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a  b  s  t  r  a  c  t

There  is a critical  need  to  develop  fabrication  methods  for rapid  and  cost-effective  prototyping  of
thermoplastics-based  microfluidics  in  academic  research  laboratories.  This  paper  presents  a  method
for the fabrication  of whole-thermoplastic  microfluidic  functional  elements,  including  a pneumatic  (gas-
actuated)  normally  closed  microvalve,  a micro-check  valve,  and  a pneumatic  dual-phase  micropump.  All
devices  were  made  from  thermoplastic  polyurethane  (TPU)  and poly(methyl  methacrylate)  (PMMA).  The
fabrication  process  consisted  of  only  laser  micromachining  and thermal  fusion  bonding  without  need  to
perform  any  particular  chemical  treatment  or use  a master  mold.  These  features  enable  the  widespread
adaptation  of  this  method  in  academic  research  settings.  Characterizations  revealed  that  the fabricated
normally  closed  microvalve  could  stop  liquid  flows  at pressures  lower than  2  psi  in  its  passive  operation
mode  where  no  pressure  was  used  for  valve  actuation.  The  check  valve  could  block  liquid flows  with  liq-
uid pressures  of  up to  30 psi  in its reverse  mode  of  operation  while  it could  allow  liquid  to  pass  through
aser micromachining

hermal bonding in  its forward  mode.  In addition,  the micropump,  which  consisted  of two  check  valves  and  a  pneumatic
uni-diaphragm  displacement  chamber,  could  pump  liquid  at an  average  flow  rate  of  87.6  ±  5.0  �L/min
using  an  actuation  frequency  and  pressure  of 1 Hz  and  ±5  psi,  respectively.  Taken  together,  the  developed
low-cost  whole-thermoplastic  microfluidic  functional  elements  could  be  employed  for  the fabrication  of
various  lab-on-a-chip  applications.
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. Introduction

Recently, there has been an interest in the microfluidics commu-
ity to further develop thermoplastics-based devices for chemical
nd biological applications [1–4]. This need mostly stems from
ssues related to polydimethylsiloxane (PDMS) such as vapor
ermeability [5–7], absorbance of small molecules [8,9], leach-

ng of uncrosslinked oligomers [8,10], and incompatibility with
arge-scale manufacturing [1,2,4,11]. To this end, it is of great
mportance to innovate fabrication methods that allow for the pro-
uction of various microfluidic functions using thermoplastics in

 cost-effective and rapid fashion. Importantly, supporting aca-
emic labs and small companies with such fabrication methods can
ccelerate transition of basic microfluidic discoveries into commer-
ialization segment where thermoplastics-based microfabrication
echnologies are being employed to manufacture low-cost consum-
bles [3,11]. Thermoplastics are optically transparent [12,13], and
ossess good chemical compatibility [14] and appropriate biocom-
atible properties [1–3]. They can be employed for mass production
f microfluidic chips using commercially available methods includ-

ng microinjection molding and hot embossing [12,15–17].
Thus far, thermoplastic materials have been employed for

abrication of microfluidic systems to realize various functions
ncluding microcytometry [18], methanol detection [18], droplet
eneration [19], micromixing [20,21], electrophoresis [22], liquid
hromatography [23], microbioreactors [24], as well as centrifu-
al microfluidics and lab-on-a-disk platforms [25–29]. Although
he inherent properties of thermoplastics provide high robustness
o physical deformation and resistance to different substances,
he widespread use of these materials has been limited due to
he challenging implementation of microfluidic actuators such as

icrovalves and micropumps in thermoplastic chips [2]. Three-
imensional (3D) printing is an emerging technology for the

abrication of robust microfluidics potentially with implemented
icroactuators in hard resins [30–33]. However, at this stage the

se of this method is still limited in the types of materials, cost, and
rinting resolution [30,33,34].

The most common method of implementing microvalves in hard
lastic chips is mainly based on the integration of a thin PDMS film,
s an elastic membrane, within various rigid substrates including
oly(methyl methacrylate) (PMMA) [35], cyclic olefin co-polymer
COC) [36–38], fluoropolymers [39], polyvinyl chloride (PVC) [40],
olyethylene [41], or other thermoplastic materials [42]. This pro-
ess requires additional steps during chip fabrication due to the
hallenges of bonding PDMS membrane to thermoplastics, besides
he remaining concerns of the negative properties associated with
he PDMS film for cell studies, drug screening, point-of-care diag-
osis, and organ-on-a-chip applications [2,4].

