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cepts and enable new therapies. Even though there are evident advantages, there are only few examples
of industrial microdosing units and micropump technology has not yet found widespread application. To
answer the evoked question of what limits the application of microdosing technology for drug delivery,
this work provides a comprehensive insight into the subject of drug dosing. We highlight and analyse

ﬁ{:‘ggﬁip specific microfluidic challenges and requirements in medical dosing: safety relevant aspects, such as
Microdosing prevention of freeflow and backflow; dosing-specific requirements, such as dosing precision and stabil-
Microactuation ity; and system-specific aspects, such as size, weight, and power restrictions or economic aspects. Based
Drug delivery on these requirements, we evaluate the suitability of different mechanical micropumps and actuation
Patch pumps mechanisms for drug administration. In addition to research work, we present industrial microdosing
Medical dosing application systems that are commercially available or close to market release. We then summarize outstanding
Microfluidic technical solutions that ensure sufficient fluidic performance, guarantee a safe use, and fulfil the specific
requirements of medical microdosing.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dosage of liquid drugs is ubiquitous in medical treatment. Espe-
cially for slow, regular, or constant administration, automated
systems are of great advantage. A prominent example of drug dos-
ing applications is insulin therapy. Patients suffering from diabetes
need to manage their insulin requirements carefully [1]. Research
shows that continuous subcutaneous insulin injection with pump
systems improves the patients’ health compared to multiple daily
injections, e.g., with pen injectors [2,3].

To further ameliorate the treatment, patch pumps were devel-
oped [4]. They aim to increase the patients’ compliance and reduce
the need for disconnection, enabling a constant insulin supply,
which promotes the therapeutic success. Additionally, the verti-
cal position of the infusion set in relation to the pump causes large
deviations in delivered insulin. A patch pump can limit these fluc-
tuations as it decreases variations in hydrostatic pressure [5]. How-
ever, existing products are still large enough to be noticeable and
some studies claim less accuracy for certain patch systems com-
pared to durable pumps [6-8]. Similar to insulin therapy, medical
research on cancer treatment shows that continuous drug delivery
to specific tissue can achieve therapeutic effects while limiting side
effects [9-11] by minimizing exposure to toxic druglevels [12]. Fur-
thermore, adapting the treatment to the circadian rhythm can be
beneficial [9,10]. It is obvious, that precise, automated, and reliable
dosing would improve patients’ care tremendously and enable the
use of adapted medication, such as higher concentrated doses.

Microdosing is also of high importance when it comes to animal
treatment or testing. Medical studies on test animals are a crucial
part of pharmaceutical research [13]. However, especially in the
case of small test animals (e.g., rodents), extremely small volumes
must be dosed. Furthermore, dosing units fixed to or implanted
in the animal should not be of excessive size or weight to mini-
mize animal strain. Even though there are several solutions on the
market [14-16], need for improvement towards smaller systems
or more flexible administration is required.

Drug dosing applications are diverse, though share the need for
small, precise, energy efficient, and reliable dosing units, which

makes drug dosing a focus of microdosing research [17,18]. Already
early publications on micropumps aim to improve drug delivery
using those devices [19-22]. Within the last 45 years, work on
microfluidic actuators continued and a variety of driving technolo-
gies has been developed. Many different microactuation principles
have been investigated to create even smaller and more efficient
microfluidic pumps [17,18,23-26].

Considering the great opportunities leading to a vast amount
of research, the number of inventions, and especially the evident
improvement of treatment, the question arises why microflu-
idic actuation is not yet common in medical products. There are
only few commercially available microdosing units (see chapter
6) in human treatment as well as for animal testing purposes.
Other products are planned for market launch soon. Though, for
many promising techniques, industrialization is still pending and
progress towards products appears slow.

This review discusses challenges in drug dosing that limit the
application of microfluidic actuators in these fields and solutions
research has found to this specific and demanding environment. It
is not our goal to compare specific values of fluidic performance in
detail, since most pumps presented in research are not fully opti-
mized for all influencing factors, such as pump chamber or valve
geometry. Rather, we intend to emphasize challenges and chances
arising with the use of microfluidic actuation within a biomedical
environment and to summarize approaches within various types
of microactuators to solve them. Furthermore, we intend to depict
the status of development and general applicability of a technol-
ogy in drug dosing systems. We focus on continuous and adaptable
medical dosing and therefore address displacement micropumps.

2. Challenges and requirements for drug delivery

Microdosing systems, e.g., based on micro electro mechanical
system (MEMS) pump technologies, enable the delivery of smaller
volumes and minimized size and weight of the system compared
to current large-scale products. However, the small dimensions
implicate several fields of challenges. Environmental conditions,
such as variations in backpressure or temperature, have an impact
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Table 1

Overview of requirements for pumps in drug dosing applications.
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Requirements

General Requirements in Drug Delivery

Specific Challenges for Microdosing in Drug Delivery

Safety Aspects
Freeflow Stop

Backflow: Leakage and Diffusion

Bubble Tolerance

Interaction with Medium and Clogging

Safety Measures

Microdosing
Flow Range

Dosing Accuracy and Precision

Dosing Stability

Dosing Flexibility

System-Specific Requirements

Size and Weight

Power Consumption

Lifetime

Cost

Production

Uncontrolled flow caused by an overpressure at the
reservoir can have severe consequences for the
patient. In larger scale products, the freeflow
prevention can be implemented more easily.
Backflow, caused by diffusion or backpressure leading
to leakage, can lead to clogging of injection sites,
damage of the pump, or dosing inaccuracy.

Small bubbles can always occur in dosed liquids and
the dosing unit needs to be capable of transporting
them without failure.

Dosing units must not influence the dosed

drug or occlude during long use periods.
Aggregation during storage or use is

unacceptable.

Medical applications require a high level of
safety. Therefore, products usually include
safety measures such as pressure and
temperature sensors for failure detection.

The required flow range depends strongly on the
application.

Requirements are not uniform. An example is diabetes
therapy, where most insulin-pump suppliers judge +5
% deviation acceptable [29].

Changing environmental conditions should not
influence the dosing accuracy significantly to allow for
safe use at all times.

In many applications there is a need to adapt the flow
rate to the patients’ need (e.g., bolus and basal rate).

Limits for size and weight vary strongly with the
application.

Depending on the application, power supply via a
battery over a long period can be necessary.

Lifetime requirements can vary from some minutes to
many years.

Cost is especially critical for disposable products. For
many dosing units, such as durable pumps, the
actuation mechanism is reusable.

Reliable and cost-efficient processes are important to
be competitive.

Many microdevices show freeflow (e.g., micro diaphragm
pumps). An integrated freeflow stop needs to fulfil size and
weight constraints while functioning over a large pressure
range.

Leak tight valves are challenging due to geometric
limitations.

Due to increased capillary forces and the dampening effect
of air, depending on the actuation mechanism, bubbles can
lead to failure of micropumps [28].

Small channels with high surface to volume ratio and
sharp edges are likely to influence the dosed medium and
can promote obstruction.

Particles or agglomeration can impair dosing of
micropumps.

The same need for failure detection applies. However,
integration into the dosing unit can be challenging for the
lack of space.

Failure modes can differ largely depending on the
actuation and therefore development of individual safety
measures is necessary.

Drug dosing applications can require extremely small flow
rates. Examples are the use of highly concentrated drugs,
or animal trials with small rodents.

Even if the dosed volume is small, percentage deviation
should not increase. Hence, accurate measurement and
control systems are required.

Depending on the actuation type, different surrounding
conditions, such as backpressure and temperature,
potentially have a large influence on the microdosing unit.
Depending on the actuation method, the range of
applicable flow rates can be limited.

The miniaturization of the fluidic actuation unit offers the
possibility to develop microsystems for size and weight
critical applications such as implants, patch pumps, or
dosing units for animal trials. However, even with
miniaturized actuation, limitations can stay challenging.
Especially for implantable applications with limited energy
supply, low power consumption or wireless supply are
necessary, limiting the choice in actuation methods.
There is less knowledge about the lifetime of microdosing
systems compared to current macroscopic actuators.

The microdosing device is often in direct contact with the
dosed fluid, limiting it to mostly disposable or partly
disposable use. Cost is therefore a key factor for
industrialization.

For microsystems, production strongly depends on the
pump type, e.g., MEMS processes or extreme
miniaturisation of macroscopic mechanical production
processes.

on the pump and its microactuator. Due to smaller dimensions,
surface scaled disturbances like the damping effect of bubbles,
capillary forces, or particles become more influential compared to
the volume scaled forces that drive the pump. Additionally, the
space to include safety measures is limited. Using the advantages
of microdosing and despite all additional disturbances, microscale
drug delivery systems need to meet all current requirements for
medical products, such as biocompatibility, flow accuracy, or life-
time [27]. Table 1 summarizes important requirements, divided in
safety aspects, flow aspects of microdosing, and application specific
requirements that are explained in more detail in chapters 2.1-2.3.

2.1. Safety aspects

As safety relevant aspects we describe basic requirements,
which a pump has to fulfil to guarantee safe use for the patient.
For clearer presentation and due to their key function, we discuss

flow requirements such as precision and accuracy, which are obvi-
ously highly relevant for safety aspects also, in a separate chapter
(see chapter 2.2).

The prevention of so called “freeflow” constitutes a basic safety
measure within microfluidic actuation. For many pumps, an over-
pressure at the inlet (e.g., hydrostatic pressure or compression of a
reservoir) can cause an uncontrolled fluid flow. To prevent freeflow
can be specifically challenging, since countermeasures have to
function at both low and high overpressure at the inlet [30,31].
Contrary to macroscopic devices with enough space for additional
valves, integration can be complex and innovative solutions with
minimal space requirements are needed.

Not only fluid movement in flow direction caused by an over-
pressure at the inlet is problematic, but also backflow and leakage,
especially while the pump is turned off. Often the required flow is
not constant and sometimes the pump is turned off. If the outlet
pressure exceeds the reservoir pressure, body fluid can be pushed
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back, impairing the drug delivery or causing clogging of the delivery
unit. Therefore, as little leakage as possible is an important property
of a microfluidic dosing unit. Similar to freeflow, leakage is strongly
pressure dependent. Especially for passive flap vales, which usually
show aninitial gap [32], low pressure can cause higher leakage than
higher backpressure that pushes the valves towards their valve
seat. For reasons of energy efficiency and safety, a normally closed
or self-blocking setup, that is, a pump that blocks the fluid path
when turned off, can be beneficial. In addition to leakage, diffu-
sion can cause unwanted drug release or movement of body fluid
towards the reservoir.

To deliver the required flow securely, a dosing unit in medical
applications has to be able to overcome a certain pressure level. For
instance, drug delivery requires the pump to build up more pres-
sure than the physiologic backpressure of the target tissue. This
pressure is in the range of some hundred Pa to some tens kPa [33].
However, several additional effects add up to the real backpressure
Ap the pump has to overcome: hydraulic pressure caused by height
differences, fluidic resistance of channels, enlarged fluidic resis-
tance due to clogging as well as capillary forces of small bubbles
in the dosed liquid. For instance, the combination of a pump with
microneedles for transdermal delivery requires high backpressure
capacity of the pump due to the small channels [34].

Together with delivered medium, small bubbles get transported
into the micropump. Those bubbles typically have a volume sev-
eral orders of magnitude smaller than the lethal doses of estimated
200-300 ml [35]. However, they can be problematic for the dos-
ing unit itself. The bubbles can be caused by incomplete priming of
the drug reservoir, accumulation in corners, transmission through
gas transparent tubing/bags, increase of environmental tempera-
ture causing degassing of saturated drugs, or accidental injection
during a reservoir refill [36-38]. In some pumps, gas bubbles can be
caused by cavitation, a condition where the fluid inside the pump
chamber degasses or evaporates due to negative pressure during
the pump supply mode [39]. Air is compressible and acts as a flu-
idic capacitance, effectively creating a fluidic low pass filter and
dampening high frequency pressure pulses. Furthermore, surface
tension becomes relevant in small dimensions. Bubbles therefore
cause capillary pressure and possibly accumulate and block chan-
nels [40,41], as they enter narrow structures such as check valves
or filter pores.

Since it is impossible to consequently avoid bubbles, the dos-
ing unit has to be bubble tolerant, even with applied backpressure.
Many microfluidic actuators do not fulfil this criterion. All microp-
umps that exploit a fluid property for the actuation, such as osmotic
pumps, electro-hydrodynamic pumps or magneto-hydrodynamic
pumps, fail if a sufficiently large bubble enters the actuation cham-
ber, as the fluid (that is needed for actuation) is replaced by air.
These actuation mechanisms are therefore not discussed in this
review, even though these pumps can be used to deliver drugs suc-
cessfully, when they are primed carefully and protected against
bubbles during their life cycle.

Another safety relevantissue is the interaction of the pump with
the transported media. In microfluidic systems, the pumped fluid
often moves through the pump itself. While shear forces alone are
shown to be less problematic [42], the combination of shear forces
in small fluidic channels with surface interaction can cause pro-
tein denaturation [43]. Many studies show aggregation caused by
solid/liquid interfaces and evaluate the influence of material as well
as topography [44-46]. Additionally, a gas/liquid interface due to
bubbles or cavitation can cause damage to proteins [47,48]. Fur-
thermore, a more severe interaction than seen in large scale dosing
units is imaginable due to a large surface to volume ratio. Small and
sometimes sharp moving parts, such as flap valves or microgears,
are in contact with the medium and can cause additional damage.
Strong interaction can cause adhesion of small agglomerates within
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the fluidic path that lead to a partial or total occlusion. Furthermore,
the interaction of the drug with the microdosing unit can impair
the drug’s effect [45]. Thus, it is of great interest to investigate the
interaction of a microfluidic actuator with the dosed medium.

