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Liquids Using Piezoelectric Micropumps for
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Abstract—Goal: Auto-injectors for self-administration of
drugs are usually refrigerated. If not warmed up prior to the
injection, ejection of the total drug volume is not guaran-
teed, as their spring and plunger mechanism cannot adjust
for a change in viscosity of the drug. Here, we develop
piezoelectric micro diaphragm pump that allows these mod-
ifications possible while investigating the effectiveness of
this alternative dosing method. Methods: The dosing of
highly viscous liquid of 25 mPa·s is made possible using
application-specific micropump design. By comparing the
analytical with experimental results, the practicality of the
concept is verified. Results: Using a powerful piezoelectric
stack actuator, the micropump achieves high fluid pres-
sures of up to (368 ± 17) kPa. In order to assess the influ-
ence of viscosity, we characterize the fluidic performance of
the designed micropump through 27G gauge needle for var-
ious water-glycerin mixtures. We find maximum flow rates
of 2 mL/min for viscosities of up to 25 mPa·s. Conclusions:
The developed micro diaphragm pump enables the devel-
opment of smart auto-injectors with flow rate regulation to
achieve drug delivery for high viscosity drugs through 27G
needles.

Index Terms—27G needle, auto-injectors, high viscous
mixtures, micropumps, piezoelectric stack actuator.

Impact Statement—This research demonstrates that
metal micropumps are capable of dosing highly viscous
mixtures and thus provide an alternate approach with the
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possibility of further advancement for auto-injector appli-
cations.

I. INTRODUCTION

TODAY, there is a rising prevalence of chronic illnesses,
such as multiple sclerosis, rheumatoid arthritis, diabetes,

and growth hormone insufficiency. All of the above illnesses
necessitate the daily intake of drugs, often multiple times per
day [1], [2]. In many cases, oral intake of drugs is infeasible due
to low absorption or breakdown of the drug molecules in the
digestive tract [3].

Hence, patients primarily self-administer medication by in-
travenous or subcutaneous injection.

State-of-the-art auto-injectors employ spring and plunger
mechanisms and deliver medication in less than 15 seconds
[1]. Many drug formulations are stored between 2 to 8°C, and
are warmed up to ambient temperature prior to use [4], [5]. An
insufficiently warmed auto-injector can lead to poor accuracy of
the delivered volume, due to the formulation’s higher viscosity
[6], [7], [8]. As a result, the device fails to eject the complete drug
volume, as the nominal force of the spring mechanism is fixed
[9], [10]. A possible solution is an increased spring force to eject
the fluid out of the injector [11], however, this approach increases
the risk of uncontrolled fracture of a glass based drug reservoir
[12], [13]. Despite recent improvements in reservoir and needle
design, the risk still exists with spring powered autoinjectors. To
ensure safe and accurate delivery in a large temperature range,
an electronic auto-injector that adapts to changing viscosities is
necessary. In our research, we provide an alternative approach to
the frequently reported auto-injector failure state, such as incor-
rect dosage, by employing a micropump for drug dosing [14]. In
future, by combining it with a temperature sensor, a micropump
can be controlled to deliver the desired drug volume with respect
to viscosity and therefore create a smart auto-injector system
for reliable and precise drug dosing. To work towards such
a smart system, we develop a micro diaphragm pump with a
piezoelectric stack actuator capable of delivering fluids of a
broad range of viscosity along with extended priming abilities.

There are many examples of micropump research for drug de-
livery applications with numerous alternative actuation methods
[15]. Piezoelectric actuation is one of the most common types
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Fig. 1. (a) Parts of a piezoelectric metal micropump © Bernd Müller/Fraunhofer EMFT. (b) Working principle (adapted from [16]). (c) Cross
sectional view of a pump denoting pump body (I), inlet (II) and outlet valves (III), piezoelectric actuator (IV) and glued actuator foil (V). (d) Cross
sectional view of a multilayer piezoelectric structure with different directions of polarization.

as it delivers large flow rates and pressure, is simple to use,
is energy efficient and is precise in operation. However, high
actuation voltages of up to several hundred volts are frequently
needed for piezoelectric actuation [15], [16]. Especially for
high-pressure applications with thick actuators, voltages are
high to generate the necessary electric field and, thus, elongation.
Furthermore, the actuation signal is often asymmetrical, since
high negative voltages cause depolarization of the actuator [17].
As a consequence, the required driving electronics are complex,
costly, and large. Reducing the required actuation voltage is
hence an aim of the research on piezoelectric micropumps [15].
One possibility to reduce the actuation voltage is the use of
piezoelectric stack actuators at a lower driving frequency while
maintaining sufficient flow rate [15]. Such actuators typically
have a lower operational voltage. Especially for high pressure
actuation, where large forces are required, the use of a bulk
actuator require extreme voltages. The use of stack actuators
allows to limit this voltage to 200 V.

