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Abstract

This report presents a review of progress on peristaltic micropumps since their emergence,

which have been widely used in many research fields from biology to aeronautics. This paper
summarizes different techniques that have been used to mimic this elegant physiological transport
mechanism that is commonly found in nature. The analysis provides definitions of peristaltic
micropumps and their different features, distinguishing them from other mechanical micropumps.
Important parameters in peristalsis are presented, such as the operating frequency, stroke volume,
and various actuation sequences, along with introducing design rules and analysis for optimizing
actuation sequences. Actuation methods such as piezoelectric, motor, pneumatic, electrostatic,
and thermal are discussed with their advantages and disadvantages for application in peristaltic
micropumps. This review evaluates research efforts over the past 30 years with comparison of
key features and outputs, and suggestions for future development. The analysis provides a starting
point for researchers designing peristaltic micropumps for a broad range of applications.
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1 Introduction

In recent decades, microsystem technologies have made significant progress, and impacted
various fields such as biology, biomedical engineering, biochemistry research, among other
research areas. Micropumps are the heart of microfluidics systems since they provide the
necessary power for moving the working fluid. In this work, we use the definition of
micropump according to [1], where the prefix ‘micro’ is considered to be appropriate for
devices with prominent features having space dimension scale in the order of hundreds

of microns or smaller. Most micropumps can be categorized into two groups: mechanical
micropumps (with moving parts) and non-mechanical micropumps (with no moving parts)
[1-3]. Mechanical micropumps employ reciprocating pistons or oscillating diaphragms to
do pressure work on the working fluid through a deformable and moving boundary in the
pumping chamber, while rectification components such as active or passive valves at the
inlet and outlet control the flow direction.
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Peristalsis is one of the essential physiological transport mechanisms in living organs and
organisms, enabling functions such as digestive tract, urethral transport, blood flow in

the circulatory system, etc. This elegant transport mechanism has inspired researchers to
investigate the applicability of peristaltic pumping in the realm of microfluidic devices. In
the literature, peristaltic micropumps (PMPs) are often listed as a subcategory of mechanical
micropumps, typically with three or more pumping chambers that operate in a particular
sequence to push a working fluid in a desired direction within a microfluidic path [1,3-6].
The first PMP was introduced by Smits in 1990, using microelectromechanical systems
(MEMS) fabrication techniques. The device had a set of three piezoelectric actuators, which
used a six-step sequence to create a peristalsis transport mechanism [7]. This micropump
had a maximum flow rate (Qp4y) of 3 uL/min and a maximum differential pressure (4P 4
of 5.9 kPa.

Since the introduction of PMPs, they have been widely used in various microfluidic
applications such as cell sorting/counting and cytometry [8], DNA hybridization [9], gas
chromatography [10], droplet microfluidics [11], particle and cell separation [12-14], cell
culture and multi-organ-chip [9,15-17], blood transportation [18], on-chip rapid mixing
[19], morphine detection [20], aeronautics [21], biosampling for disease detection [22],
implanted artificial sphincter system [23], detection of Salmonella spp. in food samples
[24], parallel processing of cell cultures and DNA microarrays [25], and plug-and-play
microfluidic chips [26]. Further, PMPs have been designed and used for drug delivery,
such as implantable drug delivery systems [27-29], inner ear drug delivery [30-34]
(reviewed recently in [35]), high-resolution volumetric dosing [36], and insulin delivery
[37]. Key features that make PMPs attractive for drug delivery applications are resistance
to high backpressure, bubble tolerance, endurance, and self-priming and bi-directional flow
capabilities.

This review introduces the peristalsis transport mechanism concept and defines the different
configurations that exist in the literature. This is followed by a discussion on the effect

of most critical parameters for the functionality of PMPs along with rules of thumb for
operation optimization. The different actuation methods that have been used to achieve such
devices are presented with selected examples addressing challenges for their application

in PMPs. Finally, the review closes with a discussion, comparison, and evaluation of the
developed PMPs over the past 30 years along with suggestions for future directions to
improve PMPs for broader applications.

2 Peristaltic micropump definition and classifications

PMPs are mechanical micropumps that drive the working fluid from the inlet to outlet
with a traveling wave without using rectification components (e.g., valves). However,

in the literature, PMPs are frequently categorized either as a subcategory of mechanical
micropumps listed as an actuation method or vaguely explained among other micropumps
[1,2,5,38,39]. Since in PMPs the actuator(s) are the only components to rectify the flow,
this review considers peristalsis as a rectification method for mechanical micropumps [3].
Table 1 shows a categorized summary of typical rectification methods for mechanical
micropumps. In this review, PMPs with side chambers overlapping inlet and outlet ports
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(See Table 2A, bottom) are considered PMPs if the side chambers are substantially similar
(in stroke volume, actuation method, etc.) to the middle chamber(s); a categorization that
has been used in the literature [3,7,40-43]. In this review actuators and actuation sites
(chambers) are distinguished since in some PMPs they are not at the same location and a
transmission mechanism connects them for different purposes.

PMPs can be categorized by the fluidic channel configuration either as a continuous-
channel or discrete-channel PMP. A continuous-channel PMP design has its actuators
fabricated around or along a single-compartment continuous microfluidic channel, such as a
microtubing, while a discrete-channel PMP is composed of two or more layers to create a
microfluidic channel. Typically, discrete-channel PMPs are designed with ports to connect
to other elements in relatively larger systems. The multi-layer design approach used for the
discrete-channel PMPs usually increases the complexity of the fabrication. This introduces
challenges that need to be addressed for a successful device fabrication such as having

a strong bond between layers to seal the microchannels and to avoid leakage within the
device, layers alignment, channel clogging and addition of port interconnections. The latter
is especially challenging for size-constrained applications, necessitating complex fabrication
approaches to realize robust microfluidic interconnections to the discrete channel PMPs

(e.9., [44)]).

Actuation direction of the PMPs can also be classified into two general schemes regarding
the transportation of the fluid: continuous and discrete. In the continuous-scheme PMPs the
fluid is actuated along the flow direction (e.g., PMPs with rollers or cams [19,37] while in
the discrete-scheme the fluid is actuated perpendicular to flow direction (e.g., [45-50]. In
other words, in continuous and discrete -scheme PMPs the traveling wave is generated by
actuation of infinite and finite sites of the fluidic channel, respectively (see Table 2). The
operational concept of continuous-scheme PMPs is usually based on the miniaturization of
peristaltic pumps. Although the continuous-scheme concept of PMPs has been improved in
the past two decades, most of the PMPs in the literature are discrete-scheme, which fits well
with the microscale fabrication processes (e.g., MEMS) and actuation methods.

