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a  b  s  t  r  a  c  t

A  polydimethylsiloxane  microfluidic  device  enabling  dual-view  visualization  is proposed  and  demon-
strated.  A prism  with a 2 mm  square  base  was  embedded  beside  a 300  �m-wide  microchannel.  In addition
to  ordinary  visualization  from  the  top  of the  device,  the microchannel  could  be viewed  from  the  side,  and
its  optical  path  was  reflected  to  the  top  by  the  prism.  The  top and  side  dual  visualization  in  a  single  field
of  view  was  then  realized  with  a single  objective  lens.  The  shifts  in the focal  point  in  the  top  and  side
eywords:
ual view
icrofluidic channel

DMS
ark-field view

directions  were modeled,  and  a compensation  method  utilizing  a flat sheet  was  used.  After  simultaneous
bright-field  and  dark-field  visualization  was  attained,  dual-view  fluorescence  imaging  of  the  fluorescent
solution and cells  was  realized.

©  2017  Elsevier  B.V.  All  rights  reserved.
luorescence

. Introduction

Microfluidic and nanofluidic systems have been enthusiastically
nvestigated in last two decades [1–9]. The optical microscope is an
mportant tool for studying micro- and nanofluidic devices [10–14];
t has various observation modes, such as a bright-field, dark-
eld, and fluorescence modes, and appropriate modes are chosen
epending on the situation. For example, the dark-field mode is
ffective for immobilized particles.

In microfluidic investigations and applications, parameters
uch as three-dimensional (3D) position, shape, and deforma-
ion are often examined. One of the most common 3D imaging

ethods is the confocal fluorescent microscope, which can visu-
lize microscale objects and flows with high resolution. For
eformable samples such as microdroplets, the holographic 3D

maging method has been used [15,16]. For example, Oishi et al.
emonstrated 3D visualization of the droplet-formation process by
tilizing their digital holographic microscope. These methods uti-
ize a coherent light source and 3D visualization is achieved with
rdinary optical setups, namely a combination of an illumination
ath and an observation path.

∗ Corresponding author at: IMRAM, Tohoku University, 2-1-1 Katahira, Aoba,
endai, 980-8577, Japan.

E-mail address: hibara@tagen.tohoku.ac.jp (A. Hibara).

ttp://dx.doi.org/10.1016/j.snb.2017.04.013
925-4005/© 2017 Elsevier B.V. All rights reserved.
Another possible 3D visualization approach is the stereoscope,
with which microscale objects are observed from two different
directions, without requiring a coherent light source. An ordi-
nary binocular stereomicroscope with a slight angle difference may
appear simple to our eyes, but 3D visual recording is not easy and
image reconstruction methods, such as the digital image correla-
tion method [17], are still under development. One  simple way to
facilitate dual-direction observation is to observe from the orthog-
onal directions to obtain a combined image like an orthographic
projection. If orthographic-projection-like imaging is easily avail-
able, it may  become a feasible option for 3D visualization.

Polydimethylsiloxane (PDMS) is widely used in microfluidic
technologies and occasionally used for optofluidic devices [18,19]
and for embedding small objects in microfluidic devices [20–24].
Recently, we have investigated an optics-embedding technique in
PDMS microfluidic devices [25–27]. This method can potentially
be applied to 3D visualization, as shown in Fig. 1. In this design, a
prism is embedded beside a microchannel and an image from the
side plane of the microchannel is obtained by utilizing reflection in
the prism. The side-view image was  obtained in our previous work
[25,26], but, because of the difference between the focal lengths
for the top and side observations, simultaneous top-and-side (dual)
view image has not been realized.
Here we propose and demonstrate a new microfluidic device
that offers simultaneous top-and-side (dual) views. The difference
between the focal lengths of the top- and side-view paths is com-

dx.doi.org/10.1016/j.snb.2017.04.013
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.04.013&domain=pdf
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Fig. 1. Concept of dual-view flow-channel visualization. The top (x-y plane) and side (x-z
Transducers Research Foundation. Copyright 2014.
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ig. 2. Side view of the dual-view device. (For interpretation of the references to
olour in the text, the reader is referred to the web  version of this article.)

ensated by placing a PDMS sheet in the side-view path. First, we
onsidered the focal lengths of the top and side paths and their devi-
tions in different media (PDMS and prism). We  then calculated
he thickness of the compensating PDMS sheet, and the design was
nalized. The device was fabricated, and its validity was confirmed
y visualizing the microchannel.

. Design and model

Fig. 2 shows a side view of the dual-view device. A right-angle
rism is used for reflecting the optical path of the side view. In order

o fix the prism on a flat surface, the prism is designed to be attached
o a glass plate. The tip of the right-angle prism is then used for the
eflection of the optical path of the side view to shorten the distance
etween the microchannel and the reflection point. Since a longer
 plane) views are simultaneously visualized [27]. Reprinted with permission from

distance would lead to a wider field of view, the microchannel is
not placed on the glass plate, but near the tip of the prism.

