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The flow of emulsions in confined microfluidic channels is affected by surface roughness. Direc-
tional roughness effects have recently been reported in channels with asymmetric boundary condi-
tions featuring a flat wall, and a wall textured with a directional roughness, the latter promoting
a change in the velocity profiles when the flow direction of emulsions is inverted [D. Filippi et al.,
Adv. Mater. Technol. 8, 2201748 (2023)]. An operative protocol is needed to reconstruct the stress
profile inside the channel from velocity data to shed light on the trigger of the directional response.
To this aim, we performed lattice Boltzmann numerical simulations of the flow of model emulsions
with a minimalist model of directional roughness in two dimensions: a confined microfluidic chan-
nel with one flat wall and the other patterned by right-angle triangular-shaped posts. Simulations
are essential to develop the protocol based on mechanical arguments to reconstruct stress profiles.
Hence, one can analyze data to relate directional effects in velocity profiles to different rheological
responses close to the rough walls associated with opposite flow directions. We finally show the
universality of this protocol by applying it to other realizations of directional roughness by consid-
ering experimental data on emulsions in a microfluidic channel featured with a flat wall and a wall
textured by herringbone-shaped roughness.

I. INTRODUCTION

Contrary to homogeneous fluids, complex structured flu-
ids composed of soft domains, such as droplets in emul-
sions [1], bubbles in foams [2] or blobs in gels [3], pos-
sess a non-linear rheological response to an applied stress.
This non-linear response results in a fluidization scenario
that profoundly differs from that of a Newtonian fluid,
comprising heterogeneous flow structures [4–6], shear-
thinning behaviours [7, 8] and also the emergence of yield
stress rheology for the more concentrated systems [9].
Furthermore, spatial cooperativity effects, arising from
the presence of finite-sized soft domains, have been ob-
served influencing the overall system fluidization [10–
13]. This scenario has prompted several investigations
in recent years, encompassing fundamental interests at
the interface between physics, chemistry, and engineer-
ing [9, 14, 15]. Beyond this fundamental importance,
these materials also show a wide variety of applications,
from pharmaceutics [16] to oil recovery [17], from cosmet-
ics [18] to food industry [19]. The presence of interactions
with the boundary conditions brings further complexi-
ties. The latter is the case – for example – of emulsions or
foams flowing in microfluidic channels with rough walls.
Indeed, surface roughness can promote droplet/bubble
rearrangements close to the rough walls and alter lo-
cal fluidization. These concepts were evidenced in ex-
periments on concentrated emulsions [20–22] and later
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confirmed and further investigated in a variety of stud-
ies, both experimental and numerical [23–26]. In some
of these studies, microfluidic channels with asymmet-
ric boundary conditions have been employed to address
the fluidization induced by surface roughness [23, 24].
Roughness-induced fluidization hinges on a specific re-
lation between the wall stress and the local shear rate
close to the wall, as pointed out in Ref. [20, 21]. A
net difference in the slip velocity - wall stress relation
close to rough and smooth surfaces was also evidenced in
Ref. [27], where flow-curves for rough and flat surfaces ex-
hibit a difference for small stresses, with the flow-curve
for flat surfaces setting below the flow-curve for rough
surfaces. A similar behavior has been observed close to
flat surfaces when the wettability of the wall changes,
and the adhesion properties of the droplets/particles at
the wall are altered [26, 28].
The impact of the directional features of the wall texture
geometry has not yet received enough attention. Re-
cently, the role played by a directional roughness has
been reported for the pressure-driven flow of concen-
trated emulsions within confined microfluidic channels
with asymmetric boundary conditions featuring a flat
wall and another wall textured by herringbone-shaped
roughness [29]. By directional roughness, we mean a
realization of the surface texture so that the geometry
is different with respect to the flow direction. Consid-
erable effects of the directional roughness on the flow
properties may be coupled with the rheology of the flow-
ing materials due to the presence of a dispersed phase.
To shed light on this interplay, a detailed characteriza-
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FIG. 1. Simulation setups. Panel (a): A sketch of the directional roughness realized with right-angle triangular-shaped posts.
The posts are structured with a height h comparable with the average droplet diameter d and periodically distributed at fixed
distance λ = g + w. The gap g between consecutive obstacles as well as the obstacle width w depend on the obstacle slope,
tuned via the angle α. All these parameters are kept fixed in simulations. Light domains refer to dispersed phase inside the
continuous one. Panels (b) and (c): Sketches describing the numerical setups of a Couette (panel (b)) and a pressure-driven
(panel (c)) setup. The microfluidic channel has height H and asymmetric boundary conditions in both setups. Indeed, the
bottom wall of the microfluidic channel is structured with a directional surface roughness (detailed in panel (a)), while the top
wall is flat. The definition of forward (FWD) and backward (BWD) flows is shown in both setups.

