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Abstract: This paper proposes and demonstrates a particle free method for flow field visualizations by analyzing liquid crystal polarizations. The proposed concept is implemented by
imaging of liquid crystal flow under microfluidic environment using a crossed polarization microscopy configuration. Fringe patterns give good representation of flow characterizations for
different nozzle/diffuser microchannel designs. The obtained results demonstrate that the flow
field under various conditions can be evaluated. Visualizations of the flow fields are carried out
by the liquid crystal polarization induced fringe patterns in nozzle/diffuser microchannels. We
achieve good match between the flow field obtained by LC polarization and the simulated one.
It is envisaged that the proposed methodology can make potential impact in flow field visualization studies and related analysis.
c 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (230.3720) Liquid-crystal devices; (230.3990) Micro-optical devices; (260.1180) Crystal optics;
(260.5430) Polarization; (280.2490) Flow diagnostics.
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1.

Introduction

Liquid crystals (LCs) are well known for their optical properties, whose orientations can be tuned
via various stimuli. In fact, LCs’ orientations are sensitive to electromagnetic fields, chemical
presence, surface property and hydrodynamic pressure gradient [1–4]. Recent studies showed
that their sensitivity to bio samples allow themselves to be bio sensor [2, 4, 5]. LCs also respond
to a surface treatment, namely surface anchoring condition [6–8]. More importantly, flow field
also can influence LCs’ orientation, which makes a perfect condition for optofluidic research [9].
Investigation on behaviors of liquid crystal under external fields has been reported in the past
decades, such as electric field [10–13], temperature field [1, 14, 15] and shear flow at normal
scale [16]. But the LCs’ flow behavior is still unexplored in modern microfluidics [17, 18]. The
coupling of flow field with molecular reorientation at micro scale is yet to be studied so as to
reveal the relation between each other. The flow confinement of LCs provided by microfluidics
is ideal for research upon surface treatment, bio sensing and flow visualization due to the refined
control of flow conditions. Microchannel fabricated by modern microfluidic technology has a
resolution of the order of µm [19–21]. The ease in geometry design and channel fabrication also
provides benefits. Besides, nano-liter per hour flow rates can be achieved by modern syringe
pump, which opens the door for exploring at a different scale. Under different flow conditions
caused by varying flow rates, channel geometries or surface anchoring conditions, LCs will
display different fringe patterns when illuminated by a polarized light source. Thus fringe patterns
obtained by LCs’ polarization reveal the flow condition, which achieves the flow visualization.
Traditionally adopted dye based flow visualization methods are weak in revealing the detailed
flow patterns straightforwardly. Here we propose an alternative approach for flow visualization
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under microfluidic environment by employing LCs polarization.
We choose 4-Cyano-4’-pentylbiphenyl (5CB) as it remains nematic phase under room temperature which facilitates the flow visualization. 5CB is a type of nematic liquid crystal (NLC)
called calamitics and it has a rod-like molecular structure [22]. The rod-like molecular structure
become observable on illumination by polarized light when it is in nematic phase. Most of the
literatures have been focusing on the dynamic behavior under electric field [10–13, 23]. Very few
works have been done to study the reorientation under hydrodynamic pressure gradient at micro
scale [3]. The nozzle/diffuser microchannel, also called rectifier [18, 24–26], is a well reported
geometry which is utilized to show the inter connection of the flow field and 5CB molecular
reorientations.
In this article, we present dynamic responses of 5CB liquid crystal in the nozzle/diffuser
microchannel under various hydrodynamic conditions. We choose the nozzle/diffuser design
as it is known for creating key flow pattern, the flow recirculation [18, 25]. When 5CB flows
within the geometry, the rod-like molecules are reoriented due to the flow induced patterns
including the flow recirculation. The interconnection between the flow condition and molecular
reorientation is investigated and analyzed. Three opening angles of the nozzle/diffuser geometry
- 15◦ , 30◦ , 45◦ - are designed to study the geometrical effects on the flow field visualized by
the LC polarization. The results clearly show the influence of flow condition on reorientation of
molecular structure, which demonstrates LC’s potentials in providing novel solutions for flow
visualizations at microscale [27, 28].
2.

