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Lubricated textured surfaces immersed in liquid flows offer tremendous potential for
reducing fluid drag, enhancing heat and mass transfer, and preventing fouling. Accord-
ing to current design rules, the lubricant must chemically match the surface to remain
robustly trapped within the texture. However, achieving such chemical compatibility poses
a significant challenge for large-scale flow systems, as it demands advanced surface
treatments or severely limits the range of viable lubricants. In addition, chemically tuned
surfaces often degrade over time in harsh environments. Here, we demonstrate that a
lubricant-infused surface (LIS) can resist drainage in the presence of external shear flow
without requiring chemical compatibility. Surfaces featuring longitudinal grooves can
retain up to 50% of partially wetting lubricants in fully developed turbulent flows. The
retention relies on contact-angle hysteresis, where triple-phase contact lines are pinned to
substrate heterogeneities, creating capillary resistance that prevents lubricant depletion. We
develop an analytical model to predict the maximum length of pinned lubricant droplets in
microgrooves. This model, validated through a combination of experiments and numerical
simulations, can be used to design chemistry-free LISs for applications where the external
environment is continuously flowing. Our findings open up new possibilities for using
functional surfaces to control transport processes in large systems.

DOI: 10.1103/PhysRevFluids.9.054002

I. INTRODUCTION

Functional surfaces that have the ability to regulate mass, energy, and momentum transport in
a fluctuating fluid flow could significantly reduce energy waste in various applications, including
marine infrastructure, medical devices, thermal systems, and food processing units. One promising
technology that has emerged is lubricant-infused surfaces (LISs), which use microstructures to trap
a lubricating liquid [1,2]. The presence of a lubricant offers several ways to interact favorably
with external fluid flows. The interface between the lubricant and the overlying liquid is slippery,
preventing the attachment of micro-organisms and resulting in an efficient antifouling surface [3–5].
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Additionally, the flow over a LIS experiences slippage, reducing the frictional resistance exerted
on the surface [6–10]. Moreover, the external flow can set the trapped lubricant into recirculating
motion, enhancing heat and mass transfer rates between the surface and the bulk flow [11].

Previous studies on submerged LISs have relied on a chemical compatibility rule that was
primarily developed for liquid-repellent and antiadhesive applications [1,2,12,13]. According to
this rule, the chemistry of the surface needs to be similar to the chemistry of the lubricant to avoid
dewetting. However, achieving chemical compatibility poses a significant challenge for large-scale
applications. Most techniques used to tune solid surface energy involve spray coating or thin-film
deposition [14–16], which can be time-consuming and costly when applied to large surface areas.
In addition, chemically modified surfaces degrade over time due to exposure to UV light, humidity,
chemicals, or stresses during handling. An alternative approach of achieving chemical compatibility
is selecting a lubricant and a solid with a high affinity. However, such combinations are limited and
based on hydrophobic polymers and other inert lubricants that raise environmental concerns as their
inertness makes them difficult to degrade naturally [17].

In this study, we characterize the physics of LISs in the presence of an external fluid flow
when the chemical compatibility rule is broken. We find that the substrate can retain a significant
amount of lubricant by relying on contact-angle hysteresis (CAH). Small-scale physical or chemical
inhomogeneities naturally appearing on the substrate pin the lubricant-liquid-solid contact line and
create a capillary force that resists lubricant depletion. The size of the pinning force does not depend
on the equilibrium contact angle θe, but instead on the difference between the advancing (θadv) and
receding (θrec) contact angles. This implies that the condition that the lubricant must preferentially
wet the surface rather than the overlying liquid is not strictly necessary for a LIS submerged in liquid
that flows. We develop a theoretical model that provides an explicit expression for a priori predicting
the maximum length of a lubricant droplet given the surface geometry, CAH, and external friction
force. Our criterion applies in turbulent flow environments, showing that the retention mechanism
is robust under unsteady and fluctuating external stresses. Moreover, we use the model to introduce
a nonequilibrium design rule for chemistry-free LISs. The rule provides novel opportunities for
manufacturing lubricant-infused surfaces to control transport processes in large-scale flow systems.

II. EXPERIMENTAL CONFIGURATION AND METHODS

A. Turbulent channel flow facility

We use a water channel facility to characterize the behavior of liquid-infused surfaces in
turbulence. The flow facility, shown schematically in Fig. 1(a), has the width wch = 200 mm and
the height hch = 10 mm, resulting in an aspect ratio of 20:1. The flow is developed over a length
of 144hch before reaching the test section, which measures 72hch in length. For a fully developed
turbulent channel flow, which has a mean velocity that is uniform in the spanwise and streamwise
directions, the mean wall shear stress (WSS) τw can be obtained from the force balance,

τw = −hch

2

d p

dx
. (1)

Here, d p/dx represents the mean pressure gradient, which is obtained by measuring the difference
between each pressure port and the most upstream one with a series of piezoelectric miniature
transducers (see Fig. 1). Table I presents the mean WSS obtained from (1) on a smooth solid
wall for three different bulk velocities (Ub). The bulk velocities range from 0.91 to 1.56 m/s,
resulting in mean WSS from 3.2 to 7.8 Pa. These values correspond to a bulk Reynolds number
Re = Ubhch/ν (with ν the kinematic viscosity of the fluid) ranging from 9100 to 15 600 and
a skin friction coefficient Cf = τw/(0.5ρU 2

b ) (where ρ is the fluid density) from 7.73 × 10−3

to 6.41 × 10−3. To investigate if the facility generates a canonical turbulent channel flow, we
compare the Cf obtained from measurements with the empirical relation proposed by Dean [18],
given by C∗

f = 0.073 Re−0.25. Table I demonstrates a sufficiently good agreement between the
skin-friction coefficients for the purposes of our investigation. In a similar way, Table I compares
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(a)

(b) (c)

FIG. 1. (a) Schematic representation of F-SHARC (fluid-surface-high-aspect-ratio-channel) flow facility.
The flow is generated by an 11 kW centrifugal pump that is operated by a frequency controller. The flow
rate is measured by means of an ultrasonic flowmeter (OMEGA FDT-25 W) with an accuracy of ±1%. Each
section of the channel has six pressure taps with a diameter of 0.4 mm and spaced by 10 cm, positioned along
the centerline. The pressure gradient d p/dx along the length of the test section is measured with a series
of piezoelectric miniature transducers (Honeywell ABPDRRV001PDAA5) with an accuracy of ±0.25% of
full scale. (b) Schematic top view of the channel test section showing the area covered by the LIS and the
camera field of view (FOV) (2.5 × 3.7 cm2) represented by the orange rectangle. (c) Image of a portion of LIS
(13 × 9 cm2) after being exposed to a maximum wall-shear stress (WSS) τmax = 10.4 Pa for two hours. The
white rectangle corresponds to the camera’s FOV. The green color identifies the lubricant, while black indicates
its absence, hence the grooves are filled with water.