Another crucial aim of development is to limit the patient’s
pain perception, which depends on the formulation’s viscosity,
injection volume, flow rate, and subcutaneous backpressure [9].
Subcutaneous backpressure is one of the most common causes
for pain after injection [8]. It depends on the injection flow
rate and rises for higher flow rates [18]. A typical auto-injector
produces a mean pressure of (24 ± 3.4) kPa when injecting
6 mL/min and (7.8 ± 7.8) kPa while injecting 1 mL/min [18].
In addition, it is found that the subcutaneous tissue can tolerate
large-volume injections with little backpressure as long as flow
rates are as low as ≤2 mL/min [18]. Generally, injecting a
viscous mixture of 15–20 mPa·s at a 1.2 mL/min flow rate is
likely to be well accepted without causing pain [18]. Thus, this
research aims to develop a micropump capable of delivering a
minimum of 1 mL/min of flow rate for high-viscosity liquids for

the envisaged auto-injector application. The micropump shall
achieve this flow rate while delivering the liquid through a 27G
needle, creating an additional flow resistance as it would be
the case in the pen-injector application. The micropump shall
also deliver precise doses adjusted to the viscosity of the drug,
while the pump design shall be small to allow integration into a
hand-held auto-injector device.

II. MATERIALS AND METHODS

The goal of this study is to design, manufacture, and test a high
flow rate micropump to dose highly viscous mixtures. The fab-
rication process, theoretical modelling as well as experimental
evaluations are described in this section.

The piezoelectric micro diaphragm pump developed for this
study is based on the work presented by Bußmann, Durasiewicz
et al. [16], who give a detailed description of the manufacturing
process. A total of 8 samples are manufactured. Each sample
consists of a steel body and glued on piezoelectric disk actuator.
Fig. 1(a) depicts different parts of a stainless-steel pump: A
base plate, two valve foils, and an actuator foil. The pump is
piezoelectrically actuated as shown in Fig. 1(b). An alternating
voltage causes the diaphragm to oscillate and thus leads to a
volume displacement. The two passive spring valves rectify this
fluid movement, leading to an effective flow. To enable pump
design with a very high compression ratio [19], we follow a
specific pretension technique introduced by Herz et al. [20]
during the fabrication process.

A. Analytical Modeling of a Piezoelectric Micropump
for High Viscous Liquids

In general, injecting high viscosity drugs through needles with
a small diameter can cause injectability issues [21]. Enlarging
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the needle bore size decreases the fluidic resistance of the setup,
and consequently less pumping pressure is required. While
this simplifies the whole injection process, a larger bore size
increases the patient’s perceived pain [22], [23]. To minimize
patient discomfort, a narrow needle must be used, which requires
a sufficient pumping pressure. Hence, the achieved pressure of
the pump is the main optimizing parameter in designing an
effective micropump mechanism. The resulting flow rate of the
pump will depend on the geometry and mechanical properties of
the pump, piezoelectric actuator, the properties of the transported
fluid, as well as potential disturbances such as occurrence of
bubbles. The analytical model described in the following section,
elaborates the dependence of the flow rate on these parameters.

1) Modeling of the Piezoelectric Stack Actuator: The cir-
cular plate monomorph piezoelectric actuator is described in
detail by Herz et al. [24], [25] as a linear model considering
the following parameters: volume displacement depending on
the pressure difference p − p0 (with pump chamber pressure p
and atmosphere pressure p0), the applied voltage U − U0 (with
ground voltage U0), the fluidic capacitance of the piezoelectric
bending actuator CM, and the volume coupling factor of the
piezoelectric bending actuator CE

∗. The coefficients CM and
CE

∗ depend on the radii of the piezoelectric ceramic Rp and
diaphragm Rd, the thicknesses of the piezoelectric ceramic TP

and diaphragm Td, the Young’s moduli of the piezoelectric
ceramic Yp and diaphragm Yd, and the Poisson ratio ν of the
diaphragm. Equation (1) provides the corresponding expression.

V (p, U) = CM (p− p0) + C∗
E (U − U0) (1)

The maximum stroke volume ΔV (without back pressure) of
the micropump is defined as the volume displaced with a single
actuator movement while applying voltage levels of U+ and U-

at atmospheric pressure p0:

ΔV = −C∗
E (U+ − U−) (2)

Furthermore, the volume coupling factor CE
∗ is proportional

to the transversal piezoelectric coefficient d31. Generally, a
piezoelectric stack actuator has N active layers (with an overall
thickness of Tactive = N × Tlayer) covered by two inactive
isolation layers at the top and bottom (with a thickness of
Tinactive). The fluidic capacitance CM) is calculated using the en-
tire thickness of the piezo ceramic, Tp = Tactive + Tinactive (all
active layers and both inactive layers), as all layers contribute to
the mechanical stiffness of the ceramic. Contrarily, we consider
only the active layers for calculation of the volume coupling
factor CE

∗). The analytical expressions required to calculate CM

and CE
∗ are given by Herz et al. [25].

