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Most  of  the  available  microvalves  include  complicated  fabrication  steps  and  multiple  materials.  We
present  a microvalve  which  is  inspired  from  macroplug  valves.  The  plug  microvalve  is fabricated  by
boring  a  hole  through  a rigid  cylindrical  rod  and  inserting  it through  a microfluidic  chip. It  simply  func-
tions  by  rotating  the  rod  which  aligns  or misaligns  the  valve  port  with  the microchannel.  The  rod  is made
up  of a rigid  material  for applying  the  valve  to an elastic  polydimethylsiloxane  (PDMS)  microchannel.
The  valve  can  also  be used  for a  rigid  channel  by  inserting  the  rod  into  an  elastic  tubing.  Therefore,  the
presented  microvalve  can be used  for both  elastomeric  and  thermoplastic  channels.  The  plug  microvalve
can  be  applied  to  a  prefabricated  microchannel  and  does  not  require  modification  of the mold  design.
We  have  verified  the repeatability  and  robustness  of the  valve  by repetitive  operation  cycles  using a
servo  motor.  The  plug  microvalve  is adaptable  to  numerous  microfluidic  applications.  We  have  shown

three  modes  of  operation  for the  microvalve  including  fluid  flow  control  across  multiple  intersecting
channels.  Integrating  the  microvalve  to some  commonly  used  microfluidic  designs,  we demonstrated
the  versatility  and  the practicality  of the  microvalve  for controlling  flow  focusing,  microdroplet  sorting
and  rapid  chemical  agent  detection.  This  low-cost  microvalve  significantly  minimizes  the  prototyping
time  for  microfluidic  systems.

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

Fully integrated microfluidic devices require several compo-
ents such as channels, pumps, mixers and valves. Early years of
he birth of microfluidics witnessed the development of these basic
omponents using different methods. In the literature, a variety
f microvalves have been reported which employ electro active
olymer [1], piezoelectric materials [2], ferrofluids [3], electro-
tatic actuation [4] or phase change materials such as paraffin wax
5], hydrogel [6], or thermo sensitive materials [7]. There are also
ingle-use burst valves that are normally-closed and opens irre-
ersibly [8]. The passive capillary valves can also be considered as
ingle-use since reactivation of the valve requires complete dry-
ng of the chip [9]. One can refer to review articles for numerous
ther types of microvalves [10,11]. Amongst these valves, the pneu-
atic membrane valve had a profound impact in the field [12].
he high scale integration of these valves allowed exquisite control
f fluids in tiny compartments [13]. The multi-layer microfluidic
ystem uses a control layer to adjust the pressure in order to

∗ Corresponding author.
E-mail address: elbuken@unam.bilkent.edu.tr (C. Elbuken).

ttp://dx.doi.org/10.1016/j.sna.2017.09.001
924-4247/© 2017 Elsevier B.V. All rights reserved.
activate or deactivate each valve. The similar doormat valves, which
rely on SU-8 molds, operate in a similar way  [14]. However, these
microvalves require precise multi-layer microfabrication and is not
suitable for rapid fabrication. In order to address these challenges
the simplistic twist valves have been developed [15]. These valves
do not require any off-chip components and can be fabricated rela-
tively easier compared to pneumatic membrane valves. They do not
need any pressure or power to retain their state, thus they are appli-
cable for portable applications. However, these twist valves still rely
on deflection of a thin PDMS membrane, which is achieved either
by twisting a screw or by actuation of a spring plunger [16]. Their
fabrication is tedious and include several additional steps such as
precise alignment, vertical integration of a screw and curing of a
second material to form the threads. It is important to note that
both pneumatic membrane valves and twist valves are pinch valves
that function based on deflection of an elastic layer which requires
microfabrication.