Even devices offering robust dosing stability in most envi-
ronmental conditions can fail, which makes error detection
indispensable. This is eminently important when the pump is used
within a high-risk medical product, e.g., insulin patch pump. It
is advantageous if failure detection can be included directly into,
or closely to the micropump, since additional sensors to fulfil
this task need additional space and production effort — decreasing
the advantages of microdosing. Some examples of possible failure
detection are discussed in chapter 5.

2.2. Microdosing

Dosing flexibility, dosing accuracy, dosing precision and dosing
stability are key features of a microdosing unit. Malfunctioning can
have severe consequences and can even cause a patient’s death
[49].

Dosing flexibility is the ability to adapt the flow to what is
needed, e.g., for basal and bolus delivery or adjusted to current
measurements (e.g., blood sugar). Therefore, the dosing unit needs
to be capable of delivering fluids with variable flow rates and the
possibility to program the flow is required.

Dosing accuracy describes how close the mean dosed volume
is to the target volume. Large deviations between several dosing
steps can still lead to accurate dosing, if the mean corresponds to
the target flow. Dosing precision describes high repeatability and
therefore only minimal deviations between several dosing steps.
At high precision, the mean dosed volume can differ from the tar-
get volume. Drug delivery systems have to be both, accurate and
precise, to guarantee safe use.

Dosing stability addresses how the mean flow rate and the stan-
dard deviation change with environmental parameters, such as
temperature, backpressure, or humidity. For example, a highly vari-
able backpressure, as can be caused by the patient’s movement or
occlusion of the injection site, can distort the total dosed volume. In
addition to the described need for a sufficiently high blocking pres-
sure for safety reasons (see chapter 2.1), a pressure independent
dosing within the normal limits of application is highly favourable.
Similar accounts for the temperature: expected deviations in sur-
rounding temperature should not lead to a large deviation in flow
creating the need for temperature independent microfluidic actu-
ation. It is thus crucial to know and maybe observe occurring
environmental conditions and adapt the microdosing unit to this
range in a way that the needed flow accuracy and precision is
assured at all times.

2.3. System-specific requirements

In addition to safety and flow requirements, there are many
more constraints a dosing unit has to meet. Those depend strongly
on the use case, the exact setup as well as the environment in which
the micropump is used.

Microdosing units are often single use products, thus cost is
critical. Obviously, each specific application as well as different
countries and health care systems imply different cost limitations.
However, estimated production costs give an interesting insight
to the feasibility of a technology within a product. For larger scale
devices it is a common approach to reuse the driving unit. In micro-
dosing units the transported medium often passes through the
pump itself, which makes a safe reuse of the actuator challenging.
Since cost considerations are complex and only a distinct improve-
ment of a treatment justifies a large increase in cost, it is crucial to
consider inexpensive production [50].
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There are various production processes used for micropumps.
Some pumps are based on standard MEMS processes with low
costs for high production volumes [51]. Those processes allow for
precise and repeatable production of small geometries and mini-
mize sample to sample variation. Production is very cost efficient
for high numbers, however, first industrialization and the produc-
tion of small numbers generate high initial costs. Furthermore, the
choice in materials can be limited, restricting considerations of sur-
face interactions, biocompatibility, or hermetic sealing slightly [52].
Other pump types scale down known macroscopic actuation mech-
anisms to the microscopic world and require cost and effort during
production. Small mechanical parts, such as gears, have to be pro-
duced with extremely low tolerances coming down to the order
of magnitude of surface roughness [53]. Without utmost precision,
assembly of the parts can be challenging and smooth sliding is not
guaranteed.

The required lifetime of a micropump also strongly depends on
the use case. While an implant can be used for extremely long peri-
ods, a disposable for short time use does not require long lifetime.
This topic has to be addressed for each pump type individually, as
each actuation method and pump geometry poses different chal-
lenges. In miniaturized systems, small scale of moving parts can
cause problematic wear with a larger impact on the functionality
[53], e.g., the abrasion caused on gears in a microgear pump. For
micro diaphragm pumps, the lifetime of the actuator, the pump
diaphragm as well as the adhesive connection of both components
need to be considered in addition to the fluidic path.

Even though microfluidics imply small actuation principles, size
remains a great issue for many systems, since space or weight can
be extremely limited. A field with extremely challenging weight
and size restrictions is the pharmaceutic testing on small rodents.
Not only for animal welfare, but also to minimize the influence on
test results, is it crucial to have a precise, reliable dosing unit that
limits animal strain [54]. Especially the weight of the device should
be limited to prevent avoidable suffering. In the case of mice, the
whole dosing system including electric power supply and a drug
reservoir can only weigh some grams.

Size and weight restrictions demand for energy efficient dos-
ing units. Especially with implants designed for long term use, the
units’ power supply is often limited to a battery. To develop small
systems, the energy consumption needs to be as little as possible
in order to be provided by a small battery for the time of implanta-
tion or between recharge. Not only the energy source, but also the
driving electronics need to be optimized in size, signal accuracy,
and energy consumption. It is evident that the accuracy of the elec-
tronic signal has to be higher than the desired dosing accuracy to
not impair pump performance.

3. Experimental evaluation of microfluidic dosing accuracy

To compare various dosing system techniques, a standardized
evaluation is necessary. Currently, experimental methods differ
between research works, which impacts the flow results. Differ-
ences in the measuring method, as well as fluidic surroundings,
e.g., tubing length and diameter, or the fluidic resistance of sensors,
can significantly change performance parameters such as maximal
pressure built up or maximal flow rate. Especially for extremely
small flow rates, it is delicate to avoid a strong impact of the exper-
imental setup. When comparing different micropump solutions, it
is important to keep the difference in experimental evaluation in
mind.

Drug dosing units have to be tested following standard proce-
dures. The norm IEC 60601-2-24 [55] describes the assessment of
dosing accuracy as well as obstruction detection of commercially
available infusion systems in vitro and also accounts for patch pump
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devices based on micropumps. It proposes a gravimetric measure-
ment and results are to be presented in a trumpet curve. Pleus et al.
[56] point out that a trumpet curve is easily misunderstood, since
contrary to intuitive interpretation, it does not show an evolution
over time. Furthermore, only extreme values are displayed, which
might not be representative for average flow variations. In addition,
the long run-in period indicated in the norm (time to half empty
the reservoir, though 24 h at the most) does not reflect the clinical
application, where dosing accuracy matters from the start of the
pump on [29,56]. And indeed, diabetes patients sometimes report
variations in their glycaemic control connected to the change of
their pump [57].

In the case of insulin dosing, a lot of research has been con-
ducted towards comparable dosing investigations. Many studies
evaluate the average deviation within a given observation window
or the percentage of single doses within a specific range of accu-
racy in addition to or instead of the trumpet curve [6,8,29,57-59].
For gravimetric methods, the influence of evaporation and conden-
sation needs to be minimized either by covering the surface in the
reservoir with oil [7,29,58] or by installing an evaporation trap [60].
To avoid any influence of hydrostatic pressure, the meniscus of lig-
uid in the reservoir and the pump’s outlet need to be levelled [29].
Further, the drift before and after dosing steps has to be measured to
consider drift corrected data. Additionally, the capillary immersed
to the reservoir on the balance causes inaccuracy. Changing vol-
ume in the reservoir evokes a linear change in mass caused by
Archimedes force [60]. With a large enough reservoir and small
tubing, this effect can be minimized. Capillary effects around the
needle show to have a significant influence [60], since the micro-
scopic roughness of the tubing changes the vertical surface forces
when the meniscus is rising or falling. The effect of capillary effects
can be minimized by using extremely smooth glass capillaries and
reduce the surface tension of the dosed liquid by adding surfactant
in the reservoir [60].

Another method to evaluate small delivery volumes is the opti-
cal observation of a meniscus in a precise measuring pipette [59].
With this method, it is crucial to have a tight connection between
the pump and the pipette to avoid air bubbles and volume losses.
Because of the limited size and resolution of the pipettes, the dosed
volume can only be evaluated in certain ranges and it might be nec-
essary to calculate the mean and standard deviation of single doses
by repetitive measurements of several doses [59].

Exact environmental temperature and its influence on dos-
ing accuracy is often not tracked in micropump studies and
authors often only state laboratory condition within a certain range.
Though, for microdevices, temperature can have a crucial influence
by changing the viscosity of the pumped medium, or the pump
chamber height and actuator displacement in the case of diaphragm
pumps. Controlled temperature would therefore be an important
addition to above methods.

To assess and compare the bubble tolerance of micropumps
requires equal test conditions for each experiment. Bubbles need
to be of similar and especially known size. A possible experimen-
tal setup is to fill the pump with water and then inject a defined
amount of air, e.g., with a syringe pump. Alternate pulling of air
and water allows a desired number and size of bubbles to accu-
mulate in the inlet tubing [61]. This setup allows to test bubble
tolerance and detect the air volume a pump cannot transport any-
more. It is important to note that data points can scatter broadly,
since the exact position of a bubble in the chamber influences the
forces needed to move it.

Accurate flow measurement is difficult even within a labora-
tory environment and poses a large challenge when integration into
a microdevice is necessary. However, closed loop control systems
can require such accurate flow measurements. Two types of in-line
sensors that can be miniaturized are calorimetric sensors and dif-
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ferential pressure sensors. Jenke et al. [62] describe the difficulty
of measuring the pulsed flow of a micro diaphragm pump. Within
their setup the authors reach an accuracy of 5 % with the differential
pressure element and 6.5 % with calorimetric measurements [62].

4. Actuation principles in microfluidics

Many possibilities to categorize the various driving principles
exist, however “mechanical” and “non-mechanical” emerged as
a very common classification [17,18,24,25,63,64]. Fig. 1 gives an
overview of common mechanical types of microfluidic actuators
that this work focuses on, since non-mechanical systems are often
not bubble tolerant or do not offer the possibility of continuous,
adjustable dosing. An overview of all pumps quoted in this review
is given in Table 2, to allow for quick comparison. As stated above,
the data of quoted pumps may not represent the optimal achiev-
able values for each mechanism and we rather intend to introduce
inventive solutions for challenges of medical applications.

A widespread approach to dose small amounts of fluids are
reciprocating micro diaphragm pumps (Fig. 1, A-G). Dosing bases
on a diaphragm that is moved actively up and down. This increase
and decrease of the chamber volume and the resulting pressure
gradient lead, in combination with mechanical or non-mechanical
flow rectifiers, to directed flow. The former may be active or pas-
sive valves, e.g., flap valves, whilst the latter are commonly diffuser
nozzle setups. When neglecting flow influencing effects such as
liquid damping effects or bubbles, the moved volume is propor-
tional to the numbers of strokes conducted [65,66]. This allows for
adjustable flow and precise dosing. The maximal achievable resolu-
tionis the volume of the smallest possible stroke. The stroke volume
can be minimized by variations of the actuation signal, though has
a lower limit which is determined by many parameters, such as
the opening pressure of the valves, the signal form, and the mini-
mal achievable diaphragm displacement. The pumping mechanism
applied by diaphragm pumps inevitably causes pulsatile flow, since
the suction and pumping phases are consecutive. Smoothing ele-
ments such as fluidic capacitances can average the flow and reduce
pressure peaks.

A major asset of diaphragm pumps is the possibility for extreme
miniaturization. For example the so far smallest piezoelectric pump
with only 3.5 x 3.5 x 0.6 mm? is manufactured using MEMS pro-
cesses [67]. The combination of such large volume production
processes and the comparatively easy setup that often includes only
a few layers, suggests economical production.

Diaphragm pumps can work with a single chamber as well
as with several chambers in series making peristaltic, and there-
fore bidirectional actuation possible. There are various types of
diaphragm actuation:

The most common actuation is the indirect piezoelectric effect,
causing a piezoelectric ceramic to contract and expand when an
altering electric field is applied [68]. A diaphragm with glued on
piezoelectric actuator therefore bends up- and downwards under
an altering voltage [69]. The popularity of this actuation bases on
its easy use, its high attained forces as well as its energy efficiency
[70]. Piezoelectric actuation allows for high actuation frequencies
[70] and precise control. However, the achievable stroke is limited
and requires high voltages of often several hundred Volts [71-73].

The first micropump based thermal shape memory alloy (SMA)
actuation was developed by Benard et al. [74,75] in 1997/1998.
Thermal shape memory materials recover their original shape upon
heating [76] and can therefore be used to oscillate a diaphragm.
Materials show either a two way or a one way shape memory
behaviour and both are used for micropump actuation [77]. The
two-way shape memory effect describes a transformation between
two different states, while the one-way material only shows the
return to its engraved state when heated but no shape change upon
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cooling. Hence, the one way effect requires a restoring force to push
the actuator back to its zero position after deformation [74,75]. The
technology is known for its high achievable displacement as well
as low operating voltages; drawbacks are low operating frequen-
cies, a limited control of the exact deformation, and a high power
consumption [70].

For electromagnetic actuation, a magnet fixed to the diaphragm,
e.g., a permanent magnet, is actuated by an alternating mag-
netic field. This field is induced by an oscillating electrical current
through a coil (power inductor) situated in proximity to the
diaphragm, which leads to alternating magnetic attraction and
repulsion of the permanent magnet [78]. Electromagnetic actu-
ation enables energy efficient fluid transport with some pumps
using only 1.2 kJ/L when pumping water [79]. However, actuation
requires high current as well as high magnetic fields.

The diaphragm can also be actuated via electrostatic forces. Two
electrodes, one on a diaphragm and one on a fixed counterpart,
are drawn together when a voltage is applied and the diaphragm
returns to its original position by mechanical counterforces when
the voltage is removed [80]. Depending on the direction of mechan-
ical movement compared to the electric field, we distinguish lateral
and normal actuation. The first pump with normal actuation was
presented by Zengerle et al. [80] in 1992. The first lateral actua-
tion was presented more than 25 years later by Uhlig et al. [81].
Manufacturing often uses standard MEMS processes without addi-
tional steps such as gluing [80]. Further miniaturization, which is
limited for other actuation mechanisms by the minimal size of their
actuators, appears possible.

