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A pressure-driven gas-diffusion/permeation
micropump for self-activated sample transport
in an extreme micro-environment

Wenming Wu

The micropump is the most important functional unit of a micro total analysis system (μTAS). An ideal

microfluidics system should adopt simple, stable, robust, inexpensive, and integrated on-chip strategies to

transport samples for downstream applications, with little or no external energy consumption and limited

manual intervention. Nevertheless, it remains a key challenge for traditional micropumps to be directly

integrated into self-contained and disposable μTAS for velocity-stable and passive sample transport. The

best way to assess the capability of passive micropumps is to evaluate their pumping performance in

extreme environments, e.g. a 3D configurated microchannel instead of a 2D configuration, high tempera-

ture conditions instead of at room temperature, a long microchannel instead of short microchannel, a

complex topological microsystem (e.g. a microvascular network interconnecting multiple inlets and

outlets) instead of a simple topological microsystem (e.g. a one-directional microchannel connecting

only one inlet and one outlet), and multi-phase microdroplet transport instead of single-phase plug trans-

port. In this review, a novel micropumping methodology – a pressure-driven gas-diffusion/permeation

micropump – is described, which is the first review paper dedicated to this subject. A comprehensive

overview is provided for comparison between this novel micropumping methodology and traditional

passive micropumps, especially for applications in stable velocity control in the aforementioned extreme

environments. Compared with mainstream conventional micropumps, we confirm that pressure-driven

gas-diffusion/permeation micropumps combine a number of superior properties all into one device, such

as small size, simple structure, without the need for microfabrication procedures or external power con-

sumption, strong transport capacity, homogeneous flow velocity, delivery capacity for both multi-phase

microdroplets and single-phase plugs, long-distance transport, persistent pumping for both 3D micro-

channels and complex topological microsystems (e.g. a biomimetic microvasculature), low cost, ease of

microdevice integration, bubble suppression and amazing stability at high temperatures. An advanced

outlook and perspectives for the future development of this novel micropump are also discussed, which

may serve as a starting point for researchers in the microfluidics fields to harness pressure-driven gas-

diffusion/permeation micropumps for downstream applications.

1. Introduction

Micropumps play a crucial role in microfluidic transport and
have been a research interest for many years. In the 1980s, Jan
Smits and Harald Van Lintel developed the first MEMS micro-
pumps that drive fluid through piezoelectrics.1,2 During the
last 30 years, lots of micropumps have been developed based
on different actuation mechanisms. Based on different views,
the micropumps can be divided into various subcategories,

such as mechanical or nonmechanical micropumps, exter-
nally-powered or self-powered micropumps, and on-chip or off-
chip micropumps, etc. Correspondingly, a series of reviews
have been published that cover micropumps from different
angles, such as compressive pumping strategies,3 technologi-
cal progress and prospects,4 volumetric power density,5 flow
analysis,6 BioMEMS platforms7 and PCR-pump,8 etc.

Different from the aforementioned reviews, herein we
mainly focus on addressing the important developments and
performance of passive/self-powered micropumps based on
the recent literature, and extensively illustrate the pressure
driven gas-diffusion/permeation micropump as a novel and
promising self-powered on-chip micropumping technique for
stable sample transport through a long microchannel. To sys-
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tematically clarify the differences between this self-powered
micropump and traditional pumping types, a brief overview of
the mechanisms and performances of traditional external/self-
powered micropumps will be outlined first.

External-power driven pumps rely on off-chip power (e.g.
electricity, mechanics and acoustics) to automate sample flow.
Depending on whether mechanical motion is involved or not,
they can be separated into mechanical and non-mechanical
types. So-called “mechanical micropumps” use the oscillatory
or rotational movement of mechanical parts to displace fluids,
and can be further divided into different subcategories, such
as syringe pumps,9–13 rotary pumps,14,15 peristaltic
pumps,16–20 piezoelectric micropumps,21–23 centrifuge micro-
pumps24 and (thermo)pneumatic micropumps,25 etc. In con-
trast, the so-called “nonmechanical micropumps” include elec-
troosmotic micropumps,26–28 electrokinetic micropumps,29

magnetohydrodynamic (MHD) micropumps,30,31 electro-
chemical micropumps, (electro)magnetic micropumps32–35

and acoustic micropumps,36,37 which can transport fluid
without any moving components. Although external-power
driven micropumps can stably transport liquid, all of them are
initiated through the consumption of external off-chip power
and are relatively big in size with complex components for
liquid displacement, which poses a major challenge for minia-
turization and integration into microfluidic devices.

To solve the problem associated with the aforementioned
externally-powered micropumps, several types of passive
pumping mechanisms that operate via surface tension,
hydrostatic pressure, gas-solubility/diffusion/permeation,
chemical/enzymatic reaction or biophysics, have also been
developed to induce fluid flow in microfluidic devices

without the need for an external power source. Thus, herein,
traditional passive micropumps will be described and then a
systemic comparison will be made between pressure driven
gas-diffusion/permeation micropumps and traditional
passive micropumps.

1.1 Surface tension driven micropumps

The surface tension driven micropump is one typical represen-
tative of a self-activated micropump. It utilizes surface tension
to spontaneously transport the small volume of fluid that is in
contact with the microchannel surface.38–40 The capillary-
pumping method has superiority over external powered micro-
pumps in that it does not require external energy during liquid
transport, and thus has attracted increasing interest, especially
for use in commercial or clinical applications.41

The capillary tension effect can be represented by the fol-
lowing equation:

ρgh ¼ 2γ cos θ=r

where h is the liquid height inside a vertical capillary tube, γ is
the surface tension coefficient of the fluid, θ is the contact
angle between the fluid and the substrate, ρ is the liquid
density, g is gravity, and r is the radius of a capillary tube.

As shown in Fig. 1a, for the three capillary tubes inserted
inside the liquid, the liquid heights are different. Because r1 <
r2 < r3, the liquid heights in the three tubes are h3 < h2 < h1,
depending upon the above equation.

The above phenomenon explains the mechanism of a capil-
lary pump. The surface tension results in a pressure difference
across the liquid–air interface, which is the automation force
of a capillary micropump. Through the interplay between the
liquid surface tension and the microchannel surface, spon-
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Fig. 1 Traditional self-powered micropumps. (a) Schematic diagram of
the capillary tension effect. (b) Illustration of hydrophobic barriers (capil-
lary valving elements) resulting from a geometric change in the micro-
channel. The fluidic front within the microchannel is denoted by the
blue arc. (c) Schematic diagram of the hydrostatic pump. (d) Schematic
diagram of a vacuum driven gas-diffusion/permeation micropump.
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taneous flow is maintained in the direction that minimizes the
free energies between the fluid and solid interface. The capil-
lary pressure Pc can be calculated using the following
equation:

Pc ¼ 2γ cos θ=r

where Pc is the capillary pressure.
Depending on this equation, we can see that the capillary

pressure increases as the channel surface tension increases. In
most cases, the microchannel is a rectangular cross section.
Correspondingly, the aforementioned equation can be modi-
fied to:

Pc ¼ 2γ cos θðW þ HÞ=WH

where W and H are the width and height of the microchannel,
respectively.42

According to the aforementioned equations, only contact
angles of less than 90° can produce a positive pressure (Pc)
onto the sample, to motivate it flow forward through the
microchannel, otherwise the liquid will stop. Because of this,
naturally hydrophilic substrates, such as glass,43,44

silicon,45–47 metal, some types of polymer (i.e. poly(methyl
methacrylate) (PMMA)42 and polyester polyethylene tere-
phthalate (PET)),48 Norland optical adhesive (NOA) sub-
strates, hydrogels49 and paper (wicking flow),50 are ideal
materials for application in capillary pumps. Although it is
more difficult for hydrophobic materials (e.g. polydimethyl-
siloxane (PDMS)51 and polycarbonate (PC)52) to be applied in
capillary pumps compared to hydrophilic materials, proper
surface modification such as plasma treatment,53 UV–ozone
treatment, reagent spotting or vapor deposition54 and chemi-
cal adhesion (hydrophilic reagents into the channels)50–52

can easily change the hydrophobic/hydrophilic properties of
the channel surface. Besides this, the contact angle of the
hydrophilic surface can also be changed through surface
modification, to further adjust the pumping pressure. In
some extreme cases, a super-hydrophobic surface can also be
applied for surface tension motivated flow. For instance, it
has recently been reported that a superhydrophobic plate
filled with water can be presented for sustained long distance
liquid transport to over 100 mm in height with an average
transport speed of 4500 mL h−1.55

Depending on the aforementioned equation, capillary flows
are virtually determined by three main factors, the surface
tension γ, the liquid contact angle θ, and the geometrical
characteristics (r, W or H) of the flow channel/domain. For
example, it has been discovered that the channel height,53

channel width and sector-shaped paper with different angles,
or the angle of fan-shaped filter paper,56,57 can modulate the
flow rate for self-powered programmable control inside micro-
devices. The function of a surface tension-driven micropump
can be expanded through the integration of hydrophobic bar-
riers (capillary valving elements) into a microdevice through
changing the structural geometry, surface tension or contact
angle control of the micro-scaled surface. Assuming that the
width of the microchannel is much larger than its height,58

hydrophobic barriers can be represented by the following
equation:

ΔP ¼ 2γ
h

cos θ � α

sin α
sinφ

cosφþ α

sin α
� cos α

� � sinφ

sin α

2
64

3
75

where θ is the contact angle, h is the channel depth, γ is the
surface tension coefficient, ΔP is the pressure barrier, α is the
curvature of the meniscus, and φ is the change in angle for the
new direction of fluidic flow, as shown in Fig. 1b.

