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a  b  s  t  r  a  c  t

Various  designs  and  fabrication  methods  have  been  recently  developed  for  the fabrication  of  whole-
thermoplastic  microfluidic  actuators.  In view  of fabrication  methods,  micromilling  has  attracted
attentions  for high-precision  micromachining  of complex  microfluidic  structures.  This  method  is  also
employed  for  cost-effective  rapid prototyping  of  microdevices.  In  this  study,  the  impacts  of  micromilled
structures  on  the  performance  of  gas-actuated  microvalves  and  micropumps  were  reported.  The  liquid
channels  of the  actuators  were  fabricated  in  rectangular  and  half-elliptical  cross-sections  in  Poly(methyl
methacrylate)  PMMA  to explore  the  geometrical  effects  on valving  and  pumping  functions.  Unlike  the
microvalve  with  rectangular  cross-section,  that  of  half-elliptical  cross-section  presented  a leakage-free
operation.  Regarding  the  experimental  characterization  of micropumps,  the  maximum  flow  rates  of
350.23 ±  6.13  and  382.50  ± 5.38 �l/min  were  obtained  for the  micropumps  with  rectangular  and  half-
elliptical  cross-sections,  respectively.  Compared  to  the  rectangular  cross-section,  the  half-elliptical  one
was  more  efficient  in production  of  maximum  flow  rates  at lower  actuation  gas  pressures.  However,  fab-

ricating  rectangular  micropump  is more  cost-effective  in terms  of  required  time  and  manpower.  Thus,
the  appropriate  channel  design  for micropump  fabrication  is determined  by  the  final  application  of  the
pump,  the  operating  conditions  and the  fabrication  costs.  Moreover,  the  robust  performance  of  the  actua-
tors  revealed  that  the  presented  method  enables  the production  of  microfluidic  actuators  for  applications
with  long-term  durability.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Thermoplastics carry unique features that are very attractive
or the fabrication of microfluidic devices [1]. Such moti-
ation originates from high optical transparency [2,3], high
ellular compatibility [4], low liquid evaporation through the
ompact polymeric structure [5], and high chemical resistance

6–8] of the thermoplastic materials. In addition, recyclability
9], cost-effectiveness [10], and compatibility with the exist-
ng manufacturing technologies for mass production [7,11] make

∗ Corresponding author.
E-mail address: Mousavisha@mums.ac.ir (S.A. Mousavi Shaegh).
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924-4247/© 2019 Elsevier B.V. All rights reserved.
thermoplastics as ideal materials for commercialized products.
Various polymers such as cyclic olefin polymer (COP) [12–14],
Poly methyl meta acrylate (PMMA)[15–17], cyclic olefin copolymer
(COC) [18,19], poly styrene (PS) [20] and polycarbonate (PC) [21,22]
have been employed in the literature to fabricate thermoplastic
microfluidic components. However, the wide use of thermoplas-
tics in research laboratories has been mainly hindered by the lack
of access to proper rapid and cost-effective fabrication methods.

Fabrication methods such as injection molding [23], hot
embossing [24], and thermoforming require pre-fabricated mas-

ter molds to transfer patterns to thermoplastics. The fabrication
of master molds for multi-layer microfluidic patterns, however, is
costly and time-consuming [23,25,26]. In contrary, CO2 laser micro-
machining and micromilling are considered as the most common

https://doi.org/10.1016/j.sna.2019.111713
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ethods to create patterns in thermoplastics without any need to
se master molds. They require low start-up investment and pro-
ide rapid and cost-effective micromachining capabilities [27–37].
wing to these features, different attempts have been directed

owards the development of rapid prototyping methods for the
abrication of whole-thermoplastic microfluidics with embedded
ctuators [38–40].

