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ABSTRACT: Shear flows play critical roles in biological systems
and technological applications and are achieved experimentally
using moving parts. However, when the system size is reduced to
micro- and nanoscale, fabrication of moving parts becomes
exceedingly challenging. We demonstrate that a heterogeneous
nanochannel composed of two parallel walls with different wetting
behaviors can generate shear flow without moving parts. Molecular
dynamics simulations show that shear flows can be formed inside
such a nanochannel under a temperature gradient. The physical
origin is that thermo-osmosis velocities with different rates and
directions can be tuned by wetting behaviors. Our analysis reveals
that thermo-osmosis is governed by surface excess enthalpy and
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nanoscale interfacial hydrodynamics. This finding provides an efficient method of generating controllable shear flows at micro- and
nanoscale confinement. It also demonstrates the feasibility of using fluids to drive micromechanical elements via shear torques

generated by harvesting energy from temperature differences.

hear flows have been found to play critical roles in many

areas, from biological systems to various technological
applications. To cite a few examples, mammalian sperm cells
swimming against environment flows and navigation toward
the egg cell have been verified to be controlled by shear flows
from experimental and numerical methods." This property is
labeled as rheotaxis, which was also reported for other cells.”
Shear flows can be an efficient method of controlling the
dynamics and deformation behaviors of flexible fibers,
nanoparticles, and self-propelled colloids.*~® This is important
in numerous applications, such as drug delivery,’ "
biomolecule separation,'”'® material synthesis,"*™'® biomanu-
facturing,17 water collection,lg’19 supercapacitors,w’21 sensors
and actuators,”>*’ etc. There are also applications in physical
sciences, e.g., the thermal conductivity of nanofluids can be
enhanced by shear flows,”*** which is of importance for heat
management.

Recently, multiple research efforts have been dedicated to
investigation of the behavior of fibers in micro- and nanoscale
confined situations because of the development of micro- and
nanofluidic fluid control technology.”*™*° These results
showed, when the fiber lengths became comparable to the
channel dimensions, the interaction of fibers with bounding
walls would lead to rich transport dynamics, e.g., snake
motions in a shear flow,”® transportation at zero force in a plug
flow,”” and periodic oscillations between walls.”® These finding
indicate that the coupling between confined walls and
background flows could provide a promising approach for
accurate control of flexible fibers.
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Experimentally, there are two main methods of realizing
shear flows.””>*"*> The most common method involves
moving parts. The fluids are typically driven by two
moving parts with a relative velocity, such as two parallel
nested cylinders with different diameters located at the same
center shaft, and thus a linear shear flow is distributed between
the cylinders. The other method is to use a parabolic velocity
distribution characteristic of the Poiseuille flow in the
channels.*** An object can experience an approximated shear
flow near the walls if the channel height is much larger than the
object size.

However, these two methods become cumbersome when
the system size is reduced to micro- and nanoscale, in
particular because fabrication of moving parts at micro- and
nanoscale is still very challenging. Further, rich functions and
phenomena can be achieved by tuning wall surface properties,
e.g., surface shapes,‘”"34 surface energies,"’s’36 and surface
charges,””*" without introducing any moving parts. A fixed
structure at micro- and nanoscale is preferred. A typical
example among these works is the fluid diode which allows a
unidirectional fluid flow. At macro-scale, this function can be
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achieved by a moving valve. However, at microscale,
microvalves containing moving parts would cause reliability
issues and require external actuations to provide driving
forces.””*” To solve this problem, Li et al. fabricated a moving
part-free nanofluidic diode by using nanochannels with
heterogeneous surface energies, one-half of which is hydro-
philic and the other half is hydrophobic.” Picallo et al.
suggested that a nanofluidic diode could be built by tuning the
asymmetrical surface charges of a nanochannel.”®

As discussed above, the combination of shear flows and
micro- and nanoconfinement is expected to provide promising
control of cells, flexible fibers, colloids, etc. However, an
efficient method of generating shear flows at micro- and
nanoconfinement is still lacking because of the moving parts.
To solve this problem, we propose a moving part-free
approach to achieving controllable shear flows using a
heterogeneous nanochannel. In our design, the upper part of
a nanochannel has a moderate wetting behavior while the
wetting of the bottom part is varied from very hydrophobic (6
~ 0°) to very hydrophilic (6 ~ 180°). The wetting behavior is
characterized by the contact angle 8, as we will discuss
hereafter. As a result, once a temperature gradient is imposed
along the nanochannel, different rates and directions of shear
flows are formed inside it.

