capillary imbibition dynamics into structured sur-
faces [6-8], but the differences in dynamic wetting if higher-velocity
flow passes through the surfaces have mostly been treated separately
from the capillary spreading. However, such a fast-flowing phase of the
wetting process can dominate the final state of the wetted area, as pre-
viously shown for droplet impacts by Sivakumar et al. [9]. Also, studies
on droplet impacts onto structured surfaces have often either focused
on structure sizes similar to the droplet size [10,11] or much smaller
than it [12,13]. In many of these cases, hydrophobic surfaces were a fo-
cus of the study [14-16], as the potential of microstructures in creating
superhydrophobic surfaces has been explored [17,18]. Relatively few
studies, however, have investigated regular structures in the sizes which
are approximately one order of magnitude smaller than the droplet and
how the dynamics of the impact process can affect the wetting and
later capillary imbibition on the surfaces. Similar relative structure sizes
can, for example, be found in micrometric droplet impacts onto micro-
metric surface structures or impacts of large droplets onto structures
aimed at increasing heat transfer rates for spray cooling. Hydrophilic
surfaces [19-21] were also reported more seldom than hydrophobic sur-
faces [16,22]. In the cases with hydrophilic surfaces, the final spreading
shape was often dominated by capillary spreading [23,24] and the early
behavior of the droplet impact was similar to impacts on smooth sur-
faces.

For droplet diameters in the same order of magnitude as the capil-
lary length of water under ambient conditions, 2.7 mm, the intermediate
size range corresponds to structures on the order of hundreds of mi-
crometers. Notable experimental studies in this size range using water
droplets were reported by Vaikuntanathan et al. [25], who used grooved
surfaces and Sivakumar et al. [9], who used cuboid pillars with pil-
lar heights between 0.1 mm and 0.5 mm, a very similar configuration
to ours, with a fixed width and separation of 0.3 mm. In their study,
Sivakumar et al. reported two separate but simultaneous flow regions:
one above the pillars and one in the grooves between the pillars. They
observed that while the bottom (groove) spreading propagates at a sim-
ilar rate as on a flat surface, the top spreading velocity is lower, leading
to much larger spreading factors for liquid in the grooves compared with
only considering liquid above the pillars. They also observed how lig-
uid jets can develop in the grooves between the structure elements. For
the final state, they report a rhombus (diamond) spreading shape. For
higher Weber numbers their reported spreading shapes can feature ad-
ditional protrusions along the grooves which cross close to the initial
impact point. They explain this by the variation of the velocity compo-
nent along the groove for each impact.

Tan [26] numerically reproduced some of the results of Sivakumar
et al. [9] in the validation of their numerical code and was able to
reproduce the diamond shape. In their study on micrometric droplets
impacting onto micrometrically structured surfaces, they also report
varying spreading shapes for different pillar separation, in some cases
reaching diamond-like shapes as well. While Sivakumar et al. [9] show
experimentally that these shapes are formed, Tan [26] provides numer-
ical simulations for the same. However, a detailed explanation for the
development of the different shapes formed during spreading remains
elusive.

In a general sense, we aim to provide a comprehensive picture in
the understanding of dynamic wetting of regularly structured surfaces.
For this, as reported in the following section 2, we investigate droplet
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Table 1

Contact angles of the used fluids on flat fused sil-
ica samples for different treatments. Contact angle
measurements on flat surfaces were repeated for ev-
ery measurement day.

Surface treatment ~ Water Isopropanol
Activated <5° -

None 40° <Opg <55° <5°
Polymerized 120° +5° 70° £5°

impacts onto surfaces with cubic structure elements between 0.1 mm
and 0.5mm in size and separation, by investigating both water and
isopropanol droplets falling onto the surfaces. Notably, to record the
wetting process, our use of a total internal reflection (TIR) for the bot-
tom view provides accurate tracking of the contact line. Additionally,
by using our in-house numerical code Free Surface 3D (FS3D) [27] on
a high performance computer, we are able to explain the phenomena
which lead to the formation of the diamond shapes in detail. This allows
insights into the microscopic flow dynamics in the grooves between and
above the pillars.

Through this, we explain how the wetted structured surface in the
early phase of a droplet impact [16] can depend on the impact parame-
ters for a variety of cases. For this, we focus how spreading occurs inside
or above the structures, as discussed in section 3.1, how jets or meander-
ing flow can develop in the structures (section 3.2) and how the structure
geometry affects the spreading factors. We further use both simulations
and experiments to discuss the mechanisms that cause diamond-shaped
wetted regions, as reported in section 3.3.