tion of the rheological response of emulsions close to the
rough wall is needed. In experiments, this analysis is
hindered by the need for more information on the lo-
cal stress field inside the microfluidic channel, which is
not directly measurable in the presence of asymmetric
boundary conditions since only velocity profiles are ac-
cessible [23, 30]. This work aims to elaborate a vali-
dated protocol to reconstruct stress profiles in channels
with asymmetric boundary conditions featuring a direc-
tional roughness, thus opening the possibility to relate
the directional effects on velocity profiles to different rhe-
ological responses close to the rough walls when the flow
direction is inverted. Specifically, we focus on a mini-
malist model of directional roughness in two dimensions,
with the roughness structured as a series of right-angle
triangular-shaped posts equally spaced (see Fig. 1(a))
that make the flow direction-dependent (see Figs. 1(b)
and (c)). The simplicity of the model allows us to take
full control of all parameters of the directional roughness.
Numerical simulations capture different velocity profiles
as well as rheological curves associated with the two flow
directions. Importantly, they allow the establishment of
a quantitatively validated protocol based on mechani-
cal balance conditions to reconstruct stress profiles for
pressure-driven flows in microfluidic channels with asym-
metric boundary conditions. The protocol is quite uni-
versal and can also be applied to different roughness re-
alizations. To corroborate this point, we show how the
protocol can be applied to experimental data with direc-
tional roughness studied in Ref. [29].
The paper is organized as follows: In Section II, we briefly
describe the numerical methodology (Section IIA) and
give details on experiments (Section II B); numerical re-
sults obtained in the Couette and pressure-driven setups
are discussed in Section IIIA; in Section III B, we report
on the protocol to reconstruct stress profiles from veloc-
ity data; this protocol is applied to experimental data in

Section III C. Conclusions are finally drawn in Section IV.

II. MATERIALS AND METHODS

A. Numerical Simulations

Numerical simulations were performed via lattice Boltz-
mann models (LBMs) [31, 32] using the open-source
GPU-parallelized code TLBfind [33]. This code special-
izes in simulating concentrated emulsions in microfluidic
channels structured with rough walls under shear flows,
so we extended it to perform pressure-driven flow
simulations. TLBfind simulates two-dimensional fluids
made of immiscible non-coalescing droplets via a multi-
component LBM, which was observed to be optimal for
simulating problems involving emulsions [13, 25, 34–37]
(see Fig. 1). The desired number of droplets and the
droplet diameters are input parameters in TLBfind,
making it a flexible tool for investigating the dynamics of
almost monodispersed emulsions with different droplet
concentrations Φ. Note that the employed numerical
method is a diffuse-interface method, with the interface
separating the regions of the two components with a
finite thickness. For this reason, we compute Φ as the
fraction of domain size occupied by the dispersed phase,
i.e., Φ =

