
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Graphical Abstract 

 

Polymer chip-integrable piezoelectric micropump with low backpressure dependence 

 

 

 

A polymer piezoelectric micropump fabricated with conventional machining methods that can be 

embedded in laminated microfluidic chips 
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We describe a piezoelectric micropump constructed in polymers 

with conventional machining methods. The micropump is self

contained and can be built as an independent device or as an on

chip module within laminated microfluidic chips.  We demonstrate 

on-

micromixer with two pumps.  Average flow rates from sub

to 300 µl min

backpressure up to approximately 10 kPa. The micropump 

allows potential use in low

Chip devices.

 

(LOC) devices; t

their microfluidic networks. Extensive research in the field of 

micropumps has been done and a large number of pumping 

mechanisms have been developed, most of them overviewed 

in comprehensive reviews published in 

micropumps, the most studied by far are the so

reciprocating displacement micropumps (RDµPs) normally 

featuring a pumping membrane and two passive valves for 

flow rectification. A typical characteristic of most academic 

and 

dependence of the flow rate in all their working range, usually 

decreasing linearly with increasing backpressure.

inherent dependence can be a drawback for some applications 

such as drug delive

varying hydrodynamic resistance or microfluidic systems 

having reservoirs, where height changes in the liquid columns 
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contained and can be built as an independent device or as an on

ip module within laminated microfluidic chips.  We demonstrate 

-chip integrability by the fabrication and testing of an active 
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mechanisms have been developed, most of them overviewed 

in comprehensive reviews published in 

micropumps, the most studied by far are the so

reciprocating displacement micropumps (RDµPs) normally 

featuring a pumping membrane and two passive valves for 

flow rectification. A typical characteristic of most academic 

and commercial RDµPs is that they suffer from backpressure
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We describe a piezoelectric micropump constructed in polymers 

with conventional machining methods. The micropump is self

contained and can be built as an independent device or as an on

ip module within laminated microfluidic chips.  We demonstrate 

chip integrability by the fabrication and testing of an active 

micromixer with two pumps.  Average flow rates from sub

 can be obtained with low influence from the 

backpressure up to approximately 10 kPa. The micropump 

allows potential use in low-cost disposable polymeric Lab on a 

Micropumps are fundamental components in Lab on a Chip 

(LOC) devices; they control and modulate fluid flow within 

their microfluidic networks. Extensive research in the field of 

micropumps has been done and a large number of pumping 

mechanisms have been developed, most of them overviewed 

in comprehensive reviews published in 

micropumps, the most studied by far are the so

reciprocating displacement micropumps (RDµPs) normally 

featuring a pumping membrane and two passive valves for 

flow rectification. A typical characteristic of most academic 

commercial RDµPs is that they suffer from backpressure

dependence of the flow rate in all their working range, usually 

decreasing linearly with increasing backpressure.

inherent dependence can be a drawback for some applications 

such as drug delivery, microfluidic networks with unknown or 

varying hydrodynamic resistance or microfluidic systems 

having reservoirs, where height changes in the liquid columns 
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dependence of the flow rate in all their working range, usually 
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seal with the rigid valve seats. This seal puts both valves in a 

normally 

closely related to the working mechanism of outlet check 
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Fig. 1      (a) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in
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) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in

ring while the outlet diaphragm does not

between the valve seats and the inner O

-assembled independent micropump with tubing attached

layers (and relevant structures) and the PDMS diaphragms are 

presented in Fig. S1.† 

The working principle of the presented micropump is no 
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 and is briefly explained in Fig. S2.† 

The inlet check valve is designed as a typical diaphragm check 

valve with a small cracking pressure.

The check valves have different designs but they share two 

common structural features.First, both inlet and outlet PDMS 

diaphragms are surrounded by tori (outer O

half of the outer O-rings fits and self

movement) in complementary half
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towards the rigid walls of the O

that produce gas- and liquid-

can withstand pressures up to 50 kPa without measurable 

leakage. By using this approach, the PDMS diaphra

mechanically anchored to the PMMA structures when layers 

are bonded, thus avoiding any chemical assistance or surface 

functionalization. Second, both valve seats provide the rigid 
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centre of both PDMS diaphragms (Fig. 1c). Pretension is

applied to the diaphragms by regulating valve seat heights, 
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closed state that avoids unwanted leaking and is also 

closely related to the working mechanism of outlet check 
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procedure previously described.

) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in

ring while the outlet diaphragm does not.  (c) Section view of the check valve

between the valve seats and the inner O-rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

assembled independent micropump with tubing attached

layers (and relevant structures) and the PDMS diaphragms are 

The working principle of the presented micropump is no 

typical RDµP: the piezoelectric

alternately increases and decreases the pump chamber 

volume, which forces fluid in and out of the chamber in one 

direction due to the rectification of flow accomplished by the 

valves on each half cycle.

design of the outlet check valve also limits the influence of the 

outlet pressure towards the pumping chamber 

in the complete pump cycle, which yields the 

of the flow rate. This de

and is briefly explained in Fig. S2.† 

The inlet check valve is designed as a typical diaphragm check 

valve with a small cracking pressure. 

The check valves have different designs but they share two 

First, both inlet and outlet PDMS 

diaphragms are surrounded by tori (outer O

rings fits and self-aligns (limiting lateral 

movement) in complementary half-round circular grooves (O

he PMMA layers (Fig. 1c). The lower 

rings is slightly larger than the depth of the 

flat circular groove. Consequently, when the layers are 

bonded, the flat groove compresses and deforms the outer O

ring, which in turn compresses the upper half of the O

towards the rigid walls of the O-ring gland forming a face seal 

-tight closures (Fig. 1c). This seal 

can withstand pressures up to 50 kPa without measurable 

leakage. By using this approach, the PDMS diaphra

mechanically anchored to the PMMA structures when layers 

are bonded, thus avoiding any chemical assistance or surface 

Second, both valve seats provide the rigid 

tori (inner O-rings) that bulge out of th

centre of both PDMS diaphragms (Fig. 1c). Pretension is

applied to the diaphragms by regulating valve seat heights, 

rings to form a tight, but reversible, 

seal with the rigid valve seats. This seal puts both valves in a 

closed state that avoids unwanted leaking and is also 

closely related to the working mechanism of outlet check 

All the PMMA layers of the pump were fabricated 

computer numerical control (CNC) micromilling following a 

procedure previously described.
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direction due to the rectification of flow accomplished by the 

half cycle.
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) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in

.  (c) Section view of the check valves showing the outer O

rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

assembled independent micropump with tubing attached. 

layers (and relevant structures) and the PDMS diaphragms are 

The working principle of the presented micropump is no 

diaphragm 

alternately increases and decreases the pump chamber 

volume, which forces fluid in and out of the chamber in one 

direction due to the rectification of flow accomplished by the 

However, the 

design of the outlet check valve also limits the influence of the 

in a certain 

in the complete pump cycle, which yields the low 

sign has 

and is briefly explained in Fig. S2.† 

The inlet check valve is designed as a typical diaphragm check 

The check valves have different designs but they share two 

First, both inlet and outlet PDMS 

rings). The upper 

aligns (limiting lateral 

round circular grooves (O-

he PMMA layers (Fig. 1c). The lower 

rings is slightly larger than the depth of the 

flat circular groove. Consequently, when the layers are 

bonded, the flat groove compresses and deforms the outer O-

er half of the O-ring 

ring gland forming a face seal 

tight closures (Fig. 1c). This seal 

can withstand pressures up to 50 kPa without measurable 

gms are also 

mechanically anchored to the PMMA structures when layers 

are bonded, thus avoiding any chemical assistance or surface 

Second, both valve seats provide the rigid 

rings) that bulge out of the 

centre of both PDMS diaphragms (Fig. 1c). Pretension is 

applied to the diaphragms by regulating valve seat heights, 

rings to form a tight, but reversible, 

seal with the rigid valve seats. This seal puts both valves in a 

closed state that avoids unwanted leaking and is also 

closely related to the working mechanism of outlet check 

All the PMMA layers of the pump were fabricated via 

computer numerical control (CNC) micromilling following a 

Layers I and III are 

fabricated from a 0.5 mm thick PMMA sheet while layer II is 

fabricated from a 1 mm thick PMMA sheet. Inlet and outlet 

ports are designed to fi

reusable interconnection.

from Kyocera Microtools, USA. The diaphragms were 

fabricated by injection molding of PDMS in PMMA molds 

following the steps described in Fig. S3.†

 The pump lay

bonding process following the same steps previously 

described.

remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

with deionized water and finally b

The PDMS diaphragms were fitted in their corresponding O

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 

The layers were stacked, fitted in an alignment fra

subsequently bonded between glass plates in a bonding press 

(Shimeq, Argentina) at 80 °C for 15 min with an applied 

pressure of 2 MPa. After bonding, a 9.5 mm diameter off

shelf piezoelectric 

glued

annulus that fits in a recess fabricated in layer I so as to 

diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

membrane and it is in direct contac

photograph of the fully

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

S4.† 

 Experimental characterization of the micropump was

accomplished by studying pump outlet characteristics 

rate and pressure

actuating voltage, actuating frequency and backpressure using 

the set

conditions, a 50%

micropumps were fabricated and tested (n=4) and the results 

averaged. Measurement error is around 5%.

 The instantaneous velocity fields produced by the 

micropump in microfluidic channels were measured b

particle image velocimetry (µPIV) using a similar set

described by Devasenathipathy 

were processed in analysis software DaVis (LaVision GmbH, 

Germany).
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) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in

s showing the outer O-rings self

rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

fabricated from a 0.5 mm thick PMMA sheet while layer II is 

fabricated from a 1 mm thick PMMA sheet. Inlet and outlet 

ports are designed to fi

reusable interconnection.

from Kyocera Microtools, USA. The diaphragms were 

fabricated by injection molding of PDMS in PMMA molds 

following the steps described in Fig. S3.†

The pump layers were laminated 

bonding process following the same steps previously 

described.
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remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

with deionized water and finally b

The PDMS diaphragms were fitted in their corresponding O

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 

The layers were stacked, fitted in an alignment fra

subsequently bonded between glass plates in a bonding press 

(Shimeq, Argentina) at 80 °C for 15 min with an applied 

pressure of 2 MPa. After bonding, a 9.5 mm diameter off

shelf piezoelectric 

glued to layer I via

annulus that fits in a recess fabricated in layer I so as to 

diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

membrane and it is in direct contac

photograph of the fully

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

 

Experimental characterization of the micropump was

accomplished by studying pump outlet characteristics 

rate and pressure

actuating voltage, actuating frequency and backpressure using 

the set-up and methods described in Fig. S5.† For all tesNng 

conditions, a 50% 

micropumps were fabricated and tested (n=4) and the results 

averaged. Measurement error is around 5%.

The instantaneous velocity fields produced by the 

micropump in microfluidic channels were measured b

particle image velocimetry (µPIV) using a similar set

described by Devasenathipathy 

were processed in analysis software DaVis (LaVision GmbH, 

Germany). 
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) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in

rings self-alignment, liquid tight seals formation and the coupling 

rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

fabricated from a 0.5 mm thick PMMA sheet while layer II is 

fabricated from a 1 mm thick PMMA sheet. Inlet and outlet 

ports are designed to fit tubing with an adhesive

reusable interconnection.
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 All milling tools were purchased 

from Kyocera Microtools, USA. The diaphragms were 

fabricated by injection molding of PDMS in PMMA molds 

following the steps described in Fig. S3.†

ers were laminated 

bonding process following the same steps previously 

Briefly, the pump layers were gently cleaned to 

remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

with deionized water and finally b

The PDMS diaphragms were fitted in their corresponding O

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 

The layers were stacked, fitted in an alignment fra

subsequently bonded between glass plates in a bonding press 

(Shimeq, Argentina) at 80 °C for 15 min with an applied 

pressure of 2 MPa. After bonding, a 9.5 mm diameter off

shelf piezoelectric diaphragm (Cold Gold Audio, Canada)

via an epoxy adhesive

annulus that fits in a recess fabricated in layer I so as to 

diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

membrane and it is in direct contac

photograph of the fully-assembled micropump with tubing 

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

Experimental characterization of the micropump was

accomplished by studying pump outlet characteristics 

rate and pressure- as a function of parameters such as 

actuating voltage, actuating frequency and backpressure using 

up and methods described in Fig. S5.† For all tesNng 

 duty cycle square wave was used. Several 

micropumps were fabricated and tested (n=4) and the results 

averaged. Measurement error is around 5%.