Discrete-scheme PMPs are usually defined as micropumps with three or more pumping
chambers, with one actuator for each [1,5] (Table 2A). These are the most common

type of discrete-scheme PMPs. However, to reduce the device footprint, failure potentials,
and complications of multiphase excitation controllers for multiple actuators [5,51,52],
researchers have investigated PMPs with fewer actuators. One of the first two-actuator PMPs
was introduced by Berg et al. in 2003 [51], with a structure similar to Table 2B. In this
study, two pneumatic-driven PMPs were developed using two and three actuators, while
other parameters remain identical. The results show that a two-chamber PMP can provide
up to 94% of the flow rate and 73% of the 4P, of the counterpart three-chamber PMP.
The results suggest that two-stage PMPs may be a more viable choice in limited chip

area conditions, or where the backpressure is low. Another study reported a backpressure-
independent piezoelectric PMP designed for a low flow rate range of 0.1-50 uL/min

using two chambers [53]. Single-actuator PMPs (SAPMPs) are discrete-scheme PMPs that
employ one actuator to sequentially actuate multiple chambers with an engineered delaying
transmission mechanism [54,55] (Table 2C). These SAPMPs are typically pneumatic-driven
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[54-58]. Peristalsis is created by a delaying transmission mechanism for sequentially closing
and opening the chambers, due to different fluidic resistances between the actuator and
chambers or different volumes of driving chambers.

In Continuous-scheme PMPs the pumping chamber actuates the working fluid in two
configurations: (i) The actuator and the transmission mechanism move along the flow
direction. Most of these PMPs are motor-driven, typically with roller-based, cam-follower,
or magnetic transmission mechanism. (ii) The actuator moves perpendicular to the flow
direction, while a transmission mechanism converts the actuation to a travelling wave along
the flow direction. DC-motors [59] and piezoelectric [52,60,61] actuation methods have
been used for driving these PMPs. A perpendicular-to-parallel (P£P) conversion has been
realized by engineering geometrical or mechanical properties of the diaphragm [60], loosely
attached actuator with asymmetric location of inlet and outlet ports [52], or a mechanical
mechanism [59].

3 Significant parameters in peristalsis

Many researchers explored the effect of different parameters on the operation of the PMPs,
including the operating frequency, the number of chambers, operating sequence, phase
difference, and the working fluid [42,62-66]. Flow rate of a PMP can be formulated by
Equation (1):

0= chcle xf @

Where Q, Ve and fstand for flow rate, net pumped volume in a single cycle, and the
number of cycles in each unit of time (operating frequency, #), respectively. This section
explores significant parameters that define the flow rate by impacting Ve and £ which in
some cases can be interrelated.

3.1 Operating frequency

One of the best post-fabrication tools to control a PMP is the tuning of the operating
frequency. A noticeable characteristic behavior can be observed among several variations of
PMPs investigated in this study: the flow rate increases almost linearly with the increase

of the operating frequency in the relatively low-frequency range, followed by a maximum
flow rate (at fpmay), and then the flow rate decreases with a further increase of the operating
frequency. Figure 1 shows this trend among nine different PMPs with various actuation
methods. The average line clearly shows this behavior, which is consistent with the graphs
reported elsewhere [38], suggesting that this is expected from all micropumps and not just
PMPs.

This relation enables an effective and reliable way of controlling the flow rate at frequencies
smaller than 7o In this range the duration of each cycle is long enough to let the
chambers fully close/open, delivering full stroke volume (V4. It is worth noting that
depending on the micropump characteristic, even if the full stroke volume is not pumped, the
faster actuation can compensate and result in increased flow rate. At frequencies higher than
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fomax flow saturation takes place due to reasons including working fluid viscosity [7] and
chambers opening and closing time [67,68]. We recommend operating PMPs in actuation
frequencies in which the full Vis pumped to make Vs independent of fto minimize
variables, resulting in a better control over the flow rate. For PMPs that operate with
compressible working fluids (e.g., air) further considerations should be taken into account
which are discussed elsewhere [69].

3.2 Stroke volume

Stroke volume (V) is defined as the volume of the working fluid being swept by each
chamber in one actuation. In other words, stroke volume is the difference between the
maximum and minimum chamber volume (Vj2x— Vimin) as the membrane actuates once.

V4 is often impacted by pump geometry, the interaction of solid and fluid mechanics of

the pump, and operating frequency (see section 3.1). As a rule of thumb, the parameters in
the equation for membrane deflection (Young’s modulus, Poisson ratio, membrane thickness
and diameter, and net pressure applied which includes actuation pressure and backpressure)
and Poiseuille equation (fluid viscosity, net pressure, microchannel dimensions) should be
considered. Further, V,,;, is also impacted by the dead volume which is defined as the
volume in a chamber that is not swept by the membrane. Although insightful generic models
for micropumps and PMPs are presented in [1,42], subjective modeling for pump design
using low-order lumped models and computational modeling are recommended.

Several of these parameters have been considered by researchers in analytical and
experimental approaches. Wang and Lee reported the effects of actuation pressure in a
pneumatic-driven S-shaped SAPMP [55]. They demonstrated that an increase in the driving
pressure by 1.5 times raised the Q4 by 42%, due to increased deflection of the membrane,
and therefore, Vg which results in increased Qp,4x However, by further increase in the
driving pressure, Qnax does not change significantly, since the membrane is already fully
deflected. Similarly, Lee et al. reported that in their piezoelectric PMP a 50% increase in
the driving voltage causes 117% increase in the Q4 due to elevated Vi [70]. They also
simulated the effect of membrane thickness on its deflection which directly affects V. The
results demonstrate up to 4 times reduction in membrane deflection due to 6 times increase
in the thickness.

In modular designs where changing the stroke volume could be as simple as changing one or
two elements, tuning stroke volume by changing chamber size can be useful. This idea has
been used specifically for continuous PMPs with rollers or ball bearings, where changing
the stroke volume by modifying roller or tubing sizes can create a large operating range of
flow rate. For example, Koch et al. made a modular design consisting of a PDMS-based

or a tubing-based PMP driven by a DC-motor and rollers [71]. They explored different
microchannel/microtubing and roller dimensions to demonstrate modularity of the design
for covering different flow ranges from 0.5 to 41 uL/min. Yobas et al. reported a PDMS-
based PMP actuated by stainless steel ball bearings that follow the circular shape of a
microchannel driven by a permanent magnet mounted on a DC-motor-driven disc [72]. They
found that by increasing the roller size by a factor of 2, the flow rate increases by ~3.5 times
at the same actuation frequencies, enabling a large range of flow rate (~10 — 350 puL/min).
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In an effort to minimize the dead volume, Lee et al. created a silicon-polyimide (substrate
and diaphragm) electrostatic-driven PMP with sloped-wall chambers using detachment
lithography technique, instead of vertical walls which is common in the field [73]. They
minimized the dead volume by up to 10 times and increased Vby 2.2 times at the same
operating voltage, resulting in a reduction in the minimum operating voltage and power
consumption per flow rate of the PMP by ~30% and 10%, respectively.

The effect of working fluid on Q. was explored in a study by Jeong and Konishi, by
testing deionized (DI) water, a mix of DI water and glycerin (glycerin mix), and diffusion
pump oil (oil) with viscosities of 1, 5, and 21.7 cP and relative densities (normalized by
water density) of 1, 1.04, and 0.94 [74]. The results show relative flow rates (normalized

by water) of 1, 0.79, and 0.12 for DI water, glycerin mix, and oil, respectively. This

study, among other studies (e.g., [37,59,70,75]) demonstrates that viscosity is the dominant
factor for potential impact of the working fluid on Q. However, the impact of working
fluid viscosity on the pump performance has been eliminated in a continuous-scheme motor-
driven PMP with eight rollers [25]. Results demonstrate insignificant change in the flow rate
using DI water and a glycerin mix with viscosities of 1 and 23 cP.