{∫ ∫
Θ(ρd(x, z)− ρ0) dx dz

}
/A, where ρd is

the dispersed phase density, ρ0 is a reference density
value, A= H × L is the domain size and Θ is the
Heaviside step function (cfr. Ref. [36]). Notice that
this protocol for the computation of droplet concen-
tration does not ensure a one-to-one match with the
experimental definition of Φ. In addition, by tuning
the interaction between the multi-component fluid and
the walls, we impose non-adhering boundary conditions
for the droplets. Further details on the method can be
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found in Ref. [33].
In this work, we simulate the flow of emulsions in a
microfluidic channel of height H/d ∼ 11 and length
L/d ∼ 40, where d is the average droplet diameter,
which is kept fixed at varying droplet concentration.
The microfluidic channel presents periodic boundary
conditions along the x-direction and asymmetric bound-
ary conditions along the z-direction with a top flat and
a bottom rough wall (see Figs. 1(b) and (c)). Then, the
roughness on the bottom wall is structured as shown in
Fig. 1(a): the posts are right-angle triangular-shaped,
having a height h, being equally spaced by a period
λ = g + w, with a slope that can be varied via the
inclination-angle α. The latter establishes the free
space length g between two consecutive obstacles as
well as the obstacle width w. The choice of h, λ, and
α is the result of systematic simulations at changing
the post parameters probing the optimal roughness
shape to highlight the role of the directional roughness,
corresponding to the case with h/d ∼ 1, λ/d ∼ 10, and
α = 30◦.

For the sake of simplicity, hereafter, we name “forward
flow” (FWD) the one that follows the natural slope of
the roughness posts given by the angle α. In contrast, we
name “backward flow” (BWD) when the emulsion moves
towards the vertical side of the posts (see Figs. 1(b) and
(c)). We perform a one-to-one comparison between a di-
luted and a concentrated emulsion, corresponding to a
droplet concentration Φ = 0.384 and Φ = 0.629, respec-
tively. The latter emulsion is sufficiently concentrated to
show an incipient yield stress but enough fluid to flow in
the microfluidic channel under a significant pressure gra-
dient with no evidence of droplet coalescence. Further-
more, we have also been guided by the results of Ref. [29]
showing an optimum value of Φ to observe the flow gap
between FWD and BWD directions. Velocity profiles
have been estimated by applying a coarse-graining pro-
cedure at the droplet scale on averaged-in-time hydro-
dynamical velocity profiles. Concerning the rheological
experiment in a Couette setup, we move the upper wall
with velocity u = uwx̂, while the lower one is immobile.
The corresponding shear rate has been measured from
the velocity profiles. For these simulations, we refer to
the FWD flow when uw > 0 and BWD when uw < 0 (see
Fig. 1(b)). To explore a more complex situation with a
space-dependent fluid stress profile, we simulate the flow
of emulsions driven by a pressure gradient ∇P = ∆P/L
along the stream-flow direction x, where ∆P is the pres-
sure difference across the channel (i.e., a pressure-driven
setup). Specifically, the pressure gradient is applied on
the system as a volume force with amplitude ∇P . In
this setup, we identify the FWD flow when the emul-
sion moves in a left-to-right direction (i.e., ∇P < 0). In
contrast, the BWD flow corresponds to the opposite sit-
uation (i.e., ∇P > 0) (see Fig. 1(c)). Notice that the
physical quantities measured with the numerical simula-
tions are hereafter shown in lattice Boltzmann simulation

units (lbu).
Furthermore, the TLBfind code [33] allows for the local
measurement of the stress tensor σij . Specifically, for
the numerical simulation data analyzed in this paper, we
consider the off-diagonal component of the stress tensor
σxz which is given by the sum of a viscous contribution
(i.e., second order moment of fluid LBM populations)
and some elastic contributions due to interactions be-
tween the two fluid components [13, 31]. In more detail,
we consider the interaction between the two components,
which turns into lattice forces. Thus, each lattice node
interacts only with the first nearest neighbors with a spe-
cific force. These forces contribute to the local stress,
which we compute as a force for the unit area (further
details can be found in the Supplementary Material of
Ref. [13]). Then, after summing up all contributions, for
each z coordinate, the stress tensor component σxz is
averaged in time along the x coordinate. This average
is denoted with σ(z). Mechanical balance implies that
σ(z) is constant for the Couette setup while it is a linear
function of the z coordinate in the pressure-driven setup,
with a slope set by the pressure gradient [20].