In recent years, microfluidic community has focused more
on the application of integrated lab-on-a-chip (LOC) devices
with increasing number of researchers from diverse backgrounds.
Bringing in new opportunities and new research directions, the

increasing demand for more capable systems poses some chal-
lenges such as the need for expertise in all the components of
an integrated LOC system. It is interesting to note that although

dx.doi.org/10.1016/j.sna.2017.09.001
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2017.09.001&domain=pdf
mailto:elbuken@unam.bilkent.edu.tr
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icropumps and micromixers are quite standardized and easy-to-
each for most researchers, microvalve is still a tricky component
specially for people without microfabrication expertise. There is
till not a gold standard microvalve available in the market. There-
ore, there is a gap in the field for low-cost, versatile microvalves
hat can be fabricated and applied by non-experts.

In this study, we present arguably the simplest type of
icrovalve that can be exploited in microfluidic systems. We  report

 plug microvalve that is inspired from macroscale quarter turn
all valves. The plug microvalve is fabricated by boring a hole
hrough a cylindrical rod which is inserted into a hole punched
hrough the microchannel. This valve inherits all the benefits of
he twist microvalve; (i) it does not require any change of the
riginal channel design, (ii) it is very low-cost, (iii) it is truly inte-
rated and operates without any off-chip components, (iv) it only
equires power during state change. Unlike the twist valve, the plug

icrovalve can be fabricated in less than 5 min  which requires no
killset other than punching and drilling holes. Additionally, the
resented valve can be integrated to both elastomeric and thermo-
lastic microfluidic devices such as polydimethyl siloxane (PDMS),
olymethyl methacrylate (PMMA), acrylonitrile butadiene styrene
ABS), polycarbonate (PC) and polystyrene (PS) which is a unique
eature. Since it works by completely blocking the microchannel
ather than pinching the channel, it works for any channel size or
hape (rectangular or round microchannel).

. Fabrication and characterization of the plug micro valve

The operation of the valve is shown in Fig. 1. As seen, the valve
s composed of a rod which is inserted to a channel. The rod con-
ains a hole that is aligned with the microchannel in its ON position.
erein, we used polylactic acid (PLA) rods owing to their mechan-

cal properties. PLA is a commonly used biocompatible 3D printing
aterial which is readily available. It has a Young’s modulus of

.5 GPa which provides the rigidity required during the operation
f the valve and also ease of fabrication during hole opening.

.1. Fabrication

The plug microvalve is fabricated in four simple steps. First, we
ut a piece of rod from PLA filament stock and bore a hole through
he radial axis of the rod (Fig. 2a). Then, we bend the tip of the
od 90◦ to the direction parallel to the hole using a hot air gun
et at 200 ◦C (Fig. 2b). This allows ease-of-handling during manual

peration. Then, a through hole is opened across the microfluidic
hip intersecting the microchannel at the point where we  need the
alve (Fig. 2c). Finally, the rod is inserted into the hole on a flat
urface so that the hole aligns with the microchannel (Fig. 2d).

Fig. 1. 3D schematic drawing of the plug mic
ators A 265 (2017) 224–230 225

The through hole of the rod is obtained using a benchtop micro
miller (Proxxon MF  70) with tungsten carbide drill bits (Proxxon
28321). PLA rod is fixed into a V-shape groove along a metal fix-
ture (Fig. 2a). Drilling is done gradually by 4–5 rapid up and down
motion of the drill bit in order not to increase the temperature of
PLA and cause melting. In order to achieve the alignment of the
hole with the microchannel in the final device, the distance from
the center of the hole to the bottom of the rod should match the
height of the microchannel from the bottom of the substrate. In this
way, inserting the rod all the way into the microfluidic chip on a
flat surface ensures the alignment. The horizontal alignment of the
rod with the channel is achieved when punching the hole through
the device which is performed under stereo microscope (Fig. 2c).
Sample rods with 600 �m and 200 �m diameter holes are shown in
Fig. 2a inset. The dead volumes for these microvalves are 0.48 �l and
0.053 �l, respectively, which are negligible for most applications.

