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Piezoelectric miniature pumps provide excellent stability and accuracy, and thus, have been used in
fluid handling and medical applications. In the current study, a separable piezoelectric miniature pump
was developed by combining a piezoelectric bimorph actuator and a disposable pumping chamber. By
employing a single-use disposable pumping chamber the cross-contamination issues caused by repeated
uses of the pumping chamber can be easily avoided, making the pump ideal for biological fluid trans-
mission process. The pumping in the proposed miniature pump was indirectly driven by a circular
piezoelectric bimorph actuator through a pillar structure that connects the actuator with the covering
PET diaphragm of the pumping chamber. The pumping efficiency of the proposed miniature pump was
investigated with respect to several parameters, such as the diaphragm thickness, the chamber diameter
and the pillar-to-chamber ratio. A maximum flow rate of 9.1 mL/min was achieved by using the proposed
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pump structure with 10 mm chamber diameter and a pillar-to-chamber ratio of 0.9.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Miniature pumps are important due to their wide usage in flu-
idic applications, such as medical micro scale infusion [1], fuel
cells [2], and heat dissipation systems [3]. The infusion pumps are
used in fluid infusion for high accuracy and stable transmission for
drug delivery [4,5]. Particularly, infusion pumps actuated by mag-
netic metal alloy material has been widely investigated, and in this
regard, a fine flow control of 1-50 pL/s was achieved by controlling
the movement of magnetic materials with a varied polarity [6-8].

Miniature and micropumps based on piezoelectric (PZT) ceram-
ics, such as Lead Zirconate Tridentate, have also been widely
applied and commercialized for biomedical applications. These
pumps can be classified into two categories: pumps with valve, and
valveless pumps [9-13]. Typical commercially available biomed-
ical piezoelectric infusion pumps are valve-controlled and have
flow rates ranging from a few mL/min to a few tens of mL/min.
For example, Microbase’s piezoelectric diaphragm pumps have
flow rates of 3 mL/min and 15 mL/min, Microjet Liquid’s microp-
ump model PS15L has flow rates of 10 mL/min and 50 mL/min,
and Bartelsmikrotechnik micropumps have flow rate of 5 mL/min and
7 mL/min. The main advantages of using piezoelectric materials in
pumps are easy assembling, low energy consumption, and low cost.
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However, for biomedical applications, the presence of valves poses
more challenges in product certification and cost since biocom-
patible materials are required in such applications. Furthermore,
in medical applications, all parts of a miniature pump in contact
with a patient’s body fluids must be disposed. In this regard, if
any toxic heavy metal is presented in the pumping system, dis-
posal of the pump can cause considerable environmental problems,
and the cost of disposal is considerably high. Thus, most of the
active components of medical pumps are usually designed as sep-
arate pumping units and a piping system is used to connect to the
interfacing chamber. This makes biomedical pumping unit bulky,
such as quantitative infusion pump and blood pump. Some exam-
ples of bulky pumping systems are quantitative anesthesia DAIKEN
Coopdech Syringe Pump, quantitative drip IRADIEM Mridium™
3860* MRIIV pump and blood infusion pump GE Healthcare enFlow
system.

For biomedical applications, a valveless pump can minimize the
issues of biocompatibility and waste disposal. A detailed review on
valveless micropumps and their designs based on MENS technol-
ogy has been described by Nguyen et al. [14]. Among the valveless
pumps, nozzle/diffuser is one of the simplest designs to be inte-
grated with a mechanical actuator. Stemme et al. [15] were the
first to adopt nozzles in place of valves. In their study, micropumps
using nozzles/diffusers with 26 =5.3° and 10.7° were fabricated and
tested. The design was based on a 19 mm circular pumping cham-
ber with a 16 mm circular PZT actuator, and the nozzle/diffuser
acted as fluid inlet and outlet. A maximum flow rate of 16 mL/min
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and maximum back pressure of 19.6 kPa were obtained. This result
demonstrated the potential to commercialize PZT miniature pumps
in biomedical fields.