Recently, Shaegh et al. [41] developed a fabrication method
o produce whole-thermoplastic actuators such as microvalves
nd micropumps. They employed unfocused CO2 laser ablation
f PMMA to create curved liquid channel required for valve and
ump fabrication using Quake’s design. The engraved channels
ere treated with chloroform to remove the micro cavities formed

y the decomposition and evaporation of PMMA induced by the
O2 laser beam.

Compared to the CO2 laser micromachining, the micromilling
ethod has been less reported for the fabrication of whole-

hermoplastic actuators [42]. The micromilling is a subtractive
abrication method in which a rotating cutting tool is utilized to
emove material from a starting stock piece. This method provides

 higher precision for the fabrication of microstructures in ther-
oplastics compared to the CO2 laser micromachining method.

ngraved patterns through the use of CO2 laser micromachining
ave generally near-Gaussian geometries [43]. The micromilling
ethod, however, enables the fabrication of a wide range of com-

lex geometries including undercuts, rounded surfaces, and sharp
nternal corners [42]. In this way, micromilling method allows for
he creation of various microfluidic functional elements in desired
eometries. Thus, the geometry of the components could be mod-
lated for optimum operation in various applications.

In this study, the effect of liquid channel geometry on the opera-
ion of gas-actuated microvalves and micropumps was investigated
Fig. 1). To this end, optimized micromilling process was employed
o create liquid channels with rectangular and half-elliptical
eometries in PMMA  (Fig. 2). The fabrication process enabled the
reation of liquid channels with low surface roughness while no
urther physical and chemical treatment were used to enhance
he surface quality. The multilayer whole-thermoplastic actua-
ors were achieved using thermal fusion bonding method, while
PU film was employed as an actuation membrane. Two  designs
f microvalves along with two designs of micropumps having
ectangular and half-elliptical liquid cross-sections were fabri-
ated and characterized. Results revealed that the half-elleptical
ross-section is desired for leakage-free valve operation, while the
icropump with rectangular cross-section could be also employed

or pumping purposes with satisfactory operation.

. Experimental Setup

.1. Materials and apparatus

Commercially-available cast acrylic (also known as PMMA)
heets (Calvin, Vietnam) in thicknesses of 1 and 2 mm were used
s the structural materials for the fabrication of microvalves and
icropumps components. A commercial CNC micromilling (DSP,

hina), with a worktable (X and Y-axis) and an adjustable spindle in
, Y and Z axes, was used for the micromachining of PMMA sheets.
he liquid channels were drilled using a two-flute, square-end mill
also known as a flat end mill) with a diameter of 0.3 mm,  a spindle
peed of 22000 rpm and different feed rates of 75 and 90 mm/min.
he work features were prepared using the SOLIDWORKS® soft-

are (Version 2016) to create computer-aided design (CAD) files.

he Mastercam® software (Version 2017) was employed to convert
he CAD files into a series of G-codes for running the micromilling

achine. The TPU film (PT9200US NAT 1.0 mil, Covestro LLC, MA,
 Sensors and Actuators A 301 (2020) 111713

USA) with a thickness of 25 �m was used as a membrane for actu-
ation purposes. The TPU film is widely employed in biomedical
applications owing to its unique features including biocompatibil-
ity, resilient mechanical properties, and hyper elasticity [44–47].
A conventional laboratory vacuum oven (AFE200LV-60DH, ATRA,
IRAN) was used for the thermal treatment and bonding of PMMA
sheets and the TPU film. To activate the gas-actuated microfluidic
devices in desired frequencies, pneumatic fast switches (FESTO®,
MH1-24 V DC) synchronized with a controller system (WAGO®,
Fieldbus controller, System 750) were employed. The controller
was interfaced with a PC through a program developed in the
CODESYS® software. Nitrogen gas supplied from a cylinder was
used for actuation purposes. The Tygon® tubing was used to con-
nect the solenoid valves to fabricated chips. The gas pressure was
adjusted using two pressure regulators within a range of 8 kPa to
more than 300 kPa. For the flow visualization, deionized water was
mixed with red food dye with a volume ratio of 200:1.