Progress in materials research enabled another type of actu-
ator: electro active polymer (EAP) actuation for micropumps was
first mentioned in the early 2000s [82]. Actuation bases on the
change in size or shape of certain polymers caused by an elec-
tric stimulus with a high elastic energy density [83]. The electric
actuation mechanism allows to differentiate two major groups of
EAPs: ionic and field-activated materials. Ionic electroactive poly-
mers (iEAP) base on diffusion of ions. When applying an electric
field, ions that are normally well distributed are pulled to one of
the electrodes, also carrying the solvent present in the material. The
latter causes deformation of the polymer membrane and therefore
transforms electrical into mechanical energy [84]. Specific types of
iEAPs are ionic polymer-metal composite (IPMC) and conjugated
polymers (CPs). CPs consist of a semiconducting polymer doped
with donor or acceptor ions [84]. The most common materials
today are polypyrrole (PPy) and polyaniline (PANI) [85]. Advan-
tages are a large bending displacement at low actuation voltages of
only few volts, easy and low cost production, and the possibility of
bidirectional actuator movement [86]. A disadvantage is the rela-
tively slow response (fraction of a second) due to slow ion drift [86].
Using an electrolyte also leads to some difficulties, such as electrol-
ysis or production of a consistent material. The electrolyte must be
in wet environment, only few self-encapsulating implementations
are known [86].

The second category of EAPs are field-activated ones. We
distinguish ferroelectric polymers that react due to intrinsic field-
induced molecular conformational changes to the elastomer, and
dielectric elastomers mainly responding to extrinsic electronic
charge attraction-repulsion at the surface electrodes [86]. The
latter are basically capacitors that change their capacitance due
to an applied electric field, essentially squeezing the polymer in
thickness and hence expanding it laterally. Both mechanisms are
inherent to all field-activated polymers, however usually one is
clearly dominant. Advantages of field-activated EAPs are rapid
response times (ms), high durability, and a high mechanical energy
density [86]. Under constant electric fields, the material holds the
strain without need for power. A large disadvantage is the high nec-
essary driving voltage with electric fields of dozens of V/m, which



Table 2

Overview of micropumps cited in this review; Pumped media are A- air, I- insulin, L-liquid, W-water and 2 saline solution, ® methanol, ¢ blood mimicking fluid, ¢ sodium salicylate, ¢ ethanol, f glycerol solution; Evaluation: 0 -

not fulfilled, 1- partially fulfilled, 2- fulfilled.

Qmax in pl/min Fluid Voltage in V Frequency in Pmax in kPa Freeflow Stop Backflow Bubble Dosing Size in mm? Power in kJ/L Life Time in
Hz Stop Tolerance Precision in vl cycles

Piezoelectric Actuation
[34] 3000 W/l 36 200 22 0 2 - 0.062 @15 x 8 - -
[97] 3.5 w 24 1 32 1 1 1 - 30 x 10 mm? 0.9 -
[98] 4360 w 60 35 50.5 1 1 - - 30x12x 1 - -
[99] 50 w 110 8 30 1 1 2 0.01 45 x 30 x 25 - -
[100] 25 w - 500 600 2 2 2 0.088 7x7x1 - -
[73] 240 w 230 75 36 1 1 2 - 23 x23x22 - -
[101] 2400 w 250 110 45 1 1 - - - - -
[102] 1.7 x 10% \W 110 10 40 0 2 2 - 20 x 20 x 6 - -
[103] 196 wye 140 25 6.4 0 2 2 - 50 x 50 x 12 - -
[67] 1400 A 145 2000 40 0 2 - - 3.5x35x%x06 - -
[104] 150 W 140 20 180 2 2 - - - - -
[105] 4698 w 200 15 - 0 0 - - 65 x 40 x 12 - -
[72] 4800 w 300 125 1.8 0 0 0 - - - -
[106] 7.2 x 108 wye 150 5 03 0 0 - - 50 x 50 x 22 - -
[107] 200 W 200 40 40 1 1 - - 30 x 11 mm? - -
[108] 70,000 w 380 30 - 0 2 - - ?20x 15 - -
[71] 1.3 x 10° w 240 400 10.8 0 2 - - - - -
[109] 1.8 x 106 W 210 120 44 0 2 - - - -
[110] 4200 w 360 25 60 1 1 - - 30x12x 1 14 -
Shape Memory Alloy Actuation
[74] 50 w 0.6 0.9 - 0 2 - - - 648 -
[75] 50 w - 0.9 - 0 2 1 - 15 x 9.1 mm? 756 -
[111] 4.8 w - 0.2 - 0 2 - - 10x 20 x 1.4 5000 2170
[112] 340 w - 60 - 0 2 - - 6x6x1.5 - 4 %107
[113] 235 w - 80 - 0 0 - - 8x8x1.8 - 2 x 108
Electromagnetic Actuation
[78] 66 w 1.5 9 0.98 - 0 0 - - 43.6 -
[114] 209 w 1.52 5 0.54 1 2 0 - @ 1.6 mm 218.2 -
[115] 400 w - 12 1.2 0 0 0 - 36 x22x3 - -
[116] 53 - - 240 - 0 0 0 - - - -
[117] 441 w 5 45 0.35 0 0 0 - - 96.2 -
[118] 7 - 10 110 - 0 0 0 - - - >72h
[119] 0.006 w 10 1 - 0 0 0 - 5 x 5 mm? 23,500 -
[79] 1623 - 30 7 0.36 0 0 0 - 55 x 35 x 10 1.2 -
[120] 9.3 w 2 1.6 41 0 2 1 - - - -
[121] 13.2 D - 13 - 0 1 0 - 5 x 9 mm? - -
[122] 0.26 w - 4 550 0 2 - 0.001 - 1.4 x 10° -
Electrostatic Actuation
[80] 70 w 170 25 2.5 0 2 0 0.01 7 x Tx2 - -
[123] 850 w 200 800 31 0 2 0 - 7 x Tx2 0.4 -
[124] 136 A 90 15 - 0 - - - - - -
[125] 1.7 x 1073 wy/e 200 20 - 0 0 - - - - -
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Table 2 (Continued)

Qmax in pl/min Fluid Voltage in V Frequency in Pmax in kPa Freeflow Stop Backflow Bubble Dosing Size in mm?3 Power in kJ/L Life Time in
Hz Stop Tolerance Precision in pl cycles

Electroactive Polymer Actuation
[126] 10 L 10 0.5 - 0 0 0 - - >10°
[127] 77 w 3300 30 8.5 0 1 0 - 10 mm? 13 10h
[128] 760 - 3 3 1.5 - 1 0 - 20 x 5 x 0.6 - few min
[129] 202 - 5 2 - 0 1 0 - 30 x 30 x 27 - -
[130] 780 - 2 0.5 - 0 0 0 - - - few min
[131] 1600 w 3 1 0.7 0 1 0 - 70 x 40 x 15 - -
[132] 1260 - 4 0.5 1.3 0 1 0 - 25 x 25 x 10 1.4 -
[133] 83 L 2 5x 104 24 - 0 - - - 68 -
[134] 2000 L 2 1 - - - - - - - -
[135] 22 a 1.2 - - 0 1 - - 30x20x6 5.5 5 days
[136] 25 b 5680 63 0.35 0 0 - - - - -
[82] 550 A - 1000 - - - - - - - -
[137] 0.06 a 1.2 0.4 - 0 1 0.001 - 625 >6 x 106
[138] - L 8 - - - - - - - - -
[139] 2 L 2.8 - 3000 - - - - P8 x1 - >106
Phase Change Actuation
[140] 0.1 w - 0.083 - 2 2 - 0.011 7x13 x1 11 26 x 108
[88] 0.07 w 1 0.5 - 1 1 - - 12 x 6 x 2 135 -
[90] 0.6 w 1.5 0.6 1.3 x 104 1 1 - - - 34.4 -
[89] 0.1 wyd 3.7 0.33 5 1 1 1 1.2 x 1073 8 x 8x3 - 20 min
Thermopneumatic Actuation
[141] 13 x 1070 w 12 - - 0 0 0 - - - -
[142] 9.2 w 1.5 0.5 1 1 1 - 16 x 18 x 5.5 - -
Magnetic Shape Memory Alloy Actuation
[143] 2000 L/A - 320 1000 2 1 2 0.105 11 x3.1x23 7.6 -
[144] - L - - - - - - - 20 x 16 x 59 - -
[92] 252 L - - - - - - 0.26 25 x 10 x 2.5 - -
[145] 1800 wif - 270 150 2 1 - 0.110 18 x 10 x 5 7000 >106
Rotary Pumps
[53] - - - - - - - - ? 3.2 mm - -
[146] - - - - - - - - - - - -
[147] - - - - 1200 - - - - - - -
[148] - - - - - 1 1 1 - - - -
[149] 150 w - 30 - 1 1 - - 10x12x 1.3 - -
[150] - I 3.7 - - 1 1 - 1 @55 %2 - >3 x 103
[30] 2050 L 1.5 14 82 2 2 1 - 30x 15 x 14 - -
[151] 275 w 5 180 40 2 2 2 - 024 x 40 - -
Electrolysis Actuation
[152] - w - - - 0 2 - - 20 x 15 x 10 - 30 days
[153] 520 w - - - - - - - 39x21x2 57.7 -
Commercial Pumps
Jewel Pump 360 W/l 400 3 - 2 2 2 0.2 6 x 10 mm? - 2.6 x 108
Omni Pod 15 I - 30 - 2 2 - 0.5 40 x 60 x 18 - -
Sensile Medical 2.5 x 10* L - 20 400 2 2 2 0.25 - - -
iPrecio 310R 0.16 L - - - 2 2 2 - - - 67 days
iPrecio 200 0.5 L - - - 2 2 2 - - - 86 days
1P2000V 2.1 L - - - - 2 - - 0?78 x 14 - 20 years
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Fig. 1. Overview of mechanical pump systems. A to G: In the case of micro diaphragm pumps, a periodic movement of the diaphragm increases and decreases the volume
in the pump chamber and leads in combination with flow restricting elements to directed fluid transport. Common actuation principles base on electromagnetic forces (A),
electrostatic forces (B), thermal volume expansion (C) or the volume increase of a material due to phase change (D), the conformational change of electroactive polymers (E),
the indirect piezoelectric effect (F) and the thermal shape memory effect (G). H: Exemplary depiction of a rotary micropump that transports fluid due to a turning motion of
its actuated part (green). In this example directed flow is achieved with a flexible soft sealing preventing backwards transport (yellow). I: Peristaltic micropumps actuated
with a magnetic shape memory alloy transport liquid via local deformation due to changing magnetic fields. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

is close to material breakdown [86]. Furthermore, only monopolar
actuation is possible due to electrostriction [86].

Another researched actuation mechanism is thermal actuation
including thermo-pneumatic systems and phase change actuation.
Thermo-pneumatic actuation bases on the expansion of volume
due to heating, which pressurizes the diaphragm and deflects it
[87]. Phase change micropumps use the volume expansion certain
materials undergo during a phase change to move the diaphragm
[88]. Thermal actuation enables large forces and hence high back-
pressure capability of the actuator. The actuation voltage is low
in the range of some volts to some tens volts [89,90]. However, the
energy consumption to heat and cool the actuator is high leading to

smaller efficiency compared to other driving mechanisms [91]. The
example of Bodén et al.[88] shows a power consumption of approx-
imately 400 mW resulting in roughly 90 kJ/L (compared to 1.2 kJ/L
for electromagnetic pumps and less than 1 kJ/L for some piezoelec-
tric pumps). The actuation frequency is often limited by the cooling
cycle and restricts the achievable flow. A common actuator material
is paraffin due to its large volume change, high pressure capability,
adjustable melting temperature as well as low cost [88,91].
Peristaltic actuation, which is for most actuation methods real-
ized using several bending actuators, can also be achieved with
magnetic shape memory (MSM) actuation [92] that was so far
demonstrated by two research groups. The setup and functionality
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of MSM pumps differs from diaphragm pumps (Fig. 1, I). The pump
chamber with a high aspect ratio comprises an in- and outlet on
the far ends and is covered by a MSM layer that is locally deformed
by a strong magnetic field [92]. This local cavity moves along the
actuator with changing magnetic field and transports liquid in a
peristaltic manner. MSM pumps work bidirectionally and opera-
tion is contact free, though the driving magnetic field is high in the
range of some hundred mT [92].

Another principle of microfluidic actuation are rotational
micropumps that transport fluid with a turning motion of their actu-
ated parts. One example are microgear pumps, where the turning
motion of gears moves a fluid volume from an inlet towards the
outlet (Fig. 1, H). The rotating motion can also be used to squeeze
liquid within a tube from an inlet to an outlet as within a miniature
peristaltic pump. Typically, rotational micropumps enable continu-
ous flow as well as stepless adjustment of the flow rate. The energy
transfer from mechanical (revolutional speed) to fluid (flow veloc-
ity) is efficient and in comparably small space, and most pumps
show a good flow direction control due to a continuous pressure
gradient that enables valveless configurations. However, manufac-
turing requires high precision, since the gap between rotors and
pump chamber must be small to reduce leakage and backflow.
Rotor configurations can cause high shear forces in the fluid and
the surface-to-volume-ratio is high, which might prompt interac-
tion with the dosed medium. Compared with diaphragm pumps,
this pump type is usually large. Nevertheless, based on improved
manufacturing methods, such as micro injection moulding [93-95],
miniaturization is pushed.

Amore detailed overview of micropumps, categorized regarding
their driving mechanism as well as their valves and pump chamber,
can be found in the work of Mohith et al. [64]. Laser and Santiago
also provide a detailed description [23]. Functionality of many driv-
ing mechanisms is well depicted by Ashraf et al. [63] and Wang and
Fu [17] give a summary of recent developments. Ogden et al. [91]
present a comparison of energy density as well as achievable flow
rate and backpressure for selected driving mechanisms. Microp-
umps based on electroactive polymers are described in the review
of Bar-Cohen and Anderson [86] as well as the one of Annabestani
et al. [85]. Yunas et al. [96] describe electromagnetic polymer actu-
ators for biomedical applications.