2. Materials and methods

To study the effect of surface structures on droplet wetting in early
impact phases, we used transparent surface samples made from fused
silica. High-speed imaging was used in conjunction with image data
processing in MATLAB to determine the impact velocity and droplet
diameter as well as the diagonal and axial spreading factors. The ex-
periments were supported by direct numerical simulations using the
experimentally recorded impact parameters as initial conditions.

2.1. Investigated surfaces and treatment

The fused silica surfaces were manufactured by LightFab GmbH Ger-
many using selective laser-induced etching [28]. Three types of surfaces
were used, all featuring cubic pillars on a square lattice. The size d, of
the pillars was 0.1 mm, 0.2 mm, and 0.5 mm, for the smallest, interme-
diate and largest structure sizes, respectively. Due to the manufacturing
process, the edges, both at the top and bottom of the pillars could be
made sharp, with edge radii < 1 um while the horizontal variation of
the depth of the grooves was < 5um. The pillar size d here refers to
the side length, height and separation of the pillars, corresponding to a
pitch (distance between repeating elements) of 2d,.

Similarly to the work of Foltyn et al. [24], we modified the inher-
ent surface wettability (and thus the contact angle on the flat mate-
rial O ¢) by plasma polymerization, performed using a Diener electronic
Femto plasma machine to increase the contact angle and plasma acti-
vation with a similar Diener electronic Femto SLS machine to decrease
the contact angle. We verified the contact angle range by gently plac-
ing a sessile droplet on the flat section of the surface sample and using a
DataPhysics OCA 15EC contact angle measurement device. The resulting
contact angles are summarized in Table 1. As the ranges given include
measurements of the static, advancing and receding contact angles, the
rough ranges given in Table 1 should also include Young’s contact angle
for each given treatment [29].
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Fig. 1. Schematic of the experimental setup (not to scale). Holders, focusing optics for the LEDs and shading near the beam splitter to separate the top and lateral

view are not displayed.

Table 2

Fluid properties of water and isopropanol at 25 °C.
Property Unit Water  Isopropanol  Ref.
Surface tension y; 4 mNm™! 72.0 20.9 [31,32]
Dynamic viscosity u mPas 0.890 2.04 [33,34]
Density p kg/m? 997 782 [35,36]

2.2. Experimental methods

To study the droplet impacts, we used the multi-perspective test
stand displayed in Fig. 1, which was originally developed and described
by Foltyn [30]. The test stand can record the spreading process from
four perspectives simultaneously. In the setup, the top and lateral views
are combined onto a single sensor of a Photron SA-X2 high speed cam-
era using an intermediate image near a beam splitter plate. The bottom
view is recorded using the same camera model and both cameras are
synchronized at a frame rate of 20000 fps and a shutter speed of 11 ps.
A third camera (Krontech Chronos 1.4) is used to record the impact from
a fourth “spatial” perspective at a 90° angle with respect to the side view
and at an inclination of approximately 20°. The bottom view is config-
ured as a total internal reflection (TIR) perspective, meaning that the
droplet is not visible on the camera before it reaches the surface. This
also enables accurate tracking of the contact line in the grooves as the
contact line appears as a dark line. Both deionized water (DIN 43530)
and isopropanol (Chemsolute > 99.9%) were dropped from a blunt nee-
dle (Braun Sterican 27G) with an outer diameter of 0.4 mm, connected to
a medical syringe pump (KD Scientific Legato 210) through flexible PTFE
tubing. The fluid properties are given in Table 2. For falling heights of
0.7m and 1.2 m a cardboard tube was placed around the falling path to
ensure a consistent impact position. A single droplet was chosen out of
a continuous chain of detaching droplets by removing a glass beaker or
paper in the path for a short duration.

2.3. Image processing and analysis

A checkerboard calibration pattern was used to determine the distor-
tion, scale and offset of all four perspectives. The bottom, top and lateral
perspectives were used to automatically determine impact and spread-
ing parameters using a MATLAB program. After a background subtrac-
tion and cleaning procedure, the images were binarized. The last 10
frames before impact were used to determine the droplet diameter and
velocity from the lateral view. As the droplet can be somewhat oblate
due to aerodynamic forces during the falling process, the diameter de-
termination Dy = \/4A/7 was performed using an average projected
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area A determined from the images [37]. The bottom view was used to
track the contact line and continuous wetted area in the grooves. In a
post-processing step, the maximum extent of a continuously wetted area
in the axial directions along the pillar orientation and both diagonal di-
rections at 45° to the former were determined by using the difference
of the maximum radii from the impact point in a 10° wedge.