3.3 Operating sequence and number of chambers

The operating sequence is composed of multiple steps with a specific order in a single
actuation cycle to enable peristalsis in a PMP. Each chamber has an ON or OFF state in each
step, represented as 1 and 0 in this section. The operating sequence of a PMP directly affects
the PMP performance characteristics (Q, 4P 4y power consumption(PW)), as it determines
the number of pumped boluses, overall time of a cycle, and number of chambers at ON state.
Actuation schemes can be presented in convertible formats of either duty ratio and phase-lag
(e.g. [4]) or step and state of chambers. We show our analysis in the latter format. As an
example of conversion between these formats, consider a 4-Chamber PMP with duty ratio of
50% and phase-lag of /2. Chambers 1, 2, 3, and 4 are ON at 0-w, t/2-31t/2, m—27, and
3n/2-2m and 0-1t/2. Each 1t/2 represents a step, therefore the sequence can be written in
terms of steps and chamber states as: 1001-1100-0110-0011. Although in the literature the
subsections of each sequence are sometimes referred to as phase, we use the term step, to
avoid confusion with phase-lag. In all sequences mentioned in this section the flow is from
left to right. Steps are written with a series of chamber states (1 or 0) with dashes in between
to separate them from other steps. In this section we define Qyp= V4/ Tpfor comparing
different sequences, where 7,is the step time.

Researchers have investigated the impact of operating sequence and number of chambers
with numerical, computational, and experimental methods [4,10,68,76-79]. Berg et al.
introduced a 2-chamber PMP and compared two sequences: (/) 10-01-00 (//) 01-11-01-00
[51]. Their simple model predicted Q;= 1.5 @, closely matching the experimental value
Q;i=1.16 Q; A study by Graf and Bowser compared different actuation sequences for a
3-chamber piezoelectric-driven PMP [80] including these: (/) 010-011-001-101-100-110 (/#)
011-001-100-110, theoretically resulting in Q;;= 3 @, However, experiments showed the
contradictory results of Q;;= 0.8 Qjand AP;;= 0.8 AP;. This is due to having at least one
chamber closed at all time for (/) while in (/i) between steps 2 (001) and 3 (100) there is
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a short transition time where no chamber is closed leaving the entire channel open, which
we define as an open channel state. During the open channel state, backflow occurs due to
backpressure, which lowers both @ and AP, a phenomenon that was reported in a similar
circumstance in [68].

In an effort to find the impact of the number of chambers (/) and actuation sequence on
performance of PMPs, Leu et al. developed a numerical model verified by an experimental
setup of a PMP with a motor and magnetic transmission to actuate membranes made of
PDMS and iron particles [4]. In this study, the number of chambers ranged from 3 to 8
operating at = 1 Hz Sequences with 50% duty ratio and phase-lags between 10° to 120°
with 10°-steps were applied. The results showed a relatively linear increase in Qpax by
increasing n at different phase-lags (i.e., sequences), suggesting the importance of operating
sequence when increasing /. Another group investigated the effect of 70on Q4 With a
pneumatically-driven SAPMP with an S-shaped compressed air fluid path on top of the
working fluid channel [55]. The structure enables peristalsis based on the phase-lag in
closing the chambers due to the time it takes for the compressed air to travel through the
S-shaped fluidic path, creating a zipping sequence. In a zipping sequence the chambers are
closed from left to right (inlet to outlet), all chambers closed, then open from left to right to
load the chambers for the next cycle. The results showed increasing 7 from 3 to 5 and from
3to 7 increases Qayalmost linearly (R = 0.96) by 10% and 15% relative to 3-chamber

pump.

We present a simple analysis of the impact of 7 (7> 2) and sequence on the performance

of discrete-scheme PMPs in terms of three major parameters of Q, 4P, and PW. Among
numerous possible actuation sequences that a PMP can operate with, a few of them are
presented here: high flow rate sequence (HQS), high differential pressure sequence (HDPS),
and ultra-high flow rate sequence (UHQS).

In this analysis it is assumed that in a single cycle of each chamber the full Vis driven,
which does not necessarily mean that chamber is fully closed. Vi is considered equal for all
chambers, an assumption that can be adjusted if required (e.g., in PMPs with side chambers
at the inlet/outlet ports). To reach the best performance (highest Q and 4P at minimum PW)
a PMP should work with step time (7,) that is just large enough to ensure the chambers
fully close and open, a system characteristic that is empirically found for each chamber. The
operating frequency can be found as f= 1/mT,), where m s the number of steps in each
sequence. Here we predict @4 for each sequence, however, the operating flow rate of a
PMP can be controlled by tuning £ which was shown to have a relatively linear correlation
to Q(see Figure 1).

PWand the fluidic resistance (/) are found based on averaging the number of actuated
chambers in a sequence, stated in terms of power consumption and fluidic resistance of each
chamber (PWp, Ry). Rpis considered a fixed value for each chamber at the ON state where
the entire V4 is delivered. Also, PWjand Ryfor each chamber are considered equal. These
assumptions can be adjusted for specific PMPs. To evaluate efficiency of a PMP in terms of
power consumed to deliver a unit of flow rate, power flow rate efficiency is defined as ¢ =
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Q/PW. This term assists in understanding efficiency of different sequences for pumping the
working fluid.

3.3.1 High flow rate sequence (HQS)—In this sequence for all numbers of chambers
and at all steps, two chambers are closed and the rest are open, making a pattern of ‘10...01’
with th021e ON chambers sequentially moving from left to right in 72steps (/77 = 1) as shown
in Figure 2A. This sequence pumps 7-2boluses of fluid during = 17y, resulting in Q=
(n=2/n)Q,. Since two chambers are ON in this sequence independent of n, PW= 2PWjand
R = 2Ry Note that increasing the number of chambers significantly improves Q, while PW
and R are constant, resulting in a larger ¢. This sequence has been used commonly in the
literature (e.g., [33,81]).

3.3.2 High differential pressure sequence (HDPS)—To increase 4P a sequence
with high fluidic resistance is presented at which for each three chambers two of them are
ON, creating patterns of series of “110°, while the number of steps is fixed at 3 (m = 3),
resulting in overall time = 3 7. This sequence delivers one bolus during each cycle resulting
in @= Qp/ 3 independent of 17 (see Figure 2B). However, by increasing the number of
chambers, Rand PW linearly increase (R = (2n/3)Rpand PW= (2n/3)PW;). With this
sequence, increasing the number of chambers results in larger 4P and lower ¢, making

it suitable for high backpressure environments. This sequence has been used rarely in the
literature [68].

A comparison of Qversus 7 for the theoretical values of the HQS and HDPS models

and the literature using the same sequences shows a close match (See Figure S1). Vis
either mentioned in the reference or estimated based on chamber dimensions and membrane
deflection. 7pis found at fgmax using Tp= 1/m fomax Which is the closest match to our
assumption in the models for 7,to be large enough for full chamber actuation. Since 7,

is not reported in the references, the calculated 7,may not be the smallest possible step
time, which may explain the discrepancy between theoretical and experimental values. For
designing the actuation sequence a trade-off between AP, @, and PWshould be considered.
One of the key parameters significantly affecting these factors is open channel state, which
was mentioned earlier in this section. In HQS and HDPS sequences, the open channel state
is avoided during transition time between steps.