The rods shown in Fig. 2a are used for soft PDMS microchannels.
For microchannels made out of rigid materials such as PMMA,  the
rod should be elastic to obtain a successful sealing. This is achieved
by inserting the PLA rod into a silicone tubing and performing the
hole drilling step explained as above. A resultant valve can be seen
in Fig. 3c, for which we used a silicone tubing of 0.8 mm ID and
2.4 mm OD. (Versilic spx-50). Fig. 3 shows the plug microvalves
integrated to a PDMS (a–b) and a PMMA  (c–d) microfluidic device.
Fig. 3a and 3c show the OFF position of the valve at which the bent
section of the rod is perpendicular to the microchannel. Fig. 3b
and 3d show the ON position with the red dye solution filling
the microchannels. PDMS channels are obtained using conven-
tional soft lithography using SU-8 molds and sealed by bonding
to a blank PDMS piece using oxygen plasma activation [17]. PMMA
devices were obtained by CO2 laser cutter (Epilog Zing) and sealed
by a PMMA  piece using double sided tape. After fabrication of the
microfluidic devices, the location of the valves were marked using
a marker pen. Then, holes are punched through the PDMS or PMMA
device using punching or drilling, respectively. The larger the hole
through the PLA rod, the more tolerant the system to misalign-
ments.

2.2. Leakage test

We tested the sealing of the valve using a pressure pump sys-
tem (ElveFlow OB1). We  connected the inlets of the microchannels
shown in Fig. 3 to a DI water supply and gradually increased the
inlet pressure up to 2 bar. The valves with 200 �m and 600 �m

hole diameters withstood the maximum pressure of our test setup
(2 bar) for both the PDMS device and the PMMA  device. During
these tests, we  have not observed any leakage around the valve thus
the plug microvalves were successful in sealing around the hole.

rovalve at (a) ON and (b) OFF position.
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Fig. 2. Fabrication steps: (a) Drilling a hole through the PLA rod, (inset) close-up images of rods with 600 �m (top) and 200 �m (bottom) diameter holes. (b) Bending the tip
of  the hole for ease-of-handling using a hot air gun set at 200 ◦C for a few seconds. (c) Punching of the through hole for the placement of the rod. The location of the valve is
determined at this step and shows the versatility of the plug microvalve. (d) Insertion of the rod to the hole on a flat surface.
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ig. 3. Images of plug microvalves with 600 �m hole diameter integrated to PDMS
hannel  of 200 �m width and 50 �m height. Plug microvalve with the additional sil
nd  200 �m height. The fluid is supplied at an inlet pressure of 300 mbar using a pr

t should be noted that successful sealing of the plug microvalve
epends on the geometrical parameters and also the chip/rod
aterial elasticity. Although it is challenging to draw a universal

onclusion, from our repetitive experiments with rods and chan-
els of varying sizes, we can provide a design rule of thumb for
uccessful sealing: a) The diameter of the through hole across the
od should be at least twice the size of the channel width. b) The
iameter of the rod should be at least twice the size of the hole
iameter.

.3. Torque test

The plug microvalve can be operated by hand as shown in
he Supplementary movie 1. We  have characterized the torque
equired for closing/opening the plug microvalve using a digi-

al force meter. A 1.7 mm diameter rod valve with 600 �m hole
iameter having 4.4 cm actuation arm was engaged to the force
eter from its farthermost point and pulled retaining the valve-

ntegrated-microfluidic chip. The force value that the valve started
MMA  microchannels. Plug microvalve at (a) OFF and (b) ON position across PDMS
outer tubing, at (c) OFF and (d) ON position across PMMA  channel of 1.5 mm width

 pump.

to twist was noted. Torque (g cm) is calculated by multiplying the
arm length and the force. The mean values of three successive mea-
surements are shown in Fig. 4.