2) Estimation of the Maximum Flow Rate: We estimate
the maximum flow rate Qmax with a simplified model [26],
where the pressure increase is defined by the voltage rise time,
whereas the pressure decay is exponential and defined by the
typical stroke time τ stroke. This can be considered as the time to
move the stroke volume ΔV in and out of the pump chamber. It
can be further described as the product of the fluidic capacitances
(CM of the diaphragm and Cgas of a potential gas bubble in the
pump chamber) and the fluidic resistances of the laminar friction

at the valve Rvalve and at the pump chamber Rchamber:

τstroke = (Rvalve +Rchamber ) (CM + Cgas) (3)

Following the exponential decrease of the pressure (as de-
scribed in [26]), only about 63% of the entire stroke time τ stroke
is performed, after 3 × τ stroke this value is about 95%. Thus,
we approximate the maximum pump flow rate Qmax by taking a
time of 3 × τ stroke for the suction mode to suck the fluid into the
pump chamber. Similarly, fluid ejection mode to eject the fluid
out of the pump chamber also requires the same time. Therefore,

Qmax ≈ ΔV

6τstroke
=

ΔV

6 (Rvalve +Rchamber ) (CM + Cgas)
(4)

To optimize Qmax, a large stroke volume and small flow re-
sistances at the valve and in the pump chamber are required. The
above-mentioned flow resistances are modeled by considering
the pump geometry as shown in Fig. 2.

When highly viscous fluids flow through narrow gaps such
as the valve seat QV and the pump chamber Qpk or the needle
capillary Qcap, the Reynolds numbers are small. Therefore, the
generated laminar friction is the dominant effect that limits the
flow rate.

For a laminar flow of an incompressible, Newtonian fluid we
approximate the flow through the pump chamber Qpk with the
law of Hagen Poiseuille, assuming a square cross section of the
flow path (as Fig. 2):

Qpk =
bpk h3

pk

12 η lpk
Δppk =

1

Rchamber
Δpv (5)

The flow QV through restriction at the valve seat is given by
the laminar, radial gap flow of a round plate valve [27]:

Qv =
π h3

v

6 η ln r1
r0

Δpv =
1

Rvalve
Δpv (6)

All the above-described parameters are depicted in Fig. 2.
Both the height of the valve gap hV and the height of the pump
chamber hpk are not constant, but vary during the pump cycle.
Thus, we consider the worst-case scenario for the height of the
diaphragm hpk when the diaphragm is at the lower turning point
(at maximum positive voltage). The reason for that is due to the
third power of hpk in (5), the flow resistance at this lower turning
point contributes much more to the flow resistance compared to
the upper turning point.

Similarly, the flow characteristics at the valve region are also
not linear. The resistance is very high for small valve openings
(at the end of the suction and the ejection mode, where we have
small pressure differences at the valves) and low resistance at
large valve openings (at the beginning of the suction and the
ejection). Therefore, we use an effective pressure to calculate a
mean valve opening hv heuristically. This effective pressure is
small compared to the actuator’s blocking pressure pblock which
is the maximum backpressure that a micropump can achieve.
We calculate the opening hV at the maximal gas back pressure
pmax,gas that is mainly defined by the compression ratio, to
estimate the influence at the flow restriction of the valve to the
maximum flow rate Qmax.
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Fig. 2. Gap geometry at the valve and in the pump chamber defining the flow resistances: both gaps have a height varies during the pump cycle
due to valve movement and actuator diaphragm movement.

Optimization goals to design a micropump for the delivery
of highly viscous fluids are derived from the previous equa-
tions: Firstly, the length of the valve gap has to be minimized
(lvalve = r0 – r1). This length is limited by fabrication tolerances,
such as etching precision of the foils, and alignment precision
during laser welding. Secondly, the length of the pump chamber
lpk has to be reduced by arranging the fluidic ports as closely to
the center as possible. Lastly, the height of the pump chamber hpk
can be adjusted by increasing the pretension of the piezoelectric
diaphragm actuator [16], [28] as well as the voltage levels of
pump operation. In this study, we select a pretension field of
1.5 kV/mm to increase the pump chamber height. However,
there has to be a trade-off with other design parameters like
compression ratio, as higher pretension reduces the compression
ratio and thus reduces the bubble tolerance.

3) Reduction of the Flow Rate by Laminar Friction in
the Needle and Body Pressure: The effective pump flow rate
through the needle Qp decreases linearly with back pressure pp

Qp = Qmax

(
1− pp

pblock

)
(7)

While the blocking pressure pblock is expressed by [24]:

pblock = − C∗
E

CM
( U+ − U−) =

ΔV

CM
(8)

In addition to the body pressure of the patient pbody, the
pressure loss at the 27G needle must be considered. The pressure
loss at this capillary pcap with the cross-section A and the length
L is given by the law of Hagen Poiseuille:

pcap = RcapQp =
8πηL

A2
Qp (9)

The total required delivery pressure pp consists of pcap and
the body pressure pbody

pp = pcap + pbody (10)

Combining (8), (9), and (10) gives an expression of the flow
rate Qp through the needle (capillary) into the body of the patient:

Qp = Qmax

1− pbody

pblock

1 +
QmaxRcap

pblock

(11)

To maximize the achieved flow rate through the needle during
subcutaneous injection, a large blocking pressures pblock is
required in addition to the large maximal flow Qmax and a small
body pressure pbody. So,

pblock � pbody (12)

pblock � QmaxRcap (13)

However, with a high viscosity, the resistance of the needle
capillary Rcap gets large. To realize very large blocking pressures
at reasonable voltage levels, a stack actuator is chosen.