3.3.3 Ultra-high flow rate sequence (UHQS)—In an attempt to increase the flow rate
of PMPs, we introduce a new ultra-high flow rate sequence (UHQS) based on the zipping
sequence with some modifications. In a typical zipping sequence the chambers serially

close from inlet to outlet, all closed, and open from inlet to outlet, generating a nominal
performance characteristic of Q= (n-1/2n)Qpand R= (%/2n) Ry. In this UHQS sequence
for an n-chamber PMP, in the first step chamber 1 and nare closed, and in a second step
which is divided into 7-2 mini-steps, chambers are sequentially closed from left to right with
a minimal delay (7p/ n—2) to ensure that chamber 7is closed before chamber /+1. In step

3 all chambers except 1 and n are closed, and in step 4 chamber n is closed, while other
chambers open sequentially from inlet to outlet (Figure 2C). This sequence delivers n-2
boluses of the working fluid in £= 4T, resulting in Q = (n-2/4) Qywith power consumption
of PW= n/2 PWpand fluidic resistance of R = /2 Rp. This sequence generates an ultra-high

Sens Actuators A Phys. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Forouzandeh et al.

Page 9

flow rate compared to the two other sequences for /7>4. In steps 2 and 4 the middle chambers
close/open with a minimal delay, rather than at the same time, to avoid potential structural
damage or backflow. These steps require precision control over the chamber deformation
and timing. These factors suggest that this sequence is preferable for creating PMPs with
more than 4 chambers with a precise actuation control. This sequence also can be used for
continuous-scheme PMPs with a custom-designed cam-follower transmission mechanism.
Although this sequence is inspired by the zipping sequence it does not suffer from the open
channel state, which is a major drawback for zipping sequences.

3.3.4 Summary of sequences—We suggested three different sequences in this
section for different applications of PMPs. Here we compare these sequences in terms

of performance characteristics of Q, AP (represented as fluidic resistance, /), and power
flow rate efficiency (¢) versus number of chambers (7). Comparing Q of these sequences
demonstrates that at all numbers of chambers Qrps> Qrpps, as expected (Figure 2D).
However, for 7<= 4 Quupsis smaller than Qps, and for n>5 Qyppsis significantly larger
than Qs Figure 2E shows that at all numbers of chambers HDPS creates larger fluidic
resistance than the other two sequences, resulting in a larger A4P. Furthermore, for 5 or more
chambers Ryrips> RHos. Figure 2F compares flow rate generated per power consumed (¢)
for different sequences, suggesting equal ¢ for HQSand UHQS at all n, while significantly
decreasing for H#DPS for PMPs with more chambers.

4 Actuation methods

4.1 Motors

The actuation method defines the energy source and the mechanism to convert this energy
into a displacement of the working fluid. In this section, different actuation methods

that have been used in PMPs are described, with a brief definition of the actuation

method, transmission mechanisms to transfer the actuation to the working fluid, and major
developments in their applications for PMPs. Further details of each actuation method are
reviewed elsewhere [1,5,6].

DC motors are one of the most popular actuation methods due to their simplicity, low
operating voltage, and rotational motion enabling peristalsis with reasonably straightforward
configurations. This actuation method has been used in peristaltic pumps, and researchers
have miniaturized it for realization of PMPs. To transfer the momentum from the motor

to the working fluid, various transmission mechanisms have been implemented including
roller, cam-follower and magnets. This actuation method allows fabricating PMPs to
pump multiple fluids with a single motor, with applications in high-throughput and highly-
integrated microfluidics (e.g., [9,25]). Motor-driven PMPs also enable disposable devices
where the fluidic channel (e.g., tubing) can be replaced in a cartridge adjacent to the motor
and transmission mechanism [82]. This feature enables using a motor-driven PMP for a
broad range of flow rates by simply using different channel sizes (e.g., [71]). However,
motor-driven PMPs are among larger PMPs typically with a non-planar structure, and
usually require complex external mechanisms for proper handling of the rotary motion.
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The roller transmission mechanism was used for PMPs to provide continuous-scheme
peristalsis [71,83]. In this transmission mechanism the rotary motion of the motor is
transferred to the working fluid (usually in a circular channel) with rollers rolling on the
fluidic channel, minimizing the mechanical wear. Cam-follower transmission mechanism
translates the rotational motion of the motor to the working fluid in a peristaltic way by
sequentially pushing the fluid in different locations, providing discrete-scheme peristalsis
[37,84,85]. Shkolnikov et al. reported a novel motor-cam mechanism in which a cam

drives a plunger arm that provides peristalsis by closing the inlet of a silicone tubing

first, pumping the working fluid out, and opening the tubing from the inlet while the

outlet is kept closed to enable loading for next cycle [59]. iPRECIO SMP-310R® infusion
pumps [86] are miniature PMPs for implantable drug delivery applications [34,87,88], where
peristalsis is created by a micromotor driving a cam with seven followers. The micropump is
integrated with a microreservoir and is packaged with a battery for power. The micropump is
programmable and implantable with 1.7 nL/min resolution with Q)4 = 167 nL/min with an
accuracy of £5% under up to 7.8 kPa backpressure.

Magnetic force has been used to transmit the rotational motion of the motor to the working
fluid in both discrete and continuous -schemes. For discrete-scheme PMPs magnets are
usually mounted on a motor shaft close to the micropump, while pairing magnetic parts

are on the membrane which actuate sequentially when the motor rotates [4,72,89-92]. For
continuous-scheme PMPs, a permanent magnet mounted on a motor moves along the fluidic
channel that attracts plugs of magnetic fluid or solid pairs to propel the working fluid [93-
96].

4.2 Piezoelectric

Piezoelectric actuation method works based on an internal mechanical stress induced by
an applied electric potential. This actuation method usually does not have a transmission
mechanism between the actuators and chambers. The piezoelectric actuators are usually
bonded to the actuation membranes in formats of discs [36,43,53,70,76,97-100], cantilevers
[26,80,101,102], and bulk and stacks [27,103]. Typically, piezo-driven PMPs are discrete-
scheme with multiple actuators on membranes that sequentially actuate and enable
peristalsis (e.g., [23,104]). This actuation method is fast and exerts large forces with a
planar and relatively simple structure, however, requires high voltage and complicated
driving circuit and has a small membrane deflection relative to the footprint (stroke).

The displacement of the membrane in piezo-driven PMPs is a function of different
parameters including operating frequency and voltage [18], which should be considered
by the designers.

Nakahara et al. reported the first piezo-driven SAPMP using a traveling wave concept
[60]. In this design, a single cantilever-type piezoelectric stimulates an encapsulated
incompressible fluid perpendicular to the flow. The perpendicular actuation generates a
traveling wave parallel to the flow which enables peristalsis. A hydraulic displacement
amplification mechanism is used to amplify the amplitude of the displacement waves,
enabling 1500 pL/min maximum flow rate. Pecar et al. reported a single-actuator single-
chamber piezoelectric PMP with a PDMS structure [52]. In this design, the inlet port is
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placed in one end of the chamber, slightly toward the center, while the outlet port is placed
at the other end of the chamber. During the excitation, the loosely attached glass membrane
and PDMS deform in a controlled manner, creating a traveling wave from inlet to outlet

to enable peristalsis. The micropump provided Qyax = 240 uL/min and APy, = 36 kPa.
Cazorla et al. employed 1.5 um thick Sol-gel PZT thin films for piezoelectric actuation,
which reduces the driving voltage down to 24 V, optimized for implantable drug delivery
applications [28].