So, a sudden change in channel cross section, surface
tension or contact angle can vary the capillary pressure, which
further accelerates, slows down or even stops the liquid flow.
Depending on the valving element, a microfluidic conduit can
be designed in an electronic-circuit form with integrated
functions.51

1.2 Hydrostatic-pressure driven micropumps

In most cases, surface tension driven micropumps require a
hydrophilic surface to induce spontaneous flow, which limits
their application areas. In contrast, hydrostatic pumps are com-
patible with either hydrophilic or hydrophobic surfaces that
make up the microchannel. In such type of micropump, a verti-
cal tube is connected to the microchannel, which can produce
hydrostatic pressure on the liquid.59,60 As long as the device is
on the ground, a hydrostatic pressure can be maintained to
automate the liquid flow, requiring no other power source.61

Hydrostatic pressure can be represented by the following
equation:

Ph ¼ ρgh

where Ph is the hydrostatic pressure, ρ is the liquid density, g is
gravity, and h is the liquid height inside the vertical tube.

As shown in Fig. 1c, the hydrostatic pressure on the micro-
channel can be controlled by intensity and height of the liquid
connected to the inlet. In addition to gravity, buoyancy is
another form of hydrostatic pressure, which has been also
applied for liquid flow. Depending on Rayleigh–Bénard con-
vection and the buoyancy effect, a portable polymerase chain
reaction system (PCR) was realized inside a single tube, which
can successfully amplify phage DNA within 15 min.62 Both
surface tension-driven micropumps and hydrostatic micro-
pumps have little interference on the properties of the sample
transported.

1.3 Vacuum-driven gas-diffusion/permeation micropumps

Over a decade ago, a practical and self-powered autonomous
pump was proposed for liquid transport inside PDMS chan-
nels without the need to functionalize the channel surfaces
from hydrophobic to hydrophilic. For instance, just by putting
PDMS inside a vacuum chamber for an amount of adequate
time,63,64 self-powered autonomous flow can be realized inside
portable PDMS microfluidic devices. For this pumping techno-
logy, air permeability of the microdevice is the key determi-
nant in realizing self-powered pumping. However, depending

Analyst Tutorial Review

This journal is © The Royal Society of Chemistry 2018 Analyst, 2018, 143, 4819–4835 | 4821

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 L
ib

ra
ry

 o
f 

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
on

 5
/2

0/
20

19
 7

:5
8:

26
 A

M
. 

View Article Online

https://doi.org/10.1039/c8an01120f


on the detailed mechanism, this pumping can be further
classified into several subtypes depending on whether the
microchannel itself or an external accessory functions as a
suction source.

If the microchannel itself can automatically suck the
sample inside, such a microdevice can be designed to be more
portable and compact, because it doesn’t require any extra on/
off-chip microfluidic units. During the sample injection, air
molecules encapsulated inside the microchannel can diffuse
through the diffusive and permeable wall of the PDMS micro-
channel, resulting in relatively lower pressure at the anterior
rather than the posterior end of the sample, thus forming a
suction force that automates the sample to flow toward the
outlet. The high gas solubility of elastomeric PDMS has been
exploited to provide various low-cost, user-friendly, power-free,
and self-contained microsystems for autonomous sample
injection for use in downstream applications.65–68 For
instance, after preevacuation of the whole PDMS substrate, the
sample and oil can be sequentially sucked into the microarray
to self-compartmentalize the sample via 5120 independent
microchambers, each 5 nL in volume.69 Similarly, after being
degassed in a vacuum chamber, a self-priming PDMS spotter
containing regular micro-holes and embedded microchannels
has been applied to autonomously produce uniform microar-
rays with a measured coefficient of variation (CV) for 48 spots
of 2.63%.70 An air-evacuated PDMS channel that is capable of
generating monodispersed droplets with a coefficient of vari-
ation below 3% has also been previously reported.71

The aforementioned degassed PDMS pumps were generally
restricted to PDMS microfluidic devices, which are gas per-
meable. To realize vacuum driven self-powered flow inside
microchips that are not gas-diffusive/permeable, some other
air-evacuated pump modules have also been introduced. One
method operates through desorption of a PDMS slab and an
integrated mesh-shaped chamber. After placing the degassed
PDMS slab on the outlet of microfluidic devices (either gas-
permeable or gas-impermeable), the PDMS slab can absorb
the air in the microfluidic system,94 offering various pumping
capacity by varying the geometries of the slab module.72

However, the mechanism of this method is still similar to that
of the previous case in that it relies upon the preevacuation of
the whole PDMS substrate, and has been systematically
studied in previous research.

Briefly, because PDMS is gas soluble, it can absorb gas, as
characterized by solution and diffusion processes. The gas
solubility is linearly pressure-dependent in PDMS, and can be
described in terms of Henry’s law as follows:

C ¼ S � P
where C is the concentration of gas molecules in PDMS, S is
the solubility coefficient of gas in PDMS, and P is the gas
pressure.

It can be easily seen that at lower pressure, the number of
air molecules encapsulated inside PDMS is proportionate to
the volume of the PDMS slab, and decreases with a drop in the
vacuum level during the degassing step. As a result, after the

degassed PDMS is placed back under atmospheric pressure,
the air molecules around the PDMS diffuse into the interior of
the PDMS to create a negative pressure, thus driving the
sample to automatically flow from the inlet to the outlet of the
microchannel.

Despite its simplicity of pumping control, there are several
disadvantages associated with these vacuum-driven self-
powered micropumps. Firstly, the PDMS devices or slabs need
to be stored in an airtight package, because they will lose
pumping power within a short time under atmospheric
pressure. Secondly, the PDMS devices or slabs need to be preva-
cuumed for a sufficient time (tens of minutes to 24 hours)68

depending on the geometric parameters before use, and thus,
they are impossible to use for instantaneous pumping pro-
cesses. Thirdly, generally they can only automate unidirectional
transport, making them impossible to use once the microchan-
nel is filled with liquid. Fourthly, a stable flow rate is difficult to
achieve by vacuum-driven pumping methodology.

To solve these issues, a syringe-assisted vacuum-driven
micropump73 was also introduced, which not only enables
instantaneous pumping, but also allows bidirectional flow
through the microchannel, as previously reported.74 This was
realized through a pneumatic chamber connected to the
microchannel by a gas permeable PDMS membrane75 or
PDMS wall.76 Through the control of the pressure inside the
pneumatic chamber, the gas molecules can be controlled to
either pass through the PDMS membrane/wall from the micro-
channel to the chamber (vacuum mode), or the opposite
(pressure mode). Air flux through a thin membrane/wall
permits an instant steady-state pumping performance. One
advantage of this method is that it can produce much more
stable pumping velocity than degassed PDMS devices. As pre-
viously reported, a stable flow rate can be realized during the
majority of the flow period through a 1.4 cm microchannel
when its outlet is vacuumed by a hand-held syringe. On the
other hand, issues associated with labour, time and cost of
microfabrication increase for this method since the PDMS wall
or PDMS membrane should be integrated into the devices,
which in turn also decreases the density of the functionalized
components of the microfluidic chip, because the PDMS mem-
brane/wall and pneumatic microchambers occupy chip-space.