5. Micropump research for drug dosing application

Despite specific challenges, the obvious possibility of improve-
ment has prompted research towards reliable micropumps for
drug dosing. Researchers have developed improvements suited
for each specific pump type to fulfil all requirements. Fig. 2 sum-
marizes outstanding improvements that are described in more
detail in the following chapter. We present selected micropumps
for the common actuation technologies. The selection depends on
flow characteristics and medical eligibility, as well as distinctive
measures to meet the challenges described above (see chapter
2).

5.1. Diaphragm pumps

A significant amount of research addresses micro diaphragm
pumps due to their various advantages, such as miniaturization and
cost-efficient production. However, the tough application within
drug dosing devices demands for optimized pumps.

Diaphragm pumps are especially susceptible to bubbles and
bubble tolerance strongly depends on their compression ratio &
[28,164]. This ratio indicates how much volume is displaced com-
pared to the dead volume of the pump, though its exact definition
differs slightly among different publications. We calculate it as the
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ratio of displaced volume AV to dead volume V, (formula 1) and
convert information of cited studies to this metric.

&= AV/Vy (1)

& - compression ratio

AV - displaced volume

Vo - dead volume

Worst case is a bubble filling the entire pump chamber. In this
case, the compression ratio has to be large enough to compress the
air further than the total backpressure Ap to transport the bubble
through the chamber [28]. Capillary forces of an air-liquid interface
also add to the total backpressure.

There are many approaches to increase bubble tolerance. Pecar
et al. [61] show that small amounts of surfactant added to the
pumped medium causes bubbles to disperse in fine foam and lim-
its their adhesion to the wall. This approach is especially useful,
where a high compression ratio or the use of tight check valves is
not feasible, for instance applications with living cells [61].

A fitted surface characteristic of wetted areas also increases
bubble tolerance. Wang et al. [102] show that super-hydrophilic
treatment lowers the adhesion of air in the chamber. The authors
compare a hydrophilic coating with silicon dioxide (contact angle
of 5°) with a hydrophobic coating with silane composite (contact
angle of 155°). The super hydrophilic surface increases the bubble
flow capacity and reduces bubble blocking in the check valve [102].

Even though pump valves are not a focus of this review, it is
important to mention that they have a large impact on the pump’s
performance. They determine leakage, affect bubble tolerance, and
alter medium-pump interactions. While flap valves minimize leak-
age and increase forward flow, they are sensitive to particles [164].
Diffuser nozzle valves are less susceptible to particles. However,
bubble tolerance of this valve type is limited. As the bubble enters
the inlet, the actuator’s movement has a tendency to push it back
and forth instead of transporting it through the pump, since its
dynamic viscosity is a factor of 50 times smaller than the one of
water in the outlet. The situation is similar for passive flap valves
with large initial and remaining gaps that cause leakage and can
trap a bubble within the inlet or outlet valve. Nevertheless, there
are examples of bubble tolerant pumps that employ diffuser nozzle
valves [165]. The influence of flap valves on bubble tolerance is also
investigated. For instance, Chen et al. [ 166] show that a higher valve
opening increases the probability of a bubble to pass the valve. They
experimented with bubbles of 0.2 mL, 0.4 mL, and 0.6 mL [166].

5.1.1. Piezoelectric actuation

Due to their high actuation forces, high possible frequencies,
and low power consumption, piezoelectric actuators are frequently
used in MEMS applications [70]. However, sufficient elongation is
often only possible with high voltage actuation, which requires
more complex driving electronics. Therefore, research advances
towards lower voltage levels while maintaining sufficient flow
rates.

Liu et al. [34] present a micropump for insulin therapy that con-
sists of four serial, phase-shift actuated, piezoelectrically driven
chambers with flap valves. With this specific setup, the pump
achieves a flow rate of more than 3 mL/min and backpressure of
22 kPa while keeping the actuation voltage at 36 Vpp [34]. With
a diameter of 15 mm and a height of 8 mm, the four-pump pack-
age stays small. In their study, the authors prove the possibility of
insulin dosing in short term animal trials [34].

Cazorlaetal.[97] use thin film piezoelectric ceramics of only 1.5
pm thickness as actuators and therewith lower the driving volt-
age to 24 V. However, the achieved fluidic performance is strongly
decreased, with a maximal flow rate of 3.5 pL/min compared to
200 pL/min for a 200 Vpp piezoelectric actuator in a similar setup
[97,107].
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Fig. 2. Overview of technical improvements with respect to challenges in drug delivery. Depicted on the left (orange) are the specific challenges for microdosing in medical
applications as summarised in Table 1. On the right (green) we present possible countermeasures to overcome these challenges and meet specific requirements that are
described in this review. The selected examples are presented by or implemented in Pankhurst & Abdollahi [30]; Maillefer et al. [31]; Zhang et al. [71]; Pecar et al. [73];
Forouzandeh et al. [89]; Ullakko et al. [92]; Richter et al. [100]; Trenkle et al. [104]; Fuchs et al. [107]; Johnson & Borkholder [140]; the iPRECIO pumps [154]; Herz et al.
[155]; Ma et al. [103]; Wang et al. [102]; Vinayakumar et al. [151]; Griinerbel et al. [108]; Huang et al. [156]; Peng et al. [109]; Yang and Liao [142]; Zhang et al. [113]; Smith
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Yan et al. [135]; Liu et al. [162]; Chee et al. [163]; Cobo et al. [152]; Khalil et al. [153]; Wang and Park [121]; and Waldschik et al. [149]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Multilayer actuators can also be used to lower the actuation
voltage, though there are few examples of multilayer diaphragm
pumps. A possible reason is the high effort and cost necessary
to produce thin, flat multilayer actuators. Nevertheless, Lemke
et al. [98] use multilayer actuation to lower the voltage needed
to drive an earlier published piezoelectric pump with three actu-
ators [167]. It delivers 4.4 mL/min with only -15/+45 V actuation
[98].

11

Another crucial pump feature is the prevention of freeflow
caused by an overpressure at the inlet. Richter et al. [100] imple-
ment a freeflow stop realized as a flexible membrane covering the
pump’s outlet. The other side of the so-called safety valve is con-
nected to the fluidic inlet. If the inlet pressure is higher than the
outlet pressure, the membrane blocks the outlet [168]. An out-
standing asset of this valve is its flat shape and placement right
under the pump chip, enabling an overall system with the same
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footprint (7 x 7 mm?2) and negligible additional system height. This
passive component prevents freeflow even in turned-off state.

Freeflow is often less problematic with peristaltic pump sys-
tems, as the fluid path can be actively blocked. For peristaltic
pumping with less complex actuation and simpler electronics than
for several actuators, Pecar et al. [73] introduce a peristaltic pump
with one single piezoelectric actuator. The pump’s outlet is con-
nected via a small channel to the polydimethylsiloxane (PDMS)
chamber. Actuation of the ceramic compresses the chamber and
the outlet channel with a defined phase lag, which leads to directed
flow [73]. The four manufactured prototypes (23 x 23 mm?) show
water flow rates up to 0.24 mL/min and a backpressure capability of
36 kPa with actuation voltages up to 230 V [73]. The authors prove
bubble tolerance by introducing up to 45 p.L large bubbles. The
pumps’ backpressure capability with air is limited to 8 kPa, which
implies that bubbles are more problematic at high backpressure. A
further improved version delivers up to 2.4 mL/min with a blocking
pressure of 45 kPa [101].

Bubble tolerance, being challenging for diaphragm pumps in
general (see chapter 5.1), is specifically tough for piezoelectric
actuation. These actuators typically exhibit low stroke heights.
Additionally, actuation towards negative fields is limited [169],
thus the largest proportion of movement is downwards. Hence,
it is difficult to reach an optimal compression. Insufficient bubble
tolerance is a key reason for a slow industrialization [102].

Ma et al. [103] describe a high flow piezoelectric diaphragm
pump and introduce a rib structure on the chamber bottom to
improve bubble tolerance. The rib structure confines the flow in
the centre of the pump, which is the shortest path, and therefore
increases pumping efficiency and maximal flow [103]. Occurring
bubbles are confined in the ribs and do not get caught in the cham-
ber permanently, resulting in enhanced bubble tolerance. However,
these results are not verified for backpressure.

Herz et al. [155] use a specific mounting process for their piezo
ceramic actuator, the pretension technique: During the adhesion
process, the ceramic is exposed to a defined electric field. Hence,
bonding takes place while the ceramic is contracted. After curing,
the voltage is removed and the actuator expands and bulges out
the pump chamber [155]. This specific mounting enables pump
designs with very high compression ratio and therefore leads to
self-priming and bubble tolerant pumps. Richter et al. [100] intro-
duce a 7 x 7 x 1 mm?> small silicon pump. It achieves an air
backpressure of 90 kPa and is therefore capable of transporting bub-
bles even against backpressure. The latest version of their pump is a
3.5 x 3.5 x 0.6 mm?3 pump that is capable of transporting air against
backpressure close to 40 kPa making bubble tolerance likely even
at backpressure conditions [67]. However, no water measurements
of the device are available yet.

Trenkle et al. [104] form the pump chamber by casting the
deflected membrane, minimizing dead volume and increasing the
compression ratio. Unfortunately, no information on air backpres-
sure capacity is available. This three-chamber peristaltic pump
based on piezoelectric stack actuation possesses a disposable pump
chamber and a reusable actuation unit. The device is comparatively
large (several centimetres) and shows stable dosing up to 40 kPa
and extrapolated zero flow at 180 kPa. Thus, it offers a solution
for applications with varying high backpressures, though offering
enough space.

The interaction between transported media and pump is
another crucial micropump characteristic, however, little infor-
mation is available. Gas-liquid interfaces, which increase protein
degradation, can be caused by cavitation that can occur in piezo-
electric pumps due to the actuator’s fast response and high force.
Jenke et al. [65] show that cavitation strongly depends on the
actuation signal. To prevent denaturation, it might therefore be
advantageous to adapt the actuation signal, e.g., to smaller fre-
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quencies or sine actuation. Additionally, the changed shear forces
of an adapted actuation might influence interaction. However, so
far no studies discuss this topic. In fact, only few studies on microp-
umps use solutions other than water. In a recent study, Cheng et al.
[170] describe a lymphatic drainage system based on a piezoelec-
tric pump and are able to pump 5 % albumin for 10 min (overall
approx. 1800 pL) without degradation.

Safety measures to detect such degradation are required in
high risk applications such as drug dosing. In their double actu-
ator pump, Zhang et al. [105] use piezoelectric disc actuators with
segmented electrodes allowing for self-sensing. The voltage sig-
nal represents the diaphragm displacement precisely and allows to
deduce the flow rate. Even though further error detections should
be possible, the authors do not give information on the detectabil-
ity of different failure mechanisms such as air in the chamber or
backpressure.

A diaphragm pump’s flow often depends on the applied back-
pressure. Many authors describe a linear decrease in flow with
increasing pressure applied at the pump’s outlet [72,97,100,171].
This pressure-flow-relation is an important system parameter,
since the backpressure is not constant. It is beneficial to avoid
large deviations of the flow rate caused by pressure changes even
without closed loop control and a high backpressure capability is
necessary to overcome obstructions such as injection site occlusion.

Richter et al. [100] reduce the pressure dependence of their
micropump’s flow rate with an extremely stiff bending actuator.
The maximal flow rate of 25.8 pL/min only decreases by 0.1 % per
kPa backpressure. Linear extrapolation of the flow decrease mea-
sured up to 150 kPa indicates a maximal backpressure of 600 kPa.

Geipel et al. [161] implement piezoelectric valves and a three-
phase actuation principle to achieve backpressure independent
flow up to 20 kPa. An improved design with an adjustable stroke
volume of 10 nL to 50 nL and a size of 45 x 30 x 25 mm? achieves
flow rates of up to 50 pwL/min [99]. The pump is self-priming and
bubble tolerant, however no verification under backpressure con-
ditions was executed.

Pressure independent dosing is also achieved by Fuchs et al.
[107] with a three-actuator peristaltic pump. The 30 x 11 mm?
silicon pump achieves nearly stable flow rates up to 40 kPa. Due to
its symmetric setup, this pump can be used bidirectionally.

A serial combination of several pumps also increases the back-
pressure performance. The combination of two steel micropumps
is investigated by Griinerbel et al. [108] in serial and parallel setup.
A serial combination does not increase the flow rate significantly
compared to a single pump, however, only a small decrease in flow
is detected when applying 20 kPa backpressure. Huang et al. [156]
implement a serial combination of two piezoelectric metal microp-
umps on one pump body and therefore increase the output pressure
by 80 % compared to a single pump.

Considered combination of several pumps does not only
increase the backpressure capability but can achieve high maximal
flow rates additionally. Within their serial-parallel hybrid combi-
nation of five actuators, Zhang et al. [71] investigate the influence
of phase shifted actuation. With an optimized actuation signal the
authors achieve 300 mL/min water flow, which is roughly twice
the flow of a single chamber, as well as 10.8 kPa backpressure,
equal to more than three times the pressure of a comparable single
chamber. A device achieving extremely high flow rates up to 1845
mL/min and a backpressure capability of 44 kPa is introduced by
Peng et al. [109]. The authors connect two pump bodies with two
serial chambers each in parallel.

Concerning reliability and lifetime evaluations of micro
diaphragm pumps, there is little information available in litera-
ture. Doll et al. [110] describe an increase of reliability of their three
actuator pump described above [99,161] by adding a forth actuator.
The pump chamber is not only actuated with one diaphragm as in
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the original pump, but an additional actuator forms the chamber
bottom. This approach enables a maximal flow of 4.2 mL/min at
lower driving frequencies (35 Hz). Not only are less actuator cycles
needed to transport the same volume, which prolongs the lifetime
at a given mean number of cycles to failure, but also a redundancy
is created: If one of the chamber actuators fails, the pump suffers a
loss in fluidic performance but does not stop working completely.