Inserting (2), (4), and (8) into (11), we get a comprehensive
analytical model to roughly estimate the achievable flow rate
Qp of viscous liquids by a micropump through a needle by the
following expression:

Qp =
pblock − pbody

6 (Rvalve +Rchamber )
(CM+Cgas)

CM
+Rcap

(14)

Along with the other parameters,

Rvalve =
6 η ln r1

r0

π h3
v

(15)

Rchamber =
12 η lpk
bpk h3

pk

(16)

Rcap =
8πηL

A2
(17)

pblock = − C∗
E

CM
( U+ − U−) =

ΔV

CM
(18)

Where,
η: viscosity of the liquid
U+ and U-: positive and negative voltage levels
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pbody: body pressure at the injection location (which
depends on Qp)

pblock: blocking pressure of the micropump, considering
the actuator geometry (such as the diameter and
thicknesses of piezo ceramic and diaphragm), the
d31 coefficient of the piezo ceramic, the young
moduli of piezo ceramic and diaphragm, as well
as the Poisson number and the voltage levels

CM: fluidic capacitance of the actuation diaphragm,
considering the actuator geometry, the young
moduli of piezo ceramic and diaphragm as well
as Poisson number

CE
∗: volume coupling factor of the piezo/diaphragm

actuator, which depends on the same parameter
like CM, and is additionally proportional to the
transversal piezo ceramic coefficient d31.

Cgas: fluidic capacitance of a (potential) air bubble in the
pump chamber with the Volume Vgas, considering
the volume of the gas bubble. In the worst case,
the volume of the gas bubble corresponds to the
entire dead volume of the pump chamber [31].

r1, r0: geometry parameter of the valve plate (as seen in
Fig. 2)

hpk: height of the pump chamber, if the actuator is at
the lowest position at positive voltage, considering
the pretension and the voltage levels

lpk: length of the pump chamber between both valve
cavities

bpk: width of the pump chamber
hv: opening of the valve at the maximum pressure,

which the pump can achieve with gases
L, A: length and the diameter of the needle

Thus, to maximize the flow rate Qp, the following measures
have been realized in the development process:

� Blocking pressure is increased by increasing the thickness
of the piezoelectric actuator Tp , diaphragm Td, driving
the piezo ceramic with a high electrical field (E+ = U+/
Tlayer and E- = U-/ Tlayer), and using a piezo ceramic
material with a high d31 coefficient.

� Reduce the resistance of the pump chamber according to
(5), by increasing hpk (by a higher pretension and adjusted
voltage levels), and

� Reduce the resistance of the valve according to (6), by
reducing the gap length r1-r0.

B. The Impact of Gas Bubbles as a Disturbance of
Micropumps Pumping High Viscous Liquids

Since the maximum flow rate Qmax (4) as well as the flow rate
through the needle Qp (14) depends on the fluidic capacitances,
gas bubbles are a significant disturbance. If a large bubble with
a volume Vgas enters the pump chamber, the fluidic capacitance
(CM + Cgas) increases by a significant factor, reducing Qmax

and consequently Qp. One common strategy to reduce the impact
of gas bubbles is to minimize the dead volume V0 of the pump
chamber, as the volume of the gas bubble cannot exceed the

dead volume V0 and with that increasing the compression ratio
ΔV/V0.

However, a significant reduction of the dead volume V0 re-
quires the reduction of the pump chamber height hpk, which is
increasing the flow resistance, as per (5).

Furthermore, this situation is complicated by (8) where a
high blocking pressure pblock is associated with a small fluidic
capacitance CM, with that the fluidic capacitance Cgas of even
small bubbles are dominating the term (CM + Cgas) in (14).

Next, to increase the compression ratio ΔV/V0 to increase
the pump’s robustness against bubbles, the stroke volume ΔV
must be increased. A large stroke volume contradicts to a high
blocking pressure pblock.

In fact, it is not possible to create a micropump that is able
to pump both highly viscous liquids and maintain the same
stroke volume if a bubble is entering the micropump. Bubbles
in the pump chamber are always a significant disturbance for
high-viscosity drug dosing micropumps, which are reducing
Qp according to (14). Our strategy is to create a pump with a
compression ratio that is high enough to be bubble-tolerant and
to transport the bubble (with a momentary smaller flow rate,
according to (14)) through the pump chamber and return to Qp

when the gas bubble is ejected out of the pump.
Thus, in accordance with the model aforementioned, a stiffer

piezoelectric stack actuator with 13 electroactive layers is chosen
to meet the requirement of a minimum 1 mL/min flow rate at
25 mPa·s. The piezoelectric actuator has a diameter of (16 ±
0.3) mm vertically and (14± 0.3) mm horizontally and is bonded
to a steel actuator foil of 200 μm. The individual piezoelectric
actuator has a total thickness of (0.68± 0.15) mm, of which each
active layer is Tactive = 40 μm thick and the non-active/isolation
layer is 16 μm thick. The use of a 13 layer stack actuator allows
to limit the actuation voltage to 130 Vpeak-to-peak. To achieve
similar fluidic performance with a bulk actuator of comparable
active layer thickness would require about 1000 Vpeak-to-peak.
For experimental evaluations, a total of 8 pump samples are
manufactured and obtained results are discussed in the following
sections.