B. Experiments

The microfluidic channel is realized by UV photolithog-
raphy as described in Refs. [23, 24, 38]. The channel is
a rectangular capillary having width W = 4 mm, length
L = 5 cm and height H = 120 µm. This provides a
pressure-driven flow between extended parallel plates of
area W × L. The bottom wall of the channel is tex-
tured with herringbone-shaped rectangular grooves that
are textured with micrometer resolution. Referring to
Fig. 2(a), the grooves are inclined by θ = 45◦ with re-
spect to the longitudinal axis of the channel. As depicted
in Fig. 2(b), the grooves have a rectangular shape with
height h = 2.5 µm, width w = 17 µm, and they are
separated from each other by a gap g = w. In paral-
lel, we realize a non-textured microfluidic channel, which
features both walls smooth and has the same size L, W ,
H of the textured microfluidic channel, where the stress
profile can be experimentally obtained by measuring the
pressure gradient in the flow direction. The microfluidic
channel is filled with an emulsion consisting of silicone oil
droplets dispersed in a refractive index matching phase
made up of a mixture of glycerin/water 54% wt/wt and
stabilized by tetradecyl-trimethyl-ammonium bromide at
1% wt/wt. The procedure for emulsion preparation is
described in Refs. [14, 20, 23]. The oil droplets have an
average size of d ≃ 9µm with a polydispersity index of
45%, and occupy a volume fraction Φ = 0.75, at which
the emulsion behaves as a yield stress fluid [39]. The
flow of the emulsion is pressure-driven by a microfluidic
controller with a resolution of ±5 mbar in the range of 1
to 1000 mbar (MFCS series from Fluigent, France). The
velocity profiles are measured using Particle Tracking Ve-
locimetry (PTV) by tracking fluorescent nanoparticles
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FIG. 2. Experimental setup. Panel (a): top view sketch
(xy-plane) of the directional roughness, textured on the bot-
tom wall of the microfluidic channel with a herringbone de-
sign. Dotted lines highlight a representative V-shaped groove
tilted at θ with respect to the flow directions. The emulsion
flow is measured locally within a nearly 2D region of inter-
est (ROI, red box) placed in the center of the channel cross
section (y = 0, horizontal dashed line) and the middle of
the channel length. Panel (b): Side view (xz-plane) of the
microfluidic channel close to the textured wall. The red rect-
angle is a vertical slice of the ROI. The scale bars are 2500
times shorter than the channel length L and 200 times shorter
than the channel width W , allowing for local probing of the
velocity profiles. Conversely, they are only six times shorter
than the channel height H due to microfluidic confinement in
the vertical direction.

whose size is a ∼ 0.2 µm, dispersed in the glycerine/water
mixture [21–24]. The presence of the herringbone rough-
ness introduces an anisotropy in the flow directions. De-
pending on the pressure gradient, the flows within are
labeled as forward (FWD) or backward (BWD) depend-
ing on the direction towards or against the herringbone
tip. As described in Ref. [29], the roughness affects the
entire 3D velocity profiles. However, by considering a
35µm × 7µm region of interest (ROI) on the tip of the
V-shaped grooves, thin compared to the channel width
W , the emulsion flow can be considered to be probed over
a 2D slice placed on the channel axis y = 0 (see Fig. 2(a)).
By measuring the velocity profiles of the emulsion flow
within the thin, quasi-2D ROI centered around y = 0, we
provide a microfluidic device to assess the role of direc-
tional roughness and analyze the relation between stress

and shear rate.