Following Stemme et al., a lot of studies have been focused on
the design of valveless pumps. For example, Ulmann [16] stud-
ied the correlation and theoretical background of the converging
inlets and outlets. Jiang et al. [17] studied the micro nozzle/diffuser
flow with different Reynolds numbers (Re) and conical angles.
The performance of the pump with different conical angle o and
corresponding flow resistance of the nozzle/diffuser were evalu-
ated. The experimental results showed that the flow resistance at
the outlet was larger than the flow resistance at the inlet with o
(26) ranging from 5° to 10°, and a flow rate of 0.28 mL/min was
achieved at 50 mW and 500 Hz. Olsson et al. [18] studied perfor-
mance of two valveless pumps in series by using finite element
method. They demonstrated that with the two pumps working out
of phase, a maximum flow rate of 1.2 mL/min can be reached with
a back pressure of 100 kPa. Dinh and Ogami [19] used finite ele-
ment method and found that the performance of micropumps is a
function of damping. Nguyen et al. [20] proposed a valveless pump
fabricated via printed circuit board (PCB) technology, providing the
advantages of low cost and production flexibility. A maximum flow
rate of 3mL/min was achieved. Singh et al. [21] studied a valve-
less pump using both numerical simulation and real system test.
The numerical simulations were performed to study the effects of
nozzle angle/size, chamber diameter/height and membrane diame-
ter/thickness on the flow rate. A maximum flow rate of 0.02 mL/min
was achieved at a driving voltage of 30V and back pressure of
220Pa. Kumar et al. [22] studied valveless pumps with single and
multiple nozzle/diffuser inlets and outlets. A two inlet-two out-
let micropump was reported to provide a maximum flow rate of
0.336 mL/min at 5V, 20 Hz and a maximum back pressure of 441 Pa.

Apart from the design and influence of nozzle/diffuser config-
uration, chamber design and PZT actuator should also be taken
into account in the design of a valveless pump. For example, some
researches explored the shape and size of the pumping chamber
with the purpose to enhance the pumping performance [23-29].
On the other hand, it has been demonstrated experimentally and
numerically that a bimorph PZT actuator can provide a higher actu-
ating force than a unimorph PZT actuator [30,31].

To meet the requirements of biomedical applications, the aim of
the current study is to develop a miniature piezoelectric pump hav-
ing a disposable pumping chamber to handle body fluids of patients.
The pumping chamber was designed in such a way so that it can
be easily assembled and disposed. A valveless pump made by a
circular-shaped plastic pumping chamber was designed to enable
an effective assembly with a circular piezoelectric bimorph actua-
tor. This design would significantly reduce the overall cost of the
medical pumps since only the pumping chamber is in contact with
body fluids of patients and needs to be discarded. Furthermore,
using a circular piezoelectric bimorph to directly interface with the
pumping chamber, the overall volume of the miniature pump can
be reduced to a miniature size. The size of the entire pump was
40 mm in width by 40 mm in length by 10 mm in height, and the
disposable chamber was only 40 mm wide by 40 mm long by 2 mm
height.

2. Development of a miniature circular pump with a
disposable chamber
2.1. Design concept

Fig. 1(a), (b) and (c) show the design of the proposed miniature

circular pump and the disposable chamber assembly, respectively.
The pump comprised a bimorph PZT actuator and a pumping cham-

ber Fig. 1(a). The bimorph PZT actuator was composed of two Lead
Zirconate Titanate pieces attached to brass disk carrier. The pump-
ing chamber was made of a Poly-methyl-methacrylate (PMMA)
block machined by a computer-numerical-controlled (CNC) milling
machine. The miniature circular pump was 40 mm long, 40 mm
wide and 10 mm in height. The sizes of the outlet nozzle and the
inlet diffuser were identical with 3.6 mm diameter, 4.7 mm length
and angle of 10°. The nozzle and the diffuser were made separately
and assembled to the opposite sides of the pumping chamber. The
larger opening of the inlet diffuser was pointed toward the pump-
ing chamber, while that of the outlet nozzle was pointed out of
the pump. A 27 mm in diameter circular piezoelectric bimorph
composed of a 0.2mm thick brass carrier was sandwiched by
two 0.2 mm thick piezoelectric layers with 20 mm diameter. The
diaphragm was made of a Polyethylene Terephthalate (PET) sheet.
The physical contact between the bimorph PZT actuator and the
diaphragm was through a 7mm high pillar. The pillar was able
to transfer force and vibration of circular bimorph PZT to the PET
diaphragm. Silicone O-rings with inner diameter of 26 mm and
thickness of 1 mm were placed between layers, and screws are used
to seal the assembly.