C. Actuator Stroke Measurements

The actuator deflection directly correlates to the volume of
fluid displaced within one stroke and is, thus, an important mea-
sure for pump quality. Therefore, the actuator stroke height is an
important performance metric of a micropump and determined
in static deflection analysis.

The actuators are characterized by applying a quasi-static
voltage for a fixed time of ∼2s without an influence of liq-
uid medium (Voltage amplifier SVR 5003, piezo system Jena
GmbH) while measuring their deflection optically with the
white light interferometric profilometer (Fries Research and
Technology) exactly at the center of the piezo ceramic where
the deflection is maximal under excitation. The optical sensor
used has a range of 3 mm and a maximal resolution of 30 nm.
The applied electric field to measure the hysteresis of the piezo
ceramic actuator is −0.38 to 2.9 kV/mm. The measurement
accuracy of the total actuator stroke is known to be 2 μm,
which was evaluated from the repetitive measurements of several
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Fig. 3. Gravimetric test setup. Inlet (I), Pressure Controller (II), Waveform generator (III), Amplifier (IV) Micropump (V), Data processor (VI) Taped
outlet reservoir placed on the scale (VII) Weighing scale (VIII); Ambient Temperature sensor (IX); Vibration isolated test bench (X).

samples [16]. The results of this assessment are discussed in the
upcoming section. Furthermore, the achievable actuator stroke
directly correlates to the elongation of the piezoelectric disc
actuator. Therefore, the direct measurement of the piezoelectric
elongation curve of the stack actuator helps us to gain a better
understanding of the chosen actuators for the new pump design.
Therefore, we also evaluate the field dependent elongation using
the white light interferometric profilometer by incorporating the
experimental setup described by Bußmann et al. [28].

D. Fluidic Measurements

The manufactured micropump samples are fluidically char-
acterized with DI water at room temperature. As an initial
measurement, the frequency dependent flow rate is evaluated
for sinusoidal actuation excited at the voltage amplitude of
−15 V to 115 V (−0.38 to 2.9 kV/mm) for 0–60 Hz. Later,
the pressure-dependent flow rate behavior is also evaluated by
actuating the pumps with a constant 30 Hz sinusoidal actuation
up to a backpressure of 150 kPa. Finally, the passive backwards
leakage rate is measured by applying a small backpressure of up
to 5 kPa, while the pump is not actuated.

The sensors used for all the above-mentioned measurements
are Coriolis flow sensors (Bronkhorst mini cori-flow M14: range
0.5 mL/min to 167 mL/min, accuracy: ±0.2%), Pressure con-
troller (Mensor CPC3000: range −50 kPa to 200 kPa, accuracy:
±0.05 kPa) and Keysight 33500B Waveform generator along
with high voltage amplifier SVR 1000/3 channel (Voltage range:
−200 V to +1000 V from piezosystem Jena).

E. Gravimetric Flow Rate Characterization

The use of the above mentioned Coriflow sensors is limited to
DI water. Hence, the flow characterization for liquids of differ-
ent viscosities is conducted with a gravimetric setup. Despite
the possibilities of optical flow monitoring and photometric
methods, most investigations rely on gravimetric measurements
as they are well suited for all types of testing liquid [30]. A

schematic representation of the experimental gravimetric test
station is shown in Fig. 3.

We conduct our gravimetric measurements with a high-
precision microbalance 225S from Sartorius. The outlet reser-
voir is placed on the weighing scale and filled with approxi-
mately 20 mL of the same testing liquid that is delivered by
the micropump. The outlet reservoir is covered with the Nitto
Semiconductor Wafer Tape SWT 10+R to limit evaporation.
The micropump is positioned in between the weighing cage
and the inlet reservoir and connected by Tygon S3TM E-3603
flexible, long-lasting and crack-resistant tubing with a length of
0.76 m. The end of the tube is fitted with a 27G gauge B.Braun
sterican needle. These needles are widely used for subcutaneous,
intramuscular, intravenous, and intra-arterial injections. Their
dimensions are 20 mm in length and 0.4 mm in outer diameter.
The inner diameter of the 27G needle is assumed to be 210 μm,
which is an important parameter regarding the flow resistance
of the needle [31]. The inlet and the outlet reservoirs are filled
with the testing liquid such that their surfaces are leveled to
prevent hydrostatic pressure differences. The balance as well as
the micropump are placed on a vibration-free isolated granite
table to reduce external mechanical vibrations. Additionally,
the windshield cover from the microbalance isolates it from
surrounding air convection. All measurements are conducted
with the same experimental setup, as any change in the periph-
ery could cause a considerable change in results. In order to
represent high viscosity drugs, different Glycerol-water mix-
tures ranging from 2 mPa·s to 25 mPa·s are prepared at room
temperature. Subsequently, we measure the dynamic viscosities
of the prepared with a Sinewave SV-10 series Viscometer (range:
0.3 to 10000 mPa·s; repeatability of 1%).