TABLE I. Specifications for the three turbulent flow configurations. The bulk velocity (Ub) and the mean
turbulent wall shear stress [τw = −hch�P/(2L)] were measured using an ultrasonic flowmeter and piezoelectric
pressure transducers, respectively. The bulk Reynolds number (Re) and the friction Reynolds number (Reτ )
can be calculated based on the measurements and the channel height (hch = 10 mm), kinematic viscosity of
water (ν = 10−6 m2/s), and the friction velocity (uτ = √

τw/ρ). The friction Reynolds number can also be
calculated using an empirical relation (Re∗

τ ). The agreement between Reτ and Re∗
τ serves as a validation that

the experimental facility leverages a canonical turbulent channel flow.

Quantity Acquisition/Expression Case 1 Case 2 Case 3

Ub (m/s) Ultrasonic flowmeter 0.91 ± 0.01 1.30 ± 0.01 1.56 ± 0.02
τw (Pa) Pressure transducers 3.2 ± 0.7 5.8 ± 0.8 7.8 ± 1.0
Re Ubhch/ν 9100 13000 15600
Cf × 103 τw/(1/2ρU 2

b ) 7.73 6.86 6.41
C∗

f × 103 ≈0.073 Re−0.25 7.47 6.84 6.53
Reτ uτ hch/(2ν ) 283 381 442
Re∗

τ 0.166 Re0.88 275 376 442
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(a) (b)

FIG. 2. (a) Height map of the textured substrate used for the LISs extracted from a tomographic scan.
(b) Cross-section profile of the same sample. The three-dimensional scan is obtained using an optical coherence
tomography (OCT) device (Thorlabs, Telesto II) with an axial resolution in water of 2.58 µm.

the measured friction Reynolds number, Reτ = uτ hch/(2ν)—ranging from 280 to 442—with the
empirical relation Re∗

τ = 0.166 Re0.88, where again a reasonable agreement is observed. The main
sources of error are attributed to the accuracy of the pressure sensors and to temperature variations,
which were seen to vary by approximately one degree over five minutes of flow at the highest flow
rate.

B. Liquid-infused surfaces

The liquid-infused surface is flush-mounted to the lower wall of the test section. The texture
consists of longitudinal (i.e., parallel to the flow direction) grooves fabricated using UV-lithography
(described in Appendix A). Figure 2 shows a portion of the groove geometry and the corresponding
profile. The grooves have depth k = 149 ± 22 µm, width w = 143 ± 5 µm, and pitch p = 276 ±
2 µm. Before mounting the panel with the substrate on the channel wall, the grooves are infused with
hexadecane (Sigma-Aldrich) (viscosity ratio with respect to water μl/μw = 3.7 and lubricant-water
surface tension γ = 53 mN/m). The surfaces are then tilted at 10◦ for 5 min to drain the excess
lubricant by gravity. The final sample, composed of four adjacent substrate tiles, covers the full
area of the test section wall with an extension of 15 × 60 cm2. The upper wall is made of a smooth
clear acrylic plate that allows for optical access. To visualize the lubricant-water interface during
the flow experiments, a fluorescent imaging technique is used. The lubricant fluid is mixed with a
fluorescent dye (Tracer Products TP-4300) at a volume ratio 2:1000. A series of UV LED lights,
fixed to the test section, excite the dye, which emits a green glow. Figure 1(c) shows how the
lubricant appears during a flow experiment. Using a digital camera (Nikon D7100 DSLR) with a
Nikon AF Micro-Nikkor 200 mm lens and a yellow filter, consecutive images are taken at a selected
time interval. The resolution of the photos is 160 px/mm. The field of view (FOV) of the camera
is 375 × 25 mm2 and it is located at the center of the test section, as represented in Fig. 1(b). The
duration of the measurements is 2 h for each experiment.

The surface chemistry together with the substrate geometry determines the spontaneous spread-
ing of the lubricant in the textured surface in the presence of water. For our solid substrate, which
has the geometry of a rectangular groove with width w and depth k, the surface energy per unit
length due to a displacement dx is given by [19]

dE = γso(2k + w)dx + γolwdx − γsl(2k + w)dx,

where γso, γol, γsl are the surface tensions between the different phases: lubricant droplet (o), solid
substrate (s), and the immiscible surrounding liquid (l). The lubricant will wick into the groove
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TABLE II. Measured values of equilibrium (θe), advancing (θadv), receding (θrec) contact angles, and
contact-angle hysteresis (�θ ) of the partially wetting and wetting substrates.

LIS Eq. (2) θe θadv θrec �θ

Partially wetting Not satisfied 117◦ ± 9◦ 134◦ ± 9◦ 12◦ ± 2◦ 122◦ ± 10◦

Wetting Satisfied 42◦ ± 4◦ 62◦ ± 8◦ 16◦ ± 5◦ 46◦ ± 9◦

when it is energetically favorable (dE < 0), i.e.,

(γso − γsl )(2k + w) + γolw < 0.

By defining the spreading parameter as S = γsl − γso − γol, we can write the condition above,

S > −γol
2k

2k + w
. (2)

When the spreading condition (2) is satisfied, a lubricant droplet will spread in the groove until a
thin film is formed. In this scenario, for which the lubricant and the solid are chemically compatible,
the LIS is called wetting. On the other hand, when (2) is not satisfied, the droplet will only partially
wet the grooved surface, and a triple-phase contact line appears. In the latter configuration, the
lubricant-solid combination is chemically incompatible and the LIS is partially wetting.

Table II shows the equilibrium chemical properties of the partially wetting LIS and the wetting
LIS that we have used in this study. The former has untreated polymeric substrate (see Appendix A),
whereas the latter surface is functionalized with a hydrophobic coating. We measured the equilib-
rium contact angle (θe) of a lubricant droplet immersed in water on smooth samples with the sessile
drop method [20]. We observe that for partially wetting LIS, the smooth surface prefers water over
hexadecane (θe > 90◦), while for the wetting LIS, we have the opposite situation (θe < 90◦). The
advancing and receding contact angles (θadv and θrec) were measured by extruding and withdrawing
liquid into and from the lubricant droplet (for details of the measurements, see Appendix A). The
contact-angle hysteresis, defined as �θ = θadv − θrec, is much larger for the partially wetting surface
compared to the wetting one. Cured polymeric surfaces, such as PDMS, are known to have a very
large �θ .

III. RETENTION OF PARTIALLY WETTING LUBRICANT IN TURBULENCE

We start by characterizing the lubricant-water interface for the flow configuration Re = 9100
(Table I) in the presence of the partially wetting and wetting LISs (Table II). Figure 3(a) shows the
wetting LIS at the beginning of the experiment where the grooves are filled with lubricant (green).