5.1.2. Shape memory actuation

Shape memory actuation offers high displacement as well as low
operating voltages. However, operating frequencies and the control
of the exact deformation are limited and required heating power is
high [70].

Pump actuation requires comparatively low voltages of 0.6-3.5
V [74]. The most common SMA for micropump actuation is nitinol.
However, using this one-way effect material, pumps are complex
to produce due to the necessary restoring force. If cooling is passive,
operating frequencies are low and limit achievable flow rates [70].
For example, Makino et al. [111]. introduce a pump actuated with
one-way SMA and a bias pressure of 100 kPa. The 10 x 20 x 1.4
mm?3 pump achieves a flow rate of 4.8 wL/min. The authors report
adecrease in diaphragm deflection during long term use depending
on the bias force: at 200 kPa bias pressure, a strong deflection loss
is observed, while at 100 kPa bias pressure and efficient cooling,
the displacement reduces only by 2 um from 95 pwm to 93 pm after
2000 cycles [111].

Higher lifetime is observed for thin-film actuated pumps, as
shown by Xu et al. [112]. With resistance measurements, the
authors show that the SMA actuator of the 6 x 6 x 1.5 mm?3 device
does only undergo partial phase change. This limits the deflection,
but prevents fatigue and enables more than 4 x 107 cycles. The
pump is made of silicon, which results in efficient cooling due to the
good heat conduction of the material. Hence, driving frequencies up
to 100 Hz are possible.

A long lifetime of more than 2 x 106 cycles is also achieved by
Zhang et al. [113]. The pump is actuated by a TiNiCu/Si bimorph,
which demands a lower temperature difference of 9 K. Hence,
higher actuation frequencies can be used leading to a flexible flow
rate of up to 235 pL with actuation from O to 80 Hz.

5.1.3. Electromagnetic actuation

Electromagnetic actuation allows for energy efficient dosing
units [78,79]. Devices in research evolved over time: Whilst early
conventional electromagnetic actuators relied on a bulky magnet,
the trend went to using magnet matrices and nowadays embedding
magnetic particles into flexible polymers, e.g., magnetic polymer
composites [96]. In addition to the lower production cost and
design flexibility, polymers offer adjusted mechanical properties
such as flexibility and high surface strength [96]. In general, the
variety of usable materials makes biocompatibility unproblematic.
Used materials are for example plastics like PDMS and poly(methyl
methacrylate) (PMMA) [78,115-117].

Different implementations of the electromagnetic actuation
principle generate maximal water flow rates of around 50 pL/min
without backpressure [78,116], whereas others achieve up to 500
pL/min [115,117]. The maximum presented flowrate for this tech-
nology is found to be 1.6 mL/min for a polymer based electromagnet
composite micropump [79]. It achieves a backpressure of 362 Pa
[79]. A high dosing resolution is presented by Said et al. [119], who
discuss a micropump capable of nano-dosed injections, which is
shown by optical measurement of the fluid movementin a capillary.
In addition to standard configuration with active, passive, or dif-
fuser nozzle valves, there are also variants, where two diaphragms
oscillate in a phase shifted manner and hence lead to forward
flow [78]. Due to this two-actuator setup, Rusli et al. [78] build
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a bidirectional pump enabling high dosing flexibility. It achieves a
bidirectional flowrate of 66 pL/min.

As described in chapter 2.2, dosing stability is important, even
when bubbles enter the chamber. Yamataha et al. [115] prove that
electromagnetic actuation allows bubble tolerance in a micropump.
The large deflection achieved by the combination of a silicone elas-
tomer as membrane and long-range magnetic actuation assures a
sufficient compression ratio. However, the authors do not show
a backpressure limit for bubble tolerance and the use of diffuser
nozzle valves gives rise to the question of bubble resistance of the
device.

In addition, backpressure can affect dosing stability. The inves-
tigated studies present blocking pressures of around 1 kPa [78],
1.3 kPa[115], or below 0.5 kPa [117]. A reason for comparably low
backpressure capability is the use of diffuser nozzle structures. Con-
sequently, all introduced pumps presumably show high backflow
rates. Low leakage is shown by Ni et al.[ 122] with their planar pump
incooperating flap valves. However, the pump only reaches 550 Pa
of backpressure.

Electromagnetic actuation requires lower voltage than piezo-
electric actuation, but higher currents. The range of power
consumption spans from 48 mW for 66 wL/min [78] to around 700
mW for 500 pwL/min [117] and therefore lies in the same order
of magnitude than piezoelectric pumps. An outstanding energy
efficient micropump is presented by Shen and Liu [79]. Their elec-
tromagnetic polymer composite pump consumes only 33 mW (30
V with 7 Hz) for a flow rate of 1.6 mL/min [79], which corresponds
to 1.2 kJ/L.

Several research teams address the medical disposable market,
which demands low cost, and often small device size is preferred.
The smallest pump has a diameter of only 6 mm for the pump
chamber plus small diffuser and fluid ports [117]. The micropump is
polymer-based and therefore of low cost; similar applies for Rusli
et al. [78]. In addition, Rusli et al. [78] use separable modules to
enable reuse of the electronic part while preventing contamina-
tion. Further disposable applications of interest are organ-on-chips.
Mi et al. [118] show improved cell growth and functionality when
using an electromagnetic micropump to establish a dynamic co-
culture. Experiments were conducted for up to 72 h and no pump
degradation caused by the culture medium was reported [118].

Wang et al. [172] propose a micropump that combines a PDMS
membrane with a magnetic nanoparticle-PDMS composite. They
address the treatment of age-related macular degeneration, dia-
betic retinopathy, and other eye pathologies characterized by
ocular neoangiogenesis. Actuation of the 5 x 7 x 3 mm?3 implantable
pump is external with magnetic fields that are harmless for humans
(< 500 mT). A check valve prevents uncontrolled drug diffusion in
turned off state. In animal trials in the macular area of a rabbit’s
eye, the authors show precise drug delivery in vivo and in vitro
with dosed packages down to 20 nl. The amount can be adapted
at any time by the external actuation. Further development of the
pump fits into a contact lens (Fig. 3), due to a reduction of the
thickness to less than 500 pm [121]. Since the pump is not self-
priming, it needs to be filled free of bubbles. The actuation remains
external, hence a battery is dispensable. A great advantage over
conventional drug delivery methods such as eye drop instilling are
less pre-corneal loss factors (e.g., tearing and blinking) leading to
an extended drug residence time (over 30 min compared to 1-3
min) and high bioavailability (>50 % compared to 13 %). Accord-
ing to Wang and Park [121], the proposed micropump has a great
potential not only to be embedded into contact lenses but also in
periocular implants for therapy of various eye disease.

Tandon et al. [120] combine several electromagnets (outer
diameter: 7.6 mm) on a polyimide fluidic structure to achieve a
bidirectional pump for drug delivery inside the ear. With the num-
ber of actuators, the complexity and power consumption increases,
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Fig. 3. Proposed micropump integrated into a contact lens for direct drug delivery;
Figure modified from [121].

but also the design flexibility that even enables the precise dosage
of different fluids (e.g., drug or water) [120]. Compared to a previ-
ous version [173], the authors integrated fluidic connections into
one system and fabricated a robust device. Low leakage rates are
achieved with normally closed valves that are held by springs. At
20.7 kPa the inlet valve shows no leakage, whereas the outlet valve
shows 262 wL/day. The system achieves a blocking pressure of 40
kPa, which the authors estimate largely sufficient for in-ear appli-
cations. The single stroke volume is 1.1 + 0.2 pL (n = 171). Hence,
precise control and avoidance of unnecessary high drug doses is
possible. The system was already tested as head mount devices on
guinea pigs [173]. To enable battery driven devices, the authors
implement several measures to reduce power consumption, e.g.,
the reduction of time the normally closed valves are open.

5.1.4. Electrostatic actuation

Electrostatic actuation enables cost efficient production, e.g.,
based on standard MEMS processes. Contrary to other actuations
mechanisms that limit miniaturization, electrostatic actuators can
be further reduced in size. Energy efficiency is high with power con-
sumption of few mW [123]. A disadvantage is that the diaphragm
can only be actively moved in one direction [80].

There are only few examples of experimentally characterised
electrostatic pumps, since most research work focusses on analyt-
ical and numerical descriptions [174-177]. The first electrostatic
micropump was realized by Zengerle et al. [80] in 1992. Further
improvements lead to a bidirectional silicon pump presented in
1995 [123]. It achieves a flow rate of 800 pL/min at around 700
Hz and + 200 V as well as a backpressure of 31 kPa. Due to a low
compression ratio, the pump is neither self-priming nor bubble-
tolerant.

Lee etal.[124] present a four electrode electrostatic micropump
and experimentally evaluate the influence of different actuation
signals. The pump chamber of the device is 5 x 32 mm? large and
15 pwm high. Though, the device is designed for air transport and
actuation bases on an active push and passive pull of the medium,
meaning that the electric field is applied between the chamber bot-
tom and the actuation diaphragm. Therefore, it is not suitable for
conducting medium. For drug dosing it is necessary to use electro-
static actuation with active pull and passive push without electric
connection to the pumped medium.
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To be able to actuate their peristaltic pump without electric con-
nection to the pumped fluid, Xie et al. [125] use a micro machined
multilayer parylene setup. The actuation chamber is filled with air
and the diaphragms can actively pull medium into the three pump
chambers. The pump is capable of extremely small flow rates of up
to 1.7 nL/min [125].

In 2018, a new micropump concept was presented by Uhlig et al.
[81]. The flow as well as actuation of the modular device is in-plane.
However, actuation is direct and only non-conductive media can
be transported. No experimental results are available yet, but the
authors expect higher stroke and backpressure capability (130 kPa
for air and 210 kPa for isopropanol) based on their new design. The
in-plane concept allows easy fabrication of several pumps parallel
or in series [81].

The current state of the art electrostatic micropumps are either
not bubble tolerant or the driving concept is not suitable for drug
dosing applications. Additionally, little information on pressure
capability is available. For pumps that do not build an electric field
over the pumped medium and therefore exhibit a passive pump
stroke, dosing stability against a backpressure is limited.

5.1.5. Electroactive polymer actuation

The advantages and disadvantages of electroactive polymers
(EAPs) strongly depend on the physical principle of actuation.
Dielectric EAPs possess high mechanical energy density and oper-
ate in air, but require high electric activation fields (>10 V/um).
Ionic EAPs typically require less than 10 V actuation voltage, but
have slower response times and require a wet electrolyte.

One of the most commonly used iEAP for pumping devices are
ionic polymer-metal composites. IPMCs show many merits such
as high energy efficiency, large mechanical deformation, low actu-
ation voltage, and biocompatibility providing promising features
for medical and disposable applications [130]. Drawbacks include
displacement hysteresis, membrane dehydration in lack of water,
or hydrolysis due to ion movement [130].

Multiple implementations of ionic EAP micropumps using a disc
or petal shaped actuator have been published, e.g., Wei and Guo
[129] (200 pL/min, 2 Hz, 5 V), Pak et al. [126] (10 pL/min, 0.5 Hz,
10 V), Nguyen et al. [128] (760 wL/min, 3 Hz, 3 V), and Wang and
Sagino [131] (1611 pL/min, 1 Hz, 3 V).

Backpressure pumping capability is seldom included in the
published data, and only little pressure is achieved where it was
examined (1.5 kPa [128] or 0.7 kPa [131]). This is probably due to
the soft actuator material.

Long term stability is problematic for iEAP actuation, since elec-
trolysis is a known problem that prompts a performance decrease
[131]. Nguyen et al. [128] mention electrolysis of the active poly-
mer in their EAP pump, leading to a sudden degradation after five
minutes operating time. IPMC pumps also show unstable pump-
ing performance over longer periods. McDaid et al. [178] claim to
solve the problem by applying a novel online tuning method called
iterative feedback tuning (IFT).

Another type of iEAP pumps are based on conjugated polymers.
Fang and Tan [132] propose a petal shaped CP actuator in a PDMS
based setup. During assembly, the CP is sandwiched between two
annular copper tapes that work as electrodes. The system can reach
1.3 mL/min at 4 V actuation and 0.5 Hz.

In general, biocompatibility of used materials is high. Accord-
ing to a short review by Kaneto et al. [134], PPy does not show
any negative impact in an implantation study. During a 3 months
study in a rat model, no blood clotting or other obstruction were
detected, hence indicating blood- and biocompatibility [134]. Also,
only little difference in coagulation between heparinized and
unheparinized PPy samples could be observed. Yan et al. [157]
could find better biocompatibility of a PPy matrix and a macro-
molecular dopant of polycaprolactone-block-polytetrahydrofuran-
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block-polycaprolactone (PPy/PCTC) compared to a PPy matrix with
chlorine dopant (PPy/CI~), which is already considered biocompat-
ible.

Dielectric polymer micropumps use electrostatic effects for
actuation. Already in 1998, dielectric EAPs could achieve five to
twenty times higher effective actuation pressures than conven-
tional air gap electrostatic actuators [179]. Further advantages are
very fast response times, high energy densities, and charge keeping
without power loss.

An implementation of a dielectric EAP pump is described by Xu
and Su [82]in 2005. The characterization addresses only diaphragm
deflection and shows a maximum of 21 wm at 106 V/pm and 10 Hz
driving. The achievable flowrate is estimated as 550 pL/min at 80
V/pm and 1 kHz driving [82].

As for EAPs in general, biocompatibility of dielectric polymers is
unproblematic. Most pumps are made of PDMS or similar materi-
als and biocompatibility is proven in animal trials [135]. Because
of material properties and the use of mostly liquid electrolytes,
hermetic sealing remains an issue [126].