To demonstrate the feasibility of our design, a molecular
simulation system consisting of a heterogeneous nanochannel
connected by two fluid reservoirs has been constructed, as
illustrated in Figure 1. Periodic boundary conditions are

© fluid @ upperwall O bottomwall @ piston

Hydrophilic surface

: \‘\‘;\X\E\\\a\:\\&
Hydrophobic surface Ly ;;mf;;n m

Figure 1. Snapshot of the molecular dynamics simulation system. The
height and length of nanochannel are labeled as h and Ly, respectively.

imposed in all directions. Two separated fluid reservoirs are
constructed by the pistons and side walls of the nanochannel,
and an external force acts on each piston to maintain the
reservoir pressure at 0.1e/c°. Two parallel walls are used to
form the nanochannel. The size of each wall is 27.20 X 4.08 X
21.77 o°. To avoid possible interactions between the
nanochannel and its periodic images, side walls are built at
the end of the nanochannel. The size of each side wall is 5.44 X
4.08 X 21.77 6°. The height of the nanochannel is 20.416. The
initial size of each reservoir is 68.05 X 19.73 X 21.77 6. The
size of the simulation box is 326.62 X 19.73 X 21.77 ¢°, which
is sufficiently large in the x-direction to prevent possible
interactions induced by periodic boundary conditions.

The fluids and solids, including walls and pistons, interact
with each other through Lennard-Jones (LJ) potentials

o= efe) -]

where r is the distance between particles and & and o are
energy and length parameters, respectively. The cutoff distance
of 4.50 is chosen. All length parameters o are set as 1.00. For
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energy Parameters &) Efuid—fluid = Ewall-wall = €piston—piston = 1.0e.
To reduce the effect of pistons on fluids, €;ion—puia 1S set as
0.1e. Different wetting behaviors can be achieved by tuning the
values of €,_guae as will be explained later. To prevent
melting of the solids and the pistons, a spring force is applied
to each solid and piston particle to tether it to its lattice
position. The spring constant K is 2500¢/0”. L] reduced units
are based on the parameters of the fluid particles: length o,
energy &, and mass m.

All the molecular dynamics simulations have been
performed with the LAMMPS package.”' The time step is
0.0057, and the Nose—Hoover thermostat has been used for
the NVT ensemble. 70 000 fluid particles are randomly placed
in the nanochannel and two reservoirs. The system is first run
under the NVT ensemble at 0.85¢/kj, for 100 000 time steps to
reach the state of thermal equilibrium. Then, the left and right
reservoirs are run under separate NVT ensembles at Ty, =
0.95¢/ky, and T, = 0.75¢/ky, respectively, for 100 000 time
steps to reach stable temperature distributions. The middle
parts including the nanochannel and the fluids inside the
nanochannel are run under the NVE ensemble to guarantee
that they experience no thermostatting. This is used to
produce a temperature gradient along the nanochannel.
Subsequently, the pistons are allowed to move freely just
along the x-direction for 100 000 time steps to reach stable
pressure and flow conditions. Finally, an additional 1 000 000
time steps are continued to collect the needed data. For each
case, eight independent simulations with different initial
velocities and positions of fluid particles are employed to
reduce statistical uncertainties.