III. RESULTS AND DISCUSSION

A. Numerical simulations

First, we explored the emulsions dynamics in a Cou-
ette flow induced by the directional roughness shown in
Fig. 1(a). In this configuration, we performed a rheo-
logical characterization of a diluted (Φ = 0.384) and a
concentrated (Φ = 0.629) emulsion, comparing the FWD
and BWD directional flow (see Fig. 1(b)). Results are
reported in Fig. 3, showing that the flow in the two di-
rections leads to a very similar mechanical response if Φ is
low enough to enhance a Newtonian behavior (Φ = 0.384,
Fig. 3(a)), while the FWD and BWD flow curves differ at
large values of Φ and low values of the shear rate, creating
a different rheological response (Φ = 0.629, Fig. 3(b)).
To delve deeper into the investigation, we perform a sys-
tematic analysis in a pressure-driven setup (see Fig. 1(c)),
where the emulsions are driven by a pressure gradient∇P
and the shear stress σ(z) across the microfluidic channel
is space-dependent. Velocity profiles ux(z) as a function
of the vertical direction z at fixed ∇P for the same two
emulsions considered in the Couette setup are shown in
Figs. 4(a) and (b). In this condition, we observed that
only in the case of a concentrated emulsion (Fig. 4(b))
an evident gap between FWD and BWD velocity pro-
files appear at fixed ∇P , confirming the role of a di-
rectional roughness on the flow behavior of concentrated
emulsions. We now want to show that the observed gap
in the flow profiles for the pressure-driven setup is rooted
in a different rheological response for more concentrated
emulsion triggered by the directional roughness effects.
With this aim, we investigated the relation between the
shear stress profile σ(z) and the local shear rate γ̇(z). In
Figs. 4(c) and (d), we show the absolute value of the mea-
sured shear stress profiles |σ(z)| corresponding to velocity
profiles in Figs. 4(a) and (b), respectively. The stress is
a linear function of the z coordinate, as predicted by me-
chanical arguments. In the Newtonian case (Φ = 0.384),
profiles for |σ(z)| overlap and are symmetric with respect
to the microfluidic-channel center. However, this over-
lap and this symmetry are lost in the more concentrated
case (Φ = 0.629). The latter evidence arises from the
different droplet behavior close to the rough wall: in the
FWD direction, droplets flow and slide on the obstacle
slope and “jump” beyond the post, thus also triggering a
vigorous plastic activity; contrariwise, in the BWD direc-
tion, droplets hit a vertical obstacle and remain blocked,
undergoing a slowdown and a local deformation which
turns into a more significant stress value. A more quan-
titative analysis is discussed in the Supplementary Ma-
terial. Furthermore, notice that, despite an evident shift
in the stress profiles between FWD and BWD direction,
the droplet concentration remains almost uniform across
the channel section, with a slightly larger value close to
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FIG. 3. Numerical results for Couette rheological measurements (see Fig. 1(b)): shear stress σ as a function of the shear rate γ̇
for emulsions with different droplet concentration Φ: a diluted (Φ = 0.384, panel (a)) and a concentrated emulsion (Φ = 0.629,
panel (b)). Data for FWD (▶) and BWD (◁) flow directions are reported.

the rough wall in the BWD direction, which is symp-
tomatic of the droplet blockage when entering in contact
with the vertical posts (see Supplementary Material). To
make progress, we needed to estimate the local shear rate
γ̇(z). In the most concentrated case, velocity profiles
present some noise due to the simulation resolution, thus
making a precise measurement of γ̇(z) difficult. For this
reason, a filtering procedure performed with a polyno-
mial function is needed to compute the velocity gradient
and extrapolate the corresponding rheological data. The
resulting relation between |σ(z)| and the absolute value
of the local shear rate |γ̇(z)| is shown in Figs. 4(e) and (f)
for the diluted and concentrated emulsion, respectively,
confirming the evidence of a different surface rheologi-
cal response induced by a directional roughness also in
a pressure-driven setup. Notice that, since the asym-
metric boundary conditions lead to asymmetric velocity
and stress profiles with respect to the center of the mi-
crofluidic channel and we are interested in investigating
the rheological properties of emulsions close to the rough
wall, we consider only the values measured in the mi-
crofluidic channel region close to the rough wall where
σ(z) > 0. Further, we do not consider the contribution
of one droplet boundary layer close to z = −H/2 because
data for BWD flows are affected by a concavity change
in that region.
The analysis of data shown in Figs. 4(e) and (f) is pos-
sible because we can directly measure the local stress
in the simulations. We now want to devise a quanti-
tatively validated protocol for the reconstruction of the
stress profile indirectly from the velocity profiles, i.e., in
those situations where the stress is not locally measurable
but the velocity profile is. The latter may be the case of
real experiments of emulsions driven by a pressure gra-
dient in microfluidic channels with directional roughness
in the presence of asymmetric boundary conditions at
the channel walls [29]. With some validated protocol to
reconstruct the stress profiles from experimental veloc-

ity profiles, we can then consider data from experiments
and see if the picture portrayed by Figs. 4(d) and (f) still
holds.