(a) (b) (c)

FIG. 3. Observations of wetting and partially wetting LIS in a turbulent flow. (a) The LIS at the beginning
of the experiment where, in wetting and partially wetting configuration, the grooves are completely filled with
lubricant (in green). (b) The grooves of a wetting LIS at maximum WSS τmax = 5.8 Pa are drained from the
lubricant after 2 h. (c) The grooves of a partially wetting LIS retain 46% of the lubricant after 2 h.
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(a) (b)

FIG. 4. (a) A lubricant droplet pinned in the groove of a partially wetting LIS. (b) Sketch of the interface
shape of lubricant within the groove showing the advancing θadv and receding θrec contact angles, the lubricant
length L, the external shear stress Fτ , and the pinning force Fcl.

The initial state of the partially wetting LIS looks exactly the same. We observed different states of
two LISs after approximately 2 h exposure to the turbulent flow. The wetting LIS—which adheres to
the established design principles where the lubricant fully wets the substrate—was drained, leaving
behind only a thin film at the bottom of the grooves where the flow velocity is very small [Fig. 3(b)].
Correlating the image intensity to the thickness of the lubricant layer, the residual film is estimated
to be 5–10 µm thick. Lubricant depletion in longitudinal grooves without barriers in a shear flow is
expected [21]. For partially wetting LIS—as illustrated in Fig. 3(c)—after 2 h, 46% of the initial
lubricant volume remained in the grooves. This demonstrates that a partially wetting lubricant can
resist drainage when exposed to a flow. Somewhat contradictory, the chemically incompatible LIS,
which breaks the equilibrium design rule, offers a greater resistance to drainage in nonequilibrium
conditions. Appendix B provides a more quantitative assessment of the lubricant drainage for
different configurations.

The experiments (SI Movies S2, S3, and S4) of partially wetting LISs reveal that the lubricant-
water interface initially breaks up, allowing water to infiltrate the grooves, after which the lubricant
forms elongated droplets pinned to the surface [Fig. 4(a)]. At the contact lines, where the water-
lubricant-solid phases meet, there is an adhesive force that depends on the physical and chemical
heterogeneity of the substrate. The force can be expressed as [22–24]

Fcl ∼ wγ (cos θrec − cos θadv),

as represented in Fig. 4(b). This adhesive force acts in the opposite direction to the external
hydrodynamic force,

Fτ ∼ τsLw,

where τs is the (averaged) shear stress on the lubricant-liquid interface, and L is the length of the
lubricant droplet.

By equating the two forces, we can define the largest possible length of a stationary droplet as

L∞ ∼ γ /τs(cos θrec − cos θadv).

This means that, in the presence of triple-phase contact lines, the adhesive force can resist the
imposed shear stress for lubricant droplets of length L < L∞. Droplets longer than L∞, on the other
hand, will be displaced because the shear stress exceeds the pinning force.

As we will quantitatively demonstrate in the following sections, the partially wetting LIS has
pinned contact lines and sufficiently large CAH to yield stationary lubricant droplets reaching up to
35 mm in length. In contrast, the wetting LIS spreads into a thin film at the bottom of the grooves
without well-defined contact lines.

IV. THEORETICAL MODEL OF MAXIMUM RETENTION LENGTH

Having observed significant lubricant retention of partially wetting LIS in turbulent flows, we
now develop a model that predicts the maximum droplet length for a given shear stress and contact-
angle hysteresis. We consider a long groove that is filled with a lubricant and subjected to a uniform
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(a) (b)

FIG. 5. (a) The idealized configuration of a groove segment filled with the lubricant used to develop the
analytical model. (b) The maximum retention length predicted by the model at shear stress τs = 5.8 Pa for
different advancing and receding contact angle combinations. The star indicates the present experimental
conditions, where θadv = 134◦ ± 9◦ and θrec = 12◦ ± 2◦, which results in L∞ = 35.8 mm.

interface shear stress τs [Fig. 5(a)]. The imposed viscous stress generates a steady and unidirectional
lubricant flow in the streamwise direction resulting in a flux given by [21]

qτ = cs
wk2τs

μl
,

where cs is a geometry-dependent constant (see Appendix C) and μl is the lubricant viscosity. For
stable retention, there must be a flux in the opposite direction that exactly balances qτ . Assuming
that the opposite lubricant flow is driven by a constant pressure gradient dp/dx, the associated flux
can be written as [21]

qp = −cp
wk3

μl

dp

dx
,

where cp is another geometry-dependent constant. The balance of the two fluxes results in

dp

dx
= τs

k

cs

cp
. (3)

The pressure gradient arises from the adhesion force at the contact line of a droplet in the groove.
The force [25] is defined as

Fcl =
∮

cl
γ (ncl · ex )dl, (4)

where ncl is a unit vector that is tangent to the liquid-lubricant interface and normal to the contact
line. The integration is performed along a closed curve, where the lubricant-liquid-solid phases meet
(Appendix C). We assume a constant angle along the entire contact line of upstream and downstream
parts of the droplet, given by θ = θadv and θ = θrec, respectively. Under these assumptions, and since
the droplet completely wets the side walls of the groove, we obtain

Fcl = −(w + 2k)γ (cos θrec − cos θadv). (5)

With Fcl assumed to change the pressure equally over the projected area wk in the yz-plane, we can
write

dp

dx
= − Fcl

Lwk
, (6)
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TABLE III. Three experiments of partially wetting LIS were performed at different bulk flow velocities
(Ub), where τmax is the corresponding maximum streamwise wall-shear stress. Also reported are the maximum
retention lengths predicted by the analytical model L∞, computed with cs = 0.07, cp = 0.05 (obtained by
solving the Stokes equations for the given microgroove geometry), θadv = 134◦, θrec = 12◦, and τs = τmax. The
theoretical values can be compared to the maximum retention lengths measured experimentally, Lmax. The last
column reports the percentage of drained lubricant after 2 h (see Appendix B for definition of %LD).

Re Ub (m/s) τmax (Pa) L∞ (mm) Lmax (mm) %LD

9100 0.9 5.8 35.8 32.2 ± 0.2 54
13000 1.3 10.4 19.8 14.6 ± 0.2 71
15600 1.6 14.0 14.7 12.2 ± 0.2 82

where L is the length of the droplet. By inserting (6) into the flux balance (3), we can define the
maximum retention length as

L∞ = A
γ

τs
(cos θrec − cos θadv). (7)

The constant A depends on the substrate geometry, which for longitudinal grooves is given by

A = w + 2k

w

cp

cs
.

Droplets of length L are stationary if

L � L∞, (8)

as they can induce a sufficient pressure gradient to balance the imposed external shear stress.
Droplets with L > L∞, on the other hand, will move downstream in the groove.

