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In  this  study,  we report  on  the performance  analysis  of peristaltic  micropumps  to  understand  the  impact
of affecting  parameters  on micropump  actuation  membrane  and  overall  micropump  operation.  To  this
end,  a thermoplastic  micropump  consisting  of  three  interconnected  actuation  units  made  of  Poly(methyl
methacrylate)  (PMMA)  and  thermoplastic  polyurethane  (TPU)  film  is  designed  and  fabricated.  The  actua-
tion  membrane  for liquid  pumping  is made  of  TPU film  that  is located  between  the  liquid  and  the  actuation
chambers.  The  effects  of  actuation  gas  pressure  and actuation  frequency  on micropump  characteristics  in
terms of  pumping  flow  rate,  volumetric  efficiency,  and  generated  liquid  pressure  are  studied.  A maximum
flow rate  of  56.28 ± 1.47  �l/min  is  obtained  using  an  actuation  pressure  and frequency  of  50  kPa  and
15  Hz,  respectively.  An  experimental  setup  is  designed  and  assembled  to measure  the  actual  pressure
experienced  by  the  actuation  membrane  at different  actuation  frequencies  and  gas  pressures.  It is  found
that  the  increase  of  actuation  pressure  leads  to  the  increment  of  membrane  oscillation  amplitude  with
subsequent  increase  of pumping  flow rate  and  volumetric  efficiency.  However,  a  further  increase  of  actu-
ation pressure  beyond  a threshold  (50 kPa)  leads  to the  decline  of  membrane  oscillation  amplitude  that
decreases  the  flow  rate. Also,  an  image  processing  of  the  actuation  membrane  reveals  that  the  increase

of actuation  frequency  results  in  the  continuous  reduction  of  the  oscillation  amplitude  of  micropump
membrane.  Similar  to  actuation  pressure,  the  increase  of actuation  frequency  beyond  a  critical  value  (15
Hz) leads  to the  decline  of flow rate.  Our  findings  provide  critical  insights  required  for  optimal  design
and  operation  of  micropumps  and  finding  a  compromise  between  optimum  pumping  flow rates  and
operating  conditions  for on-chip  pumping.

© 2020  Elsevier  B.V.  All  rights  reserved.
. Introduction

Meeting the requirement of an accurate fluid delivery in a
inute scale has led to the development of various designs of
icropumps for deployment in microfluidic and lab-on-chip appli-
ations [1–3]. The use of micropump in drug delivery [4–7],
hemical/biological applications [8,9], space explorations [10], and
icro-electronics have introduced this microdevice as a key actua-
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tor in microfluidic systems. Many improvised concepts with various
structures, actuation mechanisms, and manufacturing methods
have been utilized to advance the micropump technology for dif-
ferent applications [1].

In general, micropumps could be classified into mechanical
and non-mechanical ones. The mechanical micropumps employ an
oscillating membrane, also known as diaphragm, which is actuated
by an external power source to displace liquid for pumping pur-
poses [11–13]. The mechanical micropumps are more frequently
employed in different microfluidic applications including but not
limited to lab-on-chip (LOC) devices [14,15], micro total analysis
systems (�TAS) [16], DNA hybridization [17], fuel cells [18,19], and

gas chromatography [20].

Mechanical micropumps mainly consist of a few interconnected
actuation units for consecutive actuation of liquid. Each actua-
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Nomenclature

V Volume (m3)
R Radius (m)
H Height (m)
F Frequency (Hz)
P Pressure (kPa)
Q Volumetric flow rate (�l/min)
N Number of cycle

Greek Symbols
�  Volumetric efficiency (%)

Subscripts
Th Theoretical
Exp Experimental
sl Swept Liquid
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micromilling fabrication method [39]. TPU membranes are cut in
desired dimensions using a sharp blade.