Besides this, a tiny microchannel can also be used to
replace the PDMS membrane/wall to automate self-powered
liquid transport,77 using a vacuum produced by a hand-oper-
ated syringe connected to the outlet of a flow-through micro-
channel. After connecting a 10 ml Becton Dickinson plastic
syringe to the outlet of a PDMS device through a 16 G needle
and PE/5 tubing, mono-dispersed emulsions can automatically
form, with a droplet size and production frequency controlled
by channel resistance. Finally, the droplets flow out of the
device into the vacuum syringe, and can be collected, stored
and incubated in the syringe for further assay.

1.4 Self-powered chemical/biological micropumps

Other types of self-powered micropumps have also been devel-
oped, which are driven by chemically78–82 or biologically83 auto-

Tutorial Review Analyst

4822 | Analyst, 2018, 143, 4819–4835 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
7 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 L
ib

ra
ry

 o
f 

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
on

 5
/2

0/
20

19
 7

:5
8:

26
 A

M
. 

View Article Online

https://doi.org/10.1039/c8an01120f


mated mechanisms. Although some of these chemical and bio-
logical pumps can be classed as self-powered transport types,
herein we will not systematically review these pumps because
their capability for accurate and stable flow control still requires
further investigation in contrast to the aforementioned main
stream self-powered pumping methods. For more information,
see a related review in the literature for reference.84

2. Pressure-driven gas-diffusion/
permeation micropumps

In earlier studies, pressure-driven gas-diffusion/permeation
micropumps were only used for simple microfluidic transport.
For instance, bidirectional flow was reported after the liquid
was firstly sucked from the channel inlet into a dead-end by a
vacuum mode, and then a pressure mode was used to realize
pressure-driven backflow through a permeable PDMS mem-
brane.74 The bubble-free sample injection into a PDMS device
with a simple architectural geometry has also been realized
using a pressure-driven mode.85 However, the study of accurate
flow control and velocity programming by gas-diffusion/per-
meation micropump was rarely clarified before 2012.

Depending on the improvements in injection approaches,
as demonstrated in recent reports after 2012,86–90 the afore-
mentioned challenges associated with pressure-driven per-
meation/diffusion micropumps have been well solved, using
instruments as simple as vacuum driven diffusion/permeation
micropumps. However, there is big difference in the oper-
ational procedure compared with that of a depressurization
air-driven micropump. Fig. 2 shows a schematic illustration
revealing the actuation mechanisms of two types of pressure-
driven gas-diffusion/permeation micropumps. Briefly, the air
pressure throughout the entire microfluidic conduit is the
same as before introducing the sample plug into the micro-
device. After the introduction of the sample into the inlet tube
of the microchip, the sample plug separates the fluidic
conduit into two parts, wherein larger amounts of air-mole-
cules permeate through the anterior part of the sample plug
via the gas-permeable surface of the fluidic conduit than the
posterior part of the sample plug, which is a gas-impermeable
plastic syringe. And thus, this causes a relatively higher
internal pressure in the posterior end than in the anterior part
of the sample plug, automating the movement of the sample.

As shown in Fig. 2, only a few tools are required to activate
sample flow in a pressure-driven permeation/diffusion micro-
pump, proving that the use of a pressure-driven diffusion/per-
meation micropump is as simple as a self-powered vacuum-
driven diffusion/permeation micropump. After injection, the
sample can spontaneously flow to the end of the microchan-
nel. If two inlets are connected to the fluidic conduit, the deliv-
ery of double-phased microdroplets can be automated
(Fig. 2a). It is notable that the volume ratio of the oil-phased
syringe to the ink-phased syringe (V1/V2) determines the
volume ratio of the oil droplets to sample droplets (Voil/Vsample)
and the flux ratio (Uoil/Usample). If only one inlet is connected

to the fluidic conduit, the delivery of a single-phased plug can
be automated (Fig. 2a).

Altogether, two automation mechanisms have been discovered.
Both of them are based on the air permeability from the fluidic
conduit to the atmosphere, since the pressure of the compressed
air captured inside the closed fluidic conduit is higher than the
atmospheric pressure. If the microchip is fabricated from a gas
impermeable material (Fig. 2c) such as PTFE91 and PMMA,89 a
pressure-driven gas-diffusion/permeation micropump can be rea-
lized just by connecting a piece plug of silicone tube (gas-per-
meable) to the microchip, which can automate a stable flow rate.

If the microchip is fabricated from a gas permeable
material (Fig. 2d), such as PDMS86,90 and silicone tubing,88

then a pressure-driven gas-diffusion/permeation micropump
can be realized based on the same operational procedure, but
the flow rate will dramatically decrease as time goes on. So, the
flow characteristics resulting from these two different auto-
mation mechanisms are totally different, and have been
studied in detail in our previous works.

3. Velocity assays of self-powered
micropumps

To precisely and stably modulate the flow rate inside the
microchannel is one foundational function of all micropumps.

Fig. 2 A schematic illustration demonstrating the pressure-driven gas-
diffusion/permeation micropump as a new self-activated micropump for
sample transport with high homogeneity. (a) The microdroplet delivery.
(b) The plug delivery. (c) The mechanism of the pressure-driven gas-
diffusion/permeation micropump, based on air permeability through the
outlet tube. (d) The motivation mechanism for the pressure-driven gas-
diffusion/permeation micropump, caused by air diffusion/permeability
to the atmosphere through the inlet tube, permeable microdevice and
outlet tube.
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However, despite the dramatic achievements in the develop-
ment of different pumping mechanisms for fluidic transport
over the last few years, it has become the main bottleneck92 in
realizing a passive micropump that can provide a homo-
geneous and stable flow rate for applications in extreme micro-
environments. Thus, the approaches in stabilizing the flow
rate using self-powered micropumps will be discussed in the
next section.

3.1 Surface tension micropumps

Generally speaking, the flow rate which is automated by
passive micropumps tends to slow down as time passes, due to
time-lapsed decreased pumping power or increased flow
resistance.

Based on the Hagen–Poiseuille equation, the flow resis-
tance can be calculated using the following equation:

Pr ¼ 8μl
ul
r2

where Pr is the resistance pressure, l is the length of the liquid
plug inside the microchannel, ul is the flow rate of the liquid if
the flow distance is l, µ is the liquid viscosity, and r is the
channel radius.

As can be easily seen, as more and more fluid flows into the
microchannel, l increases and thus, the resistance pressure Pr
increases if there is no change in the flow rate. However, for
surface tension micropumps, the pumping power Pc remains
constant, assuming that there is no change in structural geo-
metry, surface tension and contact angle control of the
microchannel.

In static flow, it can be considered that Pc = Pr. So, Pr is
assumed as a constant amount.

Because ul ¼ dl
dt
, then 8μl

dl
r2dt

¼ Pc can be derived, and
then, because

l2 ¼ r2Pc
4μ

t;

a new equation can be derived:

l ¼ rγ cos θ
2μ

� �1
2 ffiffi

t
p

The above equation indicates that for the surface-driven
flow, the flow distance is linearly proportional to the square
root of time. As a result, homogeneous velocity cannot be rea-
lized in classic surface tension-driven flow, but instead, the vel-
ocity decreases as the time lapses, assuming no change in
structural geometry, surface tension and contact angle control
of the microchannel.

Systematic studies on surface-driven wicking flows have
been done inside a 50 mm channel.93 It was observed that for
different types of paper substrates, different flowing-out times
were required as follows: 18 min (Roth 15A), 16 min 30 s (lab-
engineered cotton linter-based paper, 76 g m−2), 8 min 30 s
(Whatman no. 1), and 6 min 10 s (lab-engineered eucalyptus
sulfate-based paper, 95 g m−2). Despite the wide range of flow

rates inside the different substrates, the flow rates inside all
the paper-defined channels exactly obey the expected l ¼ / ffiffi

t
p

rule, as shown in Fig. 3A.
To solve the aforementioned non-stable automation pro-

blems associated with surface tension-driven micropumps, the
fluid dynamic model was also derived and calculated, to vali-
date an accurate flow rate by changing the geometrical shape