2.4. Numerical methods

The simulations in this study are conducted with our in-house in-
compressible multiphase flow solver Free Surface 3D (FS3D) [27]. It
employs the finite volume method on a Cartesian staggered grid. The
Volume-of-Fluid (VoF) method [38], together with the piecewise lin-
ear interface calculation [39] (PLIC) tracks the phase distributions. The
surface tension forces are determined based on Lafaurie [40]’s contin-
uum surface stress (CSS) model with modifications by Steigerwald et
al. [41]. The CSS model was shown to reproduce other high-speed ap-
plications like drop-drop collisions [42] or drop-film impacts [41] and
especially handles large morphological changes like jetting well. The
dynamic contact angle is calculated using Mathieu’s [43] approxima-
tion of Cox’s theory [44]. A sketch of the numerical setup is shown in
Fig. 2. All simulations were performed on a Cartesian equidistant grid
with 512 X 512 x 512 grid cells. A grid study revealed that further re-
finement of the grid results in no significant change of the flow features
discussed in this paper. The grid study and further details on the numer-
ical methods are presented in supplementary materials B.

2.5. Parameter space

The impact velocity was varied by changing the falling height of the
droplet between 0.15 m and 1.2 m. Due to the different surface tensions
and wetting properties of isopropanol and water with respect to the
needle, water droplets had a mean projected area-averaged diameter
of 2.2 mm while isopropanol droplets were 1.9 mm in size. As droplet
impacts are commonly characterized by the Weber number We, relating
inertia to surface tension forces, and the Reynolds number Re, relating
inertia to viscous forces, these two parameters are used to discuss the
differences between liquids and falling heights. The Weber number and
Reynolds number are defined as

pU2D,
-0 (@)
YLG
U,D
Re = Yo% )
u
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(a)

Fig. 2. Numerical setup. (a): Sketch of the computational domain with impact
parameters and highlighted symmetry boundary conditions. (b): Impact position
(marked as blue cross-circle) used in the numerical simulations. Black areas
represent pillars, while grey lines show the symmetry axes which were used to
reduce cell count. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)

Table 3

Reynolds and Weber numbers for the experimental parameters used in

this study. Deviations represent standard deviation between determined

impact parameters of 4 and 6 repetitions per parameter combination.
Water, droplet size: D =2.2+ 0.1 mm

Falling Height ~ 0.15m 03m 0.7m 12m

U, / (m/s) 1.64 +0.01 2.29+0.01 338+0.03 422+0.04
Re 4,040 5,400 8,670 10,600

We 80 150 350 560
Observed Deposition/  Deposition/  Splash Splash
Regime Part. Reb. Splash

Isopropanol, droplet size: Dy = 1.9 + 0.1 mm

Falling Height ~ 0.15m 0.3m 0.7m 12m

U, / (m/s) 1.61 £0.01 2.24+0.01 322+0.03  3.99+0.04
Re 1,150 1,600 2,300 2,900

We 180 350 730 1,100
Observed Deposition Deposition/  Splash Splash
Regime Splash

where p is the density of the liquid, U, is the impact velocity, D, is
the impact diameter, y; is the surface tension (liquid-gas surface en-
ergy) and u is the liquid dynamic viscosity. As shown in Table 3, the
impact velocities ranged between 1.61 ms~! and 4.22 ms~!, yielding im-
pact Weber numbers from 80 to 1,100 and Reynolds numbers between
1,150 and 10,600.

For each falling height and structure size the wettability was var-
ied as shown in Table 1 between a contact angle on the flat part of the
surface of < 5° and 120° for water and between < 5° and 70° for iso-
propanol. All combinations of structure size, liquid, falling height and
wettability result in a parameter space consisting of 48 different points,
for each of which between 4 and 6 repetitions were performed. In the
scope of this study, the cases using untreated surfaces for water droplets
(40° < Opg < 55°) and polymerized surfaces for isopropanol droplets
(0rg =~ 70°) are emphasized.