Figure 5(b) shows how L∞ varies with the advancing and receding contact angles for τs = 5.8 Pa.
We observe that retention lengths of a few millimetres can be obtained from relatively small
CAH (�θ ≈ 30◦). Almost all surfaces exhibit some degree of contact angle hysteresis [26–29].
Highly smooth surfaces, such as those made of PTFE (polytetrafluoroethylene), typically exhibit
low contact angle hysteresis (�θ = 10◦), while PDMS (polydimethylsiloxane) and rose-petal type
surfaces can have �θ exceeding 100◦ [30,31]. The model developed herein contains the essential
ingredients for the CAH-based retention mechanism. We have neglected inertial and gravitational
effects in the lubricant and assumed a large viscosity ratio (μl/μw � 1, which indicates negligible
slippage at the lubricant-liquid interface [32]). Furthermore, long-range forces such as van der Waals
forces have been neglected, which implies the absence of nanometric precursor films in the grooves.

Previous work [21,33,34] has, instead of CAH, introduced physical or chemical barriers in the
grooves to generate a shear-resisting pressure gradient. The maximum retention length provided by
Wexler et al. [21] for a lubricant-infused longitudinal groove that terminates in a lubricant reservoir
reads

L∞,W = k

rmin

γ

τs
, (9)

where rmin approximates the interface curvature at the tail of the droplet. Equation (9) is a special
case of (7) with θadv = 90◦, since the interface curvature is a consequence of the pinning force.

V. RETENTION DISTRIBUTION AND NUMERICAL SIMULATIONS

To verify that stationary droplets satisfy (8), we now consider water channel experiments at
higher flow velocities (Re = 13 000 and 15 600) using the partially wetting LIS (Table III). In a
turbulent flow, the streamwise wall-shear stress (WSS) near the lubricant-liquid interface fluctuates,
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(a) (b)

FIG. 6. (a) Probability density function f (L) of droplet lengths for different shear stresses. (b) Distribution
multiplied by the droplet length, which shows the contribution of droplets of different lengths to the total
lubricant volume.

resulting in intermittent peaks that can be up to 80% higher than the mean wall-shear stress [35,36].
Since the timescale of the fluctuations is on the order of milliseconds, we expect that all lubricant-
liquid interfaces will be exposed to the peak WSS within a 2-h interval. Consequently, the pinning
force must be sufficiently large to withstand the maximum WSS. Therefore, when evaluating (7)
for turbulent flows, the shear stress τs is approximated by τmax = max(τw + τ ′

x ), where τ ′
x is the

streamwise WSS fluctuations. The maximum WSS can be estimated from

τmax ≈ τw + 2τ ′
x,rms ≈ τw + 2(0.4τw ) ≈ 1.8τw,

where τ ′
x,rms is the root mean square of the streamwise WSS. The approximations above are based

on relations and PDFs obtained from experiments [35] and numerical simulations [36].
Using τs = τmax in (7), we calculated the predicted maximum retention lengths L∞ which range

from 35.8 mm for the lowest flow speed to 14.7 mm for the fastest flow speed (Table III). The
corresponding measured maximum retention lengths, Lmax, range from 32.2 to 12.2 mm. The
agreement with the predictions is remarkable, considering that we have not used empirical fitting
parameters despite dealing with a turbulent flow.

Lubricant droplets with maximum lengths are, however, rare. The stationary LIS has many
smaller droplets that can generate higher pressure gradients for opposing the shear stress [as
indicated by Eq. (6)]. To quantify the distribution of droplet lengths in the stationary state, we
calculated the probability density function f (L) [Fig. 6(a)]. We observe that droplets with a length of
approximately 1.5 mm appear most frequently across all shear stress values. Droplets with lengths
greater than 10 mm have a low occurrence rate, particularly at high shear stresses. While short
droplets dominate in quantity, longer droplets contribute significantly to overall lubricant retention.
The total volume of lubricant retained in the stationary LIS can be approximated by V ≈ wkN〈L〉,
where wk is the constant cross-sectional area of the groove, N is the number of retained droplets in
the surface, and 〈L〉 is the mean lubricant length, which is given by

〈L〉 =
∫ ∞

0
f (L)L dL. (10)

This indicates that the total lubricant volume depends on the product, f (L)L, shown in Fig. 6(b). The
contribution to V is fairly equal from droplets with lengths ranging from 1 to 10 mm for two cases
of high shear stress, and with lengths between 1 and 20 mm for the lower shear stress case. This
implies that short and long droplets contribute equally to the volume of lubricant that is retained by
the surface.
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(a) (c)

(b)

FIG. 7. Side view of the simulated lubricant droplets in one groove in the stationary regime (L < L∞)
(a) and the moving regime (L > L∞) (b). The fluid flows from left to right. The head of the drop is slightly
larger than the groove, as shown by the gray shadow. The color bar represents the pressure inside the drop.
(c) Retention map showing the normalized retention lengths measured from experiments and numerical
simulations on the horizontal axis and the normalized retention lengths predicted by theory on the vertical
axis. The theoretical lengths are obtained by inserting the shear stress, CAH, groove width, height, and surface
tension that corresponds to each experiment and simulation into (C41). For the configurations that fall into the
gray upper left region, the measured lengths are shorter than the model prediction, thus in a stable regime. All
the lengths measured in the experiments of partially wetting LIS after 2 h (purple, red, and yellow symbols)
fall in this region as they do not move. The black symbol and horizontal error bars indicate the mean values
and variances of the length distributions. The vertical error bars indicate the uncertainty in the measurement
of the advancing and receding contact angles. The simulated lubricant droplets (blue symbols), which are too
long to withstand the imposed shear stress (blue crosses), fall in the bottom right region of the graph. Shorter
simulated droplets remain pinned to the substrate and can balance the shear stress (blue circles). The four
symbols in the orange box correspond to the simulated drops shown in frames (a) and (b). The parameters of
the other simulations are given in Appendix D.

The theoretical retention length L∞ is the upper limit of a range of droplet lengths that exist in
turbulence. To demonstrate that the theoretical model is predictive when excluding the turbulent
fluctuations, we have performed a set of numerical simulations using the open-source software
OPENFOAM [37]. See Appendix D for details of the numerical method. We considered the laminar
shear (Couette) flow over a single lubricant-infused groove, with the same density and viscosity for
the infused and external fluids. We modeled CAH by pinning the contact line when the apparent
contact angle is within the hysteresis window [θrec, θadv]; otherwise, the contact line moves with
a prescribed constant contact angle. The computational domain had dimensions (Lx, Ly, Lz ) =
(20k,w, 2k) with a groove size ratio w/k ≈ 1, similar to our experiments. We imposed a constant
τs and �θ , and then gradually increased the volume of a lubricant droplet in the groove.