There have been several efforts in the use of thermoplastic elas-
omers as a substitute of PDMS to implement whole-thermoplastic

icrovalves. Available literature includes polystyrene [43],
iton

®
[44], Teflon [39,45,46], photocurable liquid-based per-

uoropolyethers [47,48], resin-based polyurethane membrane
49], as well as styrene-ethylene/butylene-styrene (SEBS) block
opolymers [50]. Thermoplastic polyurethane (TPU) is another
hermoplastic elastomer that is compatible with organic solvents
51,52] and suitable for rapid prototyping [53,54]. TPU is an impor-
ant category of thermoplastic elastomer with widespread use
n biomedical applications due to its strong biocompatibility and
roper thermo-mechanical properties [54,55].

Recently, we have developed a rapid prototyping method to fab-

icate whole-thermoplastic multi-layer normally open pneumatic

embrane microvalves (push-seal Quake valve) and peristaltic
icropumps using laser-micromachined TPU and PMMA  compo-

ents [54]. In the current paper, the rapid prototyping method
as further modified to produce built-in normally closed whole-
uators B 262 (2018) 625–636

thermoplastic microvalves using PMMA  sheets as the substrates
and TPU film as the elastomeric membrane. CO2 laser machining
was employed to cut PMMA  and TPU sheets while thermal fusion
bonding assisted the attachment of the layers without any par-
ticular chemical (solvent) treatment. This fabrication method was
also used to fabricate whole-thermoplastic built-in membrane-
based micro-check valves. In additional, a design of a dual-phase
micropump, made of two membrane-based micro-check valves
and a pneumatic uni-diaphragm displacement chamber, was  suc-
cessfully developed for the first time. The fabricated microfluidic
actuators revealed high performance for various microfluidic tasks
including flow control, valving, and liquid pumping. The actuators
can be easily fabricated and implemented within thermoplastic
microfluidic chips for applications where integrated on-chip func-
tions are desired. This fabrication technology may  also be used
to transfer conventional point-of-care and organ-on-a-chip plat-
forms from PDMS-based materials [2,4,56] to whole-thermoplastic
devices.

2. Experimental

2.1. Materials and apparatus

PMMA  sheets with a thickness of 2 mm (McMaster, USA) were
used to make thick layers during chip fabrication. PMMA  films
with a thickness of 125 �m (Goodfellow, USA) were utilized for
the fabrication of microchannels. TPU films with a thickness of
25 �m (PT9200US NAT 1.0 mil, Covestro LLC, USA) were used to
fabricate flexible membranes employed in the architecture of the
microvalve, micro-check valve, and the micropump (Fig. 1).

A CO2 laser machine (VLS 2.30, Universal Laser Systems, USA)
with a wavelength of 10.6 �m and a maximum power of 25 W
was employed to engrave and cut PMMA  substrates and TPU films.
Required thermal treatment and thermal bonding processes were
performed in a vacuum oven (Isotemp vacuum oven 280A, Fisher
Scientific, USA). Compressed nitrogen gas was  used to drive liquid
flow into microfluidic chips with the implemented microvalve and
micro-check valve. Vacuum, from the laboratory central vacuum
line, along with the compressed nitrogen gas, were used to actuate
microvalve and micropump (Fig. 2). Tygon

®
tubing (Cole-Parmer,

USA) with an inner diameter of 508 �m was utilized to connect
chips to the reservoirs and controllers.

2.2. Design of the microvalve

The design of the normally closed valve is shown in Fig. 3a–c. The
microvalve consisted of a liquid chamber with an obstacle embed-
ded in the 125-�m PMMA  layer with a width of 400 �m, a TPU
membrane, and a control chamber for membrane actuation. All
layers (including TPU membrane, PMMA  film, and both PMMA  sub-
strates) were bonded together using a single-step thermal fusion
bonding process. The obstacle was  also bonded to the TPU during
the process but its bonding strength was very weak due to the pres-
ence of the marker ink and could be easily detached during liquid
loading at the first run. When liquid flow is required, the microvalve
is activated by applying vacuum to the control chamber, which is
located above the TPU membrane. The upward displacement of the
membrane allows the liquid to flow through the valve. In this valve
design, the necessity of having round channels in the architecture

of the valve, which is common for normally open valves, such as
the Quake valve [57], is eliminated. Thus, the fabrication process
is more straightforward requiring fewer steps. The architecture of
the valve was also employed to fabricate a micro-check valve and
a micropump, as discussed in the next sections.
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ig. 1. Schematic illustrations of the fabrication process. (a) Laser cutting and eng
ure  ethanol; (c) thermal treatment of PMMA  substrates;(d) washing with pure eth
sing marker, alignment, thermal bonding, and cooling down processes. (g) Photog