Prior to thermal fusion bonding for micropump fabrication, all
prepared layers are initially washed with conventional water and
ion unit could include an actuation chamber, a liquid chamber,
 membrane, and an actuation mechanism to actuate the mem-
rane [1]. Amongst various mechanical micropumps, peristaltic
ypes consisting of at least three units have been widely devel-
ped for microscale flow manipulations. This is mainly due to the
igh-precision and low-cost of peristaltic micropumps. Different
ctuation mechanisms including piezoelectric (PZT) [21], electro-
agnetic force [22], electrostatic force [20], thermospneumatics

23,24] and pneumatics [25,26] have been utilized to excite the
embrane in peristaltic micropumps. In addition, other actua-

ion mechanisms for pumping such as electro-osmosis have been
xplored theoretically [27–30], numerically and experimentally
31–36]. Different aspects of peristaltic flows including hydrody-
amics and thermal characteristics have been studied recently
37,38]. In this paper, however, the focus is on the performance
nalysis of gas-actuated peristaltic micropumps.

Many investigations have been reported on the development
nd optimization of high-performance peristaltic micropumps
hrough the modulation of micropump design and employed

aterials [23,25,39–46]. In general, the performance curves of gas-
ctuated micropumps demonstrate a peak in terms of pumping
ow rate versus actuation pressure and actuation frequency. This
haracteristic is mainly associated with the behavior of actuation
embrane and operating conditions; however, no detailed perfor-
ance analysis of micropumps has been provided in the literature.

n fact, a comprehensive understanding of membrane function and
ossible affecting uncertainties on its deformation is desired for
ptimization purposes.

In this research, the performance of a micropump actuating
embrane is studied. In this way, a multi-layer pneumatic peri-

taltic micropump consisting of three interconnected actuation
nits is fabricated in PMMA,  Fig. 1. A TPU film is employed as
he actuation membrane due to its high elasticity and mechani-
al resilience. All layers are bonded using a low-pressure thermal
usion bonding method. The effects of actuation gas pressure and
ctuation frequency on the TPU membrane deformation are investi-
ated through volumetric efficiency analysis and image processing
pproach. Importantly, to understand possible uncertainties asso-
iated with membrane actuation, a pressure measurement system
s developed to quantify the actual gas pressure experienced by
he TPU membrane at different gas actuation frequencies and gas
ressures.
l. / Sensors and Actuators A 315 (2020) 112242

2. Experimental setup

2.1. Materials and apparatus

PMMA  sheets (thickness of 2 mm,  Calvin, Vietnam) are
employed as the base material for fabricating various layers of the
micropump. Due to the high rigidity of PMMA  sheets, flexible ther-
moplastic polyurethane (TPU) (thickness of 25 �m,  PT9200US NAT
1.0 mil, Covestro LLC, MA,  USA) is utilized as an actuation mem-
brane. TPU films have been investigated widely for biomedical
purposes thanks to the specific properties of TPU such as bio-
compatibility and appropriate mechanical behaviors [47–49]. A
3D commercial computer numerical control (CNC) micromilling
machine (DSP, China) with two flute flat endmills with diame-
ters of 0.3 and 1 mm,  is used to drill the desired features on
the PMMA  sheets. The SOLIDWORKS® (Version 2017) software
is used to design the desired features. The Mastercam® soft-
ware (Version 2017) is utilized to convert computer-aided design
(CAD) files, exported by the SOLIDWORKS®, into an appropri-
ate format for the micromilling machine. A laboratory vacuum
oven (AFE200LV-60DH, ATRA, IRAN) connected to a vacuum pump
(VE135 N, VALUE®, China), is employed for the thermal treat-
ment and bonding procedure. An oil-free air compressor is used
to produce pressurized air to actuate the TPU membranes of the
micropump.

Three solenoid pneumatic switch valves (FESTO®, MH1-24 V DC)
are used to control the actuation frequency of the micropump. They
are normally closed valves that have ON and OFF modes of opera-
tions. They allow gas to pass through once they are activated (ON
mode). In this way, pressurized gas in the control chamber over the
membrane can deform the membrane. Once the valves are closed
(OFF mode), the pressurized gas in the control chamber is released
into the atmosphere and membrane restores its original flat shape.

A controller system (WAGO®, Fieldbus controller, System 750),
equipped with the CODESYS® software, is utilized to handle the
operation of pneumatic switch valves. The fabricated micropump
is connected to the pneumatic switch valves with the aid of Tygon®

tubes. For the flow rate measurement, deionized water mixed with
red food dye with a volume ratio of 400:1 is used. A low-cost
gas pressure sensor module (XGZP6887A, CfSensor, China) and an
Arduino microcontroller (UNO R3, Italy) are employed to measure
the real gas pressure that the membrane senses. The MATLAB® soft-
ware is used for image processing purposes and also to interpret the
received signals from the gas pressure sensor.

