
333 Int. Jnl. of Multiphysics Volume 17 · Number 3 · 2023 

 

 

A Numerical Study to Investigate the 
Hydrodynamic Properties of Nanowire Motion 

in Liquid 
 

S Özer* 
Department of Biomedical Engineering, İstanbul Yeniyuzyil 

University, 34100 İstanbul, Turkey 
 

ABSTRACT 
Manipulating micro(nano)-sized entities in liquid environment is a challenging 

yet necessary task in nanoscience and nanotechnology development. Due 

to the small dimensions, viscous behavior dominates the micro(nano)-sized 

objects motion. In this study, a computational fluid dynamic (CFD) approach 

has been used to investigate hydrodynamic effects on a nanowire (NM) 

translating an rotating about its long and short axis. Several numerical 

methods dealing with solid motion in fluid, including some CFD methods and 

Finite element analysis (FEA), have been compared. The change in drag 

coefficient with NW length, NW diameter, translational velocity, rotation 

speed, and wall effects has been researched. As a model, nanowires with 

1-10 µm dimensions and 50 nm-250 nm diameters were investigated in 

liquid, with velocities of 0.5-500 µm/s. Nanowire is rotated about its long axis 

with an angular velocity of ω=0.25π, 0.5π, 1.0π, 2.0π rad/s, and about its short 

axis with a fluid flow allow the rotation of the nanowire whose one end is 

constrained to a rotational motion around x and y axis. These models were 

also compared with the existing analytical models. Good agreement was 

observed between the numerical results and analytical calculations. The FEA 

model is also repeated in the closed boundary to investigate the wall effects 

on the nanowire’s motion in liquid environment. 

 
 

1. INTRODUCTION  
Nanoscale manipulation is of tremendous importance in the application of nanowire-based 
devices like chemical and biological sensors, light-emitting diodes, and field effect transistors, 
magnetic tweezers, optical tweezers, microrobotics systems [1-7].  Accurate control and 
manipulate nanoscale objects can be helpful for nanoscience and nanotechnology. However, 
manipulation of such small objects is challenging, because van der Waals forces and other 
surface forces dominate gravitational forces and other volume forces at this scale [8]. One way 
to reduce these force effects is to perform the manipulation in liquid. Previously, it has been 
found that nanowires could be aligned or rotated by external magnetic or electrical field in 
liquid [9-15], however, the influence of the boundary conditions of nanowires in liquid were 
rarely taken into account, which can significantly affect the locomotion as they are close to a 
wall. In order to understand the manipulation of micron(nano)-sized materials in the liquid, it 
is necessary to fully understand the hydrodynamic forces acting on them. Measuring drag 
force on such a submicron scale bodies is challenging, and a problem of fundamental interest 
for microfluidic and molecular dynamics researchers [16]. From the theoretical viewpoint, it  
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is still uncertain as to whether flow at this scale can be predicted by the Navier–Stokes 
equations solved for creeping conditions, solutions for which have been known since the end 
of the 19th century [17]. Experiments supported predictions down to Reynolds numbers <0.1, 
but the length scales investigated were many hundreds of nanometers [18]. 

In this paper, we focus on nanowire translation parallel to its long axis, and rotational 
motion about its long and short axis in water.  For this purpose, the hydrodynamic forces have 
been calculated for certain geometries such immersed nanowires moving through viscous 
fluids as they approach a surface at low Reynolds number. The model was also compared with 
the existing analytical models based on simple geometry and defined nanowires with common 
boundary conditions set for the liquid environment.  Good agreement was observed between 
the numerical results and analytical calculations. The calculation is also repeated in a closed 
boundary to investigate the wall effect on the drag coefficient. If simplified nanowire as long 
slender cylinder, some analysis resolution had reported, such as cylinder rotating around long 
axis, translating along and against long axis [19-21]. But cylinder rotated around mid-point 
had no analysis resolution [22-23]. On a study, cylinder is divided into several sections, and   
simplified each section as little sphere, using the resolution fluid flowed around a sphere and 
relationship between each moving sphere, to obtain cylinder resisting model [24]. Another 
study simplified cylinder as several little section, to obtain fluid resisting model by 
considering the symmetry of cylinder [25].  All these models based on ellipsoid/cylinder 
translating could estimate nanowire resisting force and drag coefficient by external force 
driven [26]. There is another study which aims to investigate the drag force of unsmooth 
conical micromotors by using the normalization method [27].   
 