4.3 Pneumatic

Pneumatic-driven PMPs use fluctuations in the supply gas (typically air or N2) pressure to
actuate the membrane exposed to it. This actuation method has been used in PMPs typically
with compressed air or vacuum actuators and microfluidic channels/tubings to transmit the
actuation to driver chambers adjacent to the working chambers, with solenoid valves to
switch and cycle the actuation [40,51,74,105-110]. This actuation method generates large
stroke with an easily controllable actuation force with a soft-lithography-friendly fabrication
process and small footprint. However, the membrane response is slow, and it typically
requires external compressed air sources and control valves that increases the overall size
and causes challenges for portability of the device.

To minimize the device volume and facilitate control, pneumatic-driven SAPMPs were
developed where peristalsis occurs due to a delaying transmission mechanism creating
phase-lag between the chambers to sequentially close and open, enabling a zipping
sequence. Wang and Lee presented a SAPMP featuring a serpentine-shape (S-shape)
microchannel enabling single source actuation for 3, 5, and 7 actuation chambers [55,111].
As the compressed air travels in the microchannels, it deflects the membrane with a
phase-lag enabling peristalsis. However, when the chip size is limited the serpentine-shaped
air channel fills almost immediately and significantly reduces the pumping. Further, the
serpentine-shaped channel occupies a large surface on a chip. To address these issues,
another concept for pneumatic-driven SAPMPs was developed where peristalsis is achieved
due to actuation phase-lag enabled by the different volumes of the driver chambers [56]

and an active valve [54]. In this concept, when the compressed air travels, it closes the
smaller chambers first, which causes peristalsis from the smallest to the largest chamber.
Using a similar phase-lag concept, vacuum has been also utilized as the actuation source
for pneumatic SAPMPs [58]. Using a vacuum source not only enables peristalsis, it assists
debubbling of the working fluid through the gas permeable PDMS membrane, which is
highly desired in the microfluidic applications. Although SAPMPs offer various advantages,
they are unidirectional by nature which could limit their applications where bidirectionality
is crucial.

4.4 Electrostatic

Electrostatic actuation is based on the Coulomb attraction force between two plates with
opposite charges. This actuation method has been used for PMPs without a transmission
mechanism directly on chambers [10,73,79,112-114]. Electrostatic actuation is relatively
small in footprint and overall size, with low power consumption and fast response, simple-
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to-control stroke, and planar structure. However, it has small stroke and requires high
operating voltage and considerations for electrolysis of polar working fluids.

Xie et al. reported an electrostatic PMP using a multilayer technology to isolate the

working fluid from the electric field to minimize electrolysis [81]. Furthermore, to minimize
electrolysis, an AC actuation signal was used. However, electrolysis was observed when
using a polar working fluid (water), while the results of a nonpolar working fluid (ethanol)
was electrolysis-free. Patrascu et al. explored comparing polar (water) and non-polar fluid
(octane) in their electrostatic PMP [115]. The results demonstrate that the micropump cannot
generate flow with polar fluid, while the non-polar fluid provides reliable results of Q=
1.38 pL/min at fgmax = 400 Hz.

While electrolysis is challenging for using electrostatic mechanism with polar working
fluids, this actuation method is an excellent choice for pumping non-polar fluids such as

air. Electrostatic-driven PMPs have been used for gas chromatography by Najafi’s group
[69,116-119]. In an 18-stage configuration with 19 microvalves, extremely high flow rates
and differential pressures for gas micropumps (Qpax = 4000 uL/min, AP, = 17.5 kPa) was
achieved in a tiny package size (S, =479 mm?3) and with peak-to-peak voltage (Vpp) of 200
V and 57 mW power consumption [69].

45 Thermal

Thermal actuation involves induced stress or volume change in response to applied heat.

It has been used for discrete-scheme PMPs in forms of thermopneumatic (TP), phase-
change (PC), shape memory alloy (SMA) [59,120-122], and hydrogel (HG) [123] actuators,
typically directly on the chambers without a transmission mechanism. This actuation method
creates large strokes and actuation force, with a small operating voltage and simple driving
circuit, typically in a planar form factor with a small size. Since this actuation method
depends on heat diffusion, it works in lower frequency ranges with large power consumption
and elevates the temperature of the working fluid. Although SMA and HG were used in the
literature for driving PMPs, they are not covered further here due to their minor contribution
in developing PMPs.

TP actuation occurs when a fluid other than the working fluid is heated and expands without
a phase-change, causing the micropump membrane to deflect and move the working fluid.
Usually, the heater is a thin resistive film and air is employed as the expanding material.
Several researchers investigated application of this actuation method for PMPs with
experimental, lumped model, and computational approaches [40,68,124-128]. Compared to
other thermal actuation methods, the TP actuation suffers from relatively larger temperature
elevation in the working fluid for equal membrane deformation. Chia et al. addressed this
issue by designing a side chamber for each chamber to be actuated by TP actuator with
transmission of the actuation force to the chamber through a fluidic microchannel [129]. As
a result of separating the actuator and the chambers the temperature elevation of the working
fluid was reduced by up to 24-fold (from 70.3 to 2.9 °C).

The PC actuation method relies on volume expansion of a material due to thermal phase-
change to deflect a chamber membrane and actuate the working fluid. Since the thermal
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expansion occurs during the phase-change process at a fixed temperature rather than single-
phase temperature elevation, this method enables actuation with lower temperature elevation
in the working fluid compared to the TP method. The PC actuation method can generate
extremely high actuation force depending on the phase-change material (e.g., paraffin wax
[130]). Borkholder’s group developed discrete-scheme phase-change PMPs for ultra-low
flow ranges (10-100 nL/min) using gallium and paraffin wax actuation materials which
shrink and expand during melting, respectively [30,33,131].

4.6 Emerging actuation methods

Recently, new actuation methods with peristalsis capabilities were introduced. Saren et

al. introduced a peristaltic like micropump with magnetic shape memory (MSM) alloy
Ni-Mn-Ga [132]. An MSM element operates as a metal muscle that propels the working
fluid from inlet to outlet with a continuous peristaltic-like motion due to application of

an external axially rotating magnetic field. The results demonstrate pumping pressures

up to 200 kPa and flow rate range of 0-2000 pL/min with 50-150 nL resolution per
pumping cycle. Wu et al. developed a numerical model for a PMP based on the principle

of using an external magnetic field to actuate a magnetorheological elastomer (MRE) tube
[133]. The tube was made of silicone, filled with silica-coated carbonyl iron particles as a
typical MRE with a well-characterized magnetization curve. The model consisted of several
elements of MRE tubings and electromagnets connected in series to create peristalsis.
Yamatsuta et al. reported a PMP built around a micro peristaltic tubing powered by a light-
responsive Drosophila melanogaster larvae muscle for a potential application in integrated
tissue-engineered soft robots [134]. Peristalsis was obtained by changing the speed of the
propagating blue light stimulator on tubular structures (400 pm 1D, 750 um OD) dissected
from larvae, causing displacement on the surface of the contractile muscle tissues. The
micropump generated flow rates up to 0.72 pL/min with optimal wave propagation speed of
400 um/s. Bandopadhyay et al. analytically explored an electroosmosis-modulated actuation
mechanism demonstrating potential for creating PMP for LOC applications [135].