The two red lines in Fig. 2 denote the optical paths of the top and
side views. For the top view (path 1), the microchannel is observed
through the glass plate and the PDMS layer between the glass plate
and the microchannel (thickness: l1). For the side view (path 2), the
microchannel is observed through the compensating PDMS  sheet
(thickness: lc), the glass plate, the prism (side length: lp), and PDMS
layer between the prism and the microchannel (thickness: l2). The
distance between the prism surface (close to the microchannel) and
the reflection point of path 2 is defined as l3. When we ignore the
height of microchannel (∼several tens of micrometers), the differ-
ence between paths 1 and 2 is l2 + l3.

Despite the difference in path length, the focal lengths of the
two paths can be equal by considering refraction at the interfaces.
Fig. 3(a) shows a simple model for considering the focal-length
shift of refractive elements. In this model, light is introduced from
a medium (medium 0) with refractive index n0 to another medium
(medium 1) with refractive index n1 and a thickness of t at an
incident angle of �. The light then exits medium 1 and re-enters
medium 0. The refraction at the interfaces is described by Snell’s
law,

n0sin� = n1sin�′, (1)

where �’ is the refractive angle in medium 1.
After passing through medium 1, the locus deviates from the

extended line of the incident light, shifting a distance of d such that

d

t
= 1 − tan�′

tan�
. (2)

The numerical value of the shift divided by the thickness of medium
1, d/t, is obtained by solving the simultaneous equations. The
dependence of the shift/thickness ratio on the incident angle, �,
is represented by the solid line in Fig. 3(b). It was calculated for
the case of the air/PDMS interface. Generally, the shift increases for
higher incident angles, which suggests that some lens structure is
required for at least one of the paths in order to match the two path
lengths. In contrast, in the case of a small incident angle where �
(rad) « 1, the approximation tan � ≈ sin � ≈ � can be used and Eq. (2)

is written as

d

t
= 1 − n0

n1
. (3)
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Fig. 4. (a) Top view of Al mold. (b) Microchannel and Al-mold aligner. The
ig. 3. (a) Simple model for considering the focal-length deviation of refractive
lements. (b) Estimation of Eqs. (2) and (3).

n this case, the shift does not depend on the incident angle, and the
hift/thickness ratio as a function of � is represented by the broken
ine in Fig. 3b. When a low-magnification (e.g., 4×, 5×, and 10×)
bjective lens is assumed, Eq. (3) is valid. In other words, no lens
tructure is needed and a flat medium can compensate the focal
ength difference in a low-magnification dual-view system.

In the present study, we focus on the low-magnification system
or a simple demonstration of our concept. The focal-length shifts
f paths 1 and 2 are defined as d1 and d2, respectively, and calcu-
ated with Eq. (3). Here, because the shifts by the glass plate are
dentical in both paths, they are ignored. In path 1, only the PDMS
ayer should be considered and d1 is represented by

1 = l1

(
1 − n0

nPDMS

)
. (4)

n path 2, we have to consider both PDMS components (compen-
ating sheet and layer) and the prism. The total PDMS thickness is
2 + lc and the length of path 2 in the prism is lp. Therefore, d2 is

epresented by

2 = (l2 + lc)
(

1 − n0

nPDMS

)
+ lp

(
1 − n0

nprism

)
. (5)
microchannel mold had a width of 300 �m.  The distance from the top edge line
of  the Al-mold aligner to the center of microchannel was 4.5 mm.  (c) Configuration
before PDMS casting. All measurements in the diagrams are in millimeters.

As mentioned before, d2 is longer than d1 by (l2 + l3). The following
relationship is thus derived:

d1 + l2 + l3 = d2. (6)

By solving Eq. (6), we  can obtain the required PDMS sheet thickness,
lc. If a negative lc is obtained, we have to place the PDMS sheet in
path 1.

3. Experimental

3.1. Materials and apparatus

The microfluidic device with embedded optics was fabricated
with soft lithography [28]. The fabrication procedures are described
in the following section. A thick negative photoresist and a glass
plate were used for mold preparation. The 60-�m-thick resist
layer was  deposited by a spin-coater, and UV light was irra-
diated on the parts exposed by the mask aligner. PDMS was
used for mold replicating, optics embedding, and sheet prepara-
tion. To bond the PDMS layer to a glass plate or another PDMS

layer, a plasma cleaner was used. A right-angle prism (N-BK7
2 mm  aluminum-coated, Edmond Optics Japan) was embedded in
the device. A 5-mm-thick aluminum plate was  fabricated with a
computer-controlled endmill. Human umbilical vein endothelial
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ig. 5. Fabrication procedure for the dual-view observation microfluidic device. (a
eeling and cutting. (e) Spacing-layer bonding. (f) PDMS and prism setting. (g) PDM

ells (HUVECs, PromoCell) were introduced to the microchannel
nd incubated in an endothelial cell growth medium (EGM-2,
onza) at a temperature of 37 ◦C [29]. Next, the fluorescent reagents,
halloidin-fluoresceinisothiocyanate (phalloidin-FITC) for actin
nd hoechst for nuclei, were introduced and fluorescent micro-
raphs were obtained. Objective lenses with magnifications of 5×
N.A. 0.10) and 10× (N.A. 0.25) were used for the observations.