To construct a heterogeneous nanochannel, the interaction
energy between the upper wall of the nanochannel and fluids,
Eupper-uids 18 set at 0.5¢. To achieve moderate wetting behavior,
the interaction energy between the bottom wall and fluids,
Ebottom-fluiay 15 varied from 0.1 (very hydrophobic, contact angle
0 is nearly 180°) to 0.9¢ (very hydrophilic,  ~ 0°). The
contact angles are 115°, 62°, and 14° for &,qom-qua = 0.3, 0.5,
and 0.7¢, respectively. We have confirmed this wetting
behavior with the same particles of the wall and the fluid by
evaluating the contact angle of a droplet put on a wall in our
previous work.**

We first investigate the velocity distribution inside the
nanochannel. Figure 2a shows the velocity field inside the
nanochannel in the x—y plane for €,,..qua = 0.5¢ and
Epottom-fluid = 0-1€. The fluid velocity near the bottom very
hydrophobic surface points to the lower temperature region
and is much larger than the velocity near the upper surface
with moderate wetting behavior. Figure 2b shows velocity
profiles in the flow direction for varied values of &y, qm-quiq and
a fixed value of €44 = 0-5€. In all figures, y is the distance
to the surface, y = 0 is the center of the nanochannel, and y =
+100 around the position of the wall surfaces. It is seen that
shear flows are formed in the heterogeneous nanochannel with
different wetting behaviors under a temperature gradient. The
velocity profiles in the middle part of the nanochannel are
linear fitted to quantitatively estimate the shear flows. The
results as presented in Figure 2c. As seen, the rates and
direction of shear flows can be controlled by tuning the surface
energy heterogeneity. Especially, much larger shear flows can
be achieved by using the hydrophobic surface. Using typical
molecular length and energy (¢ = 0.34 nm and & = 996.65]/
mol) and time (7 = 1 ps), the maximum value of shear flows
under a temperature gradient ~2.7 K/nm is on the order of Iyl
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Figure 2. (a) Velocity field in the x—y plane inside the nanochannel
for eypperfuia = 0.5 and €popomenuia = 0.1€ under the temperature
difference AT = 0.2¢/k;. (b) Velocity profiles in the flow direction v,
inside the nanochannel for varied values of &y qm.auiq 2and a fixed value
of Eypper-fiuia = 0-5¢ under the temperature difference AT = 0.2¢/k;,
(c) Shear rate ¥ as a function of &, om-fiuid fOr Eupper-luid = 0-5€ and AT
= 0.2¢/ky.

~ 10%/s, which is significantly larger compared with the typical
range in biological systems and lab experiments, i.e., 1—10%/s.

One may argue that such giant shear rates may be ascribed
to the very large temperature gradient employed in our
simulation. To recognize the results from thermal noise, we
employed a large temperature gradient, which may not appear
in realistic experiments. However, by using a more realistic
value of temperature gradient of ~0.01 K/nm, which has been
recently reported in a thermo-osmosis experiment in a
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microchannel,” the shear rates are still roughly estimated to
be on the order of ~10°/s. This indicates that our approach is
sufficient to meet the real requirements of shear rates.

The mechanism of the formation of shear flows is supposed
to be due to the fluid flow velocity differences near the surfaces
with various wetting behaviors. As shown in Figure 2b,c, in the
absence of the surface energy heterogeneity for &
Eupper-fluid
heterogeneity, shear rates are enhanced. Especially, the

upper-fluid =
= 0.5¢, shear rates vanish. With the increased surface

enhancement is remarkable with the presence of the
hydrophobic surface.

The direction and magnitude of the fluid flow velocities near
the surfaces under a temperature gradient are believed to be
controlled by thermo-osmosis. To understand that, we obtain
the excess surface enthalpy profiles near the bottom surfaces
with various wetting behaviors, as shown in Figure 3b. The
local enthalpy H(y) can be obtained from the following

: 44
expression as
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Figure 3. (a) Fluid density (p) and (b) excess surface enthalpy (AH)
profiles inside the nanochannel near the bottom surface for varied
values of €poom-uia- (¢) Effective excess surface enthalpy (AH) as a
function of the interaction energy between the bottom surface and the
fluid, &yottom-fiuid-
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Z,N(y) <“i + P,lxx>
V(y) )

where N(y) and V(y) are the number of fluid particles and the
volume of the bin region at position y; u; is the specific internal
energy of particle i, including kinetic and potential energy, and
Pix is the virial expression for pressure in the x-direction. The
stress tensor for each atom can be measured using the
expression45

B = ,m+—22 ”"‘"¢<g>

i\ i (3)

H(y) =

where a and b mean %, y, and z components; N is the total
number of particles in the simulation system; m and v are the
mass and velocity of particle i; r; is the distance between
particles i and j, and ¢(r,}) is the interaction potential.