The instantaneous velocity fields produced by the 

micropump in microfluidic channels were measured b

particle image velocimetry (µPIV) using a similar set

described by Devasenathipathy 

were processed in analysis software DaVis (LaVision GmbH, 
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) Exploded view of the micropump as an independent device. (b) Top view of the PDMS diaphragms. Inlet diaphragm has a hole in the centre of the inner O

alignment, liquid tight seals formation and the coupling 

rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

fabricated from a 0.5 mm thick PMMA sheet while layer II is 

fabricated from a 1 mm thick PMMA sheet. Inlet and outlet 

t tubing with an adhesive

All milling tools were purchased 

from Kyocera Microtools, USA. The diaphragms were 

fabricated by injection molding of PDMS in PMMA molds 

following the steps described in Fig. S3.† 

ers were laminated via a thermal UV

bonding process following the same steps previously 

Briefly, the pump layers were gently cleaned to 

remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

with deionized water and finally blown-dried with filtered air. 

The PDMS diaphragms were fitted in their corresponding O

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 

The layers were stacked, fitted in an alignment fra

subsequently bonded between glass plates in a bonding press 

(Shimeq, Argentina) at 80 °C for 15 min with an applied 

pressure of 2 MPa. After bonding, a 9.5 mm diameter off

(Cold Gold Audio, Canada)

an epoxy adhesive (Poxipol, Argentina)

annulus that fits in a recess fabricated in layer I so as to 

diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

membrane and it is in direct contact with the fluid. A 

assembled micropump with tubing 

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

Experimental characterization of the micropump was

accomplished by studying pump outlet characteristics 

as a function of parameters such as 

actuating voltage, actuating frequency and backpressure using 

up and methods described in Fig. S5.† For all tesNng 

duty cycle square wave was used. Several 

micropumps were fabricated and tested (n=4) and the results 

averaged. Measurement error is around 5%. 

The instantaneous velocity fields produced by the 

micropump in microfluidic channels were measured b

particle image velocimetry (µPIV) using a similar set

described by Devasenathipathy et al.
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 The obtained images 

were processed in analysis software DaVis (LaVision GmbH, 
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the centre of the inner O

alignment, liquid tight seals formation and the coupling 

rings. The pretension applied to the outlet PDMS diaphragm is larger than the one applied to the inlet PDMS diaphragm. (e) 

fabricated from a 0.5 mm thick PMMA sheet while layer II is 
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t tubing with an adhesive-free and 

All milling tools were purchased 

from Kyocera Microtools, USA. The diaphragms were 

fabricated by injection molding of PDMS in PMMA molds 

a thermal UV-assisted 

bonding process following the same steps previously 

Briefly, the pump layers were gently cleaned to 

remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

dried with filtered air. 

The PDMS diaphragms were fitted in their corresponding O

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 

The layers were stacked, fitted in an alignment frame and 

subsequently bonded between glass plates in a bonding press 

(Shimeq, Argentina) at 80 °C for 15 min with an applied 

pressure of 2 MPa. After bonding, a 9.5 mm diameter off-the

(Cold Gold Audio, Canada)

(Poxipol, Argentina)

annulus that fits in a recess fabricated in layer I so as to 

diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

t with the fluid. A 

assembled micropump with tubing 

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

Experimental characterization of the micropump was

accomplished by studying pump outlet characteristics -flow 

as a function of parameters such as 

actuating voltage, actuating frequency and backpressure using 

up and methods described in Fig. S5.† For all tesNng 

duty cycle square wave was used. Several 

micropumps were fabricated and tested (n=4) and the results 

The instantaneous velocity fields produced by the 

micropump in microfluidic channels were measured by micro

particle image velocimetry (µPIV) using a similar set-up as 

The obtained images 

were processed in analysis software DaVis (LaVision GmbH, 
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All milling tools were purchased 
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Briefly, the pump layers were gently cleaned to 

remove debris, sonicated in isopropyl alcohol for 2 min, rinsed 

dried with filtered air. 

The PDMS diaphragms were fitted in their corresponding O-

ring gland just after the bonding faces of the layers were 

exposed to UV light (250 W quartz mercury lamp) for 1 min. 
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diminish the dead volume of the pump chamber. The brass 

plate of the piezoelectric diaphragm works as the pumping 

t with the fluid. A 

assembled micropump with tubing 

attached is shown in Fig. 1d. More photographs of the bonded 

pump layers and a finished micropump can be found in Fig. 