4.7 Summary

Various actuation methods for driving PMPs were described from the literature along with
their advantages and disadvantages, and examples of reported research efforts to improve
them for PMPs. Depending on the application of the PMP, a designer needs to consider

the critical characteristics of each actuation method such as size, fabrication complexity,
operating frequency, power consumption, and compatibility to the specific environment.
Table 3 qualitatively compares these actuation methods with listing their typical advantages
and disadvantages in the current designs for common applications in microfluidics.

5 Evaluation and discussion

5.1 Advantages and disadvantages of PMPs

PMPs are relatively simple in structure, suitable for miniaturization, and straightforward
to fabricate since they have similar chamber configurations, enabling simple integration on
a single substrate. PMPs offer post-fabrication tuning of the flow rate range by changing
channels with different inner diameters in modular design configurations (e.g., [71]). PMPs
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are reliable, enduring, tolerant to bubbles, and capable of self-priming and handling viscous
working fluids. PMPs provide continuous, clean, and clogless flow path due to the absence
of inline valves which is critical in small fluid channels, and especially to keep the samples
free of contamination, intact, and unclogged. Due to these characteristics, PMPs have

been used in many applications in biomedical, chemical and nutrition, and pharmaceutical
industries. Additionally, PMPs operate gently, potentially on multiple fluid conduits, which
enables them to handle sensitive biological media or suspensions, and multiple samples at
the same time. Bi-directional and pulsatile flow capacities of PMPs enable them to serve

in several LOC applications, where circulating flow in microfluidic channels or mimicking
pulsatile in vivo fluid mechanical environments are required. PMPs are typically planar, an
advantageous feature for LOC and implantable drug delivery applications, where on-chip
integration to other elements, and minimizing device thickness are crucial. Although PMPs
have several benefits, they suffer from mechanical wear, especially the continuous-scheme
PMPs. Further, low efficiency is observed in PMPs due to the absence of check valves.
Another drawback of PMPs is the complexity of independent synchronized actuation of
multiple chambers, which is more common in the discrete-scheme PMPs.

5.2 Comparison of different PMPs

In this section, we review reported PMPs with major contributions in developing PMPs
since their emergence in 1990. Various PMPs have been developed with different actuation
and rectification methods, for several applications. Several characteristics are considered
here, including Qp,a and 4P, Which are two key merits of a micropump. Since many
PMPs have been used for size-constrained applications, such as drug delivery and LOC,

the overall package size (Sp) and the package surface area on the chip (Ap) are also
considered. Where S,and A are not reported, they are estimated from provided images

and scales. We attempted to include pump structure (e.g., microchannels) and actuators (e.qg.,
motor, piezoelectric discs) for estimation of S, while power supplies and driving circuits
are excluded since they are not usually reported. For pneumatic PMPs, the S, excludes
compressed air or vacuum source, solenoid valves and their driving circuits. Ay, however,
just considers the footprint of a PMP on a fluidic chip, which is a critical parameter for
integration of a PMP to other elements in a microfluidic chip, especially for LOC systems.
Vi 1, and PWat the reported Qpmax (Viomax fomax PWomax) are also considered here since
they impact potential application of the PMPs and driving circuit complexity and size. When
PWis not explicitly reported, we attempted to estimate based on other reported data (i.e.,
voltage, current, and resistance).

Key features and measured performance characteristics of different PMPs are summarized
in Table 4. In this table PMPs are arranged based on their actuation methods, while other
characteristics of them such as transmission mechanism, actuation scheme, fluidic channel
configuration, and self-reported applications are provided. For all the PMPs, the working
fluid is liquid (usually DI water) except for PMPs for gas chromatography [10,69].

Figure 3 quantitatively compares different PMPs in terms of actuation method (Figure 3A—
H) and scheme (Figure 31) for a better insight into advantages and disadvantages of each.
Motor and thermal -driven PMPs perform with lower actuation voltages and frequencies
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relative to piezoelectric and electrostatic PMPs that typically operate with an order of
magnitude larger operating voltages and frequencies (Figure 3A and B). Thermally-driven
PMPs consume up to an order of magnitude more power compared to other methods
(Figure 3C). Electrostatic and pneumatic PMPs can provide at least an order of magnitude
smaller package sizes and on-chip footprint, while thermally-driven PMPs can also be
relatively small in package size and footprint (Figure 3D and E). Figure 3F and G show that
electrostatic and pneumatic PMPs yield the largest flow rate per package size (self-pumping
frequency, £y = Qmax! Sp[1]) and flow rate per footprint (self-pumping velocity, Vs, =
Omax! Ap). Electrostatic PMPs also provide the largest power flow rate efficiency (¢ =
Q/PW) among others, and thermal PMPs have approximately two orders of magnitude less
flow rate per consumed power relative to other actuation methods (Figure 3H). Finally, a
comparison between discrete and continuous-scheme PMPs demonstrate the capability of
continuous-scheme PMPs to provide at least an order of magnitude larger 4P, than the
discrete-scheme ones (Figure 3I).

Figure 4 compares PMPs based on four different metrics: @pax Sp 4Pmax and actuation
method. The Qpax is plotted along the ordinate, and the reported or estimated S, is along the
abscissa. As depicted in the legend, the actuation methods are distinguished by color, while
the data point size represents the 4P, range.

A few observations can be made. A direct correlation between @y, and S, can be observed.
The 18-stage electrostatic micropump with air as working fluid reported by Kim et al.

has the highest 7, (8.4 min~1) and maximum flow rate (Qyax = 4000 uL/min) [69]. The
pneumatic-driven PMP reported by Cui et al. provides the largest £, among PMPs working
with liquid (5.6 min™1), with Q2 = 600 uL/min [58]. The pneumatic PMP reported by
Unger et al. minimized the package as small as 2 mm?3 with maximum flow rate of 0.14
uL/min [110].

Motor-driven PMPs cover a large range of flow rates while working with low voltage

and generating higher pressures, due to their actuation method and flexibility to couple

to different transmission mechanisms. Due to these advantages motor-driven PMPs have
gained particular attention and are now available commercially (e.g. iPRECIO® PMPs).
However, the smallest motor-driven PMP (iPRECIO® SMP-310R [86]) is ~2000 mm?3

in size (excluding the reservoir and the battery) which limits applications for extremely
size-constrained applications such as implantation in small rodents. The bottleneck of size
reduction for motor-driven devices is the size of motors. Reducing the size of reliable and
well-controlled motors can substantially assist further miniaturization of these PMPs with
precision control over flow rate enabling their applications in even further applications.

Piezoelectric-driven PMPs were also widely used in the literature, since they are capable

of generating higher flow rates while being able to generate high pressures. However, high
voltage and complicated driving circuits remain a challenge in these micropumps, especially
for drug delivery applications. The sol-gel PZT PMP reported by Cazorla et al. was able to
reduce the driving voltage to 24 V while keeping high generated pressure, but at the cost

of maximum flow rate (Qpax = 3.5 UL/min) [28]. Further research on miniaturization of
piezoelectric PMPs, while maintaining low operating voltage can broaden their application
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in various fields, including drug delivery. Although pneumatic PMPs were miniaturized as
small as 2 mm3 [110], it is worth noting that the package size excludes the solenoid valves
and pneumatic pressure/vacuum sources which are usually from a compressed air line or
a vacuum pump. Further research on minimizing the pressure/vacuum sources and control
valves may be warranted.