2. THEORY AND NUMERICAL MODELLING WITH RESULTS 
This part summarizes modeling efforts to predict hydrodynamic drag force imposed on an 
immersed nanowire due to its motion in viscous liquid. Finite element method (FEM) based 
models are developed for different boundary conditions to understand the effect of liquid cell 
geometry on hydrodynamics. Also, relevant analytical models are compared with FEM 
results.   
2.1. Hydrodynamic Drag on Nanowires: Translational Motion Parallel to 
Long Axis 
A finite element method-based model has been developed to analyze hydrodynamic drag force 
for nanowires in various geometries. The model is capable of simulating the behavior of a 
nanowire restricted to translational motion parallel to its long axis. The fluid flow due to an 
oscillating body at small amplitude requires the solution of the unsteady simplified Navier-
Stokes equations for incompressible fluids: 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −∇𝑃𝑃 + 𝜇𝜇∇2U𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 ,             ∇.𝑈𝑈 = 0                              (1) 
 
where 𝜌𝜌 and 𝜇𝜇 are the fluid density and viscosity. 𝑈𝑈 and 𝑃𝑃 are the fluid velocity and pressure, 
respectively. For the case of a nanowire, cylindrical coordinates can be used due to the 
symmetry conditions. Commercial finite element analysis software packages with fluid-
structure interaction capabilities can be used to solve these equations for the immersed probes 
with complex geometries and boundary conditions. FEM software COMSOL handles this type 
of problems using Arbitrary Lagrangian-Eulerian (ALE) algorithm. Fluid-structure interaction 
(FSI) problems require the solution for the deformation of structures in fluid flow, which in  
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turn affects the flow pattern. COMSOL’s ALE method handles the deforming geometries and 
the moving boundaries with a moving mesh grid.  

Fig. 1 shows the computational domain for the simulations. Density and dynamic viscosity 
of the water are 1000 𝑘𝑘𝑘𝑘/𝑚𝑚3 and 1.0𝐸𝐸 − 3 𝑃𝑃𝑃𝑃., respectively. Mechanical properties for the 
nanowire are initialized for that of Co with Young’s modulus, E=110 GPa, Poisson’s ratio, 
𝑣𝑣 = 0.35, thermal expansion coefficient, 𝐶𝐶𝐶𝐶𝐶𝐶: 17 µ𝑚𝑚/𝑚𝑚.𝐾𝐾, and Density, 𝑑𝑑 = 8700 𝑘𝑘𝑘𝑘/𝑚𝑚3 
 

 
Fig. 1. Axisymmetric computational domain for an immersed nanowire. COMSOL 
Multiphysics: Fluid-Structure interaction (Incompressible Navier Stokes, Moving 
Mesh ALE, Axial Symmetry-stress/strain) module. 

 
Individual computational domains have been created for nanowires with radii varying 

from 25 nm to 250 nm and lengths varying from 1 µm to 10 µm. Hydrodynamic drag affecting 
an immersed nanowire is evaluated by exposing the nanowire to a constant flow velocity 
imposed on the inlet port of the model. The velocity distribution in the volume is generated,  
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and the drag force of the nanowire is calculated using relevant post-processing tools. Velocity 
distribution for a model including a nanowire with a diameter of 200 nm and length of 10 µm 
is plotted in Fig. 2. Velocity field is normalized to the inlet velocity that is perpendicular to 
inlet port. The model is sensitive to the geometry of the containing fluid and the dimensions 
of the computational domain has been optimized separately for different nanowire geometries. 
 