3. Results and discussion

To keep this paper brief, we will elaborate on how the wetted region
forms due to flow inside or above the structures, jets in the structures
and the resulting wetting shapes. We intentionally omit a discussion of
some other phenomena in the droplet impact process, such as splash-
ing [45], receding [46], rebound [47] and air entrapment [48]. In the
following section, we show that the formation of a diamond-like spread-
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ing shape for intermediate wettabilities is dominated by the inertial
spreading phase. The resulting final shapes range from near-circularly
wetted regions for low structure sizes and impact velocities to sharp-
tipped star-like regions at high impact velocity and structure sizes.

For hydrophilic surfaces, a distinction is possible between an inertial
spreading phase and a capillary phase, where the spreading process is
dominated by wettability.

In this work, we differentiate between the inertial phase of the
spreading process on hydrophilic surfaces and the capillary phase us-
ing the non-dimensional inertial time 7;

3

where U, denotes the impact velocity, D, is the impact diameter and
t is the physical time. We select 7; =2 as the transition time. This is
motivated by the fact that in many cases, the spreading dynamics for
similar impact conditions on the same surface are observed to be rel-
atively independent at early times after impact. Using this definition,
some phenomena specific to the inertial phase can be discussed sepa-
rately from capillary imbibition which can happen later in the process.

3.1. Wetting due to top or groove flow

In the inertial phase, our observations reveal that the spreading mor-
phology seems to be strongly affected by whether the majority of the
fluid which has reached the surface spreads above the pillars or in the
channels between the pillars. Three types of flow can be differentiated
as illustrated in Fig. 3a: Top-dominated flow, intermediate top-driven
flow and groove-driven flow. Top-dominated flow predominantly oc-
curs over the pillars and mostly happens for hydrophobic surfaces [49],
where liquid penetration into the surface structures happens only very
close to the impact point. Tan [26] reported this behavior on surfaces
which are neither hydrophobic nor hydrophilic (y = 90°) using numer-
ical simulations, albeit at much lower Reynolds numbers than shown in
this study. For impact cases which are predominantly top-dominated, a
classical lamella-rim shape is formed. For our relatively large grooves
and impact conditions, this mode is not observed as compared to many
studies in literature, our structures and Weber numbers were relatively
large.

Top-driven flow, the intermediate case is shown as an extract of a
numerical simulation on the left side and center of Figs. 3a and 3b.
Here, the fluid advances further in the grooves than on top of the pillars.
However, the evolution of the droplet is still dominated by the higher
portion of the fluid advancing on top of the pillars pushing the liquid
between the pillars.

Lastly, in the groove-driven regime, most of the spreading occurs
between the pillars far away from any driving flow over the pillar tops.
The last numerical image shown in Fig. 3a is clearly groove-dominated.
We find that whether top or groove spreading is dominant can depend
on the size and separation of the pillars, the impact parameters and the
wettability.

In the following, we show the influence of the structure and impact
conditions on the aforementioned regimes. While from the experimental
results only the flow above the pillars is visible, the numerical simula-
tions allow us to also observe the flow in the grooves. The images in
Fig. 3b show that which regime is dominant can depend on the time
after impact. The evolution of spreading shape follows similar patterns
initially, but deviations occur earlier in smaller structures, indicating
scale-dependent variations. Very early after the initial impact (z; = 0.4),
the spreading behavior above the pillars appears groove-dominated for
all structure sizes as long as the droplet resembles a cut sphere. However,
already at 7; = 1.5, the maximum spreading diameter within the grooves
is highest for the largest structure size compared with the smaller struc-
tures. For the 0.1 mm structures, spreading over the pillar tops reaches
the same distance from the impact point as the groove spreading and
now appears to drive the flow in the grooves.
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(a) Simulation snapshots emphasizing the extent of the wetted area in the grooves and over the tops of
the pillars at ¢ = 1ms (7; = 0.8) for droplet impacts onto untreated samples with ds = 0.1 mm (left,
top-driven), ds = 0.2 mm (center, top-driven), ds = 0.5 mm (right, groove-dominated) structure size.

¢/ ds = 0.1 mm, ds = 0.2mm, ds = 0.5mm,
- Weq =3.7£0.3, Weyg =7.3£0.6, Weyg =18 £ 2,
ms ¢ Req =180 £ 18 Req =370 £ 37 Req =920 £ 92
Experiment Simulation Experiment Simulation Experiment Simulation
| | 1
mm
0.5/0.4
1.5]1.1
|
2.0]11.5 Lm
3.0(2.3

(b) Comparison of inertial imbibition behavior for water droplet impacts onto untreated samples
(exp. 40° < Ops < 55°, sim. 0y = 50°) of different structure size for droplet impacts from 0.15m

(We = 80, Re = 4040)

Fig. 3. Explanation of top-driven spreading and groove-driven spreading (a) including example cases which cover the top-driven and groove-driven regimes (b).