2.2. Design and fabrication of the thermoplastic components

The structure of the normally open, multilayer, pneumatic-
actuated microvalve included a control chamber, a liquid channel
and a diaphragm. The flow control could be achieved through the
TPU film deflection by regulating the gas pressure (Fig. 1a and b).
The peristaltic micropumps were developed using five intercon-
nected microvalves in series (Fig. 1c and d). Various flow rates could
be produced through the consecutive actuation of the microvalves
in desired patterns presented later in this paper. Important dimen-
sions of microdevices were shown in Fig. 1e and f. The diameters
of circulars holes, the length of liquid channel and the length of
gas channel were designed to be 1.6 mm,  40 mm and 8.88 mm,
respectively.

The liquid channel of the micropumps was  created in two
cross-sections of rectangular and half-elliptical geometries with
similar flow areas and channel heights. In this way, the height
of 0.15 mm was opted for both designs, and the width of half-
elliptical and rectangular micropump were 1.237 and 0.97 mm,
respectively. The multilayer actuators were initially designed in
the SOLIDWORKS® and post-processed with the Mastercam® for
the subsequent machining. The microstructures were created in
the PMMA  sheets using the micromilling machine while the TPU
layer was cut in desired dimensions using a CO2 laser machine or a
blade (Fig. 2).

The micromachined components were inspected using a field
emission scanning electron microscope (FESEM) (TESCAN, MIRA3)
(Fig. 3a-d). Furthermore, the surface roughness of the microma-
chined liquid channels was investigated using an atomic force
microscope (AFM). As shown in Fig. 3e, smooth surfaces were
obtained through the use of a proper feed rate and spindle veloc-
ity, as they have considerable effects on the surface quality [42,48].
To investigate the surface roughness, parameters including average
roughness (Ra), RMS  roughness (Rq) and Peak-to-Valley roughness
(Rz) were evaluated. In this way, the corresponding surface rough-
ness parameters were measured as Ra=15.70 nm, Rq=23.67 nm,
Rz=259.20 nm for the channels with half-elliptical cross-section
and Ra=14.98 nm,  Rq=19.31 nm,  Rz=142.3 nm for the channels with
rectangular cross-section, which are appropriate for microfluidic
applications [49].

The thermal fusion bonding was employed to bond the fab-
ricated layers. The procedure of this bonding method relies
on matching the glass transition temperature of the employed
thermoplastics. To obtain high quality bonding surfaces with a

minimum deformation and bubble entrapment between the lay-
ers, the bonding temperature, pressure, and time were controlled
precisely [50]. To start with, all PMMA  components were washed
using a conventional laboratory detergent and ethanol solution.
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Fig. 1. Design of the microdevices. (a) Exploded view for the multi-layer microvalve; (b) schematics for the operation of the microvalves; (c) exploded view for the multi-layer
microvalve; (d) schematics for the operation of the micropumps; (e) the dimensions of the layer having control chamber; (e) the dimensions of the layer having liquid channel.

Fig. 2. Schematic illustration of the fabrication process.



4 A. Banejad, M. Passandideh-Fard, H. Niknam et al. / Sensors and Actuators A 301 (2020) 111713

Fig. 3. Field emission scanning electron microscope (FESEM) and atomic force microscopic (AFM) images of the fabricated channels. (a) FESEM image of the half-elliptical
channel; (b) FESEM image of the rectangular channel; (c) FESEM image of the half-elliptical cross-section; (d) FESEM image of the rectangular cross-section; (e) AFM image
of  a fabricated channel.
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hen, the layers were thermally treated in the vacuum oven at a
emperature of 90 ◦C and a pressure (gauge pressure) of −80 kPa
or at least 8 hours with a subsequent gradual cooling to the
oom temperature. This step is necessary to release the dissolved
ases entrapped within the bulk PMMA  specimens [41]. In the
ext step, the PMMA layers and the TPU membrane were aligned
nd sandwiched between two glass slides using two paper clips
ith a width of 30 mm.  Afterwards, the assembly was  treated at