 
Fig. 2. Velocity distribution along y-axis for a model including a nanowire with a 
diameter of 200 nm and length of 10 µm. 
 
2.2. Nanowires in Infinitely Large Liquid Medium 
Hydrodynamic drag force (F) scales linearly with velocity imposed on the nanowire (U), so 
the ratio F/U can be defined as drag coefficient to compare the behavior of different nanowires. 
Drag coefficients for nanowires with radii varying from 25 nm to 250 nm and lengths varying 
from 1 µm to 10 µm are calculated through individual simulations. The dependence of drag 
coefficient on the length and diameter of a circular nanowire is shown in Fig. 3. The 
simulations were run for a rather slow velocity of 1×10-12 m/s to guarantee convergence of 
results without distorting moving mesh conditions. The results were cross-checked for 
velocity dependence and linear dependency between force and velocity was confirmed.  

The results of FEM simulations are compared with approximate analytical models 
presented by Happel & Brenner [19] and Dupont [20]. Happel & Brenner solution is based on 
low Reynolds hydrodynamics and valid for circular cylinders. The drag force a cylinder 
moving its long axis is given by Eqn. 2: 

 
𝐹𝐹
𝑈𝑈

= 8𝜋𝜋𝜋𝜋𝜋𝜋
�(𝜏𝜏2+1).𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎ℎ(𝜏𝜏)−𝜏𝜏�

                                                   (2) 

 
where 𝜏𝜏 = 𝑎𝑎 𝑐𝑐⁄  , and 𝑐𝑐 = √𝑎𝑎2 − 𝑏𝑏2 . 𝐿𝐿 = 2𝑎𝑎 is the length and 𝐷𝐷 = 2𝑏𝑏 is the diameter of a 
circular cylinder.  
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Dhont model based on a rod-like particle moving its long axis is given by Eqn 3: 
 

𝐹𝐹
𝑈𝑈

= 2𝜋𝜋𝜋𝜋𝜋𝜋
log𝐿𝐿 𝐷𝐷�

                                                            (3) 

 
Drag coefficients for nanowires with diameters varying from 20 nm to 200 nm, and lengths 

varying from 1 µm to 20 µm are calculated as shown in Fig .4a-b. Dhont model is not valid 
for L ≈ D as can be noted, nevertheless, there is good agreement between different models. 
The calculations based on Happel & Brenner indicate that a drag force of 1.5 pN will be 
imposed on a nanowire with a length of 10 μm and a diameter of 200 nm. For the same 
geometry increases slightly to 1.6 pN for the model of Dhont. 

 

 
Fig. 3. The dependence of drag coefficient, i.e., ratio of drag force to velocity, on 
the length and diameter of a circular nanowire. Each of the data points 
corresponds to an individual FEM simulation. 
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(a) 

 
(b) 

Fig. 4. The dependence of drag coefficient, i.e., ratio of drag force to velocity, on 
the length and diameter of a circular nanowire, calculated using analytical models 
presented by (a) Happel & Brenner [19], (b) Dhont [20]. 
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2.3. Immersed Nanowires in Closed Medium 
The model with open boundaries captures well the behavior of nanowires immersed in an 
infinitely large liquid domain. Hydrodynamics of immersed structures is altered significantly 
when they are within close proximity of stationary walls. Wall effects are especially important 
for nanowires kept in a microfluidic channel. Fig. 5(a) shows a cylindrical structure moving 
inside another stationary cylinder with open bases. An approximate solution for this problem 
was presented before in [19]. The drag coefficient for the enclosed nanowire is given in  
Eqn 4. 
 