.2. Fabrication

In order to realize the design shown in Fig. 1, position control of
he embedded prism is a key technology. In our study, we  used the
wo-step PDMS-casting method. In the first step, a microchannel
aving a 60 �m depth was formed by an ordinary soft lithographic
echnique, in which an Al mold, shown in Fig. 4(a), was placed
eside the microchannel. The Al mold had a square protrusion
hat provided the microchannel with a controlled gap. Fig. 4(b)
hows the mold pattern of the microchannel with the Al-mold
ligner. When the Al mold was attached to the aligner, as shown in
ig. 4(c), the distance between the protrusion and the microchan-
el mold matched the designed value. Here, the protrusion had a

 mm (4000 �m)  offset from the sides attached to the aligner. The
ligner’s side was set at a distance of 4.5 mm (4500 �m)  from the
enter of the microchannel, and the microchannel had a width of

00 �m (the channel wall was placed 150 �m from the center line).
he resulting gap of 0.35 mm (350 �m),  corresponds to l2 in Fig. 2.

This gap control process described above is illustrated in Fig. 5(a)
nd (b). A prepolymer liquid was cast, as shown in Fig. 5(c). After
d fabrication. (b) Aluminum-mold setting. (c) PDMS casting and curing. (d) PDMS
ing and curing.

thermal solidification, the PDMS portion was peeled from the mold,
and excess PDMS on the Al mold was cut to obtain a vacant notch
at the original position of the square protrusion in the Al mold,
as shown in Fig. 5(d) (PDMS layer 1). Another 1.8 mm-thick PDMS
sheet with an identical notch and no microchannel was  prepared
(PDMS layer 2) as the spacing layer and bonded to the first PDMS
sheet with the microchannel structure. The horizontal positions
of the notches of both layers were adjusted to match (Fig. 5(e)).
The thickness of PDMS layer 2 (1.8 mm)  corresponds to l1 in Fig. 2.
The other side of PDMS layer 2 was bonded to a glass plate, and a
right-angle prism with leg lengths of 2 mm was set in the notch,
where the two perpendicular planes of the prism were attached
to the PDMS plane beside the microchannel and the glass plate, as
shown in Fig. 5(f). In this configuration, the bottom plane of the
microchannel was at a height of 1.8 mm from the glass plate, and
the prism had a side length of 2.0 mm,  corresponding to lp in Fig. 2;
the value of l3 in Fig. 2 was 0.2 mm.  After the prism was set, the
prepolymer liquid of PDMS was cast and cured again to embed the
prim in the device.

3.3. Device

The calculation model parameters and refractive indices are
summarized in Table 1. By substituting these values into Eqs.

(4)–(6), we obtained a value of 1.1 mm for the thickness of the
compensating PDMS sheet. Therefore, we prepared a small piece
of 1.1 mm-thick PDMS sheet and bonded it to the portion through
which path 2 traveled. The device is shown in Fig. 6.
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Table  1
Parameters in the calculation model used to predict the thickness of the compen-
sating PDMS sheet.

Symbol Value

nPDMS 1.43
nprism 1.52
l1 1.8 mm
l2 0.35 mm
l3 0.2 mm
lp 2.0 mm
lc 1.1 mm
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Fig. 7. (a) Characteristics of the dual-view device under transillumination. (b) Dual-
view image of the device showing a vacant microchannel [27]. Fig. 7(b) is reprinted
with permission from Transducers Research Foundation. Copyright 2014.
Fig. 6. Photograph of the dual-view microfluidic device.

. Results and discussion

.1. Observation with transillumination

The dual-view device was set on a microscope stage and
bserved from the top and side directions under transillumination.
he illumination and observation configuration is illustrated in
ig. 7(a). The top view corresponds to ordinary bright-field observa-
ion. On the other hand, since the side-view locus is perpendicular
o the illumination direction, it corresponds to dark-field observa-
ion.