40 ◦C and−80 kPa for 60 minutes followed by a gradual cooling
rocess to the room temperature in 50 minutes. It should be noted
hat the glass transition temperature (Tg) of commercial PMMA
ies in the range of 85 ◦C – 165 ◦C [51]. This originates from the
arge number of commercially-available compositions which are
opolymers/commoners compared to methyl meta acrylate [51].

.3. Experiments for the microvalve characterization

Fig. 4a shows the experimental setup to characterize the fabri-
ated microvalve. The test setup consisted of a liquid reservoir, a
itrogen gas tank, a controller system, a pneumatic solenoid valve,

wo gas regulators and the interconnecting tubing. The liquid reser-
oir was pressurized with nitrogen gas in desired pressures to
reate various liquid flow rates through the microvalve for the leak-
ge test. The pressure of the reservoir could be adjusted by using
the pressure regulator (Fig. 4a, regulator 1). The valve actuation
was performed using a custom-made controller system consist-
ing of a pneumatic solenoid valve in which its operation could be
modulated by a programmable WAGO® controller. The CODESYS®

software was  employed to create a custom-made interface program
for command communication between the solenoid valve and the
controller. The Tygon® tubing was  used to connect the solenoid
valves to the control chamber of the microvalve. A precise gas reg-
ulator (Fig. 4a, regulator 2) was used to adjust the actuation gas
pressure. Finally, the leakage flow rate through the microvalve was
calculated by measuring the length of the liquid column in the
Tygon® tube in a certain time period. The inner diameter of the
Tygon® tube was 0.020 inch.

2.4. Experiments for the micropump characterization

The micropump characterization setup was similar to that of
the microvalve. The only difference was  associated with the liquid
reservoir having an atmospheric pressure (Fig. 4b). The fabri-

cated peristaltic micropump consisted of five serial interconnected
microvalves for pumping liquid by consecutive actuation. The actu-
ation of the microvalves in desired frequencies was  obtained using
five solenoid valves controlled by the WAGO® controller. Similar
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ig. 4. (a) Schematic illustration of the microvalve performance test; (b) schematic

o microvalve actuation, a custom-made CODESYS® program was
eveloped to regulate the actuation frequencies (Fig. 4b and c).

. Results and Discussions

.1. The characterization of microvalves

Initially, the bonding strength of the fabricated microvalves was
ested. To this end, nitrogen gas with pressures up to 700 kPa was
pplied in the control chamber once the entire microvalve was
mmersed in water. No bubble and burst failure was observed. In
ddition, a water-based liquid, containing a red dye, with pressures
p to 300 kPa was introduced in the liquid channel while the outlet

f the microvalve was blocked. No leakage from the bonded layers
as observed.

Fig. 5 demonstrates the microvalve volume flow rate versus
ctuation gas pressures for the designs of microvalve consist-
ration of the microvalve performance test; (c) image of the experimental setup.

ing of liquid channels with half-elliptical cross-section. The valve
with the liquid pressures of 8 and 18 kPa generated flow rates of
about 1.5 and 2.5 ml/min, respectively. In general, the liquid flow
rate decreased once the pressure of gas for valve actuation was
increased. As shown in Fig. 5, for the half-elliptical microvalve
with a liquid pressure of 8 kPa and an actuation gas pressure of
140 kPa, the leakage flow rate had a negligible value of 0.08 �l/min.
When the liquid pressure was  increased to 18 kPa and actuation gas
pressure 220 kPa, the leakage value was only 0.15 �l/min. In the
other hand, the microvalve with rectangular cross-section could
not achieve a leakage-free operation. Based on the fact that the basis
of these normally-open microvalves is on the membrane coverage
of the liquid channel, the channel with rectangular cross-section

having straight corners, could not be employed for valving pur-
poses. By contrast, the shape of the half-elliptical cross-section can
provide a uniform and smooth valve seat for the deformed TPU
membrane that has a curved deflection profile.
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ig. 5. Leakage rate vs. actuation gas pressure for the half-elliptical microvalve.