Observing impact cases with another fluid or higher impact velocity
reveals that larger groove sizes and higher impact velocities cause more
groove spreading than top-dominated spreading. Thus, to characterize
groove flow processes during the impact, we define structure specific
Weber and Reynolds numbers,

pU2d d
We, = 0 % — We—2 ()]
LG D,
Uyd d
Rey = 205 —Re s> 5)
H D,

which differ from the regular dimensionless parameters only in the
choice of the reference length as the structure size d instead of the
initial droplet diameter D). The resistance to fluid flow between the pil-
lars is increased for higher viscosity or lower hydraulic diameters of the
grooves corresponding to a lower Re,. For the given impact cases, the
structure-size specific Reynolds and Weber numbers are given in Fig. 3.

Even for the lowest Re, case depicted in Fig. 3b, the impact appears
to be dominated by inertia initially before viscosity has an effect by slow-
ing down flow in the grooves. Due to viscosity, the boundary layer from
the bottom of the grooves and the pillar sides grows into the grooves,
decelerating the groove flow. This influences the spreading dynamics:
the highest velocities of the advancing liquid-gas interface shift upwards
within the grooves, similar to what is observed on smooth surfaces by
Wildeman et al. [50]. Once this boundary layer reaches the top of the
pillars at a distance smaller than a pillar length, the flow is fully top-
driven. This means that, in terms of the classification of Fig. 3a, while
groove flow is dominant for all cases at the earliest times, a transition to
top-driven flow occurs at 7; = 0.4 for the 0.1 mm structures and starts at
7; = 1.5 for the 0.2 mm structures. For the 0.5 mm structures, the bound-
ary layers do not reach the pillar tops before the final spreading shape
is attained. As such, this case is fully groove-dominated.

The effect of the surface tension and contact angle, as long as it
is in the hydrophilic range, appears to be relevant mostly for smaller
structure sizes during lamella spreading over the pillar tops, as reported
by Broom and Willmott [49]. In our hydrophilic cases, the bottom is
usually wetted early in the impact process. At much later times than de-
picted in Fig. 3b when the initial impact inertia is mostly dissipated or
converted into surface energy, capillary forces can dominate the flow.
Here, the reader is referred to the work of Courbin et al. [8], who dis-
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cussed imbibition phenomena into structured surfaces. Note that for
hydrophobic surfaces, the surface energy difference is positive which
can enhance top-dominated spreading as shown in the work of Broom
and Willmott [49].

For more groove-driven flow, the lamella height over the pillars and
radial extent is reduced when compared to top-driven flow, as more
fluid is contained in the grooves. For the case with 0.5 mm structures,
no lamella spreading is observed, indicating a case which is almost com-
pletely groove-dominated. In this case, wetting of the tops only occurs
on pillars which are directly under the impacting droplet and (to some
degree) above the neighboring grooves. In Fig. 3 at 7; =2.3 (3 ms after
the initial impact) no continuous volume of fluid over the surface is vis-
ible anymore, as most fluid has penetrated into the grooves. The only
fluid on top of the pillars that remains at later times is on the three pil-
lars which initially are directly underneath the falling drop. In fact, for
all impacts on the 0.5 mm structures, we observe the formation of liquid
caps under the impact point in all hydrophilic cases. As groove spread-
ing plays an important role for many impact conditions investigated in
this study, we aim to investigate it in more detail.

3.2. Spreading and jetting in groove-driven flow

For the locations and times in which groove-driven flow is dominant,
a range of phenomena can be observed: when the fluid front reaches a
groove intersection, the fluid can either form a jet following a single
groove, which we subsequently call groove jetting, or the flow can split
up at the intersection, as depicted in Fig. 4. In a first mode, a split-up of
the flow happens if a liquid front reaches the edge of a pillar at an angle
with respect to the grooves as seen in the upper portion of the 8 =50°
case. Here, the edge of the pillar acts as a wedge, redirecting part of the
fluid along one groove and another part along another, oriented orthog-
onally to the first. Depending on the incident angle different fractions
of the flow are guided into each of the directions.