Figures 7(a) and 7(b) show how the lubricant droplet is deformed by the shear stress τs = 111 Pa
when �θ = 40◦. The pressure difference �P between the front and back end of the droplet is
induced by contact-line force that pins the interface to the surface, causing the interface away from
the surface to deform. The downstream and upstream contact lines dominate the adhesion force, so
�P is the same for droplets of all sizes. However, the pressure gradient (∼�P/L) is only sufficiently
strong to withstand the imposed shear stress when the droplet length is smaller than a critical value.
Our numerical simulations show that the droplet is stationary below L = 787 µm, but is moving
when L = 882 µm [Figs. 7(a) and 7(b)]. The maximum possible droplet length obtained from (7) is
L∞ = 800 µm, which lies in between the stationary and the moving droplets.
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FIG. 8. Partially wetting LIS with physical barriers. (a) Three-dimensional scan of the solid substrate
consisting of periodic cavities. The cross-sectional dimension of the cavities is the same as in the longitudinal
grooves, whereas the cavity length is 150 mm. The thickness of the barriers is 140 µm. (b) Lubricant remains
in the cavities after being subjected to a turbulent flow with maximum WSS τmax = 5.8 Pa for 2 h.

The numerical and experimental results are collected in a retention map in Fig. 7(c). The map
shows the predicted retention lengths normalized by the groove width, L∞/w, plotted against the
measured retention lengths, Lmeasured/w. The dashed line represents Lmeasured = L∞, the gray region
marks Lmeasured < L∞ (stationary droplets), while the white region marks Lmeasured > L∞ (moving
droplets). The latter case indicates that the resistance due to contact line hysteresis is unable to
withstand the applied shear stress. All the measured lubricant droplets in the turbulent channel
flow experiments—evaluated after 2 h—fall into the stable gray region of the map. The large filled
markers represent the mean of the distributions of the retention lengths, and the horizontal error
bars represent their variance. We note that the mean and maximum values of the distributions
decrease with a slope similar to the stability boundary. This indicates consistency in the scaling of
the retention lengths with the shear stress. The numerical simulations allow varying the shear stress
and CAH over a wide range (τs ∈ [33, 111] Pa and �θ ∈ [10◦, 60◦]). We observe a quantitative
agreement between the numerical simulations and the theory, where nearly all the stationary (circles)
and moving (crosses) lubricant droplets fall into the stable and unstable regimes, respectively. This
also confirms that the retention length in unidirectional flows is quantitatively given by (7) while the
expression serves as an upper limit in the presence of turbulence.

VI. DISCUSSION

For liquid-repellent and antiadhesive applications, where the external environment is near
equilibrium, LISs rely on chemical compatibility to keep the lubricant robustly trapped in the
microstructures. Expression (2) determines lubricant-solid compatibility specifically for lubricant
spreading in streamwise grooves [19], but it can be generalized to any surface texture [13].

Condition (2) is often fulfilled by tuning the surface chemistry, for example by depositing a layer
of octadecyltrichlorosilane (OTS) onto silicon surfaces [12].

Our findings demonstrate that, in case this criterion cannot be satisfied, a considerable amount
of lubricant can still be retained in environments of continuous flow due to high contact angle
hysteresis. The observation of a limiting retention length leads to the idea of a more effective LIS
substrate. In Fig. 8(a), we present a LIS design featuring cavities of length Lcavity = 1.5 mm and
with the same width and height as the previous longitudinal grooves. The length of the cavities
corresponds to half of the average drop length measured at the flow case 3. For the partially wetting
lubricant, we obtained >80% retention [Fig. 8(b)] after 2 h in the presence of turbulent flow (τmax =
5.8 Pa). The 20% depletion was due to the initial dewetting (Fig. 10). This demonstrates that a LIS
where (2) is not satisfied can stably trap lubricant droplets if

Lcavity < L∞. (11)
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To provide a design criterion for a general microstructured surface, we define a capillary number as
Ca = Lcavityτs/γ , which represents the balance between the external viscous force and the capillary
force within a surface cavity. The condition in (11) can be recast as a nondimensional criterion for
a drop to remain pinned in the microstructured surface,

Ca < �θ, (12)

where

�θ = A(cos θrec − cos θadv) (13)

and

A = cp

cs

1

〈w〉
∮

cl
ncl · ex dl. (14)

The critical number, �θ , is a function of the surface microstructure properties and independent
of the flow. The coefficient A in (14) takes into account three essential surface features. The ratio
cp/cs—which can be obtained by solving Stokes equations in a unit cell of the texture—accounts
for the relative ease with which lubricant flux is generated in the texture from imposed pressure
gradient (cp) and shear stress (cs). Moreover, A is inversely proportional to the streamwise-averaged
groove width, 〈w〉, since narrower structures result in interfacial area less exposed to external shear
stress. Finally, the integral in (14) represents the total length for which the contact line force has a
component in the x-direction. An analog condition to (12) exists for the configuration where a drop
partially wets an inclined surface. The condition reads Bo < �θ , where Bo = Lρg/γ is the Bond
number and gravity is the driving external force [22].

As shown by Wexler et al. [21], when both conditions (2) and (12) are fulfilled, the lubricant
spontaneously wets the textured surface, and retention is enforced through distinct physical or
chemical barriers that generate a resisting Laplace pressure gradient. Such self-healing LISs [1,2]
are useful in applications that require high precision control of multiple transport processes, such
as microfluidic devices, batteries, microprocessors, and microheat exchangers. We have shown that
significant retention in the presence of a flow can be achieved through a resistive pinning force
without satisfying the equilibrium criterion (2). This comes, however, at the cost of a loss (10–20 %
in our experiments) of lubricant caused by a rapid initial dewetting process. In many large turbulent
flow systems, partially lubricated surfaces may still offer significant functionality. Examples include
marine systems, food processing units, medical devices, and thermal systems. LISs with high CAH
would significantly increase the possible choices of combination between the material constituting
the substrate and the lubricant fluid. In the case of chemical incompatibility, the pinning of the
contact line generates a lubricant coverage in the form of drops instead of continuous lengths as
in the case of chemically compatible LISs. Additionally, such chemically incompatible LISs would
address the environmental concern when using large volumes of hydrophobic polymers and other
inert lubricants, which degrade very slowly in nature.