Fig. 3 (A-a) Comparison of the fluid front inside the paper-defined
channels for different paper substrates at a given time interval.
Photographs were taken 9 min after the fluid was brought into contact
with the channels. (A-b) Comparison of the fluid front driven by capillary
action along the channel as a function of time for the investigated paper
substrates. Individual data points were captured by video streaming the
capillary transport of the fluid inside the channel. The expected relation-
ship between the distance and time was observed for all paper sub-
strates; that is, the further the distance of the fluid front from the
channel inlet, the longer the time taken by the fluid front to move a
certain distance inside the channel. By using different paper sources, the
distance covered by the fluid front within a given time interval was con-
trolled over a wide range. (A-c) Comparison of the fluid front driven by
capillary action along the channel as a function of t0.5 for the investi-
gated paper substrates. Reproduced from ref. 93 with permission from
Springer Nature, copyright 2014. (B) Experimental results of fluid imbibi-
tion in both paper strips and slit microchannels. (B-a) Photograph of the
paper-based microfluidic device during imbibition. The image was taken
at t ∼ 225 s after water imbibition began. The dark blue areas are wetted
zones. The strips labelled A have a constant width and were used as a
reference. The strips labelled B have exponentially varying widths to
produce constant fluid velocity at the advancing front. (B-b)
Experimental data (symbols) and model predictions (lines) of the liquid
front position as a function of non-dimensional time for the strips
shown in (B-a). The horizontal dotted line indicates the position at
which the exponential section begins. (B-c) Photograph of the slit
microchannels during imbibition. The image was taken at t ∼ 35 s after
liquid imbibition began. The dark blue areas are filled zones. The slit
labelled A has a constant width. The slits labelled B, C, and D had expo-
nentially varying widths, with initial loads of length L/2, L/3, and L/4,
respectively. (B-d) Experimental data (symbols) and model predictions
(lines) of the liquid front position as a function of non-dimensional time
for the slit microchannels shown in (B-c). The horizontal dotted lines
indicate the positions at which the exponential section begins.
Reproduced from ref. 94 with permission from the Royal Society of
Chemistry, copyright 2015.
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(cross section) of the substrate.94 Although the surface
tension-driven flow rate can be controlled to be homogeneous
through this approach, both theoretical investigations and
complicated geometric designs are required.

3.2 Hydrostatic pressure-driven micropumps

Similar to surface tension-driven micropumps, the flow
velocity automated by a typical hydrostatic pump also decreases
as the time lapses. In a hydrostatic pump, a vertical column/
tube containing liquid is connected to the microchip to realize
hydrostatic pressure. Because fluidic surface tension is nonne-
gligible at the micro-level, the overall/calibrated pumping
pressure should be a combination of both the hydrostatic
pressure and capillary force, which can be represented by:

Po ¼ Pg þ Pc ¼ ρgh� 2γm
cos θm
rm

þ 2γv
cos θv
rv

where Po is the overall pressure, ρ is the liquid density, g is
gravity, h is the hydrostatic height inside a vertical tube/column,
γv, θv, and rv are the surface tension, the contact angle and the
radius at the posterior end of the fluid plug, and γm, θm, and rm
are the surface tension, the contact angle and the radius at the
anterior end of the fluid plug.

For stable flow,

Po ¼ Pr ¼ 8μl
ul
r2

As more and more fluid flows into the microchip from the
inlet to the outlet, the hydrostatic height between the inlet and
outlet reservoirs drops, further decreasing the hydrostatic
pressure. As a result, the hydrostatic-driven flow rate decreases
correspondingly, which limits the application of the hydro-
static pump in downstream applications. In a previous report,
such dramatic increase of flow rates was confirmed by varying
the hydrostatic heights and the widths of microchannel as 50,
100, 250, and 500 µm, respectively.95

A stable flow rate by hydrostatic micropump is determined
by three key factors: the hydrostatic pressure Pg, the flow resis-
tance Pr, which is mainly determined by the length of the
fluidic plug inside the microchannel l, and the surface tension
at the posterior/anterior end of the fluid plug. However, if the
hydrostatic pressure is much larger than the surface tension
pressure (e.g. the hydrostatic height is high, or the contact
angle is close to 90 degrees), then the overall pressure is
mainly determined by the hydrostatic pressure.

Until now, various techniques have been developed to
realize sample transport at constant velocity by hydrostatic
pump. One approach is through the connection of a horizontal
reservoir96 to the vertical column/tube. As long as there is a
liquid plug inside the horizontal reservoir during the fluidic
flow, then Δh can be kept constant to realize stable hydrostatic
pressure Pg (Fig. 4A). In addition, surface tension at the pos-
terior and anterior end of the fluid plug can be made constant
if there is no change in the reservoir geometry and materials.
Since the microchannel of the microdevice is totally filled with
liquid during sample transport, there is no change in the total

length of the liquid plug inside the microchannel. As a result,
the above equation can be satisfied at a constant flow rate
because the flow resistance Pr can be maintained to be the
same as the overall pressure Po.

3.3 Vacuum-driven gas-diffusion/permeation micropumps

Vacuum-driven gas-diffusion/permeation micropumps take
advantage of the inherent solubility of gas, diffusion and per-
meation of PDMS elastomer to initiate flow. For degas-driven
diffusion micropumps, the effect of various parameters on the
dynamics of degas-driven flow have been systematically
studied, including the channel geometry, the PDMS thickness,
the PDMS exposure area, the vacuum degassing time, and the
idle time at atmospheric pressure before loading.68 A reprodu-
cible flow with a standard deviation of less than 8% for a flow
velocity ranging from approximately 0.2 to 3 nL s−1 has been
achieved inside microchannels that are 25 to 65 mm in length.
However, unfortunately, none of these parameters68 can
produce a stable flow rate, highlighting the difficulty of using
a vacuum-driven gas-diffusion micropump to realize a stable
flow. In contrast, better flow control can be achieved by utiliz-
ing vacuum-driven gas permeability of a PDMS wall/mem-

Fig. 4 (A) Effect of the height differences on the flow velocity. (A-a) A
schematic illustration of the one-inlet–one-outlet of the gravity-driven
pump with horizontally oriented fluid reservoirs. (A-b) The flow velocity
increases linearly as the height difference increases. The pumping vel-
ocities of water were determined at various operating heights. The
experimentally measured velocities are compared with the expected vel-
ocities from theoretical calculations (solid line). The error bars show the
standard deviation. Reproduced from ref. 96 with permission from the
Royal Society of Chemistry, copyright 2004. (B-a) Schematic illustration
of the proposed syringe-assisted vacuum-driven gas-diffusion/per-
meation micropump. (B-b) Effect of the overlap area between the
channel and embedded microchamber on the syringe-assisted vacuum-
driven gas-diffusion/permeation micropump. Schematic diagram
showing devices with varying overlap areas (e.g. 0.00345, 0.176, 0.521,
0.693, and 0.866 mm2), while the thickness of the PDMS wall is main-
tained at the same value (w = 50 μm). (B-c, B-d) Pumped volume
profiles versus time with different overlap areas. Reproduced from ref.
73 with permission from Springer Nature, copyright 2014.
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brane.73 Through controlling the overall area (between the
microchannel and embedded vacuum microchamber) or the
thickness of the PDMS wall/membrane, the self-powered flow
rate can be adjusted from 0.089 to 4 nl s−1. Although a good
linear relationship between the pumped volume and time can
be achieved in the earlier stage of sample flow through a
35 mm long microchannel, the flow rate is dramatically
slowed down especially when it is close to the end of the
microchannel (Fig. 4B).

3.4 Pressure-driven gas-diffusion/permeation micropumps

In contrast with the aforementioned types of micropump,
pressure-driven gas-diffusion/permeation micropumps can be
applied for sample transport under more extreme microcondi-
tions: such as long microchannels (several meters) and high
temperature. Depending on the gas permeability of the fluidic
conduit, pressure-driven gas-diffusion/permeation micro-
pumps can be classified into two subcategories, as shown in
Fig. 2. There are obvious differences in the flow characteristics
of each subcategory.

3.4.1 Unstable, slow gas-permeable microdevices. If
pressure-driven gas-diffusion/permeation micropumps are
applied to gas-permeable microdevices, then the pumping
power decreases rapidly as the sample flows through the
microchannel. Fig. 5A shows the experimental results of a
pressure-driven gas-diffusion/permeation micropump for self-
powered sample transport inside a gas-permeable fluidic
conduit: a silicon tube (i.d. 0.5 mm, o.d. 2 mm). Fig. 5(A-a)
and (A-b) show the effect of the tube length on the total
running time of the ink solution and flow rate variation
pattern at certain lapse times, respectively, when the initial
internal pressures of the tubes were fixed at 1.61 atm (by
pushing the piston from 4.6 to 2.8 mL of the syringe gradu-
ation). Fig. 5(A-c) and (A-d) show the effects of the initial
internal pressure of the tube on the total running time of the
ink solution and flow rate variation pattern at a certain lapse
time, respectively, when the total lengths of the tubes were
fixed to 95 cm. Although in these experiments, the effects of
the total length and initial internal pressure of the tube were
mainly investigated, all of the results showed an obvious time-
lapsed drop in the flow rate.