F. Actuation Methodology

Experiments with viscous mixtures are conducted by actuat-
ing pumps at different electrical waveforms and different voltage
amplitudes as shown in Table I. This varies the total actuator
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TABLE I
ACTUATION METHODS USED FOR PUMPING OF HIGH VISCOSITY MIXTURES

movement, average chamber height and achieved maximum
pressure in the pump chamber.

In sinusoidal actuation, the applied voltage varies gradually
according to the sine function. Consequently, the actuator deflec-
tion happens transiently. Due to gradual pressure build-up, pas-
sive spring valves open and close transiently, potentially causing
backflow through partially closed valves [16], and high frictional
losses. On the contrary, when a rectangular actuation signal is
applied, it results in rapid actuator movement, thereby causing
large pressure peaks to build up inside the pump chamber. This
ultimately results in rapid passive spring valve movement to
their maximum opening position and thus, backflow is reduced
and frictional losses at the valve are minimized. Therefore, the
net flow rate can be increased by the rectangular actuation.
However, a detrimental effect of rectangular actuation is the
rapid deflection, which might exert exceedingly high mechanical
stress on the piezo ceramic as well as on the dosed medium [16].
With this study, we intend to find the most effective and robust
actuation signal for micropump operation.

Another factor that influences the total displacement volume
is the applied voltage amplitude. By offsetting the voltage of
the standard approach, the gap height between the actuator di-
aphragm and the bottom of the pump chamber is increased with-
out compromising the total stroke volume. For lower viscosities,
the dynamic friction coefficient is independent of the velocity
of the medium, but for the highly viscous medium, the dynamic
friction coefficient increases when the velocity increases [32].
Thus, this method is aimed at combating the frictional forces by
decreasing the fluid’s velocity and its proximity to the walls or
the surrounded surface region.

The last variation introduced in this study is increasing the
applied voltage amplitude. As the maximum flow rate Qmax

directly depends on the total actuator stroke ΔV as per (4),
in this technique, ΔV is increased by increasing the applied
negative voltage during excitation. Results from previous studies
support our approach, as they show that exciting the piezoelectric
actuator at 30 to 40% of coercive field strength Ec can be pushed
further up until 95% of Ec while stable operation is maintained
up to 1 million cycles of repeated excitation [17], [33]. With
the presented approaches, this study aims to choose an optimal
electrical actuation method for different viscosities.

Fig. 4. Actuator stroke of an exemplary pump sample.

Fig. 5. Influence on the water-flow behavior of the micropump
at −15/115 V sinusoidal actuation at operating frequencies from
0 to 120 Hz.

III. RESULTS AND DISCUSSION

For a better understanding of the stack actuator, it is ex-
perimentally analyzed before assembling the pump samples.
The capacitance of the stack actuators is (782.3 ± 7.9) nF.
The evaluation of the piezoelectric elongation of the overall
three individual samples results in a large signal piezoelectric
elongation coefficient of d31 = 260 ∗ 10-9 C/N. The elongation
per applied field is therefore lower, compared to the previously
used bulk actuator discs [28]. This is expected, since the stack
actuator consists of a material with a lower d31 coefficient and
includes additional passive layers as isolation.

Basic characterizations such as quasi-static stroke measure-
ment and fluidic tests with DI water allow to evaluate the general
properties of the new micropump design. The quasi-static stroke
measurement results in the overall stroke height of the piezoelec-
tric actuator of (39.97 ± 0.04) μm. Fig. 4 shows an exemplary
stroke measurement. The total stroke height is the difference of
the highest and the lowest position of the bending actuator and is
obtained from the hysteresis curve. The total stroke height is an
indication of stroke volume and determines the overall flow rate
of the pump. The obtained actuator stroke is considerably lower
than that of previous design of Fraunhofer EMFT micropumps –
for instance, measured total actuator stroke for steel micropumps
with bulk piezoelectric actuator of 200 μm thickness is (79.8 ±
2.9) μm [34]. This is due to the increased stiffness of this design.

Fig. 5 depicts the water flow behavior of the micropumps
under sinusoidal actuation. In theory, the relationship between
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Fig. 6. Backpressure dependent flow rate with water at −15/115 V and
30 Hz sinusoidal actuation.

driving frequency (f) and flow rate (Q) is linearly proportional.
As the driving frequency increases, maximum attainable flow
rate also increases linearly until (fcut−off ). This region is called
linear operation range. For higher frequencies, the flow rate
increase follows a non- linear characteristic, reaches its max-
imum (Qmax), and starts to decline. There are various reasons
for declining flow rate with increased actuation frequency. In this
case, the flow rate declines due to dynamic damping effects and
inertial effects of the pump chamber, the check valves, and the
fluidic periphery. Another effect can arise by driving the actuator
close to its resonance frequency range, where a decline in flow
rate is caused by vibration of the actuator [35], [36]. However,
the latter effect is unlikely to affect the flow behavior of our
micropumps, as the resonant frequency is in the kHz range [37].