In Figure 3b, all curves of excess surface enthalpy on surfaces
with different wetting behaviors show oscillations and then
converge to zero at around 6o from the wall surfaces. Except
for €pogom-uid = 0-1€, wherein the excess surface enthalpy is
always positive near the wall surface, other curves significantly
oscillate around zero, having both positive and negative values.
In order to determine the sign of the effective excess surface
enthalpy AH, which dictates the direction of thermo-osmosis,
the following expression is introduced:

0
AH = SH(y)d
/yg (»)dy “

where SH(y) is the excess surface enthalpy compared to the
bulk, which can be estimated via SH(y) = H(y) — H(0), where
y is the distance to the surface of the nanochannel; y = 0 is at
the center of the nanochannel, and y = +100¢ is around the
position of the wall surfaces. The position of the shear plane y,,
where the slip boundary condition is applied, is selected as the
first peak of the fluid density profiles, as marked in Figure 3a.
Figure 3c shows the effective excess surface enthalpy AH for
various interaction energies between the bottom wall and the
fluids €poomuid- FOT Eportomfud < 0.5, AH > 0, the fluid
migrates from the high- to low-temperature region, while for
Ehottomtuid > 0-56 AH < 0, the fluids moves from the low- to
high-temperature region, as confirmed by the velocity profiles
in Figure 2b.

The thermo-osmosis coefficients f;, can be deduced from
the excess surface enthalpy by considering the effect of the

position of the shear plane y, and the possible slip length b*°
1 0
Bo=-= [ =y + LSHOD
nJy (5)

This method has been proved efficient in electro- -osmosis”’
and diffusio-osmosis."® Bocquet et al. related the slip length b
to the interfacial friction coefficient A*

A (6)

where 7 is the bulk v15cos1ty, which can be estimated using a
Green—Kubo relation™

=7/ / (b, (D, (0))dt -

where V and T are the system volume and temperature,
respectively, and ky, is the Boltzmann constant.

The interfacial friction coeflicient A can be evaluated from a
Green—Kubo relation

f (E(t)E(0))dt

Aka (8)

where A is the surface area of the wall contacting with fluids,
and F, is the total tangential force parallel to the wall surface.
We performed another two equilibrium molecular dynamics
simulations to determine the bulk viscosity 7 and the interfacial
friction coefficient A. The simulation details can be seen in our
previous work.**

Figure 4a shows the thermo-osmosis coefficients predicted
by eq 5 as a function of wall—fluid interaction energy
Epottom-fluid- USINg typical values of 6 = 0.34 nm and 7 = 2 ps,
the moderate thermo-osmosis coeflicients between 0.5¢ and
0.7¢ is on the order of |f},| = 0.16%/7 ~ 107 m?/s, which is
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Figure 4. (a) Theoretical thermo-osmosis coefficient 3, (b) slip
length b, and (c) amplification factor 1 + b/L as functions of the
interaction energy between the bottom surface and the fluid,
Ebottom-fluid*
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comparable to the experiment value of 107'°—107° m?/s
reported by Bregulla et al.”® For €pouomtud < 0-5€, Py < 0; for
Epottom-uid > 0-5€, B1, > 0. This sign change also accounts for
the direction change of fluid velocity, consistent with the
prediction by effective surface enthalpy AH. Especially for
Epottom-ud = 0-1&, the thermo-osmosis coeflicient is significant,
which accounts for the much large velocity near such bottom
surface and results in the highest shear rate. Our analysis shows
it is mainly caused by the slip length as shown below.