Self-powered flow of multi-directional microchannels inside
a PDMS microchip has also been characterized and analyzed
using three types of biomimetic microvascular networks (fabri-
cated from different leaves: Tilia platyphyllos, Aegopodium
podagraia and Carpinus betulus). Despite the obvious geo-
metric difference in the single-directional silicone tubing
device, the flow velocity showed similar flow properties, which
dramatically slowed down as the time passed. Surprisingly, it
was found that the flow rate of a leaf-inspired microdevice
obeyed the sorptivity rule, which is mostly related to the afore-
mentioned capillary absorption. As shown in Fig. 5C, the
flowing distance (amount) in both the 1st microchannel and
the 2nd ordered microchannels of the PDMS leaf from
Carpinus betulus, were linearly correlative with the square root
of time, obeying the sorptivity rule.

During sample flow, the air permeates through both the
posterior end and the anterior end of the sample plug of the
microdevice. As the sample plug flows from the inlet toward
the outlet through the microchannel, the diffusion area at the
posterior end tends to increase. Meanwhile, the diffusion area
at the anterior end tends to decrease. As a result, the pressure
gradient imposed on the sample plug, which is virtually
caused by the inhomogeneous diffusion extent between the
anterior and posterior ends of the sample plug, tends to
decrease, and further induces a gradual reduction of the
pressure gradient (Fig. 5A and C) and also a drop in the vel-
ocity. So, the sample velocity becomes slower and slower as the
sample flows forward.

3.4.2 Stable flow gas-impermeable microdevices. If
pressure-driven gas-diffusion/permeation micropumps are
applied in gas-impermeable microdevices, the flow stability
can be greatly improved than for all the aforementioned self-
powered micropumps. Gas permeation can be initiated by

Fig. 5 (A) Quantitative analyses of the proposed sample injection
scheme employing silicone tubes (i.d. 0.5 mm, o.d. 2 mm). (A-a)–(A-b)
The effect of the total tube length on the total running time and flow
rate variation pattern when the internal pressure was fixed at 1.61 atm.
(A-c)–(A-d) The effect of the initial internal pressure on the total running
time and flow rate variation pattern, when the tube lengths was fixed at
95 cm. Reproduced from ref. 86 with permission from the Royal Society
of Chemistry, copyright 2012. (B) Effects of depth of the PMMA micro-
channel, and total length of the PMMA microchannel (1.25, 2.25 and
2.75 m corresponding to cycle numbers 25, 45 and 55) on the speed
and uniformity of the sample flow. Reproduced from ref. 89 with per-
mission from the Royal Society of Chemistry, copyright 2015. (C)
Quantitative flow analogy inside a PDMS leaf containing parallel net-
works replicated from Carpinus betulus, with the flowing distance
plotted versus the square root of time. Reproduced from ref. 87 with
permission from the Royal Society of Chemistry, copyright 2016.
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connecting a silicone tube to the outlet of the fluidic
conduit and being blunt-ended by a commercial clamp. As
has been systematically studied in 2D PMMA and 3D PTFE
microchips containing microchannels of several meters in
length, it was found that the pumping power of the pressure-
driven gas-diffusion/permeation micropump can be stably
maintained as the sample flows through the microchannel.
Fig. 5B shows the experimental results of a pressure-driven
gas-diffusion/permeation micropump for self-powered
sample transport inside a gas-impermeable microchip.
Evaluation of the self-actuated liquid flow is presented
through varying the length of the outlet silicone tube, the
cross section of the microchannel, and the total length of
the microchannel. It was found that the flow rate can be
obviously influenced by both the channel depth and tube
length, as shown in Fig. 5B. In contrast, the total length of
the microchannel does not influence the flow rate, but
changes the overall flow-out time.

The relationship between the flow rate, the operational
parameters and device dimensions can be represented by the
following equation:

Qa ¼ Ga ¼ 2πLD

RT ln
ro
ri

ðPa � PatmÞ ¼ ϑHcWc

where Qa is the fluidic flux, Ga is the diffusion flux, ϑ is the ve-
locity of the microfluidics, Hc is the height of the microchan-
nel, Wc is the width of the microchannel, D is the effective
diffusion coefficient, Pa represents the air pressure in the
anterior end of the sample plug, Patm is the atmospheric
pressure, Pg represents the pressure gradient imposed in the
sample plug, ri and ro are the inner radius and outer radius of
the outlet tube, T is the temperature in Kelvin, and R is a gas
constant. So, the velocity of a stable flow can be adjusted by
the tube permeability (D), length (L), tube inner diameter (ri),
inner compressed pressure (Pa), tube outer diameter (ro), and
the width Wc and height Hc of the microchannel.

For this type of gas-permeable microchip, the air perme-
ates only through the outlet silicone tube that is located at
the anterior end of the sample plug. Because the inlet tube,
the gas-impermeable chip, and the disposable syringe have
much weaker gas-permeable properties than those of the
outlet silicone tube, it can be reckoned that air molecules
only permeate from inside the fluidic conduit to the ambient
atmosphere through the outlet silicone tube, and thus, the
gas permeability at the posterior end of the sample is negli-
gible. For easier modeling of such a self-activated pumping
system, an equilibrium state forms during the same transport
when the flow-flux (liquid) and penetration-flux (gas) reach
the same value. Under such an equilibrium state, the
pressure at the anterior end of the sample plug remains con-
sistent, which causes a constant pressure gradient to be
imposed in the sample plug, and thus, stabilizes the homo-
geneity of the flow rate for both 2D and 3D microchannel
configurations.

3.5 Comparison between pressure and vacuum gas-diffusion/
permeation micropumps

The mechanism of self-powered pressure-driven gas-diffusion/
permeation micropumps, to a certain extent, is similar to that
of a vacuum-driven gas-diffusion/permeation micropump,
because both systems rely on air-permeable materials to
realize self-powered autonomous flow. As aforementioned, the
gas solubility/permeability of PDMS is a precondition of self-
powered vacuum-driven gas-diffusion/permeation micro-
pumps. If the microdevice is air impermeable, then self-
powered autonomous flow cannot be realized in both vacuum-
type and pressure-type systems.

The diffusion and permeation process of air from inside
the microdevice to the ambient environment automates the
liquid flow. As a result, if the microdevice is placed inside a
water bath, more air bubbles can be seen on the device surface
as the time passes, as shown in Fig. 6. Because inhomo-
geneous gas transport between the anterior and posterior part
of the sample activates the pumping effect, bubbles can be
visualized on the surface of the microdevice inside the water
bath.

Fig. 6 (A-a)–(A-c) A series of photos demonstrating the suppression of
air bubbles with the flow of the PCR sample inside a spiral microchannel
in a time dependent manner under heated conditions, measured at 4,
12, and 25 min. Reproduced from ref. 86 with permission from the Royal
Society of Chemistry, copyright 2012. (A-d)–(A-f ) Time-dependent
sample flow inside a two-layer microdevice actuated by a pressure-
driven gas-diffusion/permeation micropump, demonstrated under
heated conditions employing a green-colored PCR mixture. (B-a)–(B-c)
Bubble elimination when paraffin oil plugs are employed both in the
anterior and posterior part of the ink plug. (B-d)–(B-e) Bubble gene-
ration when paraffin oil plugs are not employed. (B-f ) Bubble elimination
when a real sample was encapsulated within paraffin oil plugs both in
the anterior and posterior of the sample. A green-colored buffer was
utilized for visual effect. Reproduced from ref. 10 with permission from
the Royal Society of Chemistry, copyright 2011. (C) Air bubble captured
on the surface of the microdevice. Reproduced from ref. 90 with per-
mission from Elsevier Science & Technology Journals, copyright 2013.
(D) Overall systems needed to operate PDMS microdevices based on
(D-a) a self-powered pressure-driven gas-diffusion/permeation micro-
pump and (D-b) a syringe pump. Taken from (Wu et al., Sens. Actuators,
B, 2013, 181, 756) with modification.
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It is easy to understand how a vacuum-driven diffusion/
permeation pump can automate sample transport, either con-
cerning its diffusion mechanism or permeation mechanism.
However, there are some obvious challenges in utilizing
pressure-driven diffusion/permeation micropumps for accurate
flow control, and thus they can only be applied for the simple
format of long term transport.74,85 For diffusion-type self-
powered pressure-driven gas-diffusion/permeation micro-
pumps, it is difficult for the sample to be automatically sucked
into a PDMS microchannel, assuming it has been placed
under a high pressure for sufficient time (but this is easily rea-
lized by the vacuum-type), because the amount of air mole-
cules dissolved in PDMS dramatically increases under a press-
urized environment than under atmosphere conditions. As a
result, after the pressurized PDMS channel is placed back into
the atmosphere, gas molecules diffuse from the pressurized
PDMS slab into the channel, and thus cause a higher pressure
inside the microchannel than its inlet, which in return prohi-
bits the sample from being sucked in. The situation is similar
for the permeation type, because for a channel pressure higher
than atmospheric pressure, it seems impossible to suck the
liquid plug into the pressurized microchannel from the inlet,
let alone there being the capacity to drive the liquid flow
through the long microchannel (i.e. several meters) towards
the outlet.