B. Stress profile in channels with asymmetric
boundary conditions: a validated protocol from

numerical simulations

The starting point is the mechanical-balance condition
∂zσ(z) = ∇P , implying that the stress profile across the
microfluidic channel is linear, with a slope that is given
by the pressure gradient ∇P . The missing information
to reconstruct the full profile σ(z) is the stress value in
some given location: we choose the stress value on the
flat wall σflat because if we know the relation between
the slip velocity at the flat wall (us,flat) and the cor-
responding wall-stress σflat, the problem is closed. To
estimate the relation between us,flat and σflat one can
consider a pressure-driven flow in a flat-flat microfluidic
channel (no roughness); in this case, the analytical so-
lution for the stress profile predicts a linear profile that
is symmetrical with respect to the microfluidic-channel
center: the value of σ(z) on one of the two flat walls is
σ(z = ±H/2) = σflat = ∓(∇P )H/2. Thus, by collect-
ing measurements of us,flat for different values of ∇P ,
we can obtain a relation between us,flat and σflat. We
show the corresponding data for the concentrated emul-
sion (Φ = 0.629) in a flat-flat channel as orange circles in
Fig. 5. These data are in agreement with the experiments
of Seth and coworkers [28] for concentrated emulsions in
a Couette rheometer with flat and non-adhering walls,
showing that the slip velocity us,flat scales linearly with
the wall-stress σflat. Notice that no a priori prediction
can be stated for estimating the constitutive laws relating
wall stress and slip velocity: despite the linear behavior
that would be expected for such boundary conditions, we
cannot predict at this stage the scaling prefactor. If the
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FIG. 4. Numerical data for pressure-driven flows (see Fig. 1(c)) at fixed pressure gradient ∇P . In all panels, we show data for
FWD (▶) and BWD (◁) flow directions. The left panels refer to the diluted emulsion with Φ = 0.384, while the right panels
refer to the concentrated emulsion with Φ = 0.629. Panels (a) and (b): measured velocity profiles ux(z) as a function of the
vertical direction z, normalized by the microfluidic channel height H. Panels (c) and (d): absolute value of the corresponding
measured shear stress profiles |σ(z)|. Panels (e) and (f): rheological curves obtained by computing the shear rate γ̇ from panels
(a) and (b), respectively.

stress-velocity relation σflat(us,flat) is specific to the cou-
pling between the emulsion and the wall, then we expect
to find the very same relation if we consider the emul-
sions in flat-rough microfluidic channels and we look at
the stress-velocity relation close to the flat wall. This is a
non-trivial point in that it validates the protocol that al-
lows us to assign the stress at the flat wall in a flat-rough
microfluidic channel once we know the relation between

stress and slip velocity in a flat-flat channel. Numerical
data reported in Fig. 5 confirm the expectations for both
FWD and BWD flow directions.
In summary, to measure the stress profile from velocity
data in a pressure-driven microfluidic channel with asym-
metric (i.e., flat-rough) boundary conditions, we need
to follow these steps: i) we can first estimate the rela-
tionship between the slip velocity and the stress on the
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FIG. 5. Slip velocity us,flat as a function of the shear stress
σflat measured in the proximity of the flat wall. Data for
FWD (▶) and BWD (◁) flow directions are compared with
data for the case of a symmetric flat-flat microfluidic chan-
nel ( ). All data collapse on a linear scaling (dashed lines),
in agreement with the non-adhering case in Ref. [28]. In the
inset, experimental slip velocity as a function of the corre-
sponding wall shear stress is reported ( ) for the experimental
emulsion at Φ = 0.75 driven in a symmetric flat-flat microflu-
idic channel having the same size W = 4mm, L = 5 cm, H =
120µm, at different pressure gradients from ∇P = L−1100
mbar to ∇P = L−1850 mbar (see Section III C).