The sizes of presented micropumps can get very small as shown
by a bimorph actuator of only 2.2 x 2.2 mm? for a dielectric EAP
micropump [136]. The pump by Xia et al. [136] uses a diffuser
nozzle structure in combination with the electrostrictive polymer
(poly(vinylidene fluoride-trifluoroethylene)) that has a large elec-
trostrictive strain of approximately 5-7 % and a high elastic energy
density of 1 J/cm3. The device pumps methanol with 25 pL/min at
63 Hz and achieves a backpressure of 350 Pa. The main issue is a
very high driving voltage of around 1.8 kV. Additionally, the small
pressure capability can be inconvenient. In general, the small size
and use of soft materials make it difficult to achieve high blocking
pressures and most pumps remain in the hundreds of Pa to low kPa
range [127,131,136].

The technologies’ ability to pump high viscosity fluids such as
drugs is experimentally shown with oil (400 times as viscous as
water) [133]. Loverich et al. [127] also assume their pump capa-
ble of transporting high viscous media, however do not prove it
experimentally.

An especially important parameter for EAP actuators is their
lifetime, since corrosion may occur due to electrolyte leakage or
dielectric breakdown at very high actuation fields depending on
the technology. Researchers state stable operation over more than
1 x 10° bending cycles [126], for 2 h of operation [127], 10 h of
operation [127], or even more than 6 months of continuous opera-
tion with around 6 x 10% strokes [137]. Another important aspect
of micropump lifetime is the interaction with the pumped fluid.
One group of researchers states the theoretic possibility of pumping
cells harmlessly due to geometrical dimensions, but ignoring stress
and strain, or accumulation caused by fluid turbulences [127]. The
functionality of a drug after pumping is validated by Kwon et al.
[137] using Adriamycin that is used in breast cancer therapy.

As with most materials, permanent or temporary sticking of
movable structures is an important issue also for polymers, espe-
cially with regard to very small geometries, such as valves and
valve seats. The effect is enhanced if small perturbations of the
flap destabilize it leading to a collapse onto the valve seat and
possible long-term adhesion [127]. Research to prevent sticking is
ongoing.

The possible thermodynamic efficiency seems high due to high
energy densities. It is proven with a value of 0.96 % [127] com-
pared to a maximum efficiency for reciprocating displacement
micropumps reported in Laser’s and Santiago’s review of 0.39 %
[23]. Hence, some researchers focus on low power applications
especially for wearable medical devices or implants. Power con-
sumption lower than 2 mW was already proven in animal trials
[135]. Kwon et al. [137] present a lab-on-chip solution for long
term trials to operate over 20 months with a 1.5 V AA battery (4350
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mW h), demanding for very low system power consumption. The
authors do not report any degradation of the system.

One research group has reported about successful animal trials
of their micropumps with diabetic mice, but still admit a long way
towards a commercial product [135]. The company EAMEX [180] is
the only known commercial manufacturer of EAP pumps right now.

Averyrecent dielectric EAP is published by Zhu et al.[181]. They
apply a semi-rigid ring-shaped electrode to a dielectric EAP mem-
brane. An analytical expression for membrane deflection of the
buckling actuator as well as experimental results are given. Reduc-
ing the membrane stiffness is achieved by adjusted electrode layout
(ring shaped) and implementation with softer electrode materials.
The design is still in ongoing research, so that no pump character-
istic is presented [181].

5.1.6. Phase change actuation

Pumps based on phase change actuation can achieve low but
precise flow rates and are capable of a high-pressure build-up. The
largest disadvantage of this actuation principle is its high energy
consumption due to heating. There is no information available, if
the induced heat impacts the dosed medication.

A four chamber peristaltic pump by Johnson and Borkholer [140]
achieves flow between 18 nL/min and 104 nL/min, while remaining
in a blocked state when the pump is not actuated, since gallium
is used as phase change material. The pump was tested for 26 x
106 cycles. Thah [140] reports 1.25 years of use with an average
flow of 100 nL/min. No sign of degradation was visible [140]. In
contrast, Bodén et al. [88] record aging effects already after one
hour of pumping caused by paraffin leakage under the membrane
within their pump system.

An advantage of gallium is its comparatively high stiffness
that achieves an expansion pressure of more than 10 times the
expansion pressure of paraffin. The authors estimate a theoretical
backpressure capability of up to 480 MPa [140], however, the pump
needs to withstand this pressure. Similar accounts for paraffin actu-
ation: Svensson et al. [90] describe a pump dosing independent of
pressure up to 1300 kPa. The maximal pressure the actuator can
achieve is usually not evaluated experimentally, since other parts
of the pump and periphery cannot withstand such high strain.

Forouzandeh et al. [89] introduce an implantable system for
drug delivery into inner ears of mice. Three paraffin actuators com-
press a commercial catheter, creating peristaltic fluid motion. No
sharp moving parts such as flap valves are necessary and the dosed
drug is only in contact with the biocompatible inner surface of the
tubing. This setup limits contamination, leakage as well as dead
volume and reduces clogging and bubble generation. It also elimi-
nates the need for fluidic connectors. Actuated with a temperature
difference of 10 K, the pump proves strong dosing accuracy with a
resolution of 2.4 nL/min (average flow rate of 50.2 nL/min) and dos-
ing stability with a flow rate that is not affected by +3 °C and 10x
greater than physiological backpressure (5 kPa). The simple struc-
ture of the pump allows upscaling for the use in larger animals,
children or adults.

Liu et al. [162] introduce a pump based on paraffin
wax/expanded graphite/nickel particle composite. The heat needed
for actuation is supplied via induction. The authors therefore
address a pressing problem of phase change systems: their high
energy consumption. Induction makes it possible to place energy
supplies outside of the pump system and therefore limit the sys-
tem size. However, the authors do not give information about the
dependence of flow properties on the distance between the induc-
tion coils.

5.1.7. Thermopneumatic actuation
Similar to phase change actuation, thermopneumatic pumps can
deliver extremely small flow rates.In 2016, Hamid et al. [ 141] intro-
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duced a pump that achieves flow between 0.77 nL/min and 12.5
nL/min. This range is suitable for example in animal trials on small
lab animals. Driving temperatures are between 33 °Cand 63 °C. The
authors do not state the overall size of the pump, but the actuator
diaphragm has a diameter of 2 mm.

The high energy consumption of thermopneumatic actuation
can pose problems for implantable applications. Therefore, Chee
et al. [163] develop a wireless energy transfer by magnetic induc-
tion to the heater. Their pump delivers single strokes of 4 p.L + 2.8
%. However, the device has not been tested for continuous delivery.

As for any type of actuation, the combination of several pump
chambers and actuators in one device can increase the perfor-
mance. Yang and Liao [142] describe experiments on pumps with
3, 5, or 7 serial chambers. The system is extremely small with only
16 x 18 x 5.5 mm? for the three-chamber pump including the driv-
ing electronics. While the maximal flow stays nearly constant, the
achieved backpressure increases by 25 %.

There is no research on the impact on dosed medication of this
pumps. Nevertheless, an impact of the elevated temperature is pos-
sible for some formulations.

5.2. Peristaltic magnetic shape memory actuation

Other than standard diaphragm pumps, magnetic shape mem-
ory pumps do not require valves and enable bidirectional operation
due to the peristaltic motion of the actuator [92,145]. Since the
actuation is not temperature based as it is the case with SMA mate-
rial, high frequencies are possible. The actuators are capable of high
forces, leading to high achievable pressure, however require high
magnetic fields of several hundred mT [92,143,145].

Alarge advantage is the possibility of contact free actuation that
Ullakko et al. [92] utilize to develop a disposable MSM pump for
forensic DNA profiling. The pump’s actuator is a Ni-MN-Ga single
crystal that is driven with a cylindrical iron-boron-neodymium
magnet. One single cycle transports 260 nl. The maximal flow of
4.2 pl/s is achieved with the help of a drill at 1000 rpm [92].
The authors show that the pump does not influence polymerase
chain reactions (PCR) with genomic DNA. Smith et al. [145] further
improved and evaluated the device in detail. With an actuation fre-
quency of 240 Hz, the pump transports more than 1500 wL/min
of water and nearly 800 wL/min of a 60 % wt. glycerol solution.
This shows a large influence of the medium'’s viscosity, put proves
the capacity of the pump to transport viscous liquids. Additionally,
the pumps is able to transport air, making it self-priming and bub-
ble tolerant. The pump still works against 150 kPa pressure and
closes the fluid path up to 200 kPa when used as a valve [145].
The authors assume the limitations in pressure to be due to sealing
problems, since the theoretical blocking pressure of the actuator is
2 MPa. In 2018, Saren et al. [143] investigated an optimized design
of the pump and show stable dosing up to 150 kPa and a maximal
backpressure capacity of 0.45 MPa (with additional clamping up to
1 MPa). The variability of individual dosing measurements is low,
with the highest variation of 0.88 % at 50 Hz actuation.

Based on the results of Ullakko et al. [92] and Smith et al. [145],
Barker et al. [144] use MSM actuation to develop a pump for elec-
trophysiological experiments, since common micro syringe pumps
are too large to be used in in vivo experiments with freely moving
animals. First animal trials with Ketamine and Tetrodotoxin prove
the feasibility and the pump shows to be able to overcome the phys-
iologic pressure (up to 1.3 kPa [182]) as well as flow resistance of
the brain tissue.

5.3. Rotary pumps

Pumps based on the turning motion of one or several parts
enable robust dosing and continuous flow often with the possi-
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bility for step-less flow rate adjustment. A valveless configuration
is usually possible due to a strong fluid guidance with little leak-
age or backflow. A large challenge in the field of rotary pumps is
the development of highly precise, cost efficient production pro-
cesses that allow for strong miniaturization. Current rotary pumps
are large compared to diaphragm pumps. Nevertheless, improved
manufacturing methods make further miniaturization imaginable.

5.3.1. Microgear pumps

Microgear technology allows for very high precision drug dos-
ing due to solid and stable actuators. Just as macroscopic ones,
microgears gear into each other, and thereby only allow fluid trans-
port during operation. In theory, the systems can be designed with
very low leakage and freeflow stops. The main challenge is fabrica-
tion with the required low tolerances to further miniaturize those
pumps. Many studies on microgear pumps and the manufactur-
ing of microgears have been reported [53,146-148,183]. Generally,
high manufacturing costs for microgears limit the possibilities of
broad design studies of new micro gear pumps and impede their
market entry.

Gietzelt et al. [53] report on powder injection molding of
ceramic microparts for micro annular gear pumps as small as 550
pm in diameter and 500 pm in thickness. Compared to commonly
used thermoplastics or silicone, ceramics possess higher wear resis-
tance and breaking strength. Using LIGA (German acronym for
lithography, electroplating and molding applications) mold inserts
and surface finishing with a lapping machine, high geometrical and
surface quality precision was realised. Though two sets of zirco-
nia annular microgear pump components were manufactured, a
functioning device was not assembled and tested for fluidic perfor-
mance. To knowledge of the authors of this review, no subsequent
work followed this study.

Waldschik et al. [149] present a microgear pump with internal
electromagnetic drive, which holds the advantage of small size and
omission of a driving shaft that needs sealing. The gears consist
of polymer magnets with alternating axial magnetization manu-
factured using micro fabrication technologies, which holds many
possibilities in shaping of components. Manufacturing and actu-
ation of the microgear pump was found to be successful with a
rotational speed of up to 1800 rpm. The tolerances of gear gaps
and the gap to the housing is problematic, since tight gaps for low
leakage create high friction. The gaps realized here lead to high
deviation of the theoretical pump flow rate from the actual pump
flow rate (480 wL/min to 150 pwL/min at 150 rpm, respectively).

lacovacci et al. [150] developed a bidirectional microgear pump
that aims to work with very small drug delivery systems, espe-
cially for Insulin. They propose a complete system with sensors
and Insulin reservoir and micropump. A rotary gear pump operates
by moving the fluid one step further during each rotational step by
rotating gears. Micromachining processes and low power motors
require remaining gaps between component parts. The resulting
slip between those component parts is a factor reducing achiev-
able flow rates. It describes the amount of fluid that is not moved
by the gears but stays steady or is under the influence of back-
flow. After experimental evaluation, the authors find Nylon 6 as
best suiting material for their reservoir in terms of insulin stabil-
ity. The fluidic output is found to be 9.31 + 1.74 l per 10 cycles
(dosing time not given). The authors report an achieved dosing res-
olution of 1 wL[150]. A stepper motor drives the test system with a
3.7 V and 220 mA h battery. The authors also experimentally prove
the ability to refill the 3 mL reservoir with Insulin within 20 min
[150].

5.3.2. Single rotor pumps
Pankhurst and Abdollahi [30] present another type of rotary
micropump. It is a positive displacement pump with only one mov-
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Table 3
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Summarizing all relevant and known industrial micropumps that are commercially available.

Company Product Pump Type Application Area
Insulet Cooperation Omni Pod Piston pump First insulin patch pump
Debiotech S.A. Jewel Pump Piezoelectric diaphragm Insulin delivery, not yet on the market;

Primetech Cooperation iPrecio Pump Family

Sensile Medical AG Sensile Medical Pump

Tricumed Medizintechnik GmbH IP 2000 V IP 1000 V Siromedes

Peristaltic-type mechanism
with stepper motor
rotary piston pump, actuated

in clinical trials

Used in animal trials for several drug
studies

Treatment of Parkinson disease

by micro DC motor

Mechanically pressurized
reservoir with flow restriction

Implantable infusion pump for
intrathecal spasticity or pain treatment

ing part and a spring design freeflow stop. The latter also acts as
an adjustable overpressure stop, hence pumping stops if a certain
critical pressure (here: 83 + 14 kPa) is reached, e.g., due to occlu-
sion. Special focus in the design is on low cost to enable disposable
use, and high dosing accuracy. The pump size is 29.8 x 14.6 x 14.0
mm with the overall system being pen sized, hence resulting in a
lightweight portable device. It is designed to be patient friendly,
battery powered, and with the possibility of dosage programming
by the physician. Achievable flowrates range from 0.8 wL/min to
more than 2000 pL/min with a standard deviation of less than
0.2 pL/min. The authors also tested fluids with different viscosi-
ties from water to glycerol with 1000 cP and show solid pumping
performance [30].