So, how to solve the aforementioned problems associated
with pressure-driven permeation/diffusion micropumps, has
been a challenge for many years. And thus, new techniques
should be introduced to automate pressurized air-driven
micropumps for sample transport. In previous works,86–90 a
series of new methodologies were introduced for accurate flow
control by self-powered pressure-driven gas-diffusion/
permeation micropumps, without any fabricating steps or any
laborious assembly operations.

4. Applications

Pressure-driven gas-diffusion/permeation micropumps have
proved to be the most advantageous type of passive micro-
pump owing to their perfect pumping performance under
extreme conditions, e.g. a 3D-configurated microchannel at
high temperature, several meter long microchannels, complex
topological microsystems such as microvascular networks
interconnecting multiple inlets and outlets and multi-phased
microdroplet transport, as systematically demonstrated in this
section.

4.1 Applications in extreme environments for velocity-stable
liquid transport inside long microchannels at high
temperature

In contrast with vacuum-driven gas-diffusion/permeation
micropumps and most other passive micropumps, pressure-
driven gas-diffusion/permeation micropumps can benefit from
several inherent advantages.

Firstly, concerning the micro-processing that requires high
reaction temperature like PCR, a denature temperature of
95 °C should be applied during the thermal cycling. Because
such a high temperature is close to the boiling point of water,
microbubbles can easily form after the aqueous solution is
introduced into the microdevice if placed under atmospheric
or vacuum conditions, which can totally destroy the flow
stability.

Even though several self-powered micropumps have been
developed, based on the aforementioned actuation mecha-
nisms, few of them can stably deliver liquid inside long micro-
channels (e.g. several meters) at a high temperature (e.g. over
90 °C). Due to the serious vapour bubble problem, it is
impossible to guaranteed satisfactory performance during a
micro-continuous PCR concerning both passive micropumps
and externally-powered micropumps. As a result, highly
viscous media (e.g. mineral oil), pressurized microchannels or
complicated bonding techniques should be applied to sup-
press the bubble formation inside the microchip at a high
temperature.

As systematically demonstrated in our previous works, the
formation or elimination of bubbles can be determined by the
summation of three multi-directional forces (the force from
the outer surroundings FO, the gas expansion pressure FI, and
the surface tension of the liquid FS) being exerted from the
inner and outer surroundings of the air pockets.

If the following equation is fulfilled,

FO þ Fs > F1

Then, bubble maturation can be suppressed. FO is virtually
the inner pressure of the liquid, which can be derived by com-
bining the Navier–Stokes pressure10 and air pressure inside
the microchannel. Pressure-driven gas-diffusion/permeation
micropumps rely on a much higher inner air-pressure than
that of the outer atmosphere, and benefit from this, in that the
microbubble formation inside the PDMS, glass, polymer and
silicone microchannels under high temperature are efficiently
suppressed.

In order to reveal their superiority, a self-powered pressure-
driven gas-diffusion/permeation micropump was utilized for
micro continuous PCR. The conditions of self-powered micro
continuous PCR are more complicated than for most other
chemical or biological processes inside microfluidic chips,
which requires a strong micropump to overcome vapor
bubbles at a high temperature (the 95 °C denature tempera-
ture), a several meters long PCR microchannel, which requires
a powerful micropump with persistent motivating ability, and
a homogeneous retention time for each amplification cycle,
which requires a velocity-stable micropump. For example, it is
impossible to inject a PCR sample into a PDMS-Glass micro-
channel just by syringe pump. As shown in Fig. 6B, a lot of air
bubbles come out if the syringe pump is applied for ink trans-
port. In contrast, the air bubbles can be eliminated if mineral
oil is utilized to sandwich either the red ink (Fig. 6B-a–B-c) or
the PCR sample (Fig. 6B-f ).
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However, if a pressure-driven gas-diffusion/permeation
micropump is applied for sample transport through a PDMS-
glass device, as shown in Fig. 6A, there are very few air bubbles
that come out without the assistance of mineral oil. This veri-
fies that the pressure-driven gas-diffusion/permeation micro-
pump provides not only stable flow over a long distance, but
also a steady flow that can endure high temperatures.

Secondly, the pressure-driven gas-diffusion/permeation
micropump can be utilized with a wide range of chip-
materials, not limited to PDMS. For a vacuum-driven gas-
diffusion/permeation micropump, PDMS should be involved
either for chip fabrication (especially for diffusion-type
pumps) or the fabrication of a permeable membrane/wall.97

For pressure-driven gas-diffusion/permeation micropumps, the
sample can homogeneously flow inside a microchannel made
from any type of gas-impermeable conduit (glass, plastic,
metal, etc.), with the same actuation mechanism as a
PMMA-PMMA microdevice. Thus, any gas-impermeable
material can be used to fabricate the chip. As a result, this new
self-activated micropump demonstrates potential for sample
transport inside different microdevices without any power
consumption.

Thirdly, self-powered pressure-driven gas-diffusion/
permeation micropumps display superiority over self-powered
vacuum-driven gas-diffusion/permeation micropumps in
terms of both the pumping instantaneity and device compact-
ness. For degassed micropumping, utilizing the gas solubility
of PDMS, the PDMS devices need to be pre-vacuumed for a
sufficient time and be stored in an air-tight package before
use. Once the device is filled with liquid, the micropumping
will no longer work, as previously demonstrated.97 But, herein,
for pressure-driven gas-diffusion/permeation micropumps, the
micropumping can be reapplied to the same microchip even
after being filled with liquid, and there is no need for the
microchip to be pre-vacuumed/pressurized or stored in an air
tight package. For micropumping utilizing the gas per-
meability of PDMS, either a PDMS membrane or a PDMS wall
should be employed, which increase the fabrication cost and
time (bonding and alignment are needed) and decrease the
density of the microfluidic channel, since a lot of surrounding
pneumatic microchambers also take up some space.97

However, in contrast, there is neither an increase in the fabri-
cation cost/time nor a decrease in the density of the micro-
fluidic channels when applying pressure-driven gas-diffusion/
permeation micropumps.

Although vacuum-driven gas-diffusion/permeation micro-
pumps have been applied in point-of-care (POC) diagnosis,
most of these applications were limited to simple conditions:
a short microchannel under room temperature that does not
require long-time pumping. In contrast, without external
energy consumption or complicated constituent components,
diffusion micropumps make the overall size much smaller
than mechanical pumps, such as syringe pumps. Fig. 6D com-
pares the sizes of the overall systems needed to operate the
microdevice by self-powered pressure-driven gas-diffusion/per-
meation micropump (D-a) and syringe pump (D-b) to perform

on-chip flow-through PCRs. The self-powered pressure-driven
gas-diffusion/permeation micropump system requires neither
tailor-made heating blocks nor expensive syringe pumps, but
simply requires a hot plate and disposable plastic syringes for
facile operation.

The successful application of pressure-driven gas-diffusion/
permeation micropumps in PCR displays their advantages of
enduring a high temperature, durable liquid driving strength
and high flow stability. In contrast with the aforementioned
micropumps, pressure-driven gas-diffusion/permeation micro-
pumps have a lot of advantages, as they are much smaller in
size, are free external energy driven, have simple fabricating
procedures, strong micro fluidic transportation ability, have
homogeneous flow velocity over a long distance, are resistant
to adverse external conditions such as high temperature, have
easy μTAS integration and are much lower in price.

4.2 Applications in a biomimetic microvasculature with
multi-directional channels for bubble-free liquid injection

In most previous works86,88–90 self-powered autonomous flow is
applied to simple topological microsystems with a one-direc-
tional microchannel connecting of only one inlet and one outlet.