We  measured the torque for PDMS and PMMA  microchips of
two different thickness. As seen in Fig. 4a, the 4.8 mm thick PDMS
device requires approximately two times the torque required for
2.2 mm thick PDMS device. It is also evident that torque that is
required to activate the valve decreases with increasing hole diam-
eter. 1.7 mm  diameter PLA rod with 600 �m diameter hole shown
in Fig. 2a was  used for PDMS devices punched with 1.2, 1.5 and
2 mm diameter punches. We  have also tested PDMS microdevices
of varying elasticity by varying base polymer/curing agent ratios
during fabrication. As seen in Fig. 4a, stiffer PDMS devices (ratio
of 5:1) require less torque for the operation of the valve. It should
be noted that the softest PDMS device (ratio of 20:1) with 4.8 mm

thickness was  torn off at around 43 gcm during the tests. Therefore,
the PLA plug microvalve cannot be used for very elastic microde-
vices. For such a device, the use of other rod materials can be a
solution. For the PMMA  device (Fig. 4b), the rod shown in Fig. 3c
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Fig. 4. Experimental torque values measured for 1.7 mm diameter rod valve actu-
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Fig. 5. Automated operation of the plug microvalve using an Arduino controlled
servo motor. The fluid is supplied by a pressure pump at an inlet pressure of
300  mbar. The microchannel width and height are 300 and 100 �m, respectively.

Fig. 6. Control of the flow in multiple microchannels with a single valve. Three
straight PDMS/PDMS channels which intersect at a junction where a plug microvalve
tion for various sizes of holes punched through the device: (a) PDMS device with
arying device thickness and base/curing agent ratios, (b) PMMA device with varying
evice thickness.

as used. The results were similar to PDMS device. Increasing hole
iameter decreased the required torque while increasing device
hickness increased it.

We  have also investigated the sealing performance of these
icrovalves. We  have seen that the diameter of the hole

unched/drilled through the microfluidic device is a more impor-
ant parameter than the device thickness and elasticity (studied
or only PDMS devices). For the PDMS devices shown in Fig. 4a,
he valves integrated with 1.2 and 1.5 mm diameter punched holes
ithstood 2 bar inlet pressure. However, when 2 mm diameter

unch was used to make the through hole (which resulted in
pproximately 1.55 mm diameter hole waist due to elasticity of
DMS), the valve started to leak at approximately 240 mbar. Sim-

lar results were obtained for PMMA  devices. For the valves made
y 2.51 mm diameter hole, leakage was observed above 1.2 bar,
hereas other devices survived the leakage test up to 2 bar.

.4. Automation and long-term performance

We  have also demonstrated the automated operation of the
icroplug valve and evaluated its long term performance (sup-

lementary movie 2). For this purpose, we used a servo motor
PZ-15320). In this configuration, we did not bend the tip of the rod
nd inserted the straight rod with 600 �m hole into the servo actua-
ion arm using a custom-made adapter as shown in Fig. 5. The valve
as press fit to the servo arm. The motor was fixed on the PDMS

evice (10:1 mixed, 4.8 mm thick) for stand-alone operation. It was
ontrolled using an Arduino microcontroller to make a 90◦ clock-
ise rotation and then to go back to home position. The response

ime of the valve is measured to be approximately 200 ms.  We  actu-

ted the servo using a square train pulse with a period of 10 s. This
esulted in more than 8000 ON/OFF cycles for one day operation.
fter two days of operation, we have not observed any malfunction-

ng in the microvalve performance verifying the robustness of the
is  placed. In the shown state, valve is ON for the channel with yellow solution and
OFF for the remaining two  channels. (For interpretation of the references to colour
in  this figure legend, the reader is referred to the web version of this article.)

valve. For applications demanding faster switching times, stronger
servo motors should be employed.

3. Modes of operation

Most microfluidic valves can only be used at a single configu-
ration, which is simply for controlling the fluid flow along a single
microchannel. Despite its simplicity plug microvalve can be used
in multiple configurations, which is another unique feature of this
versatile valve. In this study, we  demonstrate three different modes
of operation for the plug microvalve using 10:1 mixed 4.8 mm thick
PDMS devices.