.3. Fabrication process

A multi-layer fabrication method was developed to create var-
ous microfluidic functional elements including a normally closed

icrovalve, a micro-check valve, and a micropump. Different layers
f the functional elements, in desired dimensions, were designed

n the CorelDraw software and then sent to the laser machine for
utting and engraving (Fig. 1a). Laser-micromachined PMMA  sub-
trates were washed using a mixture of liquid soap and water (at
olume ratio of 1:10) followed by rinsing using water and air-
ry. Then PMMA  substrates were gently cleaned using a paper
owel impregnated in pure ethanol (Fig. 1b). Afterwards, the PMMA
ubstrates were thermally treated in a vacuum oven at a tem-
erature of 80 ◦C and a vacuum pressure of −12 psi for at least

 h to remove dissolved gases and ethanol entrapped within the
ulk of PMMA (Fig. 1c). Subsequently, all PMMA  sheets and TPU
lms were cleaned using a paper towel soaked with pure ethanol

Fig. 1d). After that, all cleaned sheets including PMMA  film, PMMA
ubstrates, and TPU film were kept in the vacuum oven at 50 ◦C
nd a pressure of −12 psi for 100–120 min  (Fig. 1e). Again, this
tep enabled removal of dissolved gases and chemicals entrapped
ithin the surface of all PMMA  specimens and bulk of TPU mem-

rane. This step is critical to obtain bubble-free bonding of different

olymeric layers. Obstacles (ridges) in the middle of the microchan-
el located underneath the control chamber of the micro-check
alve and the microvalve were carefully painted using a marker
en. It prevents irreversible adhesion and bonding of the obsta-
les to its adjacent TPU membrane during the thermal bonding
 of PMMA  specimens and TPU membrane; (b) washing with liquid detergent and
e) thermal treatment of all layers including membrane in vacuum oven; (f) marked
howing a fabricated chip with embedded micropump.

process. It should be noted that, marker imprint can be conve-
niently removed through introducing a diluted solvent (e.g. 50%
methanol) to the device post-fabrication. Thermoplastic substrates
were aligned on top of each other and then sandwiched between
two standard-sized glass slides using two  binder clips with a width
of 25 mm.  The assembled chips were bonded using a thermal fusion
bonding process at a temperature of 130 ◦C and a vacuum pres-
sure of −12 psi for 1 h and then they were cooled down gradually
from 130 ◦C to room temperature in 40 min (Fig. 1f). To obtain
chip-to-world connectors for the fabricated microfluidic functional
elements, appropriate plastic pipette tips were cut and fixed at the
liquid ports and the actuation ports using commercially available
fast-drying epoxy glue (Fig. 1g).

2.4. Experimental setup

A custom-made valve controller system was used to control and
characterize the fabricated microfluidic components. The system
consisted of solenoid valves (MH1, FESTO, USA), which were con-
trolled by a programmable WAGO controller. A software interface
was written in MATLAB for online communication with the WAGO
controller to control the actuation of microvalves and micropumps.
Vacuum line and nitrogen gas tank were connected to the solenoid

valves, where their outlets were connected to the fabricated chips
containing functional elements using Tygon

®
tubing (Fig. 2). Regu-

lators with unit of psi were used to control the gas/vacuum pressure
on the chips. Details of the controller system can be found in
[56,58,59].
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Fig. 2. Schematic of experiment setup t

. Results and discussions

.1. Characterizations of the normally closed microvalve

Figs. 3a and b show the operation of the normally closed
icrovalve. The valve is closed when no pressure is applied to the

ontrol chamber located above the membrane; it is open when neg-
tive pressure (relative to environment pressure) is applied to the
ontrol chamber. The normally closed valve had a four-layer sym-
etric architecture, shown in Fig. 3c. The fabricated valves, shown

n Fig. 3d, were tested at various actuation pressures to character-
ze their behavior versus different pressures of liquid flow. Before
ests, water containing food dye (50:1 vol ratio) was injected manu-
lly into the channel with implemented microvalve to ensure that
o thermal bonding between the TPU membrane and the PMMA
bstacle had occurred. Then, for valve characterizations, water con-
aining food dye was injected into the channel with implemented

icrovalve using compressed nitrogen gas. To investigate the char-
cteristics of the microvalve, various gas actuation pressures at +5,
3 psi, 0 psi (atmospheric pressure), −1.3 psi, −2.5 psi, or −3.5 psi,
ere applied to the actuation chamber, while liquid was injected to

he channel in a pressure range of 0 psi to 3 psi, as shown in Fig. 3e
nd f.