5.3.3. Rotary peristaltic

Micro rotary peristaltic pumps that transport fluid by squeezing
of a tube enable dosing where only the tube is in contact with the
medium. The lack of sharp edges or different materials in contact
with the medium can prevent undesired interaction. Additionally,
no fluidic connectors are needed, limiting the risk of leakage and
failure while enabling simpler connection. Vinayakumaretal. [151]
present a peristaltic pump with a diameter 24 mm and a height of
approx. 40 mm that creates flow rates up to 275 pL/min. Its pres-
sure capability is high with no change in flow up to 40 kPa and a
blocking pressure of over 120 kPa. The authors report the viscos-
ity dependence of the fluid transport and show an approximately
25 pL/min smaller flow rate for DiMethylAcetamide compared to
water [151].

5.4. Other pump types

In addition to diaphragm pumps and rotary micropumps,
other microfluidic systems were specifically developed to address
requirements of medical application and show beneficial proper-
ties. Interesting examples are summarized here below.

5.4.1. Electro active polymer actuation

Yan et al. [135] proposed a pumping system consisting of a
check valve and an ionic EAP squeezer. Their system can deliver
10 pL/min at 1 V and 0.017 Hz actuation. Although the pump is
still too big to be implanted, insulin dosing was tested on mice
over five consecutive days. The system power (<2 mW) is provided
wirelessly.

A peristaltic like implementation is provided by Naka et al.
[133] using CP. Two actuator belts around a tube create a pump-
ing effect when actuated at 180° phase shift. The pump can handle
high-viscosity fluids, such as certain drugs, without backflow. The
maximum flowrate is 80 pL/min with water and 45 pL/min with
high-viscosity oil at 3 kPa, with a power consumption of approxi-
mately 33 mW [133].

Hiraoka et al. [139] present a miniaturized syringe type microp-
ump. The underlying operation principle is stacking several CP
actuators (PPy-TFSI) on top of each other. The micropump gener-
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ates an extremely high blocking pressure of 30 MPa with less than
2 V actuation.

5.4.2. Electrolysis actuation

Cobo et al. [152] present an implantable micropump with elec-
trolysis actuation. The authors chose this actuation for its low
power consumption, large driving forces, low heat generation, and
on-demand activation including the possibility of flow rate adjust-
ment after implantation. The pump consists of a 281 L drug
reservoir that is squeezed by a bellow when electrolysis is started
due to heating. 185 p.L of volume can be displaced, causing a dead
volume of 96 pL. It is therefore important to fill the reservoir with-
out bubbles. The drug reservoir is refillable after implantation and
for the aimed application, the dosage of electrostatically-coupled
small interfering RNA gold nanorod drug into xenograft tumours of
nude mice, a refill once per week is sufficient. The work improves
a previous system [184] by enabling wireless energy supply for the
required power of 1 mW and therefore removing the need for the
animal to be restrained during dosing. The external energy supply
and possibility of refill enable the 20 x 15 x 10 mm? device to
be light enough for the use in mice. In former studies the authors
showed no significant dependence of the flow rate on the viscosity
of the medium up to 6 mPas as well as only a 10 % loss in flow at
physiological backpressure of 2.7 kPa with 4 tested pumps [185].
In addition, the authors evaluate the error due to misalignment of
the coils for power supply: a distance of 3.5 cm leads to a 64.1 %
flowrate drop and an angle of 45° to a 42.8 % drop [185]. Such large
deviations in flow can therefore be caused by mice movement and
require further investigation and amelioration.

A similar system is developed by Moussi et al. [153,186]. The
extremely small pump of only 3.9 x 2.1 x 2 mm? enables the trans-
port of 4 £ 0.5 pL in 12 s. The system is based on 3D printing
technology for the reservoir as well as microneedles, and mold cast-
ing for the Parylene C micro bellow membrane. The needed power
of 25 mW is supplied wirelessly.

5.4.3. Electromagnetic actuation

For a piston pump like an electromagnetic micropump, a perma-
nent magnet that is moved by two electromagnets in a tube can act
as a plunger and move the fluid [114]. A one-way valve, e.g., a ball
valve, is a sufficient flow rectification for this Teflon based setup by
Liu et al. [114]. The authors claim that their pump is smaller, more
reliable, and easier to fabricate compared to previously described
electromagnetic diaphragm pump designs. The pump generates a
maximum flowrate of 200 pL/min and little leakage [114].

6. Commercial dosing units

Some micropump technologies are already close to or on the
market. pc10 We introduce some of the pump systems and how
they meet requirements in medical application. Table 3 gives an
overview of the described drug delivery systems, and their appli-
cation.
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6.1. OmniPod

ulin patch pump OmniPod, the Insulet Cooperation (Mas-
sachusetts, USA) developed the first insulin patch pump commer-
cially available [4,187]. The system comprises a disposable infusion
pump (pod) of roughly 4 x 6 x 1.8 cm? and a Diabetes Manager
remote control. It works with U-100 rapid-acting insulin and sup-
plies the patient with up to 200 U (Units of insulin) per pod in up
to72 h [4,187-189].

The piston pump’s actuation bases on a nitinol shape mem-
ory alloy wire assembly [187,189]. Applying electric current to the
wire creates heat caused by electric resistance and prompts a phase
change contracting the wire. With one wire on each side, the SMA
wires move a handle back and forth and a gear translates this side
movement into a turning motion. This motion rotates a ratchet
which advances a plunger in a reservoir [187]. The plunger pushes
the insulin out of the reservoir through the insertion cannula. A sin-
gle actuation step delivers 0.05 U (corresponding to a volume of 0.5
L) and accuracy is given in the user’s guide with + 5 % for basal (>
0.05 U/h) and bolus (> 1.0 U, otherwise + 0.05 U) delivery [ 188]. To
control functionality, the system possesses sensors for rotational
and linear movement [189].

The plunger pushing insulin out of the reservoir is crucial piece
of the dosing unit. It is in direct contact with the drug and therefore
needs to fulfil biocompatibility requirements. In addition, single
step movement is very small which requires strong dimensional
stability to avoid stick-slip effects. In the OmniPod dosing unit, the
plunger consists of TOPAS cyclic olefin copolymer, a biocompati-
ble, dimensionally stable polymer known for medical applications
[190,191].

As a safety measure, the pod comprises an occlusion detection.
An alarm sounds when an average of three to five units are missed.
Depending on the dosing rate, the time between the occlusion and
the alarm can be between some minutes (for bolus) to hours (for
very low basal rates) [188]. Borot et al. [58] confirm the information
in the guide book. In their study, the OmniPod leaves 4.7 U unin-
jected before the alarm sounds, which is less than for other pumps
[58].

Clinical studies show that the device leads to improvement in
the insulin therapy. Zisser and Jovanovic [192] prove a significant
improvement of diabetic relevant blood values already after 30 days
compared to durable pump therapy. Reasons for the improvement
can be that subjects never disconnected pumps (even when show-
ering, changing, exercising, etc.) and that a patch pump sees less
hydrostatic fluctuation leading to more consistent insulin delivery
[187].The finding that OmniPod increases patients well-being com-
pared to multiple daily injections (MDI) or durable pump therapy
was confirmed by other studies [189,193,194]. Further studies are
conducted towards diabetes type II therapy using U-500 insulin,
also showing promising results [195]. Research on future thera-
pies, such as an artificial pancreas implant, also use the OmniPod
as dosing unit [196,197].

Laboratory evaluations of the dosing accuracy are inconsistent.
Studies by Bowen and Allender [7], Freckmann et al. [57], Jahn
et al. [8] and Borot et al. [58] show a lower dosing accuracy of
the OmniPod system compared to durable pumps. In contrast,
Zisser et al. [59] and Laubner et al. [6] show a comparatively high
dosing accuracy. Differences can occur from varying measuring
and evaluation methods. It is important to notice that these lab-
oratory studies differ from the real-life application, for instance
in the controlled and constant pump and infusion height. There-
fore, no hydrostatic pressure influences their accuracy. This is
one possible reason why the OmniPod performs well in clini-
cal trials, even if dosing accuracy within some in vitro setups is
lower.
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Fig. 4. Setup of the piezoelectric micropump used in the Jewel Pump. Figure
reprinted from [198].

6.2. Jewel pump

The Jewel Pump (Debiotech S.A., Lausanne, Switzerland) offers
several dosing speeds from 0.02 Units of insulin per minute to 3.6
Units per minute [159], which corresponds to 0.2 wL/min to 36
pL/min. It allows continuous infusion for up to 7 days. This long
dosing period is possible due to a specific container concept in
combination with a filter [158], which prevents insulin degrada-
tion. The system is not yet available on the market, but was already
used in several clinical trials. The pump (Fig. 4) comprises two pas-
sive flap valves and a piezoelectrically actuated mesa moving the
pump diaphragm and inducing fluid flow.

By implementing a double limiter concept, the stroke volume
is kept constant at 200 nl [160]. This concept, restricting the
diaphragm movement in upwards and downwards direction, was
already implemented in earlier studies [31,199] assuring a repro-
ducible stroke volume with a standard deviation of + 1.1 nl. Dosing
is therefore very accurate and in specified driving conditions inde-
pendent of the driving frequency (up to 3 Hz), pressure (+ 10 kPa at
inlet or outlet), temperature, aging, and medium’s viscosity (up to
10 mPas) [31,199,200]. The dosing stability is further increased by
a specific actuation signal reducing errors by uncontrolled leakage
through the inlet or the outlet valve [160]. The overall variation is
less than 5 %.

Overpressure at the inlet does not cause immediate freeflow due
to pretension of the valves of 10 kPa [31]. Leakage through these
pressurized valves is not detectable and therefore smaller than 0.05
wL/h at 15 kPa applied pressure [31].

Similarly important for medical application is the pump’s com-
pression ratio. Earlier designs show a compression ratio of up to
2.3 (formula 1, see chapter 5.1) [199]. The Jewel Pump has a com-
pression ratio of 0.8 and the fluidic channels’ geometry is designed
to offer minimal resistance due to surface tension. Therefore, the
device shows self-priming and bubble tolerance [31,198]. To pre-
vent particles from reaching the pump, an on-chip filter can be
integrated [31].

The micropump itself is small with an area of only 6 x 10 mm?
[199]. The whole patch pump is some centimetres large. Its size
strongly depends on the drug reservoir and the battery. To our
knowledge, no data concerning the battery size is published. The
pump’s actuation requires high voltage (4 200 V). According to the
company, a single actuation cycle requires a power of 0.03 ], leading
to a power consumption below 150 KkJ/L for the entire system (the
piezoelectric micropump’s consumption itself is much lower).

Preliminary lifetime testing of the micropump shows no change
in flow rate at 0.05 Hz actuation for 600 days [199]. In addition, the
authors state that fatigue and stress tests proof a cycling capability
above the device’s required lifetime [159].

The piezoelectric pump system comprises two pressure sensors,
one in the pump chamber and one after the outlet valve, that detect
correct priming, reservoir overpressure, reservoir emptying, pres-
ence of air bubbles, outlet occlusion, and leakage by monitoring the
pressure profile [159,201]. The Jewel Pump is therefore the only
insulin pump that can fully monitor correct drug administration.
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Within considerations for an industrialized functional test of their
insulin pump, the authors illustrate a leak detection sensitivity of
few nL/h [202]. They further describe occlusion detection within
one stroke [159]. A study by Borot et al. [58] reveals indeed an
exceptionally fast error detection of the Jewel Pump compared to
several durable pump systems, especially for small flow rates. Addi-
tionally, the authors show a high in vitro dosing accuracy of the
Jewel Pump compared to three durable pumps and the OmniPod
patch pump. The Jewel Pump’s average flow error is significantly
smaller than for other systems at both 1 U/h and 0.1 U/h, while the
difference is larger for smaller flow rates [58]. The in vivo test, where
the Jewel Pump doses physiological saline in parallel to the patients’
usual pump, shows no significant difference of the volume deliv-
ered by the Jewel Pump compared to the patient’s durable pump
after 24 h of use [58].

6.3. iPRECIO

The iPRECIO-micropump family (Primetech Corp., Tokyo, Japan)
is a series of micropump systems for animal use. The pumps are
implantable, refillable via a subcutaneous port, and offer a pro-
grammable dosing pattern. A first scientific paper surveying the
dosing accuracy and performing an in vivo rat trial has been pub-
lished in 2009 [203]. Since then, iPRECIO pumps have been used in
numerous animal trials, including studies on various pharmaceuti-
cals [204-206], and drug use and abuse [207,208]. Tan et al. [209]
review a number of use cases.

The iPRECIO pumps use a miniaturized peristaltic-type dosing
mechanism [154,210]. A micro stepper motor drives an eccentric
disk cam, which sequentially actuates a number of so-called finger
pins. These pins compress and release a piece of elastic tubing as
the motor turns, thereby moving the liquid inside the tubing from
the reservoir towards the outlet. The system blocks the fluid path
when turned off, limiting backflow, freeflow, and diffusion.

Both tubing and reservoir are made from medical grade
styrene-ethylene/butylene-styrene block copolymers (SEBS) [154],
a material frequently used for biomedical applications [211]. The
system is sold in ethylene oxide (EO) sterilized blister packages and
is intended for single-use only.

There are currently two different models available: The smaller
version is suitable for mice or larger (size: 24.8 x 15 x 7.2 mm?),
whereas the other one addresses rat applications (size: 7.20 cm3).
Both create flowrates beginning from 0.1 pL/h and reach up to 10
pL/h and 30 wL/h, respectively [154].

Dosing accuracy for both versions is specified as +5 % up to 7.8
kPa backpressure [212]. Battery life for both pump types depends
on the infusion rate and ranges from 8 days (10 pL/h dosing rate)
to 67 days (0.1 pL/h dosing rate) [154].