Thermal PMPs have been used to generate ultra-low flow rates (~100 nL/min) with a
relatively smaller package size (tens to hundreds mms3). Although these pumps suffer from
inherent larger PV, they can be further miniaturized and be used in applications with
smaller flow rates where S, has higher priority than AW/, such as subcutaneous implantable
drug delivery systems with transdermal power (e.g., induction). Electrostatic PMPs offer
excellent miniaturization capabilities and power flow rate efficiency, however, the high
operating voltage limits applications due to electrolysis with polar working fluids. Further
research on clever ways to reduce the operating voltage such as change in the chamber
geometry with reducing Vg-and increasing f(to maintain @) may be warranted. Separation
of actuators and chambers using a transmission mechanism can address the electrolysis issue
for these PMPs.

6 Conclusions and future outlook

The brief survey given in this paper reviews a variety of PMP concepts, key parameters
affecting pump operation, and actuation methods since their emergence in 1990. The
peristalsis concept was explained in depth, defined as a rectification method in mechanical
micropumps, and distinguishing it from other rectification methods. Various parameters that
substantially impact the operation of PMPs were discussed, including operating frequency,
peristalsis sequence, and the number of chambers. Several research efforts in the literature to
implement PMPs with various actuation methods were reviewed.

Creating the actuation sequence for peristalsis is a source of complexity for discrete-scheme
PMPs; in some cases it causes a larger package size. However, researchers attempted to
address this issue by developing SAPMPs where a single actuator generates the actuation
force and a delaying transmission mechanism generates peristalsis [54-56]. Researchers also
developed PrP convertor mechanisms that enable using actuators with perpendicular motion
relative to the flow channel, creating continuous-scheme pumping [52,59,60]. In both these
mechanisms one actuator drives the micropump and the peristalsis is embedded into the
structure of the device to avoid controlling the sequence with synchronized signals. Using a
single actuator with a mechanism to create peristalsis for other actuation methods expands
the capabilities and applications of PMPs, due to different characteristics of each actuation
method (see section 4). Additionally, PMPs with one actuator potentially reduce the overall
package size, a crucial feature for size-constrained applications.

Although the significant parameters in peristalsis (e.g., operating sequence, number of
chambers, etc.) have been studied subjectively in the literature, a generic model for
optimization of these factors would be immensely useful for researchers as a design rule
for developing new devices. For such a model, the parameters discussed in this paper
(section 3) should be taken into consideration, along with the limitations and advantages
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of each actuation method presented in section 4. Optimized devices, considering all factors
mentioned above, can compensate for the lack of check valves in the system and improve the
efficiency of PMPs.

The most common applications of PMPs are LOC and drug delivery (See Table 4). For
these applications, increasing self-pumping frequency (75 = @max/ Sp) is necessary and
remains a challenge. For drug delivery applications miniaturization is essential due to

the size-limited nature of the application. Approaches for miniaturization include using
the SAPMP or PtP convertor concepts to reduce the size of mechanical and control
electronics components, developing smaller motors, using miniaturized pneumatic sources
and controllers, etc. Integrability of the PMPs to the driving circuit, power supply (e.g.
battery for most PMPs, and compressed air for pneumatic PMPs), and reservoirs (e.g.,
[136,137]) is another factor to consider. For LOC applications, integrability enables a
self-contained pumping mechanism that is useful, especially for applications that require
incubators, independent of external connections (e.g. wires, pneumatic tubes, etc.). For
drug delivery applications the self-contained platform is essential due to limitations for
accessing external connections. To improve functionality of PMPs, embedding monitoring
mechanisms such as flow sensors assist feedback control in adjusting the flow rate by
perhaps changing the operating frequency as the most accessible/simple post-fabrication
control mechanism. For drug delivery applications, such a mechanism enables informing
the user and health care provider of the status and performance of the pump providing
confidence the system is delivering the correct dosage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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——-Cui 2011 (Pneumatic)
——-Hsu 2008 (Piezoelectric)

Huang 2006 (Pneumatic)
——-Kant 2013 (Pneumatic)

——-Lee 2016 (Electrostatic)

Nguyen 2008 (Piezoelectric)
——-Sassa 2012 (Shape memory alloy)
——==Shen 2011 (Magnetic)

——-Wang 2006 (Pneumatic)

\ |=-=Average

1 1 1 1

0.4 0.6 0.8 1 1.2 14 1.6 1.8
Normalized frequency

Figure 1.
Typical flow rate versus operating frequency (# for nine PMPs with various actuation

methods. The flow rates and frequencies are normalized to the corresponding values at

the maximum flow rate, where flow rate value of ‘1’ shows maximum flow rate ( Q4
and operating frequency of ‘1’ reflects frequency at which the maximum flow rate occurs
(fomax)- The bold black line shows the average of all curves, demonstrating a trend of
relatively linear dependence of flow rate to f, followed by a maximum flow rate (at fgmay),
and then the flow rate decreases with a further increase in £
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A High flow rate sequence Ultra-high flow rate sequence
3-chamber 4-chamber n-chamber Chamber
Step
0 1 1 0 0 1 1 0 0 1 1 2 3 n2  n-l n
1 0 1 1 0 0 1 1 0 0 1 1 0 0 0 0 1
0 1 1 0 1 1 0 0 1 0 0 1 1 0 0 0 0
0 1 1 0 0 0 1 1 1 0 0 0
2
0 0 1 1 1 1 1 1 0 0
Q=00/3 Q0=00/2 Q=m-2/n) Qo 1 1 1 1 1 0
PW=2PWy, R= 2R PW =2PW,,R = 2R PW=2PW,,R=2R 3 0 1 1 1 1 0
{=C8o/0 {=Co/4 {=m-2/2n) & 0 0 1 | 1 1
B High differential pressure sequence 0 0 0 1 1 1
3-chamber 4-chamber n-chamber 4
0 1 1 0 1 1 1 0 1 1 0 0 0 1 1
1 0 1 1 0 1 1 1 0 1 0 0 0 1
0 1 1 0 1 1 0 0 1 1 0 Q= n-2)4 Qo
Q0=00/3 Q=Q0/3 Q0=0Q0/3 PW =n/2 PWo, R =n/2 Ro
PW=2PWs.R= 2Ry PW=8/3PWo.R=8/3Ro PW = 2n/3 PWo,R=2n/3 Ro {=m-2)/2n
{=(o/6 ’=Co/8 =Co/2n
D E F
2 = 8 . 05
———HQS ) — %; i _ —— HQS
s ——HDPS _ _UHQ; 3 04 | —— HDPS
—_ S s —_— =
~ 29 UHQS < 6 5 — UHQS
< 0
S 8 2 03
2 S &=
g 1 2 4 o
= I 2 z
B & E 02
- 0.5 2 2 £
; 5 2
E L~ c,:j 0.1
d z
£
0 0 0
3 5 7 9 3 S 7 3 5 7 9
Number of chambers Number of chambers Number of chambers
Figure 2.