The basic operation of the microvalve is shown in Fig. 3, which
is the ON/OFF fluid control of a single channel. This mode of opera-
tion is analogous to single pole single throw (SPST) type electrical
switches. As a second mode of operation, the plug microvalve can
be used for multiple intersecting channels as shown in Fig. 6. In
this configuration the valve turns on one straight channel at a

time while closing the others. Fig. 6 shows a PDMS/PDMS microflu-
idic device demonstrating this feature. Three straight channels of
300 �m-width and 100 �m-height were fabricated, which intersect
at a single junction. A 1.7 mm rod diameter valve with 600 �m hole
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orescence signal as shown in Fig. 10c. Quantitative analysis can
ig. 7. The use of the plug microvalve for bifurcating junctions. (a) Valve closes both
hannels. (b) and (c) One of the two  outlet channels is turned ON.

s placed at the intersection. Each channel is turned on sequentially
nd filled with DI solutions of different colors.

In another novel configuration, the plug microvalve is used to
ontrol plumbing for single inlet multiple outlet designs. In Fig. 7, a
DMS/PDMS device with a single inlet and two outlets are shown.
he microchannel width and height are 300 and 100 �m,  respec-
ively. The channel bifurcation is designed so that the inlet channel
rst opens to a wide reservoir (3 mm × 1 mm)  which then splits into

wo channels. The microvalve is placed at this intersection. As seen
n Fig. 7, such a configuration provides three different states. First,
he two channels are kept OFF, then they are turned ON sequen-
ially allowing fluid flow which is indicated by fluid bulging out at
he corresponding outlets. This mode of operation resembles the
ingle pole double throw (SPDT) type electrical switches with an
FF state in between, which is referred as single pole center off

SPCO) configuration.

. Applications and discussion

To demonstrate the practicality of the valves we  have designed
hree exemplary applications: a flow focusing device, a micro-

roplet sorting device and a portable TNT detection device.
ydrodynamic focusing, droplet-based systems and portable
iosensors/detectors are widely used across several microfluidic
ators A 265 (2017) 224–230

applications. The plug microvalves provide key features in all these
applications as presented in this section.

First, we  fabricated a 2D hydrodynamic flow focusing
PDMS/PDMS device with 50 �m depth. We  used red dye solution
to sheath focus yellow dye solution as shown in Fig. 8. The width
of sheath flow channel is 100 �m,  the width of the main channel
is 200 �m.  We  integrated two  plug valves with 600 �m hole dia-
mater. Fig. 8a shows the valves at their OFF position. For clarity of
the channels, first the chip is filled with red dye solution when the
valves are ON. Then, the system is tested for the other three states
of the two valves. The corresponding microscope images for each
state are shown in Fig. 8b–d. The valves can be switched ON or OFF
without any need for stopping the inlet flows. This allows rapid
enabling or disabling of hydrodynamic focusing for quickly switch-
ing from focused to unfocused state. We  have also tested the partial
closure of the valves. Since it is challenging to control the position
of the valve for such an operation, it is best to use the presented
plug microvalves in the binary mode, i.e. as ON or OFF valves.

For a microdroplet-based fluidic system, we used the valve in
a dual channel configuration as shown in Fig. 9. In this way, we
were able to sort microdroplets at a T-junction which is previously
shown using complicated hydrodynamic control or active sorting
methods [18,19]. We  designed a droplet microfluidic device with a
T-junction generator and a T-junction sorter. Two  channels down-
stream the sorting junction are crossed together. A plug microvalve
is placed to this intersection as shown in Fig. 9a,b. In this config-
uration, the valve opens one channel while closing the other one
which causes the microdroplets to be sorted right or left at the sort-
ing junction (Fig. 9c,d). For these experiments we formed water
droplets in 100 mPa.s silicone oil using inlet pressures of 210 mbar
for oil and 200 mbar for water. Such a configuration can be used
when microdroplets are required to go through different opera-
tions for applications such as biochemical synthesis or single cell
studies [20].