2.2. Design and fabrication of micropump

The multi-layer gas-actuated micropump includes three inter-
connected cylindrical liquid chambers, control chambers, actuation
membranes, and inlet and outlet ports (Fig. 1a). The cylindrical
liquid chambers with a diameter and height of 2 and 0.1 mm
are interconnected through a rectangular liquid channel with a
cross-section of 100*600 �m2 (Fig. 1b). The control chambers are
connected to the solenoid valves for pneumatic actuation of the TPU
membranes. The introduction of compressed air into each control
chamber through the switch valves pushes the actuation mem-
brane downward leading to liquid movement. Liquid pumping is
generated through the consecutive actuation of the membranes
in a synchronized pattern. Different PMMA  layers of the microp-
ump  are designed using SOLIDWORKS® software. The exported file
from SOLIDWORKS® is then converted into G-code format with
the aid of Mastercam® software. PMMA  layers are fabricated using
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ig. 1. Design and fabrication of the micropump. (a) A schematic illustration of th
icropump; (d) schematics of assembled micropump, and (e) image of the fabricat

oap. Then, they are kept in the oven at a temperature of 90 ◦C
nd an absolute pressure of 20 kPa (vacuum pressure of 80 kPa)
or at least 8 h, followed by a gradual cooling to room temperature
n approximately 50 mins. Afterward, all layers are assembled and
andwiched using paper clips and glass slides, while being kept in
he oven at 145 ◦C and 20 kPa (vacuum pressure of 80 kPa) for 60

in. Finally, the layers are cooled to room temperature in about
0 min  [39]. The assembled and fabricated micropump is shown in
ig. 1d and e.

To actuate the membrane for liquid pumping in a cyclic opera-
ion, a 6-stage actuation pattern is employed to control the ON-OFF
peration of the solenoid valves (Fig. 2) [50]. The ideal performance
f the micropump occurs once the liquid in each cylindrical liq-
id chamber is swept completely during a cycle. For a peristaltic
icropump consisting of n chambers working based on the above-
entioned actuation pattern, the ideal volume of swept liquid in

ne cycle is:

sl = (n − 2) ∗ V (1)
here V is the volume of a chamber. For a cylindrical chamber,
herefore, the volume of swept liquid in each cycle is:

sl = �r2h (2)
rs; (b) design of liquid channel (top view); (c) schematics of actuation unit of the
cropump.

where r=1 mm and h=100 �m are the radius and height of the
cylinder, respectively.

2.3. Test setup

Two  experimental setups for the characterization of microp-
ump  operation and the measurement of actuation gas pressures
are designed in this study as explained in the following sections.

2.3.1. Experimental setup for micropump operation
The experimental setup consists of a PC, a controller, solenoid

switch valves, an oil-free air compressor, a pressure regulator and
the fabricated micropump chip. The solenoid switch valves con-
nected to the air compressor, are actuated with a controller which
is commanded by CODESYS® software via a PC interface. The switch
valves have a synchronized operation (Fig. 3). The pressure of
compressed air supplied by the compressor is adjusted through a
pressure regulator before the valves.

The operation of the micropump is studied when both upstream
and downstream liquid pressures are set at atmospheric pressure.

In this way, the inlet port of the micropump is connected to the liq-
uid reservoir exposed to the atmosphere and the outlet port of the
micropump is in contact with atmospheric pressure via a measure-
ment tube (Tygon tube, Cole-Parmer, an inner diameter of 0.020
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Fig. 2. (a) Schematic illustration for consecutive actuation of the micropump actuation units from top view, dimensions not to scale; (b) actuation time intervals for each
actuation membrane; (c) cross sectional view of an actuation unit for OFF and ON modes.
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Fig. 3. (a) Schematics of the micropump 

nch). The pumping rate is obtained by measuring the time needed
o fill a certain volume of the measurement tube [44,51]. To inves-
igate the effect of downstream pressure on the performance of
he micropump, a liquid column with an adjustable height is con-
ected to the outlet port. For different heights of the liquid column,
he flow rates are measured.