At actuation pressure of +5 psi, the valve was completely closed
or all liquid pressures. At actuation pressure of +3 psi, there was

 leakage rate of 0.5 ± 0.1 �L/min when liquid pressure was  set to
 psi (Fig. 3e). Importantly, it was shown that the normally closed
alve could provide leakage-free operations without any actuation
ressure (i.e. passive mode) for liquid pressures of up to 2 psi;
owever, leakage rates of 4 ± 0.3 �L/min and 7 ± 0.4 �L/min were
bserved once the liquid pressure was elevated to 2.5 psi and 3 psi,
espectively. During the passive mode of valve operation, no pres-
ure was applied to the control chamber to keep it closed and the
pring property of the membrane was the only resistance against
he liquid flow. In addition, when the actuation pressure was  set

n vacuum values, the microvalve was open to allow for high liq-
id flow rates. At actuation pressure of −3.5 psi, the microvalve
as completely open and liquid flow rate increased linearly with

espect to inlet pressure (Fig. 3f). Since this valve has two states of
ate the fabricated functional elements.

open and closed, which is equal to an on/off switch, one can actu-
ate it using +5 psi to close and −3.5 psi to open the valve at a liquid
pressure of 3 psi.

Ren et al. has implemented a whole-Teflon normally closed
valve, which had a 1.4-mm diameter chamber with obstacle width
of 250 �m [45]. The valve was  able to block liquid flows with
pressures within the range of 0.7-2.9 psi using a 14.5-psi actua-
tion pressure. However, the negative pressure needed to open the
valve was not mentioned. Simone et al. used Elastosil

®
membrane

in combination with PMMA  substrates to implement a normally
closed valve with a diameter of 10 mm [60]. They used a 14-psi
actuation pressure to obstruct liquid flows with a pressure of 4 psi.
Grover et al. was able to bond Teflon membrane to glass substrates
to implement an elliptical normally closed valve with a size of
1.2 × 1.8 mm2 [61]. Characterizations revealed that the valve could
block liquid flows with a pressure of approximately 7 psi using a
7.25-psi actuation pressure while it was completely open using an
actuation pressure of approximately −10 psi. As explained earlier,
the first trial to implement thermoplastic microvalve traced back
to bonding of thermoplastic substrates to PDMS membrane such
as that implemented by Zhang et al. in 2009 [35]. They fabricated
a normally closed valve, which was able to stop liquid flows with
pressures lower than 6.25 psi using an actuation pressure of 3.6
psi, whereas with a −8.7 psi of actuation pressure and a +8.7 psi
of liquid pressure the valve was open with a liquid flow rate of
approximately 924 �L/min. Implementation of whole-glass nor-
mally open microvalve using ultrathin (6-�m) glass membrane
was demonstrated by Tanaka [62]. This glass valve had a circu-
lar structure with 3 mm in diameter and was  able to block liquid
flows up to 0.43 psi using actuation pressure of approximately 9.3
psi. Yalikun and Tanaka improved this work and implemented
large-scale integration of whole-glass microvalves by a 10 × 11
valve array using the similar fabrication technology with 1.5-mm
diameter microvalves and a 4-�m ultrathin glass membrane [63].
However, its fabrication technology is more expensive and com-

plex than whole-thermoplastic microfluidic chips and they used
a temperature of over 700 ◦C for bonding the layers. Grover et al.
proposed the use of a 254-�m-thick PDMS membrane (HT-6240)
in combination with glass substrates to implement normally closed
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ig. 3. Design and characterization of the normally closed microvalve. Schematic
rchitecture. (d) Image showing a fabricated chip under microscope. (e) and (f) C
ressures.

alve for use in microfluidic devices [64]. The valve had a different
esign with respect to our work and had a larger fluidic resistance.
he microchannels of this work had a 100-�m width and a 40-
m depth with a circular valve chamber diameter of 1.5 mm.  With

n actuation pressure of −4.35 psi, the valve was completely open
nd flow rates of 3 �L/min up to 22.8 �L/min were measured while
iquid pressure increased from 1.45 psi to 4.35 psi. At last, with
ctuation pressures of 1.45 psi and 6.5 psi, the valve could obstruct
iquid flows with pressures of 5.8 psi and 10.8 psi, respectively.