Finally, we  exploited the microvalves in a portable colori-
metric assay for rapid trinitrotoluene (TNT) molecule detection,
which is critical for environmental safety monitoring. We  used sil-
ica nanoparticles which were synthesized via sol-gel method, as
the assay reagent. Silica nanoparticles were made fluorescent by
loading an aromatic dye called pyrene which shows sensitive fluo-
rescence quenching towards TNT [21]. A PDMS device was designed
including a serpentine test channel, a straight control channel
(300 �m width, 100 �m height) and two  reservoirs (6 mm × 2 mm)
for qualitative observation (Fig. 10a). Plug microvalves were placed
after the reservoirs to control the flow along the control and test
channels. Flow is generated by applying negative pressure at the
shared outlet using a 0.5 ml  syringe. Aqueous solution of silica
nanoparticles was  introduced to inlet 1 and TNT solution (0.25 mM)
was introduced to inlet 2. Upon the application of negative pres-
sure, the valves were turned ON sequentially. In the serpentine test
channel, TNT solution was mixed with nanoparticles using pas-
sive diffusion mixing and filled the test reservoir whereas bare
nanoparticles followed the straight channel and filled the control
reservoir. The test run cycle is shown in Supplementary movie 3.
Then, the valves were turned OFF and the device was imaged under
a palm-size UV illumination (366 nm)  box for fluorescent detection.
The control reservoir gave a bright blue color under UV excitation,
whereas the test reservoir was pale blue since fluorescence of silica
nanoparticles was quenched by TNT molecules (Fig. 10b) [22].

As a control experiment, the same procedure is repeated with
nanoparticle solution replaced with water at inlet 2. Mixing of
nanoparticles with water indicated no influence of dilution on flu-
be performed using the colorimetric signals in the reservoirs. To
do this, we converted the colorimetric signals obtained in the UV
channel into relative intensity values using ImageJ. 54.5% of the
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Fig. 8. (a) PDMS flow focusing device with two  plug microvalves. (b–d) Three different focusing states achieved by differing positions of the valves. The fluids were supplied
at  200 mbar inlet pressure.
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ig. 9. (a) PDMS droplet generation and sorting device with a single integrated pl
chematic drawing demonstrating the operation of the valve. Microdroplets are be

uorescence of silica nanoparticles were found to be quenched
y 0.25 mM TNT based on the difference between the intensi-
ies of control and test reservoirs (Supplementary Fig. 1). On the
ther hand, 8.9% intensity decrease was observed upon mixing

ith water. This simple device demonstrates the potential of plug
icrovalve to be used for portable microfluidic detection devices
hich have numerous environmental and healthcare applications

23,24].
crovalve. The channel width and height are 400 �m and 200 �m,  respectively. (b)
rted to the (c) right or (d) left at the T-junction.

The TNT detection device highlights another critical feature of
the plug microvalve. The valves do not require any off-chip com-
ponents, therefore, after the assay is performed the valves can be
turned OFF and the device can be easily transferred to another

stage such as into a chamber for tightly controlled incubation or
a microscope for imaging. The TNT detection assay shown in this
work is a very promising example demonstrating the potential
of the plug microvalve to be extended for various microfluidic
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Fig. 10. (a) Plug microvalve-integrated device for rapid and portable qualitative TNT detection. Fluorescent silica nanoparticle and TNT solution were introduced at the two
inlets.  Mixing of TNT and nanoparticle solutions lead to fluorescence quenching in the test channnel. (b) Device tested with TNT solution under UV light (366 nm)  excitation.
(c)  Control assay run with water instead of TNT solution.
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olorimetric assays where low cost and portable single use devices
re needed.