Fig. 1(b) shows the nozzle/diffuser structure. Valveless pumps
with various nozzle/diffuser structures had already been reported
[32]. However, for portable biomedical applications, a flat pump
design is more suitable where the nozzle/diffuser are placed on the
sides of the pumping chamber. In addition, since the main purpose
of the current study is to explore the feasibility of separable pump
design, we simply referred to the studies of Stemme et al. [15] and
Jiang et al. [17] to choose a working nozzle/diffuser angle of 10°,
which already demonstrated excellent performance.

Fig. 1(c) shows the pumping mechanism of the disposable pump.
The voltage-driven oscillation of the bimorph PZT device created a
cyclic displacement. As the bimorph PZT actuator moved upward,
the diaphragm bounced back with the pillar due to elastic tension.
The liquid flowed into the chamber through both the inlet and the
outlet. Since a diffuser (left) has a higher flow resistance, the volume
flow rate at the inlet was higher than that at the outlet, causing the
net volume flow to move into the chamber. As the bimorph PZT
actuator moved downward, the diaphragm was pushed downward
by the pillar, and the liquid inside the chamber flowed more toward
the outlet since a nozzle possesses a lower flow resistance.

To study the performance of the miniature circular pump in con-
verting mechanical vibration through the pillar and the diaphragm,
the sizes of the pumping chamber and the pillar were varied and
the flow rates were monitored. The parameters tested are shown
in Fig. 2. They are the diameter D, and depth H, of the disposable
chamber, and the diameter Dp and height Hy, of the pillar. The depth
H, of the disposable chamber was fixed at 1.5 mm, and three dif-
ferent diameters (D), viz. 10 mm, 15 mm and 26 mm were studied.
The height Hp of the pillar was fixed at 7mm, and the diameter
Dy was varied as 4 mm, 6 mm and 10.6 mm. To quantify the corre-
lation between the pillar and the diaphragm, the ratio S=(Dy/Dc)
between the diameters of the pillar to that of the disposable cham-
ber was used. Three conditions were studied, they are $§=0.4, 0.6
and 0.9. Also, the distance between the edges of the pillar to the
wall of the disposable chamber (L) was used to quantify the area
which was not in direct contact with the pillar. Table 1 lists all the
experimental conditions.

2.2. Design of the circular bimorph piezoelectric actuator

In order to accommodate the force needed by the disposable
chamber, we used bimorph design rather than unimorph struc-
ture of the piezoelectric actuator [33]. The bimorph actuator was
a three-layered structure composed of a brass carrier with two
piezoelectric layers on each surface. The brass carrier was a passive
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Fig. 1. Structure of a circular miniature pump- (a) separable assembly of disposable pumping chamber and piezoelectric bimorph actuator, (b) a schematic view of
nozzle/diffuser structure, and (c) cross-sectional view of pumping operation.
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Fig. 2. Cross-sectional view and top view of the disposable pumping chamber.
component that was bound to the piezoelectric layers using epoxy, the PZT layer and the brass carrier, and thus, was ignored in this

as shown in Fig. 3. The deformation of the actuator is related to model. From the formula of total stress shown below [34]:
its inner stress distribution, whose force balance must be satisfied
under deformation. The thickness of epoxy was much thinner than Z Fo=0= / oxdA (1)
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Fig. 3. Piezoelectric bimorph actuator using a brass carrier.

Table 1
Structural parameters used in the experiments.
Pillar Ratio (S) Chamber Diameter, Pillar Diameter, Dp L (mm)
D (mm) (mm)
04 10 4 3
15 6 4.5
26 104 7.8
0.6 10 6 2
15 9 3
26 15.6 52
0.9 10 9 0.5
15 135 0.75
26 234 13

It can be deducted that

—hthpy h—hpzt h
/ OpztdA + / ocudA + / 0pztdA =0 (2)
—h —h+hpzt h—hpz¢

where oy, 0pzt, hey and hp,e represent the inner stress of brass car-
rier, the inner stress of piezoelectric layer, the thickness of brass
carrier and the thickness of piezoelectric layer, respectively. The
parameter h represents the distance from neutral plane to the top
and bottom of the piezoelectric layer in the three-layered structure,
which can be deduced from the material size and properties. The
relationship is shown below:

1
h = hpze + ihcu (3)