.2. The characterization of micropumps

The two fabricated micropumps having rectangular and half-
lliptical liquid channels consisted of five serial interconnected
icrovalves with consecutive operation at predefined frequencies

Fig. 6a). A custom-made program was developed to control the
peration of the pneumatic valves at a predefined frequency pat-
ern (Fig. 6b) (Video S1).

Fig. 6c and d demonstrate the effect of varying actuation fre-
uency on the pumping flow rate at four actuation pressures of
0, 100, 160, and 220 kPa for both pump designs. Overall, the

ncrease of actuation frequency enhanced the pumping flow rate.
owever, an optimum actuation pressure, that produced the max-

mum flow rate, was obtained for both pumps. The maximum flow
ates of 382.497 ± 5.38 �l/min for the half-elliptical pump design
nd 350.23 ± 6.13 �l/min for the rectangular pump design were
btained at gas actuation pressures of 100 and 160 kPa, respec-
ively. The higher generated flow rate of the micropump with
alf-elliptical channel could be associated with a better mem-
rane coverage over the curve surface. Therefore, the half-elliptical
ross-section could produce an appropriate valve seat with mini-
al  liquid leakage during actuation. Compared to the rectangular

iquid channel, the approximate blockage of the liquid in the half-
lliptical cross-section could be achieved at lower gas pressures.
urthermore, the micropumps with half-elliptical and rectangular
ross-section had optimum gas pressures of 100 kPa and 160 kPa,
espectively, for which the generated flow rate were maximum. It

eans that as the amount of gas actuation pressure is more than
hat of optimum one, the oscillation amplitude of membrane is
educed leading to reduction of generated flow rate.

The effect of downstream pressure, i.e. liquid backpressure,
n the generated flow rate was shown in Fig. 6e and f. A liquid
olumn with an adjustable height was implemented at the out-
et port of the fabricated micropump, while the inlet port of the
ump was linked to a reservoir of food dye-water solution main-
ained at the atmospheric pressure. The downstream pressure was
ltered by varying the height of the liquid column (H). Experi-
ents were performed using actuation gas pressures of 100 and

00 kPa at a frequency of 5 Hz. As shown in Fig. 6e, at an actua-
ion gas pressure of 200 kPa, the pumping flow rate was decreased
rom 196.5 ± 9 �l/min to 17.50 ± 1 �l/min once the downstream

ressure was increased from nearly 0.2 kPa (20-mm liquid col-
mn) to about 1.4 kPa (140-mm liquid column). The pumping
ow rate of the micropump with the half-elliptical liquid channel
as decreased from 118.57 ± 3.9 �l/min to 8.85 ± 0.5 �l/min as the
 Sensors and Actuators A 301 (2020) 111713

downstream pressure was increased from about 0.4 kPa (40-mm
liquid column) to approximately 3 kPa (300-mm liquid column)
(Fig. 6f).

To compare the operation of micropumps, the ratio of gener-
ated flow rate of half-elliptical micropump to that of rectangular
one was  shown as a function of gas actuation pressure for four
gas actuation frequencies of 1, 5, 10, and 15 Hz (Fig. 7a). It is clear
that for all frequencies, as the applied gas pressure rose, this ratio
declined consistently. Consequently, compared to half-elliptical
micropump, increasing the applied gas pressure resulted in that
the rectangular one was considered a more efficient candidate in
terms of generated flow rate to be implemented in microfluidic
devices.