Methods

Figure 1 demonstrates the overall setup configured for performing the experiments. The optical
setup shown in Fig. 2 consists of a diode pumped solid state laser of wavelength 405 nm, a
collimating lens, two objective lenses, one set of polarizer-analyzer combination, a tube lens and
a high speed camera interfaced to a PC. The syringe which contains 5CB is driven by the syringe
pump and connected with the nozzle-diffuser microchannels via polytetrafluoroethylene (PTFE)
tubing. The camera acquiring the images is interfaced to the personal computer (PC). The PC is
used for image processing as well as syringe pump control through the controllers as shown in
the Fig. Further details of the optical set up and fluidic set up configured for this study are as
given below.
2.1.

Microchannel

The nozzle/diffuser microchannel is prepared by standard soft lithographic procedure followed
by polydimethylsiloxiane (PDMS, Dow Corning Sylgard 184) process and plasma bonding with
one slice of microscope glass spin-coated with one thin layer of PDMS to ensure uniform surface
property . After exposure to the plasma, the PDMS surface becomes hydrophilic, the surface
anchoring changes from homeotropic to degenerate planar [7]. It will gradually turn back to
hydrophobic and homeotropic within 1-2 hours, depending on the ambient parameters such as
room temperature and humidity. The microchannel was generally stored for more than one day
to ensure the homeotropic surface anchoring.
Figure 2 (1) shows the overall layout of the microchannel while Fig. 2(2) shows the flow
cell of the microchannel. In total 10 flow cells built the microchannel. Both nozzle and diffuser
directions are tested in the experiments. Width of the microchannels are W1 =150 µm, and W2 =25
µm respectively with the depth d=35 µm. The parameter α represents the opening angle of
the flow cell. Microchannels with three opening angles - 15◦ , 30◦ and 45◦ - are designed and
fabricated for investigations.

Vol. 26, No. 8 | 16 Apr 2018 | OPTICS EXPRESS 10455

[Overall experimetnal setup]

[Representative diagram of the microchannel]

Fig. 1. Experimental setup for visualizing single phase liquid crystal flow in nozzle-diffuser
microchannels.
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Fig. 2. Schematic diagrams for (a) flow field, (b) directional field of LC and (c) LC orientations under crossed polarizer-analyzer.

2.2.

Optical setup

The dynamic response of the 5CB liquid crystal in nozzle/diffuser microchannels is observed
with the optical setup as shown in Fig. 2. A Diode pumped Solid State laser (MDL 100 mW)
at 404 nm wavelength is chosen for illumination. A laser light source is considered to avoid
the interferometric patterns from various light wavelengths. A polarizer and analyzer set(from
Thorlabs Inc.) is configured at cross polarization state for the purpose of revealing 5CB dynamic
response to the flow induced shear. A microscope objective lens (Olympus 10X/0.3NA) is used to
focus light into the microchannel and an infinity-corrected objective lens (Olympus 50X/0.5NA)
is used for collection of images from the microchannel which is then mapped onto the high speed
camera (Phantom m310) through a tube lens (Thorlabs Inc.). The high speed camera can capture
3,200 frames per second at full resolution of 1280 x 800, which has the ability of capturing the
5CB response in the nozzle/diffuser microchannel. All experimental results are recorded at the
speed of 500 frames per second.
2.3.

Fluidic setup

Centoni neMESYS, high-precision syringe pump and gas tight microliter syringe (Hamilton
Gastight 1725) are utilized to create confined flow condition. PTFE micro tubing is chosen to
connect syringe and microchannel to avoid chemical corrosion.
2.4.

Materials

The liquid crystal adopted is the single component liquid crystal 4-Cyano-4’-pentylbiphenyl
(5CB), with chemical formula C18 H19 N, purchased from Frinton Laboratories (FR-2240). 5CB
is prepared without additional treatment and it is in the nematic phase as temperature of the
microchannel is controlled at 24 ◦ C. Its transition from nematic phase to isotropic phase occurs
at temperature of 33 ◦ C.
3.
3.1.

Results
Theory of nematic LC dynamics

A brief derivation of theory of nematic LC dynamics is introduced for physical interpretation
[29,30]. As indicated in Fig. 2, the dynamics of the nematic LC flow can be described by velocity
field v = (v x , v y ) and directional field n = (n x , n y ). Figure 2 (c) illustrates that light intensity
can be tuned via LC molecular orientations. Under crossed polarizer-analyzer setup, when LC
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Fig. 3. Fringe pattern characteristics along both diffuser and nozzle directions.

molecule is located at position “1”, maximum light intensity is obtained and white fringe appears,
while for LC molecule at position “2” the light is blocked rendering the dark fringe.
By applying the general conservation law of mass, linear momentum and angular momentum
respectively and assuming one- constant elastic constant, we can get the following equations:

with:

v i ,i = 0

(1)