Based on plate theory [34], the stress and strain of piezoelectric
materials can be deduced, as shown in Eq. (4) and Eq. (5)

&(Z) = €pzt = Ecu =2k (4)
EcnZ
Ocu = & 5 (5)
1-vg,

where &, and &, are the inner strain of the piezoelectric layer
and the brass carrier, respectively. The parameter k represents the
radius of curvature of the bending plate. Since PZT is a transversely
isotropic material and the bimorph structure is symmetric, from
the liner piezoelectric constitutive equations [35], the stress and
strain relationship for the PZT-actuator can be expressed as

EpxZ vd EpnkZ? EptVd31Z
Opzt = pth (KZ— 4 31) _ pth2 B pzt 312 (6)
1-v2, pat T—v  hpa (1-v2,)

where V¢, and vy, are the poison ratios of the brass carrier and the
piezoelectric layer, respectively. Ec, and Ep, are the Young’s Modu-
lus of the brass carrier and the piezoelectric layer, respectively. d3;
is the piezoelectric charge constant and V is the applied voltage.
Finally, the resultant moment gives

—"H—hpzt h—hpz[ h
N= / Upztzpztdz +/ ocuZeudz +/ Upztzpztdz (7)
_h —h+hpzt h—hpz

Table 2
Piezoelectric bimorph component parameters.
Elements Value
PZT Young’s modulus 5.20 x 1010
PZT Poisson’s ratio, v 0.31
PZT d3; (m/v) —2.10 x 10710
PZT Density (kg/m?) 7.78
Brass Young’s modulus 1.03 x 1010
Brass Poisson’s ratio, v 0.33
PET Density (kg/m?3) 920
PET Young's modulus 1.01 x 10'°
PET Poisson’s ratio, v 0.4
Table 3
Calculated results for different brass carrier thickness.
Parameters Thickness  Neutral Moment Kappa
(mm) Plane
Brass carrier 0.15 275%x107% 592x10°' 1.7x10"!
0.2 3x104 6.8x 107! 1.5%x 107!
0.25 325x10%  7.6x107! 1.3x 107!
Piezoelectric layer 0.2

Substituting Eqs. (5) and (6) in Eq. (7) leads to:

—h+h h—h
pet Epthszt Epthd31 pat ECuK
N = S— — > sztdz +
—h 1- vpzt hPZt (1 -V ) —h+hpzt

pzt
h
EpztkZ, Epz:Vd
1- V%uzzcudz'i‘/ pztK. 2pzt pzt 312 Zyudz =0
hohpe \ 1= Vpze  Ppzt (1-v3)
(8)

Thus, the moment for circular piezoelectric bimorph can be writ-
ten as

EpatVds1 (W, — 2hhpat) 2| Epat (=3hh3, +h3,,)
hpze (1-2,,) 3 (1-v%)
Ecy (h® + 3h2hpze — h3,) . ©)
(1 - vgu)

By using the parameters provided by PZT vendors (listed in
Table 2) and putting them into Eq. (9), the moment N can be
calculated. Table 3 lists the calculated moment N and curvature
radius k with different piezoelectric layer thickness hy¢, calculated
from Egs. (5) and (9). It was clearly revealed that the piezoelec-
tric bimorph moment N and curvature radius « are functions of
the piezoelectric layer thickness hp;. Based on the results of the
previous study [32], a thinner PZT disk has a larger « and can pro-
vide larger vibrating amplitude; however, limited by the material
sources, the thinnest PZT disk that this study could access was
0.2 mm. Therefore, two 0.2 mm thick PZT (hp.) disks were used
to form the bimorph PZT actuator in order to realize the highest
pumping strength for this miniature pump system.
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2.3. Effect of the diaphragm and the pillar on the pump
performance

To understand the effect of the diaphragm and the pillar on
the pumping performance, a lumped spring-mass-damper system
(MCK) model was developed, where Fjnp, (sinwt) represents the
external force applied to the miniature pump system, M is the total
equivalent mass of the miniature pump system, C is the equivalent
damper, K is the equivalent elasticity coefficient. X represents the
dynamic amplitude of the PET diaphragm, driven by the oscillation
of the piezoelectric bimorph actuator.