To investigate the durability of fabricated micropumps, the
long-term operation of the fabricated micropump with the rect-
angular cross-section was examined for more than one million
actuation cycles. The micropump could continuously generate a
stable flow rate ranged from 85.7 �l/min to 93.1 �l/min using an
actuation gas pressure of 100 kPa (Fig. 7b). The minor fluctuations
of the measured flow rate could be due to slight changes in the actu-
ation gas pressure. Due to the high durability of the micropump, it
could be utilized for a wide range of on-chip purposes such as drug
testing and microfluidic cell cultures in which the liquid pumping
is necessary for an extended period of time.

In addition to the performance of fabricated micropumps, some
factors such as fabrication time and cost could be investigated. In
this way, the time needed for fabricating rectangular channel is
approximately twice more than that of half-elliptical one. There-
fore, compared to half-elliptical geometry, using rectangular one is
more efficient in terms of time and manpower.

4. Conclusion

This article reported on the development of whole-
thermoplastic microfluidic microvalves and micropumps using
commercially available PMMA  sheet, and TPU film. The liquid
channels of the actuators were fabricated in two  cross-sections
of half-elliptical and rectangular geometries. The high-precision
micromilling was employed to make microstructures in cast
PMMA  sheets, and the TPU film was used as a stretchable mem-
brane to achieve flow manipulations required for gas-actuated
valving/pumping purposes. The AFM characterizations revealed
that the developed micromilling process allowed for the produc-
tion of highly smooth surfaces in channels with half-elliptical
and rectangular cross-sections. Compared to CO2 laser microma-
chining, micromilling method enables the fabrication of a wide
spectrum of geometries with high surface quality eliminating post-
fabrication surface treatments. The production of high strength
multilayer microvalves and micropumps was achieved through
the low-pressure thermal fusion bonding of the components with
no physical or chemical surface treatment. The microvalve with
half-elliptical cross-section presented a leakage-free operation
that is suitable for on-chip flow manipulations. In addition, at a
same frequency, the micropump with half-elliptical cross-section
needed a lower actuation pressure to generate a desired flow
rate compared to the micropump with rectangular cross-section.
Thus, full coverage of the liquid channel was  not necessary for
the operation of micropump. However, this cross-section may
result in larger back flow and lower pumping flow rate. Regarding
fabrication features, required time for the micromilling of the
liquid channel with half-elliptical cross-section was  more than

twice of the required time for the fabrication of rectangular cross-
section. In this way, the geometrical design of the pump could be
determined based on its application and operation features such
as accessible actuation pressure and required liquid pressure at
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Fig. 6. Fabrication, performance and characterization of the micropumps. (a) The image of a fabricated micropump; (b) micropump actuation pattern; (c) the effect of actuation
gas  pressure and the frequency of actuation on pumping flow rate in micropump with rectangular cross-section; (d) the effect of actuation pressure and the frequency of
actuation on pumping flow rate in micropump with half-elliptical cross-section; (e) the effect of backpressure on pumping flow rate in the rectangular micropump; pressure
difference between the inlet and the outlet ports of the micropump was produced through increasing the height of the outlet port; (f) the effect of backpressure on pumping
flow  rate in the half-elliptical micropump.
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f  the micropump with rectangular cross-section for liquid pumping for more than
ressure  of 100 kPa; error bars for recorded data points were ±5% of the average of

he pump outlet. For commercialization considerations, the overall
abrication costs, including manpower and cutting tool expenses,
lso play critical roles on the proper geometrical design of an
ctuator. In overall, the micropump could present a flawless and
obust long-term performance for more than one million actuation
ycles. Owing to the unique features of the fabricated actuators,
he proposed fabrication process enables the rapid production of
igh-performance whole-thermoplastic microfluidic actuators for
esearch labs as well as for commercialized applications. To this
nd, the presented actuators could be widely employed for various
n-chip applications including pumping a flow manipulation,
icromixing [52], and liquid dispensing and droplet generation

53].
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