The results show that the achieved flow increases steadily
throughout the whole measured range up until 120 Hz. The
maximum achieved water flow rate of the pumps at 120 Hz is
(20.12 ± 1.52) mL/min.

In addition to operating frequency, the backpressure present
in the system also influences the generated flow rate of the
micropump. Fig. 6 shows the achieved flow rates in dependence
of the applied backpressure. It is observed that the extrapolated
blocking pressure obtained with DI water at 30 Hz sinusoidal
actuation is (367.5 ± 16.7) kPa. In previous studies, the ex-
trapolated blocking pressure achieved by our pumps with bulk
piezoelectric actuator was approximately 75 kPa [16]. Thus, the
described stack actuator design is capable of attaining higher
blocking pressure at low operating voltages.

In addition to active flow characterization, the passive leakage
rate is an important characteristic of micropumps. All the sam-
ples show a leakage rate of less than (0.03± 0.02) mL/min when
small back pressure ranges of 0 to 5 kPa are applied. This value
is well comparable to our previously presented pumps with an
average leakage rate of (0.05 ± 0.04) mL/min [16]. This small
leakage rate is a functional outcome of the passive spring valves,
which are of the same design for all pump models [16], [34].

A. Performance Analysis With Viscous Medium

In order to evaluate the pump performance of our microp-
umps, we test their ability to deliver the minimum required flow
rate of 1 mL/min. We conduct frequency sweep experiments
for different viscous mixtures for the extended frequency range
(0 to 120 Hz) to investigate the highest achievable flow rates
and suitable operating range. The analytical and experimental

Fig. 7. Maximum pump flow rate comparison between analytical and
experimental results for standard sinusoidal actuation of −15/115 V
for various viscous mixtures (η = 2 to 25 mPa·s) and corresponding
operating frequency.

Fig. 8. Flow behavior comparison between rectangular and sinusoidal
actuation at different voltage levels (−15 to 115 V), (−30 to 100 V) and
(−45 to 115 V) for η = 5 mPa·s.

results are compared in Fig. 7 to show the obtained flow rates at
various viscosities. We observe that, as the viscosity increases,
the maximum attainable flow rate and the corresponding operat-
ing frequency decrease exponentially. This is because at higher
viscosity, fluid damping and viscous effects dominate, and thus
the maximal flow rate occurs at lower operating frequencies. At
η = 25mPa·s, the micropump is able to deliver the required
flow rate of 1 mL/min. Therefore, considering the potential
auto-injector application, this actuator design yields a promising
result by successfully establishing high viscous fluid transport.
Comparing this experimental data with our analytical modeling,
it is evident that the results are in good agreement.

To improve the generated flow rate even further, we investigate
the effect of using different driving signal variants and voltage
levels, as shown in Table II for 5 mPa·s and 25 mPa·s mixtures to
represent medium and high viscosity liquids, respectively. The
results are provided in Figs. 8 and 9. We observe that offsetting
the applied voltage causes a similar flow behavior as the standard
sinusoidal actuation in the linear range for a 5 mPa·s mixture.
In contrast, when the same actuation is applied for 25 mPa·s,
there is a remarkable improvement in the flow rate of around
1 mL/min (i.e., �99% increase in flow rate) at 10 Hz. However,
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TABLE II
RESULTS OF MAXIMUM FLOW RATE OBTAINED UNDER VARIATION OF ACTUATION SIGNAL

Fig. 9. Flow behavior comparison between rectangular and sinusoidal
actuation at different voltage levels (−15 to 115 V), (−30 to 100 V) and
(−45 to 115 V) for η = 25 mPa·s.

at higher frequencies (the nonlinear range), we see an abrupt
flow reduction.

One possible explanation for the improved flow behavior
with rectangular actuation can be found in the valve opening
time. While the actuator stroke is equal between sinusoidal
and rectangular actuation, the acceleration of the fluid expelled
out of the pump chamber is higher and the pressure rise time
is shorter for the rectangular actuation. This pressure increase
induces fast valves opening, such that high frictional losses in
the valve gap during slow valve opening are mitigated. These
differences in frictional losses become most evident at high
viscosity.

In order to increase flow rate at low viscosities further, we
analyze the impact of expanding the voltage amplitude for
sinusoidal actuation. In this method, we aim for an increase of
the total stroke volume by increasing the total stroke height, as
shown in Fig. 10, which consequently increases the total stroke
volume. This approach shows a substantial improvement in the
flow rate for 5 mPa·s viscosity. This method results in a flow
rate increase of 33.1% compared to the standard approach. Thus,
increase in the stroke volume, show a greater improvement in
the flow rate for moderately viscous fluids. At the same time,
we observe a minor performance decrease when compared to the

Fig. 10. Comparison between total stroke height for sinusoidal ac-
tuation at different voltage levels (−15 to 115 V) and (−30 to 100 V)
corresponds to 40 μm and 54.1 μm, respectively.

voltage offset variation approach for a 25 mPa·s viscous medium.
In order to comprehend the resulting impacts, these intricate
flow interactions need to be thoroughly studied using numer-
ical and analytical modeling. However, the velocity gradient
of the fluid and valve opening time can also explain this effect.
The minimum gap height during a positive stroke increases the
velocity of the fluid, thereby, producing high frictional effects.
This could have resulted in a low flow rate.