Definition and comparison of three sequences for peristaltic micropumps. (A) High flow
rate sequence for 3, 4, and 7 chambers (B) High differential pressure sequence for 3, 4,

and n chambers (C) Ultra-high flow rate sequence for 7 chambers. (D) Comparison of flow
rate of the three sequences versus number of chambers. (E) Fluidic resistances for the three
sequences versus number of chambers. (F) comparison of power flow rate efficiency for the
three sequences. The values of HQS and UHQS overlap. Values presented for flow rate (Q)
in terms of stroke volume per step time (Qp= V4! Ty, fluidic resistance () in terms of
individual chamber fluidic resistance (Ry), power consumption (PW) in terms of individual

chamber power consumption (PWp), and power flow rate efficiency (¢) in terms of (p= Qp/

PWp.
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Comparison of various actuation methods used for PMPs based on their (A) Operating
voltage (B) Operating frequency (C) Power consumption (D) Package size (E) On-chip
footprint (F) Self-pumping frequency (G) Self-pumping velocity and (H) Power flow rate
efficiency. (I) Maximum differential pressure for continuous and discrete -scheme PMPs.
Performance characteristics are reported at maximum flow rate.
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Figure 4.

Comparison of several reported PMPs based on maximum flow rate (Q,;ax), package size
(Sp), maximum backpressure, and actuation method. Numbers show the reference numbers.
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Table 1.

Typical rectification methods of reciprocating mechanical micropumps.

Dynamic Valves  Active (e.g., cantilever, diaphragm)
Passive (e.g., flip valves, check valves)
Static Valves Active (e.g., laser, local heating)
Passive (e.g., nozzle/diffuser)
Peristalsis Continuous-scheme (e.g., DC motor-driven rollers on microchannels)

Discrete-scheme (e.g., multiple chamber/diaphragm configuration)
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Categorization of different PMPs with schematic views of structures and sample operations. Discrete-channel

Table 2.

Page 30

PMPs are shown for simplification. Red arrows show actuation direction, while blue arrows show the direction
of actuated fluid. The encircled number in the operation column show actuation steps for discrete-scheme

PMPs. Continuous scheme PMPs do not have these numbers since they work continuously (i.e., infinite steps).
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Table 3.

Page 31

Typical advantages and disadvantages of different major actuation methods used in PMPs.

Actuation method

Advantages

Disadvantages

Electrostatic

Motor

Piezoelectric

Pneumatic

Thermal (Thermopneumatic Phase-change Shape
memory alloy Hydrogel)

Fast response
Simple-to-control stroke
Low power consumption
Planar structure

Small footprint and size

Low operating voltage

Large stroke

Peristalsis-friendly

Flexibility to couple to various transmission

mechanisms

Large actuation force

Fast response

Simple structure

Planar structure

Large stroke

Simple-to-control actuation force

Small footprint

Soft-lithography-friendly
Low operating voltage
Large stroke

Large actuation force
Planar structure

Small footprint and size

Simple driving circuit

High operating voltage
Small stroke

Electrolysis (for polar working fluids)

Complex external mechanism for
handling rotary motion

Non-planar structure

Relatively large

High operating voltage
Small stroke

Complex and bulky driving circuit

Slow response
Non-planar structure

External compressed air and control
valves required

Not portable
Slow response
High power consumption

Temperature elevation in working fluid
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Table 4.
Summary of significant PMPs with their experimental output.
H H H Qmax
Actuation L Actuation Fluid  Vomax APmax fomax  PWomax Sp, Ap _
method Transmission “peme  CMAMDErs  channel (V) (kPa) ##F\g (H)  (MmwW)  (mm?) (mm?) Application  Ref.
Electrostatic - D 3 D 280 1.6 0.0017 20 - 6 1 UTAS [81]
- D 3 D 150 - 138 400  0.014 86 128 LoC [115]
- D 18 D 200 175 4000 17000 57 479 197 GC [69]
- D 4 D 90 - 136 15 - 22264 880 GC [10]
Motor cam/follower D 7 C 1.55 1.67 2036 372 DD [86]
cam/follower C 1 C 3 48 780 - 90 6160 770 General [59]
POC,
cam/follower c 1 D 12 36 214 283 - 56448 160 e [84]
cam/follower c 1 c 5 120 275 02 50 16717 380 Insulin = 371
' delivery
magnetic c 1 14 12 458 013 116 6048 432 LOC [96]
magnetic 3 1 0.33 24 31 - 2960 132 DD [90]
magnetic c 1 D - - 38 013 - 3072 256 LoC [95]
magnetic D 1 D 07 66 2400 12 50 30720 960 POC, [92]
) ) uFluidics
roller c 1 c 12 3710 292 006 - 31588 3200 LoC [25]
. . Insulin
Piezoelectric - D 37 D 100 5.9 100 15 - 1500 750 delivery [71
- D 3 D 120 33 12 10 - 600 600  UTAS,LOC  [99]
; D 2 D 160 100 50 5 ; 36 33 MPRMle gy
- D 3 D 160 18 900 60 45 1280 320  Biomedical [102]
- D 3 D 180 353 029 30 - 151280 1800 - [80]
PtP convertor c 1 D 140 - 1500 210 180 1800 360 UTAS [60]
PtP convertor c 1 D 460 36 240 75 - 1058 529 - [52]
- D 3t D 24 3.2 35 1 0.05 210 300 DD [28]
Pneumatic pChannel D 3 D - - 0.141 75 - 2 8 uFluidics [110]
uChannel D 2 D - 017 642 05 - 17663 1963 LoC [51]
nChannel- D 3 D - 016 108 10 - 720 600 UTAS [54]
delay
pChannel- } }
dolay D 7 D 013 743 9 720 600 UTAS [55]
uChannel- D 3 D - 079 600 30 - 108 77 Biomedical  [58]
delay
uChannel D 3 C - 14 21.6 6.7 - 3000 600 WFluidics [108]
Thermal- - D 5 D 7 054 0013 260 140 350  General  [123]
Thermal- ; D 4 D ; ; 01 0083 101 34 84 DD [131]
- D 3 c 1.8 - 01 021 - 192 64 DD [33]
Tgel\r/lrga" - D 3 c 25 - 900 03 1440 67200 2400  Biomedical [122]
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Page 33

Actuation . Actuation Fluid  Vomax APmax Qmax fomax  PWomax Sp, Ay S
method Transmission  © o0 Chambers o0l V) (kPa) r(#"LS (H2) (MW) mmd)  (mm?) Application  Ref.
- D 2 c - - 12 0.125 500 1901 704 pTAS,LOC [121]
Thermal-TP - D 3 D - 3.45 6.3 4 291 540 270 nir [40]
- D 3 D 20 - 216 2 - 924 231 Loc [128]
- D 3 D 5 0.4 9.18 15 1786 1584 288 Biomedical  [68]

POC,
- D 3 D 9 0.49 20 12 - 1440 288 WFluidics [129]

D: Discrete, C: Continuous, UTAS: Micro-total analysis, LOC: Lab-on-a-chip, GC: Gas chromatography, DD: Drug delivery, POC: Point-of-care

diagnostics,

f’Chambers at inlet and outlet, PtP: Perpendicular to parallel.
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