To clarify the effect of slip length, eq S can be rewritten as”

P = ﬂlZ,no—slip(l +b/L) 9)

where f31, ,,.;, Tepresents the thermo-osmosis coefficients for
the no-slip boundary conditions, and 1 + b/L is to quantify the
amplification induced by the slip length. The characteristic
length L can be estimated by

fy _0 (y — 3)3H(y)dy

L= 0
/y SH(y)dy

6

(10)

As the characteristic length L is very small, ~10, the slip length
up to ~350 for epyom-aug = 0.1 would significantly enhance
the thermo-osmosis by ~45-fold. This substantial enhance-
ment, assumed to be caused by the large ratio between the slip
length and the very thin interfacial layer, has also been reported
particularly for thermo-osmosis*® and diffusio-osmosis,” " but
not for electro-osmosis for which the interfacial layer, also
called the Debye layer, is generally tens of nanometers and
even micrometers in thickness.”> Accordingly, the much larger
velocity for the low values of &pyom-fua Should be mainly
induced by the slip length, and this would be responsible for
the much larger shear rates in Figure 2b,c.

To form the shear flows, we suggested that one surface is
hydrophobic and the other is hydrophilic. As shown in Figure
Sb, however, if the wetting behavior of the bottom surface is
fixed at very hydrophobic (€pouom-guia = 0-1€, contact angle 6 =~
180°), the shear rates hardly change when the wetting behavior
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of the upper surface varies from moderately to very hydrophilic
(&pottom-uia = 0-9¢, contact angle 8 & 0°). The result stems
from the fact that the thermo-osmosis velocity is much larger
on the very hydrophobic surface than on the hydrophilic
surface, as shown in Figure Sa. Accordingly, the change of the
thermo-osmosis velocity on different nonhydrophobic surfaces
is insignificant and hardly alters the shear rates. The result
indicates that fabrication of very hydrophobic surfaces can play
a critical role in generating shear rates as large as possible, and
fabrication of very hydrophilic surfaces is not essential.

It should be noted the contact angle is just a supplementary
calculation to illustrate the wetting behavior controlled by the
fluid-wall interaction energy and determine the rough range of
the fluid-wall interaction energy. Although the contact angle of
around 180° for &y yom-flig = 0.l€ is hard to achieve
experimentally, the large slip length could be achieved. The
maximum value of slip length is about 376 (~12.6 nm) in our
work. Much larger experimental values of slip length even up to
micrometers have been reported, as reviewed by Bocquet et
al.>® Therefore, much larger shear rates are expected to be
achieved in real applications. It should be also noted that a
simple Lennard-Jones fluid is employed in our model, which
considers only the van der Waals forces but not hydrogen
bonding and electrostatic forces. Our work can provide a basic
theoretical framework, but further concrete investigations are
needed for real applications.

Because the shear flows originate from the thermo-osmosis,
temperature could provide a proper approach to controlling
shear flows according to practical requirements. We use the
case of €,pperfuia = 0-5€ and €poyom.auia = 0-1€ to study the effect
of temperature gradients on the shear flows. The average
temperature in the middle part consisting of the nanochannel
and the inside fluids is kept at T = 0.85¢/k;, by controlling the
temperature in the left and right reservoirs at Ty, = T + At/2
and Ty, = T — At/2, respectively. Figure Sc shows the velocity
profiles in the flow direction for various temperature
differences, and Figure Sd shows the shear rates as functions
of the temperature difference. The thermo-osmosis velocities
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on both top and bottom surfaces increase with the increased
temperature gradients. Correspondingly, the shear rates also
increase with the increase of the temperature gradients.

In summary, we have demonstrated a novel method of
producing controllable shear flows under a temperature
gradient using a heterogeneous nanochannel, one part of
which is hydrophilic, while the other part is hydrophobic. We
have shown that the shear flows are caused by thermo-osmosis
velocity differences near the surfaces with different wetting
behaviors. The thermo-osmosis velocity originates from the
excess surface enthalpy and can be significantly amplified on
hydrophobic surfaces by the slip length. The shear rates are
sufficiently large to meet application requirements. Our
findings can provide an efficient tool to achieve shear flows
in experiments at micro- and nanoscale confinement. The
findings also can be extended to drive micromechanical
elements using torques generated by the shear flows.
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