Meanwhile for all the above-prescribed actuation approaches,
a rectangular actuation yields a slightly higher flow rate for both
medium and high viscosities. From a fluidic efficiency point of
view, rectangular actuation improves the flow rate by creating
fast actuator movement and building higher pressure peaks in the
pump chamber. However, data from only 4 pump samples are
used for data evaluations, as the total number of the 8 samples,
4 samples experienced functionality degradation. As pumps are
subjected to rectangular waveform actuation, irreparable degra-
dation of pump functionality occurs after pumping high viscosity
fluid. Thus, the pumping efficiency is permanently degraded.
But a complete electrical malfunction was not observed, as the
capacitance measured on the piezoelectric actuator remained
unchanged. The reason for this is during rectangular actuation,
piezo ceramic expands and contracts instantaneously. This ren-
ders critical stress on the ceramic that in turn may induce some
delamination of some of the electro-active layers in the stack
actuator during operation. To eliminate foreign particles in the
pump chamber as a possible root cause for pump degradation, the



30 IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 5, 2024

micropumps were flushed with 70% isopropanol and 30% water
mixtures and dried completely. However, pump functionality did
not improve after a thorough cleaning. Thus, either electrical
failure of the pumps, fatigue of the glue layer, or mechanical
damage of the ceramics by microcracks are suspected as the true
root cause of pump degradation. In the future, it is necessary to
study the induced piezoceramic failure caused by rectangular
actuation as well as possible mitigation approaches.

The presented results of our study lay the foundation for future
integration of piezoelectric diaphragm pumps into commercial
auto injectors. Even though comparable studies to build a higher-
flow piezoelectric micropump to handle high backpressure have
been published in the open literature [15], [38], [39], they are
either large in size or have multiple pump chamber [40], [41].
Another recent interesting research claims that a miniaturized
pump of size 11 × 11 × 1.5 mm3 produces a maximum water
flow rate of 4.5 ml/min with an output pressure of 52 kPa
driving at 50 Hz sinusoidal waveform with 180 Vpeak-to-peak

[42]. However, as per the authors’ knowledge, the influence of
high viscosity and the needle on pump’s performance has not
yet been researched.

IV. CONCLUSION

In this study, a piezoelectric micro diaphragm pump with an
adapted actuator design is presented for drug delivery applica-
tion to enable adjustable flow rates for drugs with varied viscos-
ity and temperature. For that, an analytical model is derived to
estimate the maximum flow rate Qp of the micropump through a
thin 27G subcutaneous needle. This model considers the design
of the piezoelectric actuator, the flow resistances of valve, pump
chamber, and needle. Furthermore, the critical impact of a gas
bubble to the flow rate Qp is included in the analytical model.
Through preliminary characterization with DI water without
including gauge pressure, the system shows a flow rate of (20.12
± 1.52) mL/min and a high backpressure capability of up to
(367.5 ± 16.7) kPa. Later, a viscous medium and a 27G gauge
needle are introduced to the system to evaluate the efficiency
of the powerful stack actuator design. Various actuation signals,
apart from standard sinusoidal actuation, are tested in order to
find the most efficient and robust pump actuation. Above all,
the voltage offset variation method under sinusoidal actuation
yields a 2 mL/min flow rate for 25 mPa·s viscous mixtures. Later,
expanding the applied voltage amplitude sinusoidal actuation
to 0.9% Ec produces a higher flow rate for 5 mPa·s viscous
mixtures. Meanwhile, for a rectangular actuation signal, higher
flow rates are achieved but at the cost of electrical malfunction
in the piezoelectric stack actuator. Hence, we improve the si-
nusoidal actuation method and are able to meet our minimum
performance criteria. Our study is successful in providing in-
sights into the intricate interactions of a micropumps with high
viscous fluids and lays the foundation for further innovative
developments in medical devices.

For future improvements of the current performance of the
system the dynamic frictional losses need to be minimized.
The main factors that contribute to these dynamic frictional
losses are the moving passive spring valves and the deflecting
actuator membrane. Therefore, adapting the geometry of the

valve structure is a direct method to decrease frictional losses
and maximize fluid transport. Additionally, an innovative needle
design will improve the flow rate tremendously. Shorter needles
with ultra-thin wall design not only increase the net outflow, but
also prevent intramuscular injection risk and injection-related
anxiety [43], [44]. In addition to designing a high-flow mi-
cropump, we would like to further evaluate the pump-medium
interaction. Examples are the influence of a stiff microfluidic
actuator on the stability of the drug or the impact of generated
laminar friction on the change in the drug’s temperature, which
in turn induces a change in the viscosity of the drug.
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