ρ v̇ i = ρFi − (p + w F ) ,i + g̃ j n j,i + G k n k ,i + t̃ i j, j

(2)

K n i , j j + g̃i + G i = λn i

(3)

t̃ i j = α1 n k A k p n p n i n j + α2 Ni n j + α3 n i N j + α4 A i j
+ α5 n j A ik n k + α6 n i A jk n k

(4)

g̃i = −γ1 Ni − γ2 A i p n p

(5)

where Fi is the generalized body force per unit, p is the applied pressure, w F is the energy
density, K is the elastic constant, G i represents the external body force and λ is the Lagrange
multiplier. t̃ i j is called as viscous stress, which can be express in the form of Eq. (4). α i is known
as the Lesile viscosity determined by the LC fluid properties. γ1 and γ2 are viscosity constants
defined as such: γ1 = α3 − α2 , γ2 = α6 − α5 . The co-rotational time flux N is defined as the curl
of relative angular velocity and direction field: N = ω × n, while A is the rate of strain tensor:
A = 12 (∇v + (∇v)T ).
It’s seen from Eq. (1)—Eq. (5), apart from the conventionally velocity field v , the directional
field n is also to be solved. Considering pressure driven flow in nozzle/diffuser microchannels
where the external body force (including gravity) can be neglected, the hydrodynamic energy is
to be balanced by both the viscous dissipation (t̃ i j ) and varying the direction field of LC (w F ,i
& g̃ j n j,i ). However the viscous dissipation t̃ i j is also determined by the directional field n. The
coupling of the two fields leads to the complexity of the phenomena, yet raises the potential for
flow field visualization via imaging of LC molecular orientation.
3.2.

Flow field induced fringe patterns in nozzle/diffuser microchannels

Figure 3 presents the characteristics of the fringe pattern obtained from the optical setup shown
in Fig. 1 when the LC flows through the nozzle/diffuser microchannel. Fringe patterns can be
divided into two major groups based on their locations: (1) at the center region and (2) at the
corner region. Fringes at the center determined by the hydrodynamic pressure gradient which
visualizes the flow field are of great interest to us.
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Fig. 4. Fringe patterns of 15◦ opening angle microchannel along diffuser and nozzle directions.

We obtain the results for 15◦ opening angle microchannel at different flow rates along both
nozzle and diffuser directions. Within the scope of this article, 15◦ is the smallest opening angle
among all microchannels. Small angle leads to less pressure variation along flow direction and
thus the optical pattern varies gradually. A gradual and clear shifting of the central fringes
towards the expansion on increasing the flow rate from 5 µL/h to 25 µL/h is observed which
is highlighted by the dashed line and the arrows in Fig. 4. To validate the concept of this flow
visualization method, we conduct a set of numerical simulations on general fluidic flow in the
nozzle/diffuser microchannel with viscosity =32 cSt and density = 1008 kg/m3 [7] via finite
volume method whose results are well accepted in fluid mechanics. The comparison between
the fringe patterns via LC polarization and the simulation is presented in Fig. 4. Noted that one
constant velocity scale is set during the result processing for comparison purpose.Interestingly,
by comparing the fringe pattern via the LC polarization and the flow contour calculated by
simulation we find great similarities in not only the shape of the patterns but the shifting trend of
these patterns via increasing the flow rate as shown in Fig. 4. The shifting of the fringe pattern is
determined by the variation of the LC molecular orientation which is induced by the flow field.
In this case, within the range of flow rates from 5 µL/h to 25 µL/h, the distribution of the fringe
pattern gives potentials for general investigations of fluidic flow via introducing LCs.
We observe similar but more obvious fringe patterns when using the 30◦ and 45◦ microchannels as shown in Fig. 5. Larger opening angle generates greater pressure gradient which leads to
comparatively more obvious fringe patterns . The fringe patterns also shift towards the expansion
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Fig. 5. Fringe patterns of 30◦ and 45◦ opening angle microchannels along both diffuser and
nozzle directions. (a) Fringe patterns of 30◦ opening angle microchannel, (b) fringe patterns
of 45◦ opening angle microchannel.

portion of the channel with the increasing of flow rate or Reynolds number (Re). The shifting
trend of the fringe pattern is also caused by the flow shear induced reorientation of the LC
molecules. Noticeably, the thread-like patterns, normally termed as topological defects, appear
under higher flow rates (35 µL/h for diffuser, highlighted by the blue circle in Fig. 4). When
large molecular reorientation gradient is applied and 5CB’s molecular orientation cannot change
continuously, “threads” will occur. When the LC flows in a microchannel with a larger opening
angle, the threads appear at a relatively low flow rate making the observation difficult. We will
discuss the limitation of this method in the “Discussion" section.
4.