Experimental characterization of the micropump was 

flow 

as a function of parameters such as 
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Fig. 2    (a) Flow rate as a function of the actuating frequency for three different backpressures. (b) Flow rate of the micropump as a function of backpressure for four different 

actuating voltages at 120 Hz. (c) Maximum flow rates (FR) and maximum pressures of the micropump as a function of the excitation voltage at 120 Hz. (d) Instantaneous velocity in 

the central area of a microfluidic channel as a function of time at 10 Hz and 100 V. All voltages are peak to peak.  

Results and discussion 

Micropump 

The averaged measured flow rates as a function of the 

actuating frequency for three different backpressures and an 

actuating voltage of 100 Vpp (volts peak to peak) are shown in 

Fig. 2a. Two main resonant frequencies were observed at 

approximately 50 Hz and 120 Hz respectively; at 120 Hz the 

flow rate is maximum. 

 Fig. 2b shows the averaged measured flow rates of the 

pump as a function of backpressure for four different actuating 

voltages at the resonant actuating frequency of 120 Hz. We 

can see that the flow rate is kept fairly constant when the 

backpressure is lower than approximately 100 cmH2O. 

However, flow rate slightly increases (approximately a 10% 

from zero backpressure) with increasing backpressure up to 

approximately 80 cmH2O. Fig. 2b also shows that, as expected, 

the larger the excitation voltage, the larger the flow rate.  

 The maximum measured average flow rates (at three 

different backpressures) and the maximum measured average 

pressures (at zero flow rate) of the micropump as a function of 

the actuating voltage at 120 Hz are shown in Fig. 2c. In this 

figure we have another graphical representation of the 

increase of the flow rate with increasing backpressure. 

Voltages higher than 135 Vpp were not investigated due to 

potential damage to the piezoelectric actuator. Voltages lower 

than 85 Vpp do not yield repeatable results. Average flow rates 

between 60 µl min
-1

 and 310 µl min
-1

 can be obtained by 

varying the voltage between 90 Vpp and 130 Vpp with a driving 

frequency of 120 Hz. Lower flow rates (17 µl min
-1

) can be 

obtained if the pump is operated at minor frequencies (1 Hz). 

If continuous periodic flow is not needed, the micropump can 

be pulse modulated and sub µl min
-1

 flow rates can be easily 

obtained. These values fall within the same orders of 

magnitude of similar reported micropumps.
10-13

  

 Fig. 2d shows the instantaneous velocity (IV) in the central 

area of a microchannel obtained from the µPIV measurements 

as a function of time. We can see that the IV varies periodically 

and corresponds quite well with the excitation frequency. 

Since flow rate is proportional to velocity we can infer that the 

flow rate will be pulsatile as well, presenting a similar temporal 

profile. Due to technological limitations of our equipment, it 

was not possible to measure the velocity profiles at the 

resonant frequency of 120 Hz. 

 The coefficient of variation in all the measured outlet 

characteristics among the tested micropumps is approximately 

±15%. We believe that this relatively high value could be 

mainly due to two factors: drifts in fabrication inherent to a 

low-cost piezoelectric diaphragm
24

 and drifts in positioning 

and gluing of the piezoelectric diaphragm. 

 The micropump is self-priming and tolerant to bubbles and 

small particles. It was able to maintain the flow rate when 

injecting bubbles (after a transient) or when pumping a 

solution of 5 µm diameter polystyrene beads in MilliQ water. 

The device is also robust: the micropump was left to run 

pumping MilliQ water at 90 Vpp and 120 Hz and no damage or 

significant changes in outlet characteristics were observed 

after 72 hours of continuous operation at zero backpressure. A 

video of the micropump running and demonstrating self-

priming capability with a solution of red food dye and water 

can be found in the ESI.† 

 The micropump footprint as an independent device is 

small: 22 x 11 x 2.2 mm
3
. This value is in the same size range of 

other reported backpressure independent micropumps.
10-13

 

However, if the pump is to be integrated in a device, the pump 

module requires a smaller area (inlet and outlet connection 

ports are avoided). Moreover, the presented device is fully 

compatible with the fabrication methods of laminated PMMA 

LOC devices, which allows straightforward on-chip integration 

as demonstrated in the following section. 