In summary, we have investigated a new retention mechanism of lubricant-infused surfaces that
relies on contact-angle hysteresis of a substrate. We found that a partially wetting lubricant that
naturally develops triple-phase contact lines can withstand relatively large shear stress in dynamic
environments. We have derived an expression of the maximum possible length of lubricant droplets,
L∞, and validated the expression in laminar and turbulent flows. Our study offers the prospect of a
new class of LISs for submerged conditions. This can contribute to developing large-scale lubricated
surfaces that remain clean and energy-efficient in harsh flow environments.
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APPENDIX A: SUBSTRATE FABRICATION AND CHARACTERIZATION

The solid substrates of the LISs are fabricated with a soft lithographic method from Ostemer 322
(Mercene Labs, Stockholm, Sweden), Off-Stoichiometry-Thiol-Ene resin (OSTE). A flat layer of
resin with a size 150 × 140 mm2 is cured on a black plastic sheet by exposure to UV radiation for
60 s. A second layer of resin is then prepared and cured for 60 s with a geometric pattern by filtering
the UV light through a photomask decorated with the desired 2D geometry, in this case longitudinal
grooves. The depth of the grooves is determined by the thickness of spacers on which the photomask
rests. The uncured resin is washed from the sample in an ultrasonic bath of PGMEA (Propylene-
Glycol-Methyl-Ether-Acetate, Sigma-Aldrich) and dried with compressed air three times. Finally,
the surface is cured in an oven at 100 ◦C for 1 h. The hardened resin can then be coated to modify its
surface energy. The low-energy substrate used for the partially wetting LIS was left uncoated, while
the high-energy substrate, used for the wetting LIS, was spray-coated with a super-water-repellent
coating (HYDROBEAD-T). The final substrate is composed of four parts fabricated as described
and mounted adjacently.

The contact angle of a drop of lubricant on the samples immersed in water is measured using
the sessile drop method in an inverted setup configuration. Since the density of hexadecane is lower
than that of water, the lubricant drop is generated from a thin needle (diameter 310 µm, Hamilton,
Gauge 30, point style 3) placed underneath the solid substrate immersed in water. As the drop is
generated, buoyancy lifts it toward the sample surface, and the needle holding the drop is gradually
brought closer to the surface until contact is made. The drop has a volume of about 5 µL and the oil
is pumped or withdrawn by a syringe pump (New Era Pump Systems Inc., NE-4000) at a flow rate of
0.1 µL/s to measure advancing and receding angles, respectively (Fig. 9). The angle right before the
contact line starts to advance (recede) is defined as the advancing θadv (receding θrec) contact angle.
The contact angle measurements were repeated with 10 drops for each case in different positions on
the substrate; the reported angles correspond to the average values.

APPENDIX B: EVALUATION OF LUBRICANT DRAINAGE

The percentage of lubricant drainage with respect to the initial condition is defined as

%LD = 100 ×
(

1 − h(t )

h(t0)

)
,

where h(t ) represents the volume of lubricant (per unit area) that infuses the grooves, evaluated at
time t . In the expression above, t0 denotes the initial time. The quantity h(t ) is extracted from the
acquired images, assuming that the height of the lubricant in the groove is directly proportional to
the pixel intensity. Therefore, the lubricant volume per unit area is computed as the sum of pixel
intensities Ii at time t ,

h(t ) = k
∑

i

Ii(t ). (B1)

The temporal evolution of lubricant drainage for both the wetting LIS and partially wetting LIS is
shown in Fig. 10. After 2 h, the wetting LIS (dark red markers) is completely drained (%LD = 100).
Within the first 25 min, approximately 90% of the lubricant volume is lost due to shear-driven
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(a) (b)

(c) (d)

FIG. 9. Measurement of advancing and receding contact angles. The figures show a drop of hexadecane
deposited on a smooth sample of the partially wetting substrate (a),(b) and wetting substrate (c),(d) while
immersed in water. The images superimpose four instances in time during the lubricant infusion (a),(c) and
withdrawal (b),(d) to show the evolution of the drop shape. The red arrows indicate the direction of the moving
interface during the measurements.

FIG. 10. The graph depicts the percentage of lubricant drainage (%LD) over time for all the investigated
cases.
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drainage. This is followed by slower drainage of a thin film at the walls of the groove. For all
partially wetting lubricants in longitudinal grooves without transversal barriers (indicated by the
red, dark orange, and orange markers), finite retention is observed (%LD < 100). As anticipated by
the presented theory, lubricant depletion increases with the shear stress. There is a decay within the
first 10 min caused by the disruption of the liquid-liquid interface induced by turbulent fluctuations.
This allows water to penetrate and partially displace the lubricant in the grooves, resulting in the
loss of lubricant droplets entrained in the bulk. The remaining lubricant forms elongated droplets
that remain essentially stationary. Partially wetting lubricants in cavities (depicted by the green
symbols) exhibit a considerably slower rate of drainage. The accompanying supplementary movies
(Movies S1–S7) [38] demonstrate a very slow movement of partially wetting configurations and a
slow change in fluorescence intensity. Both these effects contribute to %LD not fully saturating.

APPENDIX C: ANALYTICAL DESCRIPTION OF FLOW FIELD

The Stokes equations are solved analytically to describe the fluid motion in the lubricant. We
consider a completely oil-filled groove subjected to a uniform (constant) fluid-fluid interface shear
stress τs. The wall-normal coordinate y = 0 is at the bottom, while the spanwise coordinate z = 0 is
at the centerline of the groove.

1. Problem definition

Following Wexler et al. [33], it is assumed that the flow is unidirectional, with the streamwise
velocity u = u(y, z) satisfying

μl∇2u = dp

dx
, (C1)

where dp/dx is a constant pressure gradient inside the groove. The boundary conditions are

u = 0 for z = ±w/2 (side walls), (C2a)

u = 0 for y = 0 (bottom wall), (C2b)

μl
∂u

∂y
= τs for y = k (top boundary). (C2c)

Since Eq. (C1) is linear, we can consider u as a superposition of two solutions us = us(y, z)
and up = up(y, z), driven by the imposed shear stress and the pressure gradient, respectively. They
satisfy

μl∇2us = 0, (C3)

us = 0 for z = ±w/2 (side walls), (C4a)

us = 0 for y = 0 (bottom wall), (C4b)

μl
∂us

∂y
= τs for y = k (top boundary), (C4c)

and

μl∇2up = dp

dx
, (C5)

up = 0 for z = ±w/2 (side walls), (C6a)
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up = 0 for y = 0 (bottom wall), (C6b)

μl
∂up

∂y
= 0 for y = k (top boundary). (C6c)

2. Solution by separation of variables

The flow field can be found by separation of variables and eigenfunction expansions [33,39].

a. Shear-driven flow

Starting with us, we assume

us(y, z) = Ys(y)Zs(z). (C7)

Equation (C3) implies

Y ′′
s Zs + YsZ

′′
s = 0 ⇒ Y ′′

s

Ys
= −Z ′′

s

Zs
= λ, (C8)

where λ is a constant. We consider λ > 0, for which the solution for Zs is

Zs = a cos(
√

λz) + b sin(
√

λz) (C9)

for coefficients a and b. We are only interested in solutions symmetric with respect to z = 0,
giving b = 0. The boundary conditions (C4a) equal Zs(w/2) = Zs(−w/2) = 0, giving