6.4. Sensile medical rotary piston pump

The micropump developed by the Sensile Medical AG (Olten,
Switzerland) is a rotary piston pump using a rotatable and axi-
ally slidable rotor [213], actuated by a brushless micro DC motor.
Pumping stroke is generated by the axial movement of the pis-
ton, while the inlet and outlet valves are opened and closed by the
angular position of the rotating piston. With different cam designs,
the rotating actuation by the micromotor is translated into an axial
movement to provide the stroke compression [213].

The nominal stroke volume of the patch pump is adaptable by
design within a range from 250 nl to 25 mL [214,215]. A flow rate
of 6 mL/min can be achieved at 5 pL stroke volume [215]. Typi-
cal liquid pumping backpressure is 150 kPa, whereas the maximal
blocking pressure is above 400 kPa. Pull in pressure in dry start-
ing condition is 40 kPa [215]. Gas bubbles and gas/liquid mixtures
are unproblematic [214]. However, the influence of capillary forces
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might lower achievable pressures. Liquid viscosities up to 100 mPas
can be handled by adaption of design [215].

In off state, the Sensile pump valves are both in a closed position,
which prevents freeflow, backflow, and diffusion. The brushless
DC motor is hermetically separated from the pumping part that is
designed as disposable device. Therefore, it can be reused, limiting
the cost of application. Using hall sensors for feedback control, the
pump rotor movement can detect turning rate, speed, angle, and
stroke amplitude. Additionally, those sensing capabilities allow to
detect occlusion and other malfunctions of the pump while driving
it. Overall dosing accuracy is given with 5 %.

6.5. Tricumed pump

The implantable infusion pump IP2000 V of Tricumed Medizin-
technik GmbH (Kiel, Germany) is used for continuous intrathecal
long-term medication [216]. The system is used for the treatment
of intrathecal spasticity with Baclofen or the long-term pain treat-
ment with morphine. The delivery of a constant flow between 0.25
mL/day up to 3 mL/day is achieved with a constant pressure on the
drug reservoir and a flow restriction to achieve the desired flow
[216]. The system is refillable via a silicone septum [217]. The sys-
tem has a diameter of 78 mm and a height of 14 mm-27 mm with
a reservoir size from 20 mL to 60 mL. The life time is indicated
for the refill septum as 500 punctures and therefore approximately
20 years with 25 punctures per year [216,217]. This implantable
pump system is MRT compatible [218]. In addition to their [IP2000
V pump, Tricumed offers a paediatric implantable drug delivery
pump (IP1000 V) [218,219]. With a diameter of 57 mm and a height
between 20 mm and 24 mm, this system is the smallest infusion
system for constant flow on the market [219].

In addition to constant flow pumps, Tricumed developed a pro-
grammable implantable infusion system, the siromedes pump, that
was CE certified in 2014. Similar to the IP2000 V, the flow is gen-
erated via pressurization of the reservoir. Additionally, an active
valve enables flow adaptation [220].

7. Summary of solutions for drug dosing requirements

Many of the challenges and requirements summarised in chap-
ter 2 are discussed in micropump research, while there is little
information concerning others up to date. Many dosing proper-
ties do not only depend on the fluidic actuator itself, but also
on the overall system, fluidic boundary conditions and especially
the valve technology. The implementation of closed loop control
increases the reliability of the dosing unit and enables error detec-
tion. Furthermore, weight and size constraints have to be evaluated
on system level, since driving electronics, power supply as well
as a drug reservoir can be large parts to take into account. Other
challenges can be solved within the micropump itself for example
by design adaptations, which allow for space efficient solutions.
Resourceful technical adaptations are summarized in Fig. 2.

Freeflow as well as diffusion and backflow can be prevented
using active valves as presented by Pecar et al. [73], Fuchs et al.
[107], and Forouzandeh et al. [89]. However, those pumps do not
block the flow path when turned off. Such a normally closed state
can be achieved for instance with phase change actuation based on
gallium [140], since it shrinks when melted and therefore opens the
fluid path when actuated. The iPRECIO pumps [204-209] prevent
backflow, freeflow, and diffusion also in turned off state by their
peristaltic setup. A passive freeflow and backflow stop is presented
by Richter et al. [100]. The authors implement passive flap valves
to prevent backflow and diffusion, in combination with a passive
safety valve that blocks the fluid path when the inlet pressure
exceeds the outlet pressure. Maillefer et al. [31] prevent freeflow
as well as leakage with a valve pretension of the passive flap valves
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of 10 kPa. Additionally, a specific actuation signal reduces errors by
uncontrolled leakage through the inlet or the outlet valve during
pump operation [160]. In general, rotary pumps show little leakage,
freeflow, and backflow due to geometric constraints. An example is
presented by Pankhurst and Abdollahi [30] with only one moving
part and a spring design freeflow stop.

Bubbles, that are usually unproblematic for rotational microp-
umps, remain a huge challenge for diaphragm pumps. A sufficient
compression ratio to move the bubble through the chamber against
all counterforces is necessary. Herz et al. [155] achieve a high
compression ratio with their pretension technique. By applying
a positive voltage to the actuator disc during glue hardening, the
authors drastically increase their pumps compression ratio. Tren-
kle et al. [104] increase the compression ratio of their device by
casting the deflected membrane to manufacture the pump cham-
ber. Furthermore, bubble tolerance can be increased when reducing
the force needed to transport a bubble out of the pump chamber,
as done by Wang et al. [102] with a super hydrophilic surface of the
pump chamber and by Ma et al. [103] with a rib structure in the
chamber, which guides the fluid flow.

Not many authors investigated the interaction with the
transported medium and clogging. In most cases, micropump eval-
uations are conducted with surrogate fluids, since the use of drug
formulations can complicate handling and lead to large additional
costs. However, the medium can damage the pump over time
and the pump might impact the drug’s functionality. Especially
miniaturized pumps, with a high surface to volume ratio and
sharp edges in small fluidic channels, might cause damage to the
drug formulation. To prevent interaction, Forouzandeh et al. [89]
and Vinayakumar et al. [151] limit the contact of the medium
to biocompatible tubing, through which medium is transported
peristaltically. The same accounts for the iPRECIO systems. This
approach enables easy fluidic connection without sharp edges and
there are no sharp moving parts such as flap valves in the fluid
path. DeBiotech’s JewelPump utilises a specific drug reservoir in
combination with a special filter to prevent insulin aggregation
[158].

Often, safety measures are indispensable for medical application
and space efficient integration is an advantage. The segmentation
of the piezoelectric ceramic into an actuated part and a sensing
part, as shown by Zhang et al. [105], allows to detect any changes
in the pump chamber and can be used to monitor transport, the
occurrence of bubbles or a change in backpressure, e.g., caused by
clogging. For the same purpose, Fuchs et al. [107] integrate a pres-
sure sensor onto their peristaltic pump system. To ensure stable
dosing, Benard et al. [75] include an in-line filter to prevent parti-
cles and bubbles from entering the pump chamber. A similar filter
concept is employed in the JewelPump [158]. Additionally, the sys-
tem comprises two pressure sensors, one in the pump chamber and
one after the outlet valve, for precise control and error detection.
Therewith, correct priming, reservoir overpressure, reservoir emp-
tying, presence of air bubbles, occlusion within one stroke [159],
and leakage can be detected with the pressure profile [159,201].

In addition to safety relevant aspects, flow properties are highly
relevant for microdosing units. To improve the maximal flow rate
without increasing the pump’s size is an important aim. Geomet-
ric adaptations that lower the fluidic resistance, such as the rib
structure presented by Ma et al. [103], allow for higher flow rates.
Furthermore, higher actuator displacement can improve maximal
flow, which Zhu et al. [181] achieve with ring electrodes leading to
actuator buckling instead of bending, and Yamatahaetal.[115] by a
soft silicone diaphragm. However, the soft diaphragm decreases the
bending actuator’s stiffness and therefore the maximal achievable
pressure.

Not only high flow rates, but also the flexibility of bidirectional
actuation can be advantageous. For instance, peristaltic actua-
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tion [89,104,151,161] or the implementation of active valves [120]
enable bidirectional flow. Additionally, the peristaltic actuation
using magnetic shape memory actuators can move fluid in both
directions [92,144,145]. lacovacci et al. [150] developed a bidirec-
tional microgear pump that aims to work with very small drug
delivery systems, especially for Insulin.

Dosing accuracy and precision are extremely important for drug
delivery. Many authors state the single stroke volume of their
pump as limit of resolution. However, little information is avail-
able on the repeatability of single strokes and many authors do
not present results on dosing variation at varying environmental
conditions. It is necessary that pump evaluations include repeat-
able and reproducible measurements to develop reliable systems
and enable market entry. Detailed evaluation of dosing accuracy
and precision are only available for industrial dosing units or sys-
tems close to the market as they are compared in several studies
[5-8,56-58].

To ensure stable dosing at varying environmental conditions,
the JewelPump comprises a double limiter concept that prevents
diaphragm movement outside of fixed boundaries [ 160]. Therefore,
the pump doses independently of the driving frequency (up to 3
Hz), pressure (+ 10 kPa at inlet or outlet), temperature, aging, and
medium’s viscosity (up to 10 mPas) [31,199,200].

The influence of backpressure on a pump’s flow rate is widely
described. Ideal would be stable dosing without pressure depen-
dence, however most pumps show a linear decrease with rising
pressure. More stable dosing against varying pressure is achieved
with peristaltic pump systems [104,107,142,161] or the serial com-
bination of several pumps [108,156]. Richter et al. [100] present an
extremely stiff bending actuator that shows a stroke decrease of
less than 0.1 % per kPa and a corresponding flowrate decrease of
only 0.025 pwL/min per kPa backpressure increase. In general, phase
change systems and magnetic shape memory actuation achieve
extremely high backpressure [140,143].

Especially for implantable, but also for patch pump application,
size and weight constrains are an important requirement. Wire-
less power supply [152,153,162,163] obviates the need of a battery
and therefore enables systems small and light enough even for
implantation into small rodents, which do not require to restrain
the animal for electric contact during pump use. Specific manu-
facturing techniques, such as MEMS processes or 3D printing of
miniaturized systems allows for extremely small pumps as shown
by Richter et al. [67] (3.5 x 3.5 mm? piezoelectrically driven pump)
and Moussi et al. [153,186] (3.9 x 2.1 x 2 mm? electrolysis actu-
ated pump). Xia et al. [136] present an extremely miniaturized
dielectric polymer actuator of only 2.2 x 2.2 mm?2. The pump by
Wang and Park [121] is small enough to be integrated into a con-
tact lens. Furthermore, research pushes towards miniaturization of
generally larger gear pumps. Waldschik et al. [149] use polymer
magnets with alternating axial magnetization manufactured using
micro fabrication technologies to achieve a pump of only 10 x 12
x 1.3 mm3.

8. Conclusion

Micropumps offer great potential for the improvement of drug
dosing applications. The small size enables less noticeable prod-
ucts and improves patients’ comfort as well as disposition to follow
their treatment. Another advantage is the high achievable accuracy
of extremely small dosed volumes. It enables safe use of higher
concentrated drugs leading to further miniaturization of dosing
systems. Not only miniaturization of existing dosing units is pos-
sible, but also the development of totally new concepts enabling
drug delivery in a manner and to specific tissue unimaginable up
to date.
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In the last decades, dedicated research on drug delivery appli-
cations has led to tremendous innovations. However, due to the
high-risk aspect of this application, there are challenging require-
ments including safety requirements, flow requirements, and
device specific challenges.

To address the specific field of drug delivery with microdos-
ing systems, there is a variety of micropumps that differ in type
and actuation principle with specific advantages and disadvan-
tages. Most pumps in research are not fully optimized devices and
in the case of most research pumps, a further increase of perfor-
mance would be possible with further development steps towards
better compression ratio, optimized valves, better exploitation of
the maximum actuation forces, and many more detailed improve-
ments. In general, applicability of a technology for medical dosing,
resourceful solutions to overcome limitations and meet require-
ments, and a general idea of the state of development of each
specific actuation mechanism is described above.

It is not evident to compare the fluidic performance of the
presented pumps, since various experimental setups are used.
Especially the measured maximal pressure ability and the maximal
achievable flow depend strongly on the fluidic surroundings. Fur-
thermore, gravimetric measurements, which are commonly used
for micropump evaluation, require careful consideration to pre-
vent errors caused by evaporation, surface tension, or buoyancy. For
better comparability, the use of as similar experiments as possible,
together with more detailed information on experimental setups
is desirable.

Even though dosing accuracy and precision are extremely
important for drug delivery, dosing variations are not commonly
evaluated. The limit of resolution is often stated based on the single
stroke volume of a pump, without information on the repeatabil-
ity of single strokes. In future evaluations, it is necessary to focus
on repeatable and reproducible measurements to develop reliable
systems and enable market entry.

There is little information about lifetime in general and statisti-
cally relevant data in particular is usually not available. Especially
evaluations under relevant and comparable conditions concerning
for instance backpressure, temperature, and humidity are not pub-
lished. It is therefore difficult to evaluate which pump type is well
suited for short term or long-term application and estimations have
to be based on general information about actuation principles. Fur-
thermore, most experimental studies are conducted with surrogate
fluids. Knowledge of the drug-pump interaction and its implication
on the lifetime are crucial for safe use. Thus, a better understanding
of interaction mechanisms as well as the influence of the surface to
volume ratio or sharp edges is desirable.

Overall, micropumps prove promising for drug dosing appli-
cations. The examples on or close to the market demonstrate
feasibility and numerous research works reveal innovative
improvements to enable safe, small as well as energy and cost
efficient systems. However, despite all recent developments,
micropumps are not yet commonly used in state-of-the-art drug
dosing devices. Some requirements of drug delivery still need to
be addressed. Additionally, the step from today’s established prod-
ucts to micropumps, e.g., MEMS-based actuators, is large and risky.
Further investigations and improvements are necessary, espe-
cially concerning cost, production, and safety relevant aspects in
order to enable market entry and improve drug dosing applica-
tions.
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