.3.2. Experimental setup for the gas pressure measurement
Fig. 4 shows an in-house designed and assembled test setup to

easure the gas pressure applied over the membrane for actu-
tion purposes. To this end, the low-cost piezoresistive pressure
ensor module and the Arduino Uno microcontroller board with an
Tmega 328 P microcontroller are utilized. The output of the pres-
ure sensor is in analogue format; therefore, the analogue pins of
he microcontroller is used to receive signals. The pressure sensor
as an ability to measure the gauge pressure of non-corrosive gas
r liquid ranged from 0 to 100 kPa. The analogue signals from the
ressure sensor are recorded by the microcontroller every 1 ms.

he signals are then transferred to a computer via a serial inter-
ace through a USB connection and are plotted using the MATLAB®

oftware. To convert the signals into pressure values, a polynomial
quation, obtained from a calibration curve, is used.
tup; (b) image of micropump test setup.

3. Results and discussion

Initially, bonding strength of the fabricated micropump is tested.
To this end, the micropump chip is immersed in a water bath, and
air with 600 kPa pressure is introduced into the inlet port and the
actuation units of the micropump. No bubble leakage is observed.

3.1. Micropump characterization

The gas pressure and gas actuation frequency are two key fac-
tors affecting the performance of the micropump. Fig. 5a shows
the flow rate as a function of gas actuation pressure for three
constant actuation frequencies of 1, 5 and 20 Hz. It is obvious
that for all three cases, there is an optimum pressure of 50 ±
0.5 kPa for which the maximum flow rate is obtained. To obtain
the optimum performance of the micropump, the range of gas

pressure was selected from 10 to 150 kPa. For the range of fre-
quency, applying a gas actuation frequency more than 20 Hz
was not possible due to the technical limitation of the switch
valves.
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Fig. 4. (a) Schematics of gas measurement setup; (b) image of the experimental gas measurement setup.
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ig. 5. (a) Flow rate versus gas pressure for three gas actuation frequencies of 1, 5 an
f  1, 5 and 20 Hz; (c) schematic illustration showing variations of membrane oscillati
ressure  increases to P5.

To characterize the pumping performance, the volumetric effi-
iency of micropump (�) is defined as [52]:
� = QExp
QTh

(3)
z; (b) volumetric efficiency versus gas pressure for three gas actuation frequencies
plitude at a constant actuation frequency as actuation pressure increases. Actuation

where QExp is the measured flow rate of the fabricated micropump,
and QTh is the ideal flow rate of the micropump calculated as:
QTh = Vsl ∗ F (4)

In this equation, Vsl and F are the volume of swept liquid in each
cycle, and the gas actuation frequency, respectively. Fig. 5b demon-
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Fig. 6. (a) Flow rate versus frequency for three gas pressures of 25, 50 and 100 kPa; (b) volumetric efficiency versus frequency for three gas pressures of 25, 50 and 100 kPa;
(c)  schematic illustration of membrane oscillation amplitude at a constant actuation pressure as actuation frequency increases. Increasing the actuation frequency from (i)
to  (iv) reduces the oscillation amplitude; (d) membrane channel coverage for actuation frequencies of 1, 5, and 20 Hz and percentage of channel surface area with red color
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btained from image processing. The black/red color indicates liquid in the liquid ch
egend, the reader is referred to the web version of this article).

trates the variation of volumetric efficiency versus gas actuation
ressure for three frequencies of 1, 5, and 20 Hz. Similar to Fig. 5a,
he volumetric efficiency is maximum at a gas pressure of 50 kPa
or the three cases. However, the volumetric efficiency is higher at

 lower gas actuation frequency. For the frequency of 1 Hz, while
he micropump flow rate is minimum (Fig. 5a), the corresponding
olumetric efficiency is maximum (Fig. 5b). This behavior of the
icropump might be explained as follows.