flat wall σflat(us,flat) from dedicated experiments in mi-
crofluidic channels with symmetric boundary conditions
(both flat walls); ii) the mechanical-balance condition
implies a linear stress profile σ(z) as a function of the
vertical position z with a slope given by the pressure
gradient ∇P ; iii) from the measure of the slip velocity
at the flat wall (us,flat) in experiments in microfluidic
channels with asymmetric boundary conditions, we com-
pute σflat(us,flat) from the relation obtained in i), thus
determining the stress profile as:

σ(z) = −σflat −∇P

(
z − H

2

)
. (1)

In the next section, we apply the operative protocol out-
lined above by points i)-iii) to experimental data col-
lected in a microfluidic channel textured by a directional
roughness consisting of herringbone-shaped grooves [29].

C. Protocol application to experiments with a
different directional roughness

To address the universality of the protocol described in
Section III B to reconstruct the stress profiles in microflu-
idic channels with different directional roughness realiza-
tions, we considered a microfluidic channel with flat-flat

walls separated by the same height H of the flat-rough
microfluidic channel shown in Fig. 2. Notice that the
geometry of the directional roughness addressed by the
experiment differs from that of the numerical simulation.
Nevertheless, the protocol that we have numerically val-
idated is based on the mechanical balance hence it is
expected to hold also on different roughness realizations.
In the inset of Fig. 5, we report the slip velocity mea-
sured in a flat-flat channel (us,flat) as a function of wall
stress σflat = L−1∆P (±H/2). Data refer to an emul-
sion with droplet concentration Φ = 0.75 for different
pressure gradients. The values of slip velocities are the
average over values measured on both flat walls to avoid
noise fluctuations. The resulting wall slip velocity-stress
relation is as linear as obtained from numerical data for
a flat-flat channel. The latter data show that the wall
slip is proportional to the wall stress on the flat wall.
We then apply the protocol described in Section III B
to our experimental data: we first measured us,flat from
velocity profiles reported in Fig. 6(a) in the flat-rough
microfluidic channel (described in Section II B) at fixed
pressure gradient ∇P = L−1 700 mbar; then, we esti-
mated the corresponding value of σflat from the inset
of Fig. 5; finally, we applied the key protocol steps dis-
cussed in Section III B to obtain the stress profiles σ(z).
Fig. 6(b) reports the resulting absolute value of the shear
stress profiles |σ(z)| for FWD and BWD flows shown in
Fig. 6(a), and it confirms that the existence of different
slip velocities on the flat wall results in a shift between
the FWD and the BWD shear stress profiles. The exper-
imental flow curves shown in Fig. 6(c) are achieved by
plotting |σ(z)| as a function of the absolute value of the
shear rate |γ̇(z)| obtained as the derivative of the velocity
profile γ̇(z) = ∂zu(z). Also in experiments, we focus only
on the half of the channel close to the rough wall, i.e., the
spatial region where σ(z) > 0, since we are interested in
investigating the rheological properties close to the rough
wall. Flow curves in Fig. 6(c) verify the emergence of dif-
ferent rheological responses in the pressure-driven flow
with a different directional texturing. This result further
suggests that the directional roughness geometry triggers
a different rheological response between FWD and BWD
flow directions due to the different directional stress on
the droplets. Notice that it has been essential to perform
a fitting procedure on velocity profiles to obtain exper-
imental flow curves; otherwise, the noise introduced by
the numerical derivatives of the raw velocity data is so
high that it masks the stress difference of the FWD and
BWD flow curves.