√
λ =

π (2n + 1)/w, where n = 0, 1, 2, . . . . The solution for Ys can be written

Ys = c cosh

(
π (2n + 1)

w
y

)
+ d sinh

(
π (2n + 1)

w
y

)
(C10)

for coefficients c and d . The boundary condition (C4b) implies Ys(0) = 0, giving c = 0. An
expression for us is therefore

us =
∞∑

n=0

dn sinh

(
π (2n + 1)

w
y

)
cos

(
π (2n + 1)

w
z

)
(C11)

for coefficients dn.
The inhomogeneous boundary condition (C4c) must also be satisfied. First, we take the derivative

of Eq. (C11) to obtain

μl
∂us

∂y
= μl

∞∑
n=0

dn
π (2n + 1)

w
cosh

(
π (2n + 1)

w
y

)
cos

(
π (2n + 1)

w
z

)
. (C12)

Then, we expand the constant function over the interval (−w/2,w/2) in a Fourier series as (see,
e.g., [40])

τs = 4τs

π

∞∑
n=1

sin(nπ/2)

n
cos

(πn

w
z
)

= 4τs

π

∞∑
n=0

(−1)n

2n + 1
cos

(
π (2n + 1)

w
z

)
(C13)

assuming that its wavelength is 2w. Matching Eqs. (C12) and (C13), we have

dn = 4wτs

μlπ2

(−1)n

(2n + 1)2

[
cosh

(
π (2n + 1)

w
k

)]−1

(C14)

and thus

us = 4wτs

μl

∞∑
n=0

(−1)n

π2(2n + 1)2

sinh
(

π (2n+1)
w

y
)

cosh
(

π (2n+1)
w

k
) cos

(
π (2n + 1)

w
z

)
. (C15)
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To compute the flux, we integrate over the cross section. We have that∫ w/2

−w/2
cos

(
π (2n + 1)

w
z

)
dz = 2w

π (2n + 1)
sin

(π

2
(2n + 1)

)
= 2w

π (2n + 1)
(−1)n (C16)

and ∫ k

0
sinh

(
π (2n + 1)

w
y

)
dy = w

π (2n + 1)

[
cosh

(
π (2n + 1)

w
k

)
− 1

]
. (C17)

Hence,

qτ =
∫ w/2

−w/2

∫ k

0
usdydz

= w3τs

μl

∞∑
n=0

8

(2n + 1)4π4

(
1 − 1

cosh
(

π (2n+1)
w

k
)
)

= w3τs

μl

(
1

12
−

∞∑
n=0

8

(2n + 1)4π4

1

cosh
(

π (2n+1)
w

k
)
)

= wk2τs

μl

(
1

12

w2

k2
− w2

2k2

∞∑
n=0

1

(n + 1/2)4π4

1

cosh
(

π (n+1/2)
w

2k
)
)

= wk2τs

μl
cs. (C18)

In the above expression, we used that (see, e.g., [40])
∞∑

n=0

1

(2n + 1)4π4
= π4

96
. (C19)

We also introduced the geometrical resistance constant cs as a function of w/k. An alternative, but
equivalent, expression for cs was given by [33]

cs = 1

2
− 4k

w

∞∑
n=0

(−1)n

(n + 1/2)4π4
tanh

(
π (n + 1/2)

2k
w

)
. (C20)

b. Pressure-driven flow

We now move on to finding up for the inhomogeneous system given Eq. (C5). We assume a
solution similar to Eq. (C11),

up =
∞∑

n=0

fn(y) cos

(
π (2n + 1)

w
z

)
, (C21)

with functions fn(y). Similar to τs in Eq. (C13), we can write

dp

dx
= dp

dx

4

π

∞∑
n=1

sin(nπ/2)

n
cos

(πn

w
z
)

= dp

dx

4

π

∞∑
n=0

(−1)n

2n + 1
cos

(
π (2n + 1)

w
z

)
. (C22)

Equation (C5) then results in
∞∑

n=0

(
f ′′
n (y) − fn(y)

π2(2n + 1)2

w2

)
cos

(
π (2n + 1)

w
z

)
= 1

μl

dp

dx

4

π

∞∑
n=0

(−1)n

2n + 1
cos

(
π (2n + 1)

w
z

)
.

(C23)
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The general solutions can be found by adding a particular solution and a homogeneous solution to
fulfill the boundary conditions,

up = uinhom
p + uhomog

p . (C24)

A particular solution is simply given by

fn = −w2

μl

dp

dx

4(−1)n

(2n + 1)3π3
⇒ uinhom

p = −
∞∑

n=0

w2

μl

dp

dx

4(−1)n

(2n + 1)3π3
cos

(
π (2n + 1)

w
z

)
. (C25)

The general solution to the homogeneous equation is equivalent to Eq. (C11), so that

up = uinhom
p + uhomog

p =
∞∑

n=0

[
cn cosh

(
π (2n + 1)

w
y

)
+ dn sinh

(
π (2n + 1)

w
y

)

− w2

μl

dp

dx

4(−1)n

(2n + 1)3π3

]
cos

(
π (2n + 1)

w
z

)
(C26)

for coefficients cn and dn. The boundary conditions on the side walls are fulfilled [Eq. (C6a)]. The
bottom wall no-slip condition (C6b) and the top wall no-shear condition (C6c) imply

cn = w2

μl

dp

dx

4(−1)n

(2n + 1)3π3
and dn = −cn tanh

(
π (2n + 1)

w
k

)
, (C27)

respectively. The complete solution is

up = −w2

μl

dp

dx

∞∑
n=0

4(−1)n

(2n + 1)3π3

[
1 − cosh

(
π (2n + 1)

w
y

)

+ tanh

(
π (2n + 1)

w
k

)
sinh

(
π (2n + 1)

w
y

)]
cos

(
π (2n + 1)

w
z

)
. (C28)

To evaluate the corresponding flux, we use that the integral∫ k

0
cosh

(
π (2n + 1)

w
y

)
dy = w

π (2n + 1)
sinh

(
π (2n + 1)

w
k

)
. (C29)

Equations (C16), (C17), and (C29) give the flux

qp =
∫ w/2

−w/2

∫ k

0
updydz = −w3

μl

dp

dx

∞∑
n=0

8

(2n + 1)4π4

{
h − w

π (2n + 1)
sinh

(
π (2n + 1)

w
k

)

+ tanh

(
π (2n + 1)

w
k

)
w

π (2n + 1)

[
cosh

(
π (2n + 1)

w
k

)
− 1

]}

= −w3k

μl

dp

dx

(
1

12
− w

k

∞∑
n=0

8

(2n + 1)5π5
tanh

(
π (2n + 1)

w
k

))

= −wk3

μl

dp

dx

(
1

12

w2

k2
− w3

4k3

∞∑
n=0

1

(n + 1/2)5π5
tanh

(
π (n + 1/2)

w
2k

))