Once the actuation gas pressure is applied, the membrane moves
ownward to push the liquid as demonstrated in Fig. 5c-ii. With
he increase of gas pressure, the membrane oscillation amplitude
s increased. When the center point of the membrane reaches its

aximum deflection to cover the whole channel height (Fig. 5c-
ii), further increase of gas pressure leads to the deflection of the

embrane to the peripherals resulting in a higher coverage of the
iquid channel by the membrane (Fig. 5c-iv). Thus, more liquid vol-
me  is displaced per each cycle causing the increase of flow rate.
pplying a higher gas pressure at a fixed frequency, however, has
nother effect on the oscillation amplitude of the membrane. For

 fixed frequency, as the gas pressure increases, the membrane

equires a longer time period to returns to its original position. This

eans that increasing the gas pressure will decrease the oscilla-
ion amplitude of the membrane (Fig. 5c-v and c-vi). It results in
r (below the membrane) (For interpretation of the references to colour in this figure

a decrease of the micropump flow rate and volumetric efficiency
(Supplementary APPLICATION 1).

Fig. 6a and b illustrate the flow rate and volumetric efficiency
versus actuation frequency for three different gas actuation pres-
sures. Fig. 6a reveals that a higher flow rate is obtained at a gas
pressure of 50 kPa (see also Fig. 5a). For all gas pressures, increas-
ing the gas frequency increases the flow rate up to a certain point
(15 Hz) after which the frequency has no significant effect. Fig. 6b
reveals that with an increase of gas actuation frequency, the volu-
metric efficiency decreases (see also Fig. 5b) for three gas actuation
pressures. The rate of reduction of the volumetric efficiency, how-
ever, is higher at lower frequencies. This micropump behavior could
be associated with the membrane deflection at different actuation
frequencies. As shown in Fig. 6c, at a fixed gas pressure, an increase
of the actuation frequency reduces the oscillation amplitude of the
membrane resulting in a continuous decrease of the volumetric
efficiency. As displayed in Fig. 6b, however, the flow rate does not
follow the same pattern. By increasing the frequency, the flow rate
is also increased to a certain point. This originates from the fact
that by increasing the gas actuation frequency, although the liquid

volume swept per each cycle is reduced, the number of displaced
volumes in one second increases, which in turn, leads to higher flow
rate (Supplementary APPLICATION 2).
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Fig. 7. Measured gas pressure in the actuation chamber above the membrane, (a) at a constant actuation supply pressure of 50 kPa for actuation frequencies of 1 Hz, 10 Hz,
20  Hz, and (b) at a constant actuation frequency of 5 Hz for supply gas pressures of 25 kPa, 50 kPa and 75 kPa.

Fig. 8. (a) The impact of outlet liquid height on the pumping flow rate; (b) the impact of outlet liquid height on the volumetric efficiency of the micropump.
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Eventually, the maximum volumetric efficiency of 89.09 % is
btained using a gas pressure of 50 kPa and an actuation frequency
f 1 Hz. Meanwhile, the minimum volumetric efficiency (4%) is
bserved at 150 kPa and 20 Hz. Moreover, the maximum gener-
ted flow rate of 56.28 ± 1.47 �l/min is obtained at 50 kPa and 15
z. It should be noted that by increasing the density and viscos-

ty of pumping liquid, higher gas pressure is required for pumping
urposes to overcome friction losses.

Image processing of the membrane deformation at different fre-
uencies revealed that the coverage of the liquid chamber with the
embrane decreases as the actuation frequency increases from 1
z to 20 Hz. It indicates that the oscillation amplitude of the mem-
rane decreases as the actuation frequency increments. The image
rocessing is performed using the MATLAB® software to determine

iquid percentage below the membrane during the actuation pro-
ess as displayed in Fig. 6d. A code is commanded in the MATLAB®

oftware to count pixels in a wide spectrum of red color through
he elimination of other colors from the images. The intensity of
ed color increases from 19.8 % at a frequency of 1 Hz to 49.86 % at

 frequency of 20 Hz meaning a decline of channel coverage by the
embrane.