IV. CONCLUSIONS

Emulsions flowing in microfluidic channels with rough
walls can exhibit directional roughness effects [29]. This
scenario manifests when the realization of the wall rough-
ness produces different flow profiles depending on the
flow direction. When the textures are arranged asym-
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FIG. 6. Experimental data. FWD (▶) and BWD (◁) flow directions for the emulsion at Φ = 0.75 in the flat-rough microfluidic
channel, driven by ∇P = L−1 700mbar. Panel (a): Experimental velocity profiles ux(z) measured by PTV as a function of
the vertical direction z, normalized by the height H of the microfluidic channel. Panel (b): Absolute value of the stress profile
|σ(z)| within the microfluidic channel obtained from Eq. 1 by running the wall slip-stress protocol described in Section III B.
Panel (c): Flow curves extracted from the stress data reported in (b) as a function of shear rate γ̇ extracted from panel (a).

metrically, a protocol is needed to reconstruct stress pro-
files inside the microfluidic channel for pressure-driven
flows. This protocol is key to studying how the emul-
sion rheology close to the rough walls depends on the
directionality of the flow. In this paper, we established
this protocol with a minimalist model, featuring lattice
Boltzmann numerical simulations of emulsions moving
within a 2D microfluidic channel textured at one wall
with right-angle triangular shaped posts, using the open-
access TLBfind code [33]. We show that directional ef-
fects on the velocity field are associated with the onset of
a different rheological response in the two flow directions
at large droplet concentrations. Numerical simulations
are essential to develop an operative protocol to obtain
the stress profile inside the microfluidic channel starting
from the velocity profile of pressure-driven flows. The
robustness of this protocol hinges on the underlying me-
chanical balance condition. To show the universal ap-
plication of the presented protocol to other directional
roughness realizations, we applied the protocol to exper-
imental data taken on a microfluidic channel textured by
herringbone roughness, considering the emulsion flow at
a volume fraction above the yielding on the tip of the
‘V’-shaped grooves [29].
Notably, as reported by Fig.3(b), Fig.4(f), Fig. 6(c), at
a fixed shear rate, the shear stress is more significant
in the backward direction than in the forward direction.
This rheological difference echoes previous findings re-
porting larger shear stress values in a concentrated emul-
sion when flowing through a rough microfluidic channel
compared to a flat one [21]. It also echoes the observa-
tions of a different rheological response when boundary
hydrophobicity is changed and an increase in shear stress
is observed with a hydrophobic wall compared to a hy-
drophilic one [26, 28]. However, in the present study, the
rheological response is not due to a change of the wetta-
bility pattern on the wall but rather by a change of flow
direction with respect to a fixed suitable physical texture

of the wall roughness. Notice that the developed proto-
col for stress estimation proves an invaluable tool for ex-
perimentally estimating the stress within a microchannel
with asymmetric boundary conditions on opposite walls.
Resuming, we confirm that boundary conditions con-
sisting of textures asymmetrically arranged with respect
to the flow direction can induce different rheological re-
sponses resulting in different macroscopic flow properties.
As expected, either the bulk rheology or the presence of
a dispersed phase with a characteristic size comparable
to the roughness plays a crucial role in setting the lo-
cal stress close to the asymmetric rough elements. This
property can be fruitfully exploited to design a conve-
nient geometry to induce a local change in the rheological
response of the flows.
Data on directional roughness are scarce in the litera-
ture; therefore, there are many perspectives for future
advancements. For example, it would be interesting to
understand the optimal design of a directional roughness
that allows for passive control of the response of the emul-
sions in microfluidic channels. This obviously depends
on the micro-mechanics of the emulsion droplets close to
the wall, and in this perspective a synergistic work be-
tween experiments and numerical simulations could help
to shed light on the matter. Furthermore, a detailed char-
acterization of the role played by the pressure gradient in
the pressure-driven setup may better clarify the parame-
ter combination that maximizes the directional roughness
effect on emulsion flow. Finally, it would be interesting
also to investigate the stress-slip relationships as a func-
tion of the shape of the roughness in a corresponding
symmetric scenario, i.e., with a microfluidic channel pat-
terned with two identical directional roughness. In this
case, the general protocol explained in Sec. III B is triv-
ial because the channel symmetry establishes the stress
profile to cross zero in the center of the channel, but the
velocity profiles and slip velocities may differ because the
emulsion interacts with a different roughness realization
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in the two directions.
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