In contrast, leaf inspired microsystems consist of very com-
plicated microvascular networks that interconnect multiple
inlets and outlets, which is a totally different microstructural
topology to that of the aforementioned microsystems.
Noticeably, water transport in real leaves depends on self-acti-
vated micropumping without power consumption, similar to
self-powered micropumps, as we introduced before. Inspired
by this, biomimetic PDMS leaves were fabricated for visual
assays of self-powered autonomous flow in real leaves.

As clarified in Fig. 7(A-a), “transpiration theory”98,99 is the
most widely accepted theory that explains self-powered water-
pumping inside plants. Transpiration is the loss of water from a
plant in the form of vapor. The idea behind this theory is that
vapor molecules diffuse from inside the leaves to the outside
atmosphere through the stomata, reducing hydrodynamic
potential in the leaf and automating self-powered flow. In con-
trast, few stomata are located in the stipe, and thus, vapor mole-
cule diffusion in the stipe is negligible, compared with that in a
leaf. As a result, the hydrodynamic potential can be considered
as a constant at the site of the stipe. Because vapor diffusion
only reduces the hydrodynamic potential in the leaf and does
not decrease the hydrodynamic potential in the stipe, a pressure
gradient forms between the stipe and leaf, and pushes liquid
autonomously from the stipe to the leaf after vapor-molecule
diffusion. Similarly, air molecule diffusion only occurs in PDMS
leaves and is negligible in the syringe.

Specialized to the self-powered flow inside the PDMS
leaves, both the inlet tube and disposable syringe can be con-
sidered as gas-impermeable because the syringe material is
made from PP and thus is impermeable to air molecules, but
PDMS leaves are considered to be gas-permeable. As a result,
gas permeability in the posterior part of the sample plug can
be considered to be negligible, while air molecules can only
diffuse from the two surfaces of the PDMS leaves to the atmo-
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sphere. Due to the permeability of PDMS leaves, the pressur-
ized air captured inside the biomimetic microvasculature
diffuses through the artificial leaves, causing decreased
pressure and continuous flow towards the biomimetic micro-
vascular network from the syringe. The ideal gas law is as
follows:

PV ¼ nRT

where P is the pressure of the syringe, V is the volume, n is the
number of air molecules inside the syringe, T is the tempera-
ture in Kelvin, and R is the gas constant.

Because the syringe is impermeable to air molecules, n can
be reckoned to be a constant, from the above equation. Since
the syringe volume is several hundred times that of the pipette
combined with the microvascular network, the air volume V
inside a gas-tight syringe can also be considered to be con-
stant. Besides this, R and T are also constant in the above
equation, so it can be concluded that P is also a constant. After
the red ink flows through the inlet tube and reaches the bio-
mimetic network of the PDMS leaves, the pressure of the pos-
terior part can be maintained (by pushing the piston from the
4.3 mL mark to the 3.2 mL mark of the syringe) at 2.57 atm,
but the pressure of the anterior part continues to decrease due
to continuous air molecule diffusion. As a result, the red ink
can finally fill the whole microvascular network of the PDMS
leaves, as shown in Fig. 7B. From the above discussion, we can
see that the air pressure throughout the entirety of the PDMS
leaves is the same as before the sample plug flows into the
inlet tube. After the sample is introduced into the inlet tube,
the sample plug divides the fluidic conduit into two parts,
wherein air molecules only permeate through the anterior part
(PDMS leaves) but not at the posterior part (syringe), and thus,
this results in a lower pressure at the anterior part than the
posterior part. It can be reckoned that only the hydrodynamic
potential of the PDMS leaves reduces, and that the hydrodyn-
amic potential of the syringe does not decrease, similar to in a
real leaf.

Based on the aforementioned discussion, it can be seen
that even if self-powered flow through a real leaf and PDMS
leaf differ in terms of the diffusion of gas molecules (air mole-
cule diffusion in a PDMS leaf, but vapor molecule diffusion in
a real leaf ), they share the same gas molecule diffusion
mediated pumping mechanism for the same microvascular
geometry (from inside the PDMS/real leaf into the atmo-
sphere). Mostly important, the liquid flux in both cases can be
represented by the following equation:

Q ¼ Vd

where Q is the liquid flux, while Vd is the diffusion volume
(per minute) of the vapor molecule or gas molecule through
the real leaf or PDMS leaf.

As a result, a gas diffusion mediated overall hydraulic
pressure gradient is imposed on the same microvascular geo-
metry in both PDMS leaves and real leaves, which causes a
similar hydrodynamic flux through microvascular networks.
So, nature-inspired PDMS leaves, as introduced here, can act

as a lab-on-a-chip platform for hydrodynamic flux analysis, in
the manner of a veinal microvasculature of a natural leaf, as an
alternative to conventional approaches.

As also shown in Fig. 7B, after the fluid totally fills the
whole microvascular network, lots of air bubbles are distribu-
ted on the underside of the PDMS leaf, confirming that air
molecules diffuse from pressurized PDMS leaves into the
ambient atmosphere during autonomous flow.

4.3 Applications in multi-phased microfluidics for
autonomous microdroplet generation/transport

It is still a key challenge to apply traditional passive micro-
pumps for stable and autonomous generation/transport of
microdroplets. In contrast with traditional passive micro-
pumps, it has been found that pressure-driven gas-diffusion/
permeation micropumps can maintain the stable generation/
transport of microdroplets inside a fluidic conduit. As shown
in Fig. 8, only two disposable syringes are required to autono-
mously generate and transport microdroplets inside a 3D
microchannel of several meters in length. The proposed
mechanism also depends on air permeation from the com-
pressed microchip to the ambient environment through a gas-
permeable tube. However, the main difference compared with
previous systems is that, the continuous and dispersed phases

Fig. 7 (A) The mechanism of self-pumped flow inside a real leaf and an
artificial leaf. (A-a) A schematic of a self-pumped flowing mechanism in
a real leaf. The brown arrows under the schematic leaf represent the
diffusion and evaporation of vapor molecules from the leaf into the
atmosphere. (A-b) The self-pumped flowing mechanism in the artificial
leaf. The brown arrows under the PDMS leaf represent the diffusion and
evaporation of air molecules from the leaf into the atmosphere. (A-c)
The filling of the microvascular network of PDMS replicates using only
an inlet channel. (B) Hydrodynamic filling of PDMS leaves: (B-a)–(B-d)
Carpinus betulus, (B-e)–(B-h) Aegopodium podagraia, and (B-i)–(B-l)
Tilia platyphyllos, images were obtained at 2, 1, and 4 min intervals,
respectively. Reproduced from ref. 87 with permission from the Royal
Society of Chemistry, copyright 2016.
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are loaded together into the inlet of the microdevice. Because
of this, the aqueous-phase and oil-phase are actuated parallelly
to the microchip, with homogeneous microdroplets generated
at the junction. The aqueous droplet volume fraction can be

controlled by the volume ratio of compressed air between the
two syringes, resulting in size-controllability during transport.

Most importantly, the set-up of the pumping system is also
very simple, requiring only a microfluidic tube and a few hand-