To further investigate the membrane deflection, the actua-
ion pressure experienced by the membrane is measured. Fig. 7a
resents the variations of gas pressure during micropump oper-
tion for three actuation frequencies of 1, 5, and 20 Hz once the
ressure of gas supply for the membrane actuation is set on 50 kPa
sing a regulator. As the actuation frequency increases, the maxi-
um  value of gas pressure experienced by the membrane declines

eading to the reduction of channel coverage. As the gas actuation
requency reaches 20 Hz, the maximum value and the oscillation
mplitude of the gas pressure are decreased. The maximum and
inimum values of gas pressures at this frequency are measured to

e 39.29 kPa and 2.73 kPa, respectively. This behavior at a high fre-
uency may  be explained by the fact that there is not sufficient time

or the pressurized gas to reach above the membrane in ON-mode
ctuation. Thus, the membrane deflection cannot cover the whole
eight of the liquid channel. Furthermore, in the OFF-mode actua-
ion, with an increase of actuation frequency, the gas in the control
hamber cannot be released completely into the atmosphere and,
herefore, the membrane cannot restore its original flat shape. In
his way, the amplitude of membrane oscillation is limited to only

 fraction of the channel height leading to a decrease of the liquid
olume swept by the membrane. Variations of gas pressure over the
ctuation membrane for two different supply gas pressures and a
xed actuation frequency of 5 Hz are also measured. Fig. 7b shows

hat the experienced pressure by the membrane is lower than the
upply gas pressure. For actuation pressures of 25 kPa, 50 kPa and
5 kPa, the pressures over the membrane are measured as 20.6 kPa,
5.3 kPa and 71 kPa, respectively. This difference could be related
o pressure drop through tubing and switch valves.

As a final step, the effect of downstream pressure on the oper-
tion of the membrane is also studied. To this end, a gas pressure
f 50 kPa with two gas actuation frequencies of 5 and 15 Hz are
elected as working conditions. As shown in Fig. 8a, when the liq-
id height (downstream pressure) is increased, the flow rate is
ecreased with a nearly constant slope. Furthermore, the rise of
as actuation frequency increases the liquid height of the microp-
mp  at the outlet port. For a gas pressure of 50 kPa and a frequency
f 15 Hz, as the liquid height rises from 4 cm to 14 cm,  the over-
ll pumping flow rate decreases from 23.95 to 4.59 �l/min. For this
orking condition, the obtained maximum liquid height is approx-

mately 15 cm meaning that the micropump can provide a liquid

ressure of about 1.5 kPa (by neglecting the effects of friction loss
nd capillarity). The volumetric efficiency of the micropump in such
orking conditions is calculated (Fig. 8b). The volumetric efficiency

or the gas actuation frequencies of 5 and 15 Hz are calculated to
l. / Sensors and Actuators A 315 (2020) 112242

be 20.52 % and 8.47 %, respectively, at a liquid height of 4 cm (i.e.
downstream pressure ≈ 0.4 kPa) that are followed by consistent
reduction. As shown in Fig. 8b, for both gas actuation frequen-
cies, with an increase of the liquid height, the volumetric efficiency
decreases meaning a reduction of displaced liquid in each cycle.

4. Conclusions

In this paper, we  report the performance analysis of gas-
actuated peristaltic micropumps for optimization purposes. To
this end, a micropump consisting of three interconnected actu-
ation units is fabricated using PMMA  sheets and TPU films. The
micropump is characterized at different working conditions of
gas actuation pressure and frequency. It is found that pumping
flow rate versus actuation pressure and actuation frequency show
peak value that is mainly associated with membrane behavior. It
is revealed that the increase of actuation gas pressure at a fixed
actuation frequency has two opposing effects on the micropump
performance. Increment of actuation pressure induces higher chan-
nel coverage by the membrane leading to an increase of liquid
volume swept by membrane per cycle. However, applying exces-
sive actuation pressure decreases the oscillation amplitude of the
membrane resulting in a negative impact on the flow rate. Sim-
ilar to the effect of actuation pressure on flow rate, an increase
of actuation frequency enhances the pumping flow rate. However,
after a certain threshold, higher frequencies result in the decline of
flow rate. The image processing approach reveals that this behavior
is mainly related to shorter oscillation amplitude of the mem-
brane once the actuation frequency rises. In this way, the volume
of displaced liquid by the membrane actuation decreases as the
frequency increases. To enhance membrane lifetime for long-term
operations such as on-chip cell culturing for drug testing, a desired
flow rate should be produced using the lowest actuation frequency
and pressure that minimize cyclic membrane deflections.
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