It is obvious that in comparison to other whole-thermoplastic
ormally closed valves, the actuation pressure for blocking liquid
ow in the current work is much lower. This can be associated with

ow thickness and material properties of the TPU membrane. Also,
he fabrication process is more straightforward and economical
43–45].
.2. Characterizations of the micro-check valve

Check valve, or one-way valve, is the hydraulic analog to the
lectronic diode in which it can allow liquid to pass only in one
e operation of the valve, (a) open, (b) closed, and (c) exploded view of the valve
terization of the valve operation versus different liquid pressures and actuation

direction [65]. It is strongly required for lab-on-a-chip systems
to avoid backflow and undesired introduction and mixing of dif-
ferent liquid streams. In general, fabrication of membrane-based
micro-check valves using PDMS and soft lithography can be a chal-
lenging process since there is a need to generate multiple holes on
a very thin PDMS membrane. This task requires accurate punch-
ing and alignment processes that are tedious and time-consuming
especially for devices requiring many through-holes on the mem-
brane [65–67]. This issue was resolved in our fabrication method
by generating holes on the TPU film using the laser machining,
which is rapid and scalable. Fig. 4a and b show the check valve
functions in its reverse and forward modes, respectively. In the
reverse mode, the check valve blocks liquid flow while in the for-
ward mode, it allows the liquid to pass through the channel once
its pressure reaches above a specific threshold. Schematic, photo-

graph, and micrographs of the architecture of a fabricated check
valve implemented within a whole-thermoplastic chip are shown
in Fig. 4c–f.

The characterization experiments showed that the fabricated
check valve could withstand a maximum pressure of 30 psi in the
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ig. 4. Check valve operation, fabrication and characterization. Schematics showing
 fabricated chip. (e) Images showing top view of check valve chamber section unde
g)  Check valve leakage rate versus liquid pressure in forward mode; (h) pressure t
everse mode without any leakage under a 24-h test. No burst
eakage and failure in the bonding of the layers due to high liq-
id pressure was  observed, which could be attributed to the high
onding strength. By swapping the inlet and outlet ports and exert-
verse mode and (b) forward mode, and (c); exploded view. (d) Photograph showing
oscope and (f) bottom view of chamber section under microscope with dimensions.
ld of leakage for the fabricated check valves.
ing a negative pressure of −12 psi to the inlet, no leakage flow from
the outlet towards the inlet was  observed. However, by applying
a positive pressure to the inlet, the check valve was switched to
the forward mode leading to passage of the fluid through the check
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hotograph showing a fabricated chip (f) and (g) Images showing top and bottom v

alve. As depicted in Fig. 4g, the flow rate increased almost linearly
ith respect to the increment of inlet liquid pressure. Further inves-

igations revealed that the pressure threshold of the check valve,
o initiate liquid flow, was approximately 0.25 ± 0.05 psi with an
ssociated flow rate of 6.5 ± 5.5 �L/min (Fig. 4h). Threshold in the
orward mode is dependent on the membrane mechanical proper-
ies and the size of the obstacle and the chamber. Any variations in

he size of the obstacle and the chamber during the fabrication pro-
ess can influence the value of the threshold. According to Fig. 4f,
ecreasing the membrane surface area (A = Xin × YCV) increased the
hreshold pressure, because the amount of applied force by the liq-
s of the pump, (b) suction phase, (c) pumping phase and (d) exploded view. (e)
f the fabricated pump under microscope.

uid pressure to push up the membrane was  decreased. Thus, the
variation of the threshold point (Fig. 4h) in different chips might
be due to a combination effect of precise control of gas pressure
for liquid injection and fabrication errors, while variation in the
flow rate at an inlet pressure of 5 psi (Fig. 4g) was mainly due to
measurement errors.

Ball et al. implemented an out-of-plane flap-based check valve

using a seven-layer structure (three adhesive layers, one Durome-
ter silicon sheet, one planar PMMA  or polyethylene terephthalate
(PET) spring in combination with two PMMA  substrates), and fab-
ricated several valves with five different spring designs [68]. All
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f the designs had a total spring diameter of 5.5 mm.  Experiments
howed that, when springs were fabricated from the 200-�m-thick
MMA film, the valve threshold pressure in the forward mode was

n the range of 5.8–25 psi depending on the design of the spring.
owever, when springs were fabricated from the 130-�m-thick
ET film, the valve opening threshold was in the range of 0.7-
.0 psi depending of the design of the spring. To prevent the valve
rom back flows in the reverse mode, a soft and easily deformable
0A silicon sheet was used under the spring. As such, the valves
ould withstand back pressures of up to 40 psi in the reverse mode,
epending on the spring design. In comparison, the implemented
hole-thermoplastic membrane-based check valve in the current

eport is much simpler and practical for lab-on-a-chip applications
han previously reported check valves [68].