Micropump integration example: micromixer 

 Mixing devices are widely used by the LOC community, 

therefore we chose a classic and extensively studied device, 

such as the sequential injection micromixer,
25,26

 to 

demonstrate chip integration capability and applicability of our 

micropump. To construct the micromixer, two independent 

micropumps were embedded within a laminated PMMA 

microfluidic chip fabricated by CNC micromilling. The chip 

contains a T-junction and an expansion chamber (Fig. 3) so as 

to enhance the Taylor–Aris dispersion effect.
27

 The chip was 

running a sequential injection mixing process between a 

solution of red food dye and water with a 1:1 switching ratio 

and a switching frequency of 2.5 Hz. The switching ratio and 

switching frequency are obtained by modulating the pulse 

width of a carrier signal (90 Vpp and 100 Hz) applied to each 

piezoelectric diaphragm. The characteristic “bands” of this 

process can be seen in the expansion chamber (Fig. 3a). Fig. 3b  
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Fig. 3

process between red food dye and water. (b) Expansion chamber snapshots during 

different mixing processes: i) 2:1 ratio (water : dye) at 3.33 Hz, ii) 1:1 ratio at 5 Hz and 

iii) 1:2 ratio at 3.33 Hz

shows snapshots of the expansion chamber at different 

switching

micromixer working at different switching frequencies and 

ratios can be found in the ES

 

micropumps can easily be integrated within the fabrication 

process of laminated PMMA microfluidic chips and effectively 

perform operations that require independent pumping. 

Although some other 

devices

footprint and even backpressure independence, the presented 

system has several advantages: 

control piezoelectric device is generally

portable, 

standard machine shop equipment (no clean room needed) 

and 

many other thermoplastic and thermosetting polymers and 

fabricati

Conclusions

 

low backpressure dependence

is capable of pumping fluids in a periodic or pulsed fashion, 

yielding flow rates from sub
1
. The 

100 cmH

achievable pressures can be as high as 205 cmH

These characteristics are comparable and even better than 

several of the 

many microfluidic applications.

 

embeddability within laminated PMMA LOC devices without 

the need of complex chemical

fabrication technologies

for prototyping and small scale production. However, pump 

design is compatible with large

technologies that allow potential use of the micropump in low

cost disposable polymeric LOC devices.
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Fig. 3    (a) Photograph of

process between red food dye and water. (b) Expansion chamber snapshots during 

different mixing processes: i) 2:1 ratio (water : dye) at 3.33 Hz, ii) 1:1 ratio at 5 Hz and 

iii) 1:2 ratio at 3.33 Hz. In all cases the excitation voltage is 90 Vpp.

shows snapshots of the expansion chamber at different 

switching   ratios

micromixer working at different switching frequencies and 

ratios can be found in the ES

 As demonstrated with this example, one or more 

micropumps can easily be integrated within the fabrication 

process of laminated PMMA microfluidic chips and effectively 

perform operations that require independent pumping. 

Although some other 

devices
1-4,28-31

 have demonstrated chip integration, smaller 

footprint and even backpressure independence, the presented 

system has several advantages: 

control piezoelectric device is generally

portable, ii) all fabrication steps can be performed with 

standard machine shop equipment (no clean room needed) 

and iii) the system design is scalable and compatible with 

many other thermoplastic and thermosetting polymers and 

fabrication technologies

Conclusions 

 A polymer chip

low backpressure dependence

is capable of pumping fluids in a periodic or pulsed fashion, 

yielding flow rates from sub

. The flow rate 

100 cmH2O (~10 kPa) of pressure; however maximum 

achievable pressures can be as high as 205 cmH

These characteristics are comparable and even better than 

several of the reported micropumps, making it suitable for 

many microfluidic applications.

 The design of the pump enables straightforward 

embeddability within laminated PMMA LOC devices without 

the need of complex chemical

fabrication technologies

for prototyping and small scale production. However, pump 

design is compatible with large

technologies that allow potential use of the micropump in low

cost disposable polymeric LOC devices.

COMMUNICATION 

., 2012, 00, 1-3 

(a) Photograph of the micromixer chip running a sequential injection mixing 

process between red food dye and water. (b) Expansion chamber snapshots during 

different mixing processes: i) 2:1 ratio (water : dye) at 3.33 Hz, ii) 1:1 ratio at 5 Hz and 

. In all cases the excitation voltage is 90 Vpp.

shows snapshots of the expansion chamber at different 
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micromixer working at different switching frequencies and 
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As demonstrated with this example, one or more 
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process of laminated PMMA microfluidic chips and effectively 

perform operations that require independent pumping. 
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footprint and even backpressure independence, the presented 
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) all fabrication steps can be performed with 
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