Discussion

Figure 6(a) illustrates the dependence of the representative fringe contours on Re. An inverse
dependence of fringe number on Re is observed. The characteristics of the fringe contour have
great influence on the flow field visualization. The influence of the Re on the fringe number
implies the application scope of this visualization method.
A direct impact of the fringe patterns induced by flow conditions (Re)and quantified by the
term of fringe pattern as shown in Fig. 6(b). Fringe density is defined as:
χ∗ =

χ
N/S
=
χ Di −15◦ ,35
χ Di −15◦ ,35

(6)

Where χ∗ is the dimensionless fringe density, χ is the dimensional fringe density, χ Di −15◦ ,35
represents the fringe density of the 15◦ opening angle channel along the diffuser direction flowing
at Re=0.0089 (35 µL/h), N is the total number of fringes and S is the area of one flow cell.
The fringe density in the central region is a combination of Re and channel geometries. A
threshold of fringe densities exists, meaning flow field tuned fringe pattern is only sensitive under
a certain range of flow rates depending on the geometries. As Re increases, the flow shear applied
is strong enough to realign the molecules. When Re < 0.0013 (flow rate <5 µL/h), the fringe
cannot be stabilized and a constantly shifting fringe becomes observable. When Re goes beyond
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Fig. 6. Applicable conditions for flow visualizations via 5CB polarization. (a) Representative
fringe contours of various Reynolds numbers (15◦ opening angle), (b) variation in fringe
densities as function of Re for various opening angles, (c) critical Er number for different
opening angles.

the range, the molecular orientation of 5CB is incapable of capturing the flow field resulting in
a lower and constant fringe density χ∗. Results in Fig. 6(b) show that the opening angle also
affects the fringe density χ∗ as the flow induced shear is determined by both the flow condition
and opening angle. The topological defect in the larger opening angles appears at a lower flow
rates which reduces the application scope of this method.
Normal flow stability is characterized by Reynolds number Re. However, LCs flow show
instability at very low Re (typically Re ≈ 10 −3 ). As such Erikson number should be considered
for LCs flow [6]. Erikson number (Er) is defined as:
Er =

vµL
K

(7)

Where v is the flow velocity, µ is the dynamic viscosity, L & K represent the characteristic length
and elastic constant respectively. For simplicity , we have µ = 32 cSt, K = 5.5 × 10 −12 N [7].
Figure 6(c) shows the critical Er number for different opening angles. Critical Er number
indicates the critical flow condition when the threads appear. We can conclude that the critical
Er number drops drastically when 5CB flows in larger opening angle while difference between
nozzle and diffuser direction is not significant. Large opening angle promotes the flow shear and
has a relatively high fringe density and it tends to show the thread even at low Er number. When

Vol. 26, No. 8 | 16 Apr 2018 | OPTICS EXPRESS 10461

Er number is high enough, the thread will appear and make it hard for fringe pattern observation.
Therefore the critical Er number defines the range of the flow condition, within which the flow
visualization via liquid crystal polarization is applicable.
In summary, we have investigated visualization of the flowing through nozzle/diffuser microchannels by analyzing the fringe pattern obtained from liquid crystal polarization. The method
is implemented by imaging of the flow of the liquid crystal in microchannels under a polarization based optical configuration. The flow field is visualized and characterized by analyzing
the obtained fringe patterns. Flows along both the nozzle and diffuser directions are visualized via analyzing the associated fringe patterns and validated by the simulation results. Our
results prove that the optical imaging of LCs flowing provides a novel avenue for flow field
visualizations [31, 32].
The concept of particle free imaging of flow field achieved by liquid crystal polarization
provides a distinctive method for flow field visualization and its related analysis. Although the
method is limited by the appearance of the topological defects, various LCs can introduced to
expand the applicable flow conditions. Overall it shows great advantages in low Re flow where
brownie motion might be a issue for particle based visualization method. Further more, this flow
visualization method utilizes the reorientation of the LCs’ molecules whose scalar is smaller
than particles and therefore might be able to give clues to the flow dynamics at interfaces. We
are to explore the interfacial dynamics at microscale in the near future.
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