𝐹𝐹
𝑈𝑈

=
2𝜋𝜋ɳ𝐿𝐿�1− [2b2/(R2-b2)].[1-� 2b2

R2-b2
�.{log (R/b)}] � 

(𝑅𝑅2+𝑏𝑏2).�𝑙𝑙𝑙𝑙𝑙𝑙�𝑅𝑅𝑏𝑏�−1�.(𝑅𝑅
2−𝑏𝑏2)

                               (4) 

 
An equivalent model incorporating an inlet and outlet port is shown in Fig. 5(b). Defining 

inlet and outlet ports is computationally favorable for an FSI-FEM implementation using ALE 
algorithm. An axisymmetric model is built in FEM software accordingly.  
 

 
Fig. 5. (a) The model for a cylinder inside another cylinder. The model is adapted 
from ref. [19] to explain nanowire behavior. (b) The model for a cylinder inside 
another cylinder exposed to a uniform flow. 

 
For a case study, drag coefficients are investigated for a nanowire with a radius of 250 nm 

and a length of 10 µm. The outer boundaries radius, R, is varied from 0.5 µm to 1000 µm. The 
inlet velocity is set to a small value, i.e., 10-12 m/s, to prevent mesh inversion problem. The 
dependence of the hydrodynamic drag on the fluid dimension can be seen in Fig. 6. The FEM 
results are compared with the approximation solution of cylindrical structure moving inside 
another stationary cylinder with open bases presented in [19]. There is a good agreement 
between the models suggesting that the drag coefficient increases significantly if the radius of 
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outer cylinder, R, is smaller than 40 µm for the chosen nanowire geometry. The variation of 
drag coefficient for R=40 µm and R=1 mm is only 10%. The findings can be generalized to 
any nanowire geometry. The drag coefficient is constant for practical purposes when ratio of 
outer cylinder length to nanowire length (or cylinder radius to nanowire radius) is larger than 
5 (200) in this configuration (see Fig. 6). 
 

 
Fig. 6. FEM and analytical results for the drag coefficient for a circular cylinder 
moving inside another stationary cylinder with open bases as a function of radius 
of the outer cylinder, R. 
 

 
Fig. 7. Axisymmetric computational domain for a NW in a closed fluid cell. An 
auxiliary outlet is defined on the model for convergence of simulations 
successfully. The size and the location of the outlet is optimized so that its 
presence does not alter the results significantly. 
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The FEM model is verified using the approximate analytical model. The verified model is 

modified to study the hydrodynamics of nanowires in a completely enclosed chamber. The 
model with bottom edge assigned as a solid wall along with the side edge is shown in Fig. 7. 
An outlet port is still needed to have the simulations converge. Thus, a relatively small section 
is assigned as outlet with zero pressure. Ideally, the size and location of the outlet should not 
affect the results. 

For different geometries of fluid domain, the outlet section is optimized in size and 
location so that the effect is limited in size to 15% and in location to 0.05%. Note that only 
the radius of the fluid is variable in fluid to get different geometries of fluid domain.  For 
example, for a nanowire with a length of 10 µm and radius of 250 nm in a fluid domain of 
radius 250 µm and length of 100 µm, an outlet with a size of 1 µm is selected. The drag 
coefficients for NWs with different geometries in a closed fluid cell with a height of 100 µm 
and a radius of 250 µm is shown in Fig 8(a). The increase in drag coefficient when compared 
with the case when there are no stationary walls (comparing the results shown in Fig.3) is 
shown in Fig 8(b). 

The models for the hydrodynamic drag force on the immersed nanowires are helpful for 
the design of nanowire geometries. The predicted drag force on a nanowire with a radius of 
100 nm and a length of 10 μm that translates with a constant speed of 100 μm/s is around 1 
pN and the drag force almost doubles when the nanowire is confined in a closed cylindrical 
liquid environment with a height of 100 µm and a radius of 250 µm. According to the 
simulation results the radius and the length of nanowires can be increased further without a 
substantial increase in drag force. 
 