. Conclusions

In this study, we present a plug microvalve for microfluidic
evices. The valve can be easily integrated to microfluidic systems
ithout any need for additional mold design. It takes less than 5 min

o fabricate a microvalve and apply it to a channel. We  have demon-
trated that these valves can be used for both elastic PDMS channels
nd rigid thermoplastic channels. The plug microvalve is extremely
ow-cost and suited very well for devices that require a few valves
n a microfluidic device. The plug microvalve is also reusable and
oes not require any off-chip components. The valve proved suc-
essful for pressures up to 2 bar and have a long cycle time. The
lug microvalve can not only be used for flow control across a single
icrochannel, but can also be utilized to control fluid flow at multi-

hannel junctions. To demonstrate the versatility of the valves, we
sed the plug microvalves to control flow focusing, microdroplet
orting and portable chemical agent detection in three exemplary
icrofluidic systems. The simplicity of these valves make them

ood candidates for a variety of applications.
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19] H.-D. Xi, H. Zheng, W.  Guo, A.M. Gañán-Calvo, Y. Ai, C.-W. Tsao, et al., Active
droplet sorting in microfluidics: a review, Lab Chip 17 (2017) 751–771.

20] H.N. Joensson, H. Andersson Svahn, Droplet microfluidics—a tool for singlecell
analysis, Angew. Chem. Int. Ed. 51 (2012) 12176–12192.

21] P. Beyazkilic, A. Yildirim, M.  Bayindir, Nanoconfinement of pyrene in
mesostructured silica nanoparticles for trace detection of TNT in the aqueous
phase, Nanoscale 6 (2014) 15203–15209.
22] Y. Wang, A. La, Y. Ding, Y. Liu, Y. Lei, Novel signal-amplifying fluorescent
nanofibers for naked-eye-based ultrasensitive detection of buried explosives
and explosive vapors, Adv. Funct. Mater. 22 (2012) 3547–3555.

23] J.C. Jokerst, J.M. Emory, C.S. Henry, Advances in microfluidics for
environmental analysis, Analyst 137 (2012) 24–34.
ators A 265 (2017) 224–230 231

24] S. Nayak, N.R. Blumenfeld, T. Laksanasopin, S.K. Sia, Point-of-care diagnostics:
recent developments in a connected age, Anal. Chem. 89 (2017) 102–123.

Biographies

Mustafa Tahsin Guler received his B.Sc. degree in Physics from Gazi University and
his Ph.D. degree from Kirikkale University Physics. Since 2015, he has been working
as  a post-doctoral fellow at Bilkent University, National Nanotechnology Research
Center – UNAM. His research interests include rapid microfabrication and integrated
microfluidic systems.

Pinar Beyazkilic received her B.Sc. degree in Chemical Engineering from Hacettepe
University, Turkey in 2011 and MSc  degree in the Department of Materials Sci-
ence and Nanotechnology in 2013. She pursues her Ph.D. degree in Department of
Materials Science and Nanotechnology at National Nanotechnology Research Cen-
ter – UNAM at Bilkent University, Ankara, Turkey. Her research interests include
functional surfaces, nanomaterials and biochemical assays.

Caglar Elbuken received his B.Sc. degree in Electrical and Electronics Engineering
from Bilkent University, Turkey in 2004 and his Ph.D. degree in Mechanical and
Mechatronics Engineering from University of Waterloo, Canada in 2008. He worked
as  a postdoctoral associate at the Waterloo Microfluidics Laboratory before joining
as  a research assistant professor. Since 2012, he is working at Bilkent University,
National Nanotechnology Research Center as an assistant professor. His research
interests include lab-on-a-chip devices, microdroplet-based microfluidic systems
and sensing technologies for portable applications.

http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0065
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0070
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0075
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0080
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0085
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0090
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0095
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0100
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0105
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0110
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0115
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120
http://refhub.elsevier.com/S0924-4247(17)30799-9/sbref0120

	A versatile plug microvalve for microfluidic applications
	1 Introduction
	2 Fabrication and characterization of the plug micro valve
	2.1 Fabrication
	2.2 Leakage test
	2.3 Torque test
	2.4 Automation and long-term performance

	3 Modes of operation
	4 Applications and discussion
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References
	Biographies