Fig. 8 Applications of a pressure-driven gas-diffusion/permeation micropump for multi-phase microfluidic transport. (A) Autonomous microdroplet
generation inside the microdevice. (A-a) A schematic of the set-up of the experiment. (A-b) The experimental result (ink : oil = 1 : 7) obtained by
middle school students. (A-c) The experimental result (ink : oil = 1 : 3.5) obtained by middle school students. (B) Quantitative analyses of the pro-
posed self-activated droplet generation inside Teflon tubes (I.D. 1 mm, O.D. 2 mm). (B-a) The effect of the lengths of outlet silicone tubes on the
flow rate and total running time, when the outer diameter and inner diameter of the outlet silicone tubes were 3 and 1.5 mm, respectively. (B-b)
Results of the total running time inside a 100 cm long Teflon tube by varying the outer diameter of the outlet silicone tube. (B-c) A graph showing
the flow rate change for different inner diameters of the Teflon microchannel, when the same length of microchannel and outlet silicone tube were
used. (B-d) Comparison of the total running time by varying the initial internal pressure. The linear-regression analysis and R2 value of each of the
flow conditions were calculated and are displayed near the curves. (C) The programmable controllability of the pressure-driven gas-diffusion/per-
meation micropump for application in the autonomous control of multi-phase microfluidics, with the numbers of droplets generated per minute
programmed to be 150, 690, 840, and 330, for running times of 60, 120, 180, and 240 s, respectively. Correspondingly, the fluidic flux of the
aqueous phase decreased from 190 to 50 μL min−1 between 30 and 90 s, and then increased to 810 μL min−1 at 120 s, before finally decreasing to
130 μL min−1 at 240 s. (D) Real time qPCR results. (D-a) Series of images showing the droplet reaction to DNA amplification inside the 3D spiral
Teflon microchannel. (D-b) Serial dilution of the PCR amplification curves from the fluorescence images inside the 3D spiral Teflon microchannel.
(D-c) Results of the DNA amplification inside the Teflon tube or real-time PCR amplification system (Bio-Rad CFX96). Lanes 1, 2 and 3 show the
target amplicons obtained using a spiral Teflon microchannel, lanes 4, 5 and 6 show the target amplicons obtained using a commercial PCR amplifi-
cation system. (D-d) Amplification curves from the commercial real-time PCR amplification system. Reproduced from ref. 100 with permission from
the Royal Society of Chemistry, copyright 2018.
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operated syringes without the need for any sophisticated fabri-
cation, bonding or microchannel-surface modification pro-
cedures, making the entire system user-friendly and accessible
to non-technical users. For instance, after just 2 hours of train-
ing, middle school students without professional skills, who
previously knew nothing about microfluidics previously, were
able to easily grasp the use of a pressure driven gas-diffusion/
permeation micropump for applications in autonomous micro-
droplet generation and long distance transport, for volume
ratios between the ink droplet and oil intervals varying from
1 : 7 to 1 : 3.5, respectively (Fig. 8A). So, the pressure-driven gas-
diffusion/permeation micropump is a potential tool for teach-
ing microfluidics knowledge in education laboratories, or multi-
phase microfluidic applications in ordinary chemistry/biology
labs with limited resources. As shown in Fig. 8A, when the
volume ratios of compressed air between the oil-phase syringe
and aqueous-phase syringe were 7 : 1, 3.5 : 1, 1 : 1 and 1 : 7, a
similar aqueous droplet volume fraction was confirmed.

Another big advantage of pressure-driven gas-diffusion/per-
meation micropumps is that, the long-distance autonomous flow
rate inside a 3D microchannel is highly stable, with an average
R2 value calculated as 0.9995 after linear regression analysis
during the microdroplet transport, which is much more stable
than for other types of self-activated micropumps (Fig. 8B). In
addition, both the generation frequency and transport rate of
microdroplets can be easily programmed by adjusting a vent
valve connected to the outlet of the microchannel (Fig. 8C).

For most micropumps, surfactants are required to be added
to either the continuous phase or the dispersed phase, or both
to avoid fusion when transporting microdroplets. Amazingly,
when a pressure-driven gas-diffusion/permeation micropump
is applied in the autonomous control of multi-phased micro-
fluidics inside a PTFE tube-based fluidic conduit, no surfac-
tant is required, and fusion-free droplets can be transported at
a high temperature.

As a proof of concept, this micropump was applied for
microdroplet transport inside a 3D spiral microchip for flow-
through on-chip real-time PCRs. Without adding any surfac-
tant, no droplet-fusion was detected during the thermo cycle
when the microdroplet flew up and down the 3D microchannel
of several meters in length. Based on 3 ordered serially diluted
reference genes used in both the commercial qPCR cycler (Bio
Rad) and the home-made microdevice, similar amplification
results were observed between the two systems, with calculated
Ct values of 15.92, 20.07 and 23.22 for the microdevice, and
16.51, 20.1, and 23.15, for the commercial cycler. The overall
amplification efficiency of the microdevice was almost the
same as that of the commercial cycler from gel analysis, verify-
ing that the pressure-driven gas-diffusion/permeation micro-
pump is acceptable for droplet-based continuous flow micro-
fluidic PCRs with comparable thermocycle control and real-
time fluorescence signal as a commercial cycler (Fig. 8D).

4.4 Outlook

In previous works, pressure-driven gas-diffusion/permeation
micropumps have been successfully applied in extreme micro-

environments, such as three-dimensional, long-distance
droplet/plug transport in a multi-directional microchannel at
high temperatures, which proves that it is a powerful micro-
pump format.

To be improved as a mature micropumping technique, the
programing capability and on/off valving control should also
be clarified. Recently, smart flow has been proposed using
various self-powered pumping methods from different auto-
mation approaches. For instance, the use of light has been
confirmed as an effective way to realize remote pumping
control for surface tension-driven micropumps101,102 and self-
automated chemical micropumps.103 The heat effect caused by
light explosion101 or electricity can also play the role of a
valving function for capillary flow. Mechanical motion can be
reckoned as another potential approach to turn on/off self-
powered flow activated by surface tension-driven micro-
pumps104 and vacuum-driven gas-diffusion/permeation micro-
pumps. Because little research has been done on applying
pressure-driven gas-diffusion/permeation micropumps for
smart on/off flow control by external signals, it may become an
interesting field in the near future.

5. Conclusions

In brief summary, technological developments during the last
ten years have made it quite cheap, easy and quick to fabricate
microdevices. As a result, the concept of disposable micro-
chips for clinical detection, biological analysis, and disease
diagnosis, etc., has become possible and is becoming increas-
ingly valued. However, most disposable microdevices still rely
on other accessories to finally realize functionalization.
Necessary accessories always include micropumps, micro-
heaters, microvalves and micromixers, etc. Only in the case of
when a disposable microdevice matches well with its acces-
sories can the disposable microdevice realize its value and sig-
nificance. From this angle, not only should the easily fabri-
cated microdevice be cheap or disposable, its accessories (i.e.
various types of micropumps, such as electroosmotic micro-
pumps, magnetohydrodynamic micropumps, electrokinetic
micropumps, electrophoresis micropumps, etc.) should also be
easily fabricated, cheap, portable and even disposable. And
thus, in contrast with externally-powered micropumps, self-
powered micropumps can definitely play more of an important
role in liquid transport inside self-contained microdevices.

However, to precisely modulate the flow rate on the micro
scale is a challenge for most traditional self-powered micro-
pumps. The use of pressure-driven gas-diffusion/permeation
micropumps is a promising way to realize precise spatial and
temporal control over the flow rate. Because of their unique
superiority of integrating so many advantages, pressure-driven
gas-diffusion/permeation micropumps are different from tra-
ditional self/external powered micropumps, as systemically dis-
cussed in this review. Through detailed flow analyses inside
different microdevices, it has been verified that pressure-
driven gas-diffusion/permeation micropumps not only provide
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stable flow over a long distance, but can also easily ( just by
changing the microdevice dimensions and operating para-
meters) modulate a much wider range of flow rates than tra-
ditional self-powered micropumps (e.g. surface tension-driven
micropumps, hydrostatic pressure-driven micropumps,
vacuum-driven gas-diffusion/permeation micropumps, and
chemical/enzymatic/biological micropumps). When we apply
pressure-driven gas-diffusion/permeation micropumps to
micro continuous PCR inside a microchip, it can be verified
that pressure-driven gas-diffusion/permeation micropumps
can automate the stable flow of microdroplets/plug through a
3D channel over several meters in length, and perfectly sup-
press the vapor/boiling bubbles that form at a high denaturing
temperature of 95 degrees. Unlike other self-powered micro-
pumps, which are generally limited to hydrophilic (surface
tension-driven micropumps) or gas-permeable microchannels
(vacuum-driven gas-diffusion/permeation micropumps),
pressure-driven gas-diffusion/permeation micropumps can be
applied to liquid transport inside microchannels made from
any type of material (e.g. PMMA, PTFE, FEP, PDMS, PVC, sili-
cone, PC, glass, PET, etc.). We also made a comparison
between pressure-driven gas-diffusion/permeation micro-
pumps and external-powered micropumps in terms of their
performance, which also revealed that pressure-driven gas-
diffusion/permeation micropumps perform better at a high
temperature. When using a syringe pump, a lot of bubbles
come out from the microchannel, which even totally break the
liquid flow. However, when using a diffusion micropump, few
bubbles come out from the device. Because the flow is so
stable, without any microbubble formation, the PCR amplifica-
tion is highly efficient here.

No doubt this new micropump will have great significance
in lots of different fields, such as the biomedical field and life
sciences – not only in only in terms of basic research, but also
in terms of its commercial prospect, on account of its simple
structure, ease of fabrication, compact size, high precision,
low power consumption, and relatively fast response time.
Nevertheless, there have not been any traditional micropumps
that have been capable of realizing all of these advantages
together, reflecting the great prospects of pressure-driven gas-
diffusion/permeation micropumps. We hope that microflui-
dics and μTAS communities can harness gas-diffusion/
permeation mechanisms to develop various types of self-con-
tained pumping microdevices to solve biological, chemical,
medical and other challenges.
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