 
(a) 
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(b) 

Fig. 8. (a) The dependence of drag coefficient, i.e., ratio of drag force to velocity, 
on the length and diameter of a circular nanowire in a closed fluid cell with a height 
of 100 µm and a radius of 250 µm. Each of the data points corresponds to an 
individual FEM simulation. (b) The increase in drag coefficient due to stationary 
walls for the selected geometry. 
 
2.4. Nanowires in Rotational Motion about its long axis 
In this part, hydrodynamic behavior of the nanowire in rotational motion about its long axis 
is examined. Cylindrical fluid domain is fixed to cylindrical dimension with 10 µm in radius 
and 50 µm in height.  Nanowire is rotated about its long axis with an angular velocity of 
𝜔𝜔 = 0.25 ∗ 𝑝𝑝𝑝𝑝, 0.5 ∗ 𝑝𝑝𝑝𝑝, 1.0 ∗ 𝑝𝑝𝑝𝑝, 2.0 ∗ 𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠 (Fig. 7).  Due to the symmetry of the motion, 
2 D Axisymmetric COMSOL Fluid Dynamics module is used for the analysis. Individual 
computational domains have been created for nanowires varying with radii from 25 nm to 250 
nm and lengths varying from 1 µm to 10 µm. The boundaries of the computational domain in 
the model are defined as the wall (bottom) with no slip condition and the outlet ports (up/side) 
with zero pressure for the fluid domain, and as the sliding wall condition with a velocity of 
moving wall in 𝜙𝜙 direction for the nanowire. FEM simulations are also compared to an 
approximate analytical model. The relevant drag coefficient for a rod-like object is related to 
the rotation axes, and is given by the following Eqn. 5 
 

 𝜏𝜏
𝜔𝜔

= 𝜋𝜋ɳ𝐿𝐿3(1+𝐶𝐶)
0.96 𝑝𝑝2

                                                        (5) 
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For long axis rotation. Here, p=L/D, represents the length to diameter ratio, and C 
represents the end corrections for the rotational motion of the nanowire about its long axis. 
The value of the C is also calculated by the following Eqn. 6 [23] for the nanowire rotation 
about its long axis: 

 

𝐶𝐶 = 0.677
𝑝𝑝

− 0.183
𝑝𝑝2

                                                        (6) 

 
Fig. 9 compares the FEM simulations with the analytical model. about its long axis. For 

this computation, the nanowire diameter is fixed to 200 nm and the nanowire length has varied 
from 1 to 10 µm.  
 

 
Fig. 9. The dependence of drag coefficient, i.e., ratio of torque to angular velocity, 
on the length of a circular nanowire. Each of the data points corresponds to an 
individual FEM simulation 2D-COMSOL Fluid Dynamics, Laminar flow module.  
 

The dependence of the drag coefficient on the different nanowire diameters with a fixed 
10 µm nanowire length is also compared, see Fig. 10. In this computation, radius of the 
nanowire has varied from 25 nm to 250 nm. 
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Fig. 10. The dependence of drag coefficient, i.e., ratio of torsional drag to angular 
velocity, on the radius of a circular nanowire. The length of the nanowire is fixed to 
10 µm. Each of the data points corresponds to an individual FEM simulation 2D-
COMSOL Fluid Dynamics, Laminar flow module.  
 
2.5. Nanowires in Rotational Motion about its short axis 
Commercial finite element analysis software packages with fluid-structure interaction 
capabilities can be used to solve these equations for the immersed probes with complex 
geometries and boundary conditions. The model is extended to calculate the hydrodynamic 
drag forces of the nanowires in an arbitrary motion. In the model, the constant flow velocity 
imposed on the inlet port introduces a force on the nanowire to rotate in the flow direction. 
The model is constructed to allow the rotation of the nanowire whose one end is constrained 
to a rotational motion around x and y axis. Note that the displacement of the constrained NW-
end, i.e., the rotation axis, is taken zero in all x, y and z directions (Fig.11 (a)). Keeping in 
mind that the nanowire is not bended along the flow direction, only is rotated around the 
constrained axis in this configuration. 