However, Fig. 4 illustrates that a split-up can also occur when par-
allel flow along a groove reaches an intersection as seen in the center
of the 6y =50° case. When the flow in a groove is slow, the incident
jet widens at each intersection. Both viscous friction at the groove bot-
toms, which decelerates the advancing liquid front and wetting of the
hydrophilic groove bottoms can cause this widening. When reaching the
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Fig. 4. Simulation snapshots for droplet impacts onto 0.2 mm structures for two
different Young contact angles at the same impact conditions (Water, We = 80,
Re = 1, 150) illustrating flow-splitting at grooves or jetting along grooves.

next set of pillars with a footprint larger than the next groove, a part of
the flow is thus redirected into the orthogonal groove.

When the contact line touches a new row of pillars, the wettability
of the side surface determines whether an additional force acts inward
(hydrophobic) or outward (hydrophilic) onto the contact line. Once an
advancing contact line is established, the portion of the flow turning
into the orthogonal groove increases. On the other hand, jetting which
persists through intersections usually occurs when the liquid velocity in
a groove is relatively high, leading to the formation of a pointed inter-
face profile. Additionally, in cases with hydrophobic surfaces, groove
jetting can occur at lower pore Reynolds numbers of the flowing liquid
than on hydrophilic surfaces. This phenomenon is illustrated in Fig. 4,
as both the central and off-center jets propagate along a single groove
for the 6y = 120° degree case, but groove-splitting (both orthogonal and
wedge-splitting) occurs at lower contact angles. On hydrohobic surfaces
and for very high impact Weber numbers, the advancing front of a jet
is much thinner than the thickness of a groove and the jet can resemble
the fingers in splashing on smooth surfaces. Such jets in the grooves can
even lift off from the bottom of the grooves completely.

Similarly, Broom and Willmott [49] observed that at very early
times, groove jetting can occur in the gaps between protrusions even on
microstructures. These jets propagate exclusively axially along a groove.
Note that jet spreading in the terminology of Sivakumar et al. [9] in-
cludes our groove jetting. Some of the jets they observed can persist
throughout the full spreading process and dominate the final shape of
the wetted region.

3.3. Development of the spreading shape

As mentioned in section 3.1, for low impact velocities, high viscosi-
ties and small structure sizes (low Re,; and We,), the impact behavior
can be similar to that on a microstructured or even smooth surface as a
classical lamella-rim shape is formed above the pillars (top-dominated
and top-driven cases). On the other hand, for very high impact velocities
and all structure sizes, a jet-dominated spreading shape is formed, dom-
inated by linear jets emanating from the impact area. In this section,
we mainly discuss the intermediate range in which diamond-spreading
occurs.

Fig. 5 shows the evolution of axial and diagonal spreading shapes
at the end of the inertial phase and at 7; > 50 for water droplets hit-
ting a d, = 0.1 mm pillar structure surface from various falling heights.
As previously discussed, most of the spreading process for the water
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droplet impacting onto the 0.1 mm surface displayed in Fig. 3b is driven
by flow over the pillars. In Fig. 5a this corresponds to the case with a
Weber number of We = 80. Two different spreading factors are differen-
tiated in Fig. 5b: The diagonal spreading factor D50 / D, is illustrated by
dashed lines and the axial spreading factor D /D, is indicated by solid
lines, where axial and diagonal refer to the angle with respect to the ori-
entation of the cubic surface structures. Comparing the curves in Fig. 5b,
the circular lamella-spreading behavior for the lowest Weber number is
confirmed, as the axial and diagonal spreading diameters develop sim-
ilarly and remain on the same level throughout the observed spreading
process. Fig. 5a also shows a clear lamella-rim shape at 7; = 2, confirm-
ing that this case is driven by flow over the pillar tops. This corresponds
to a spreading factor ratio near 1.

For a Weber number of 153, a circle-like spreading shape, with a
rim visible at 7; = 2 is still formed, albeit reaching a higher maximum
spreading diameter and asymmetry. The spreading factor ratio remains
slightly above unity.

At the two highest Weber numbers, the behavior is changed sig-
nificantly: while the diagonal spreading factor stays similar to that in
the We = 153 case, the axial spreading factor is strongly increased. The
rim is no longer clearly distinguishable at 7; =2 as the development of
the spreading shape is dominated by flow in the grooves. Additionally,
Fig. 5a shows dark spots at several locations in the final spreading shape,
indicating air bubbles or dimples in the interface. The final spreading
shape shifts towards the diamond spreading shape for higher impact ve-
locities.

Note that in Fig. 5, the intermediate hydrophilic case is chosen,
which is not affected by capillary spreading after 7; ~ 5 such that the
final spreading shape and extent are dominated by the spreading in the
inertial phase.