Mosadegh et al. implemented a series of membrane-based
DMS check valves with geometry similar to that shown in Fig. 4f of
ur study, using a 30-�m PDMS membrane, a 300-�m wide obsta-
le, but with different width and length [67,69]. All of the valves
eported in [67,69] were able to withstand back pressures of up
o 45 psi for at least 1 h. Characterization tests of forward mode
evealed that the threshold pressures for components with a con-
tant width of 1 mm and lengths (Xin of Fig. 4f) of 800, 400, and
00 �m were approximately 1.5, 2.6, and 3.3 psi, respectively. Ni
t al. [70] improved their previous design [71] and implemented a
DMS in-plane flap-based check valve and pump (the pump will be
ompared in the next section). Its flexible flap (250-�m long and
0-�m wide) was vertically fixed to one sidewall of the microchan-
el (300-�m wide and 300-�m high) with a 20-�m distance to the
topper while the rigid stopper sat to both sidewalls separated by

 centered stopper channel (400-�m long and 60-�m wide). The

alve could allow the liquid to pass with a flow rate of 1600 �L/min
t a forward pressure of 4.35 psi. However, in the reverse mode,
ith the liquid pressures of 0.7–4.35 psi the valve had a constant

eakage flow rate of 50 �L/min.
ate versus different actuation pressures; negative and positive pressures are related
mping flow rate versus actuation frequency. (d) Pumping flow rate versus varying

3.3. Micropump characterizations

Several efforts have been reported to implement check valve
micropumps on various materials with different actuation meth-
ods. In the past decade, such microfluidic systems have been widely
realized on silicon-based substrates with piezoelectric actuation
[66,72,73]. Kim et al. implemented a check valve micropump on
PDMS using two  flap-based check valves with pneumatic actu-
ation [74] and studied pulsatile nature of liquid flow on cells
[75]. Combination of PMMA  and PDMS with piezoelectric actua-
tion for micropumping has also been reported [76–78]. We  have
specifically implemented a whole-thermoplastic micropump with
pneumatic actuation by the integration of two membrane-based
check valves with a uni-diaphragm displacement chamber on a
single liquid channel (Fig. 5). In the current design of the microp-
ump, the depth of the check valves was designed to be about
250 �m while the circular displacement chamber had a depth of
about 600 �m with a diameter of 3 mm.  This architecture allowed
for decreasing the dead volume of liquid entrapped between inlet
check valve and the displacement chamber. The volumes of the
upper and lower sections of the chamber were approximately
4.24 �L and 0.88 �L, respectively, while the volume of the check
valves was  approximately 1.00 �L (Fig. 5a).

The micropump function consists of suction and pumping
phases (strokes), as shown in Fig. 6a. During the suction phase,
vacuum is applied to the actuation chamber causing liquid to be
drawn into the displacement chamber through the suction port. In
this phase, liquid can pass through the check valve from the suc-
tion port while the check valve at the discharge port stops the liquid
flow. During the pumping phase, the actuation chamber is pressur-

ized pushing liquid to the discharge port. In this phase of operation,
the check valve at the suction port is in its reverse mode of function
and blocks liquid flow while the check valve at the discharge port
allows the liquid to pass through the microchannel (Fig. 5b and c).
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hus, the check valve micropump generates a pulsatile flow rate
attern with the same frequency at which it is actuated.

Response of the micropump against various actuation pressures
nd frequencies was characterized (Fig. 6b–c). During all the tests,
he inlet of the suction port and the outlet of the discharge port
ere located at the same height. Fig. 6b shows the effect of the

ctuation pattern (symmetric and asymmetric) on the pumping
ow rate. For all the tests, the actuation frequency was set at