In the model, dimension of the fluid domain is fixed to a square dimension with a length 
of 50 µm. The dimension of the cylindrical nanowire is varied with radii from 50 nm to 150 
nm, and lengths from 2 µm to 10 µm. The boundaries of the computational domain in the 
model are defined as the inlet port with a velocity flow of 10-10m/s, the outlet ports with zero 
pressure. Fig. 11(b) shows the dependence of the drag coefficient on the different lengths of 
nanowires which are in rotational motion along the flow direction. For this computation, the 
nanowire diameter is fixed to 200 nm.  In order to understand the results of FEM-simulations, 
we also analyzed an approximate analytical models presented in [22]. The sketch of the 
analytic model is represented in Fig. 11(a). The drag coefficient for the rotation occurs in x-y 
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plane when the pivot point of the rotation is shifted by a value ξ from center-of-mass is 
considered,  
 

𝜏𝜏
𝜔𝜔

= 𝜋𝜋𝜋𝜋(𝐿𝐿+2𝜉𝜉)3

3(ln𝑝𝑝′+𝐶𝐶′)
                                                       (7) 

 
now 𝑝𝑝‘ = (𝐿𝐿 + 2𝜉𝜉)/𝐷𝐷 is the effective length-to-diameter ratio and 𝐶𝐶‘ is the effective end 
correction which takes into account the shift of the rotation pivot point with respect to the 
center-of-mass (end of the nanowire). The dependence of the drag coefficient on the nanowire 
which is calculated by the analytical model is shown in Fig. 11(c). In the analytical calculation, 
the radius of the nanowire is fixed to 100 nm. 
 

 
(a) 

 
(b) 
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(c) 

Fig. 11. Sketch of the geometric configuration for a nanowire (a) Rotation occurs in 
the x-y plane. (b) The dependence of drag coefficient, i.e., ratio of torsional drag 
to angular velocity, on the length of a circular nanowire. The diameter of the 
nanowire is fixed to 200 nm. Each of the data points corresponds to an individual 
FEM simulation (c), calculated using analytical models presented by [17,18]. 
 
3. CONCLUSION 
In this paper, CFD approach has been used to investigate laminar flow caused by long cylinder 
translating parallel to long axis and/or rotating around its endpoint. Several numerical methods 
dealing with solid motion in fluid, including some CFD methods and Finite element method 
(FEM), have been compared. The relationship between cylinder length, cylinder diameter, 
translational velocity, rotation speed, wall effects and drag coefficient has been systematically 
researched. Finally, the conclusions are as below:  
 
• The dependence of drag coefficient on the length and diameter of a circular nanowire is 

obtained in open boundary. Good agreement is observed with approximate analytical 
models presented by Happel & Brenner [19] and Dupont [20]. Happel & Brenner solution 
is based on low Reynolds hydrodynamics and valid for circular cylinders. The results 
were cross-checked for velocity dependence and linear dependency between force and 
velocity was confirmed. The model with open boundaries captures well the behavior of 
nanowires immersed in an infinitely large liquid domain. 
 

• Wall effects are investigated in a in a completely enclosed chamber (microfluidic 
channel). There is an increase in drag coefficient when compared with the case when 
there are no stationary walls. The predicted drag force on a nanowire with a radius of 100 
nm and a length of 10 μm that translates with a constant speed of 100 μm/s is around 1 
pN and the drag force almost doubles when the nanowire is confined in a closed 
cylindrical liquid environment with a height of 100 µm and a radius of 250 µm. 
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• Hydrodynamic behavior of the nanowire in rotational motion about its long axis and its 
short axis is also examined. The relevant drag coefficient for a rod-like object is related 
to the rotation axes. When FEM simulations are also compared to an approximate 
analytical model, it is observed that the model captures well the drag torque changes as 
nanowires motion about its long axis. 
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