For the regimes where flow-splitting is dominant, once a splitting in-
tersection is established as shown in Fig. 4, the difference in viscous flow
resistance between axial and turning flow is low. Thus, each intersec-
tion acts as a divider for the flow, introducing a redirection pressure loss.
Thus, the overall spreading length along the groove bottoms dominates
the spreading shape. In this case, the spreading flow can be approxi-
mated as “taxicab spreading”, assuming that at each intersection the
contact line either proceeds axially or turns by 90°. In this view, the
spreading distance on the axis over the diagonal would be the taxicab (or
Manhattan) distance, which is Do /Dys0 = \/E times the axial spread-
ing distance, resulting in the characteristic diamond (rhombus) shape.
Fig. 6 illustrates this phenomenon.

This can be used as another classification parameter for the spread-
ing process: for the spreading factor ratio at the end of the inertial phase
Dyo /Dyse = \/5 the flow was jet-spreading dominated, while for lower
values it was dominated by a combination of taxicab spreading and/or
top-driven spreading. In Supplementary Materials C, we give videos
of the bottom view of four representative cases that illustrate circular
spreading and flow-splitting spreading shapes.

Using numerical simulations, this behavior can be investigated in
more detail. Fig. 7 shows a numerical simulation of an isopropanol
droplet impact case onto a surface with superhydrophilic properties
from the lowest investigated falling height (We = 180, Re = 1, 160) from
a top-down view and a 30° inclined view. At 7; = 0.7, the wedge split-
ting behavior at each intersection can be seen as well as jetting along
the axial groove at the bottom. Later (See figure B.4 for 7; = 1), the jet
thickness increases while the spreading rate decelerates due to viscous
effects. At this instant, the rhomboidal spreading shape is already vis-
ible and it is fully developed at 7; = 1.7, as all last reached pillars are
on a line diagonal to the grid orientation. Experimental images show
the same behavior, with deviations between experiments and simula-
tion remaining below one pillar size (< 0.2 mm, see figure B.4). Further
evidence that this spreading shape is dominated by taxicab spreading
can be gathered from pathlines determined from the simulations. Using
the 2D-projected velocity field in the liquid in a plane half the height
of the pillars, they show that the flow reaching the advancing contact
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(b) Spreading factors Dspr /Do (axial Dgo /Do and diagonal Dys0 /Do) over time. Higher axial spreading
at high Weber numbers, diagonal spreading only increased until threshold impact Weber number. Shaded
regions represent standard deviation between 4 6 repetitions and two orthogonal axes (8 12 data points)

for each parameter combination.

Fig. 5. Bottom view of spreading shapes (a), spreading factors (b) and their ratios (c) over time. Water droplet impacts from different falling heights onto untreated

surfaces 40° < ¢ < 55° with 0.1 mm cubic pillar structures.

Fig. 6. Schematic representation of flow paths for taxicab distance dominated
groove spreading on hydrophilic surfaces.
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line originates in the impact point and roughly follows the shape of the
gaps between the pillars. Most notably, an almost 90° turn is observed
at each intersection for the flow which does not follow a straight groove,
indicating that the liquid does in fact follow a close-to-taxicab path, es-
pecially in the regions where the highest velocities are still observed.

Once the rapid inertia-driven spreading flow subsides, capillary ef-
fects first cause the equilibration of energetically unfavorable spreading
shapes: half-filled gaps are filled completely and connect with neigh-
boring grooves, creating a diagonal contact line. This diagonal contact
line is a defining feature of the diamond spreading shape. Such diago-
nal contact lines are experimentally observed in many cases such as the
one shown in Fig. 5. In case of hydrophilic, but not superhydrophilic
surfaces, the diamond shape remains stable even until the latest stage
of spreading.

To compare the overall spreading behavior in the inertial phase,
some more general trends can be established from Fig. 8a-b. Here, we
show the spreading factor ratios at the end of the inertial phase as de-
termined from the bottom view and simulations, defined as the axial
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Fig. 7. Comparison of results from Fig. 7 of the main manuscript with experimental data. Droplet impact (6, = 10° in the simulation) onto untreated d; = 0.2 mm

structures. We = 180, Re = 1160.
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Fig. 8. Ratio of the spreading factors at the end of the inertial phase (z; = 2) for hydrophilic cases ¢ < 70° over the structure-size specific Reynolds number Re,
and the dimensional parameter Ud,. Error bars represent standard deviation between 4-6 repetitions and two orthogonal axes (8-12 data points) for each parameter

combination.

spreading factor on the y-axis (as defined in Fig. 2) divided by the diag-

onal spreading factor.