 Hz with duty cycle of 50% each. It was shown that a flow rate
f 60 �L/min was produced using actuation pressures of −5 psi
at suction phase) and 0 psi (at pumping phase), i.e. (−5 psi, 0
si), while a flow rate of 44 �L/min was produced by employing
ressures of (−2.5 psi, 0 psi). The minimum pumping flow rate
13.4 ± 0.4 �L/min) was produced at pressures of (0 psi, +2.5 psi)
nd (0 psi, +5 psi) while the maximum pumping flow rates of
6.6 ± 5.0 �L/min and 87.6 ± 5.0 �L/min were produced at the sym-
etrical actuation pressures of ±5 psi and ±10 psi, respectively.
hen the pump is actuated using the asymmetric pattern, spring

roperty of the membrane is the only force to return the mem-
rane to its initial position. For positive asymmetric pressures (0,
2.5 psi) and (0, +5 psi), the pump only uses the lower section of
he displacement chamber. In contrary, for negative actuation pres-
ures of (−5 psi, 0 psi) and (−2.5 psi, 0 psi), the pump uses the upper
ection of the chamber for pumping, which contains a larger vol-
me, thus achieving a higher flow rate. Further characterizations
evealed that the total pumping flow rate was improved through
he use of symmetrical actuation pressures, e.g. ±5 psi and ±10 psi,
ith the application of negative pressure during the suction phase

phase I) and positive pressure for the pumping phase (phase II).
he positive actuation in the symmetric pattern helps the mem-
rane to push the fluid to the discharge port. Thus, higher positive
ressures can overcome higher backpressures at the outlet.

The effect of actuation frequency on the pumping flow rate was
urther studied. Fig. 6c indicates that there was an optimum fre-
uency of actuation for maximum flow rate of pumping. Once the

requency was  increased to 1 Hz, maximum pumping flow rates
f 51 ± 3.0 �L/min and 89 ± 6.0 �L/min for actuation pressures of
2.5 psi and ±5 psi were obtained, respectively. The stroke volumes

displacement volumes) for ±2.5 psi and ±5 psi actuation pressures
ere 2000 nL and 2400 nL, respectively, which were calculated

sing numerical simulations (COMSOL Multiphysics). However, the
verage measured pumping volumes for ±2.5 psi and ±5 psi actu-
tion pressures (while the actuation frequency was  0.5 Hz in both
ases) were 1290 ± 40 nL/stroke and 1560 ± 40 nL/stroke, respec-
ively. The minimum measured pumping volumes for ±2.5 psi and
5 psi actuation pressures (while the actuation frequency was  4 Hz

n both cases) were 80 ± 5 nL/stroke and 125 ± 5 nL/stroke, respec-
ively. This difference can be result of several affecting parameters
ncluding, liquid entrapment between the inlet check valve and
ump chamber, probable bubble entrapment in the check-valve
hambers and microchannels, pressure drop at the discharge port
f the pump, as well as pump actuation frequency [72]. Obviously,
he pump performance may  be improved if the diameter of the
umping chamber increases.

Since the pump exhibited negative pressure (in suction phase)
t the inlet, it showed self-priming property and could suck the liq-
id from reservoir to the chip while the tubing and microchannels
ere empty of liquid. This capability is of particular importance for

ertain on-chip applications where the microfluidic chip is initially
mpty of liquid and the liquid should be pumped through from a
eservoir using a built-in micropump. The operation of the microp-

mp  can be observed in the supplementary video (ESI: Movie S1).

For further characterization of the micropump, the correlation
f resistive pressure against the flow at the outlet port (backpres-
ure) and the pumping flow rate was investigated (Fig. 6d). Tubing
ith an inner diameter of 508 �m was connected vertically to the
uators B 262 (2018) 625–636 633

outlet of the pump discharge port and filled with water to create
a liquid column with certain height and backpressure. The flow
rate was  measured at different heights of the liquid column. It was
revealed that the flow rate declined for all patterns of actuation
when the height of the liquid column increased from 0 to 81 cm,
which is equivalent to a backpressure of 1.15 psi, (Fig. 6d). For actu-
ation frequency of 1 Hz and actuation pressure of ±5 psi, the flow
rate dropped from 86 ± 4.0 �L/min to 42 ± 2.0 �L/min as the back-
pressure increased from 0 to 2.1 psi, which is equivalent to height
of 150 cm.  We  were only able to measure up to heights of 150 cm
due to constraints in the laboratory, while the actuation frequency
and pressure were 1 Hz and ±5 psi, respectively. However, since
these types of pump usually have linear responses to backpres-
sures [71,79,80], we  concluded (by calculations from Fig. 6d) that
our pump could withstand a backpressure of approximately 4.4 psi,
which is equivalent to height of 310 cm.