Fig. 7(b) shows a micrograph, obtained with the 5× objective
ens, of the area around the microchannel and the prism. The

icrochannel was vacant (without liquid introduction). The dark
ectangular area in the upper portion of the image corresponds to
he prism; the side view is also available in this section. As designed,
he top and the side images were obtained in a single microscope
mage. As explained earlier and illustrated in Fig. 7(a), the side view
ielded a dark-field image as the roughness of the microchannel
all scattered the transillumination light, and the scattered light

an be seen against the dark background. The interface between
he prism and PDMS can be seen between the top and side images.
he image of the interface is not sharp. The image deterioration was
aused by stray light, such as scattering at the edges of the channel
nd/or prism and multi-reflections, rather than surface roughness
f the PDMS sheet and prism.

Simultaneous bright-field and dark-field observation is a
otable feature of the present device. Since dark-filed observation is
ffective for particle analysis (microparticles, nanoparticles, cells,
nd so on), the device has high potential for particle analysis in
icrofluidic devices.
.2. Fluorescence observation with epi-illumination

Fluorescence images of the dual-view device were obtained
nder epi-illumination. The illumination and observation config-
uration is illustrated in Fig. 8(a). The illumination light intensity
should be higher in the microchannel in the dual-view area than
that exiting the dual-view area because the microchannel was  irra-
diated from the top and side directions. Fig. 8(b) shows the field
of view that could be obtained with the 5× (red arrow) and 10×
(blue arrow) objective lenses. The top and side images were only
partially visualized with the 10× objective lens because of the wide
gap between the images.

Fig. 8(c-1) shows a fluorescence micrograph, obtained with
the 5× objective lens of the microchannel filled with an aqueous
solution of dextran-fluorescein. The red arrow beside the image
indicates the field of view and its direction in Fig. 8(b). Similar to
Fig. 7(b), the top and side fluorescence images were simultaneously
obtained in a single field of view. As explained earlier, the dual-view
area is brighter than the other area in the top image. The bright line
between the images might have been caused by scattered light at
the edge of the prism.
With the 10× objective lens, the side view and the upper edge
area of the top view were visualized, as shown in Fig. 8(c-2). The
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Fig. 8. (a) Characteristics of the dual-view device under epi-illumination. (b) Schematic illustration of the field-of-view ranges available with the 5× (red arrow) and 10×
(blue  arrow) objective lenses. Fluorescence dual-view images of the microchannel filled with aqueous dextran-FITC solution obtained with the (c-1) 5× lens and (c-2) 10×
lens.  Fluorescence dual-view images of the human umbilical vein endothelial cells (HUVECs) stained with phalloidin-FITC and hoechst, obtained with the (d-1) 5× lens [27]
and (d-2) 10× lens. Fig. 8(d-1) is reprinted with permission from the Transducers Research Foundation. Copyright 2014. (For interpretation of the references to colour in this
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gure  legend, the reader is referred to the web  version of this article.)

mage is an example of the trade-off between the resolution and
he field of view, as is often the case with ordinary microscopy.

Next, HUVECs cultivated in the microchannel and stained with
halloidin-FITC and hoechst were observed. Fig. 8(c-1) shows the
uorescence image obtained with the 5× objective lens. While the
ize of the cells was of the order of tens of micrometers, the opti-
al resolution was only several micrometers. Therefore, the cell
mages were not sufficiently resolved, but we can recognize the
ell positions and their density from the image. The spotty defo-
used image between the top and side images might be attributed
o multi-reflections in the prism.

The side view and the upper edge area of the top view were
isualized with the 10× objective lens, as shown in Fig. 8(d-2).
he resolution of the image is slightly improved, and we can see

he attached cells on the microchannel side wall. When a higher
umerical aperture is used, the focal length adjustment requires
compensation with a curved surface, but it was  not the case in our
study, and the flat PDMS successfully compensated the focal length.

Although many issues must be resolved before our proposed
technique can be effectively improved, we have successfully
demonstrated dual-view visualization in a single field of view.
In order to improve the resolution of the dual-view in a single
image by using a higher-magnification lens, the gap between the
microchannel and the prism should be shortened, and the opti-
cal path lengths should be shortened. The gap issue seems to be
solved by simply using a new mold design. Smaller prisms should
be used to solve the optical path length issue, and the small one
with a square base of 0.2 mm × 0.2 mm is commercially available.
By utilizing such a prism, the total focal length can be shortened,
allowing higher-magnification observation.
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. Conclusions

Dual-view visualization in a single image of the microchan-
el in a microfluidic device has been proposed and successfully
emonstrated based on model analysis and the use of embed-
ed optics. We  have shown that simultaneous bright-field and
ark-field observation is possible by top-and-side dual-view with
ransillumination. Furthermore, dual-view fluorescence imaging is
ttainable with epi-illumination. The method is expected to con-
ribute to microfluidic applications such as 3D cell cultures [30,31],
ell deformation analysis [32], inertial microfluidics [33], magnetic
pplications [34], optofluidic applications [35], and droplet chem-
cal analysis [36–39].
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