Note that for the results obtained from the simulation, the axial re-
sults along the x-axis are omitted here. The symmetry of the impact

position along a groove can create

an excessive jet along the x-axis.

Under experimental conditions, the impact position is never perfectly
centered within the groove. As such, if such a jet is formed in experi-
ments in which the impact point is near the center of a groove, even a
slight offset and inhomogeneities in the surface cause the jet to impinge
and stick on a pillar side before 7; = 2. This deviation is further discussed
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in the validation of the numerical methods given in supplementary ma-
terials B where figure B.3 shows how such a jet can even cause a droplet
to detach. Thus, the axial spreading factors from the simulations used
for the determination of the ratios here are those determined on the
y-axis (Fig. 2).

In all cases, a higher impact velocity, here expressed through the
structure-size specific Reynolds number Re; seems to mainly increase
the axial spreading parameters within a single fluid. Notably, it is in-
creased significantly more with higher Re, than the diagonal spreading
factor, which seems to depend on the non-structure specific Reynolds
or Weber number. This causes the spreading factor ratio to increase for
higher Re,. A spreading factor ratio near 1 could indicate top-dominated

or top-driven spreading, whereas a spreading factor ratio closer to \/5
(black line in Fig. 8b) indicates diamond spreading through many flow-
splitting intersections. A spreading factor ratio much larger than that
indicates jet-dominated spreading. Between both fluids, the diamond

spreading condition (Dgo /D50 & \/5) is reached at a much smaller
Re, for isopropanol than for water and both behaviors are more com-
parable in terms of the quantity Re,u/p = Uyd,, which is shown as a
second axis in Fig. 8, as long as the overall spreading process is groove-
dominated (d, < 0.2mm for our experiments). This could indicate that
Re,; (and thus liquid viscosity) mainly affects whether top-driven or
groove-dominated spreading is established, but the shape of the spread-
ing region is dominated by the redirection losses. In the future, extensive
parameter variations could clarify the influence of viscosity on the taxi-
cab spreading process. After the formation of the diamond spreading
shape (or any other shape), note that in the case of superhydrophilic sur-
faces, capillary spreading can occur as described by Courbin et al. [8]
which affects the final spreading shape and size.

4. Conclusions and outlook

In this work, we have shown how wetted regions in droplet im-
pacts onto structured surfaces form in circular, diamond-like or sharp-
tipped shapes. The interplay between inherent wettability, structure size
and the impact parameters in determining the spreading shapes in the
inertial phase was emphasized. While previous research has empha-
sized the role of the structure geometry and the capillary spreading
phase [8,12,51] we show that wetting of structured surfaces can de-
pend heavily on the impact parameters and the characteristic size of the
structures. This can have major implications on the design of surfaces
used for spray cooling applications [52], rain and energy harvesting or
coating processes. Additionally, while the diamond shapes reported in
this study have previously been observed in experiments and simula-
tions [9,26], we give a detailed explanation of the formation of these
shapes:

The shape generated by inertial spreading on a surface with sub-
millimeter structures is dependent on whether the spreading process is
top-driven or groove-driven. For groove-driven flow, the fluid can either
follow a single groove as a jet or split up at groove intersections. Low
local Reynolds numbers and contact angles promote flow splitting at in-
tersections. If flow-splitting is prevalent in a groove-dominated droplet
impact, a diamond shape develops, as the spreading distance is domi-
nated by the taxicab distance in the groove grid. The axial spreading
factor is increased significantly more than the diagonal spreading fac-
tor for higher impact velocities, as a higher impact velocity promotes
a transition from near-circular top-driven spreading to diamond-shaped
groove-driven spreading and (at higher values) also causes a transition
from diamond-shaped spreading to jetting.

In a future study, the viscosity of the liquids could be varied inde-
pendently of the surface tension and wettability to accurately determine
the influence of viscosity on establishing top-driven spreading and in di-
amond spreading. Future work is also needed to discuss the effects of
the pillar size, wettability and impact conditions on the later capillary
spreading phase which happens after the impact inertia has been dissi-
pated and how the shapes attained in the inertial phase influence the
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final outcome for a variety of conditions. Additionally, the entrapped
air bubbles appear to have an effect on the spreading process and their
formation, coalescence and disappearance could be discussed in the fu-
ture.
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