The fabricated micropump had dimensions of 9.3 × 3 × 3 mm3

(without considering the side channels). Our method of whole-
thermoplastic micropump fabrication is much easier than the one
used for micropumps implemented in PMMA substrate and PDMS
membrane with piezoelectric actuation for liquid pumping [76,77].
The reported devices had dimensions of 20 × 20 × 28 mm3, fab-
ricated in 10 layers. Experimental results [76] showed that the
maximum flow rate of 118 mL/min was  obtained using a sinu-
soidal voltage of 60 V at 361 Hz for pumping. Conde et al. have also
implemented another piezoelectric actuated check valve microp-
ump  (22 × 11 × 2.2 mm3) in which they used three PMMA  layers
in combination with two  PDMS O-ring diaphragms to implement
the pump [81]. Maximum average flow rate of 120 �L/min was
obtained with a backpressure of about 1.4 psi while it was driven
by a sinusoidal voltage of 100 V at 120 Hz.

Ni et al. reported a PDMS micropump using a 150-�m thick
membrane and two  flap-based check valves [71]. The diame-
ter and height of the pump chamber were 4.4 mm and 200 �m,
respectively. The maximum flow rates of 19.3 �L/min, 25.8 �L/min,
and 41.0 �L/min were obtained under the pneumatic pressure
amplitudes of 4.35 psi, 6.5 psi, and 8.7 psi at zero back pressure,
respectively, at the actuation frequency of 2 Hz. The zero flow rate
pressure head of the pump was  approximately 3.6 psi at an actua-
tion frequency of 2 Hz and an actuation pressure of 6.5 psi. The total
chip size was about 10 × 10 mm2. Grover et al. fabricated several
three-layer glass/PDMS/glass micropumps using a combination of
three normally closed valves in a way that the middle valve had
larger area and worked similar to the displacement chamber while
the other valves actuated in a way  that they worked similar to check
valves [64]. The pumps were self-priming and were able to pump
from 0.06 �L/min to over 6 �L/min (according to their size) while
the pumps were actuated at −11.6 psi and +5.8 psi pressures. The
pumps were able to pump approximately 82% of the chamber vol-
ume  per cycle. According to the data provided in this report it is
reasonable to conclude that a device with a 20 �m depth fluid layer,
a 70 �m etch depth of chamber, and a chamber diameter of 3 mm
(which had a volume of 0.531 �L) and at optimum actuation time
(0.5 Hz), could pump flow rate of maximally 3 �L/min at zero back
pressure. When the chamber diameter was  1.5 mm  and at its opti-
mum  actuation time, the maximum flow rate of 1.8 �L/min and
0.78 �L/min were attained at backpressure of 2.9 psi and 4.35 psi,
respectively.

4. Conclusions
In this paper, we  described the fabrication of three types of
fundamental microfluidic actuators including a normally closed
microvalve, a micro-check valve, and a dual-phase micropump. The
whole-thermoplastic actuators were fabricated employing laser-
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icromachined PMMA  sheets and TPU films assembled through
hermal fusion bonding. The developed fabrication method is
traightforward and inexpensive with rapid processing time in
omparison with thermoforming and hot embossing methods [50].
hese features make the developed fabrication method appropri-
te for rapid chip fabrication in academic settings for chemical
nd biological applications. Using laser-machining method to cre-
te microfluidic architectures eliminated the use of any master
old for patterning purposes, which is commonly used for creating

eatures on thermoplastic-based microfluidics [45,49]. In addition,
he developed fabrication process does not require any chemical
reatment, plasma or UV/ozone exposure for bonding as used for
ome thermoplastic chip fabrication [44,49]. The presented fabrica-
ion method has fewer steps compared to the reported fabrication

ethods [45,49,82]. The normally closed microvalve could stop liq-
id flow in its passive mode for liquid pressures of up to 2 psi as
o actuation pressure was used. The micro-check valve could pro-
ide leakage-free operations in its reverse mode for liquid pressures
f up to 30 psi. Furthermore, the pneumatic-actuated micropump
ould demonstrate a successful continual operation with constant
verage flow rate of 87.6 �L/min at an actuation pressure and fre-
uency of ±5 psi and 1 Hz, respectively, which is sufficient for a
ast majority of microfluidic and on-chip applications. For future
mprovements, the dimensions of the fabricated devices can be
ownsized and the quality of the laser micromachining can be

mproved by fine tuning of laser properties. Miniaturization can be
chieved with enhanced control over the operation of the devices
ith higher density of on-chip integration. Also, the minimum

umping flow rate of the micropump can be reduced through
ptimization and downsizing processes for applications require
igh-resolution control over low flow rates. More precise control
ver the thermal bonding process may  be achieved using cus-
omized metallic jigs with controllable bonding pressure.
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