= −cp
wk3

μl

dp

dx
, (C30)
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(a) (b) (c)

FIG. 11. Analytical flow fields for groove width (w/k = 1) shown for (a) shear-driven velocity (us),
(b) pressure-gradient-driven velocity (up), and (c) total velocity (u = us + up). Coordinates are normalized
by k. The solutions were obtained by evaluating Eqs. (C15) and (C26). The shear-driven solution (us) in
(a) generates a positive flux and exhibits its highest magnitude at the groove center (z = 0) and at the boundary
where the shear stress is imposed (y = 1). The pressure-gradient-driven solution (up) in (b) induces a negative
flux and has its maximum magnitude at the groove center (z = 0, y = 0.5k). The net flow (c) has zero flux
when integrated over the y and z coordinates.

where cp is a geometrical resistance constant. An alternative expression, but equivalent, for cp was
given by Wexler et al. [33],

cp = 1

3
− 4k

w

∞∑
n=0

1

(n + 1/2)5π5
tanh

(
π (n + 1/2)

2k
w

)
. (C31)

3. Required pressure drop

For there to be no drainage of groove liquid, the fluxes need to balance,

qτ + qp = 0. (C32)

The expression for the fluxes, (C18) and (C30), results in

dp

dx
= τs

k

cs

cp
. (C33)

If the pressure gradient is less than this value, there is drainage of liquid. An example of flow fields
with balancing shear stress and pressure gradient is shown in Fig. 11.

4. Droplet hysteresis

The adhesion force is defined as

Fcl =
∮

cl
γ (ncl · ex )dl. (C34)

Here, ncl is a unit vector that is tangent to the liquid-lubricant interface and normal to the contact
line. We may express this vector in terms of normals of the solid surface and interface. The
interfacial tension force per unit length at the contact line projected onto the solid is γ cos θ . The
angle θ is the contact angle, which is also the angle between the interface normal at the contact
line and the solid normal (ni and n, respectively). The projected force is in the direction of the
projected interface normal ncl,proj (where ncl points out from the droplet). The net contribution from
the surface tension force acting on the droplet at the contact line in the streamwise direction is,
therefore,

Fcl =
∮

contact line
γ cos θncl,proj · exds, (C35)
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where ex is the streamwise unit vector. We assume that θ = θrec on the upstream side of the
droplet and θ = θadv on the downstream, which are the simplest possible assumptions. Downstream
and upstream contact lines at the bottom of the groove, which are perfectly perpendicular to the
streamwise flow (ncl,proj = ±ex ), give a contribution

−γw(cos θrec − cos θadv), (C36)

which is used here. We assume that the contact line on the walls goes all the way from the bottom to
the top of the grooves (y = 0 to y = k). On the side walls, ncl,proj · ex = ±ŝ · ey, where ŝ is the contact
line tangent unit vector in the direction of integration. Looking at the wall on the downstream side
where the integral starts from the bottom of the groove and goes to the top (ncl,proj · ex = −ŝ · ey),∫

side wall cl
γ cos θrecncl,proj · exds = −γ cos θrec

∫
side wall cl

ey · ŝds

= −γ cos θrec

∫
side wall cl

((
∂

∂x
,

∂

∂y

)
y

)
· ds

= −γ cos θrec[y]k
0 = −γ k cos θrec (C37)

by the gradient theorem. The forces from the other side-wall parts of the contact line can be
computed in analog. The total contribution is

−2γ k(cos θrec − cos θadv). (C38)

Hence,

Fcl,x = −(w + 2k)γ (cos θrec − cos θadv). (C39)

This net force acting in the negative streamwise direction is assumed to give rise to interface
curvature and a corresponding pressure gradient dp/dx over the droplet. The reference pressure
p0 of the external flow is assumed to be constant, and the pressure differences over the interface
at the upstream and downstream part (pupstr − p0 and pdownstr − p0, respectively) are given by the
curvature. With Fcl,x assumed to change the pressure equally over the projected area wk in the
yz-plane, the effective pressure gradient can be written

dp

dx
= pupstr − p0 − (pdownstr − p0)

L
= pupstr − pdownstr

L
= − Fcl,x

Lwk
(C40)

for a droplet length L. Together with the flux balance (C33), the maximum stationary-state droplet
length becomes

L∞ = γ

τsw
(cos θrec − cos θadv)(w + 2k)

cp

cs
. (C41)

APPENDIX D: NUMERICAL MODEL

We consider a single lubricant droplet exposed to a fully developed shear flow. The flow domain
has the size (Lx, Ly, Lz ) = (20k,w, 2k), where x, y, z represent the streamwise, wall-normal, and
spanwise directions, respectively. We consider a half pitch in the spanwise direction—i.e., from the
centerline of a groove to the centerline of a crest—and impose symmetry boundary conditions on
both sides. Along the streamwise direction, a periodic boundary condition is imposed. At the top
side, a moving wall boundary with a constant streamwise velocity Ut is set. The streamwise-aligned
groove has a rectangular cross section, and its size ratio is k/w = 9/7. For computational feasibility,
the droplet length is limited to 15k, which is shorter than the lengths observed in experiments.
Therefore, we increase the shear stress (τs ∈ [33, 56, 111] Pa) or decrease the hysteresis (�θ ∈
[10◦, 20◦, 30◦, 40◦, 50◦, 60◦]) to find the boundary between the regimes where droplets are
stationary and moving. The numerical scheme in OPENFOAM employs a geometric VOF-based
method for interface capturing [41,42]. At solid walls, contact angle hysteresis is implemented by
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FIG. 12. Comparison of the equilibrium interface profiles at the centerline of the groove for three different
grid resolutions. Streamwise (x) and wall normal (y) coordinates are in meters. Here, h denotes the grid-cell
size and k is the groove height. We observe that the curvature of the lubricant-liquid interface of the stationary
droplet exhibits very small changes with respect to the resolution. The parameters θadv = 120◦, θrec = 80◦,
τ = 111 Pa, and L = 220 µm were kept constant, as well as computational parameters including the Courant-
Friedrichs-Lewy condition, CFL = 0.5. We also calculated the relative error err = |l − l̂|/l̂ , with respect to
h = k/50, where l is the interfacial length for h/25 or h/36, and l̂ is the interfacial length for h/50. The
resulting “err” values for h/25 and h/36 are 2.6% and 0.70%, respectively, suggesting that the grid size h/36
is sufficiently fine to produce accurate results.

using the Robin boundary condition (see [43] for details). Finally, the flow domain is meshed with a
uniform cubic cell, and the chosen cell size k/36 has been confirmed to produce convergent results
through a sensitivity analysis (Fig. 12). The lubricant droplet reaches a steady state, i.e., stably
moving or retaining, within 40k/Ut , and the final state of the droplet is recorded at 45k/Ut .
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