Fig. 4 shows the oscillatory system of the miniature pump with-
out a pumping fluid. It can be modeled as a standard MCK model
and written as Eq. (11):

Finput (sinwt) = MX + CX + KX, (11)

where Fypy (Sinwt) represents the external force applied to
the miniature pumping system, and total mass M is the sum-
mation of piezoelectric bimorph (my;), diaphragm and pillar
(Mypitiar+diaphragm )- The total spring coefficient K comprises contribu-
tions from the spring coefficients kpz+ and Kpiiiqr+ digphragm cONNected
in parallel. Similarly, the total damper C comprises the contribu-
tions from the damping effects of piezoelectric bimorph Cp;: and
pillar, and diaphragm (Cyiiigr+ diaphragm Jconnected in parallel. Thus,
this lumped MCK system can be written as:

Finput (sinwt) = (Mplt + Mpillar+diaphragm) X+

( CPZf Cpillar+diaphragm

X-i- Kpzt + K, illar+diaph X (12)
Cpzt + Cpillar+diaphragm> ( s par+-diap ragm)

Solving Eq. (12) by using the Laplace transform, the diaphragm
displacement X(s) can be written as Eq. (13).

Finput (Sinwt)

to the piezoelectric bimorph actuator, and the optimal pillar-to-
chamber ratio could be identified.

3. Experimental setup

Fig. 5 shows the experimental setup of the miniature circular
pump. The function generator (GW INSTEK SFG-2004) generated a
sinusoidal signal, which was then amplified to +70V peek-to-peek
by a power amplifier (AA LAB System LTD. A-303) and sent to the
circular piezoelectric bimorph. The fluid inlet and outlet tubes were
placed horizontally on the table to establish a zero back pressure
system. Water served as the working fluid. The flow rate was quan-
tified by measuring the average increase in the total liquid weight.
The flow rates at different driving frequencies were recorded for
analyzing the miniature circular pump performance. The driving
frequency was varied from 1Hz to 100Hz at a 5Hz increment.
Three sets of pumping chamber with different pillar-to-chamber
ratio were also developed.

4. Results and discussion
4.1. Effect of the PET diaphragm thickness on the volume flow rate

The main purpose of a piezoelectric bimorph is to create a large
deformation to increase the volume flow rate. The level of deforma-
tion is a function of film thickness and its composition. From Egs.
(11) to (16), the increase in diaphragm thickness may lead to two
competing effects, one is the increase in the system resonance fre-
quency and oscillation amplitude due to an increase in the spring
constant K, the other is the decrease in the system resonance fre-
quency and oscillation amplitude due to increase in the damping
coefficient C. To explore the effect of the PET diaphragm thickness

X(s)=
szt +Cpillar+diaphragm

where s = jw is the complex angular frequency.

From Eq. (12) and Eq. (13), it was clear that displacement of the
PET diaphragm was driven by the piezoelectric actuation and was
a function of the driving frequency. Thus, the frequency response
of this system, after substituting s with jw, can be written as [36]

1

(K — @?*M) + joC (14)

X .
F (jw) =
To study the frequency response of the proposed pump system

under different pillar-to-chamber ratios (S), Eq. (14) was further
simplified to Eq. (15) and numerical curve fitting was performed.

1

O = o

(15)

where 7€ (r) represents the frequency response, r = w/wy, is dimen-
sionless angular frequency, w is the driving angular frequency
and @wp = 1/K/M is the natural angular frequency of the system;
& = C/2V/MK is the damping ratio and C is the lumped damping
coefficient of the system. The amplitude of # (r) can be written as:

9(r)] = ! (16)

(1- r2)2 + 422

The damping effect reduced the resonance amplification and
the resultant pumping performance. This equation served as the
mathematical model in the Matlab® program to calculate resonant
frequencies under different pillar-to-chamber ratios. Thus, we were
able to determine the loading effects of the pillar and the diaphragm

sztc illar+diaphragm
(Mpzt + Mpillar+diaphragm) s2 + (M s+ (sz{ + Kpillar+diaphragm)

(13)

on the miniature pump, the volume flow rate was measured with
all other structural parameters fixed. The pumping chamber diam-
eter was set to 15 mm, and the pillar-to-chamber ratio of S= 0.6 was
chosen. The volume flow rates under three diaphragm thicknesses,
0.05mm, 0.10mm and 0.15 mm were measured with the driving
frequency sweeping from 1 Hz to 100 Hz at a 5 Hz increment.

In Fig. 6, the maximum volume flow rate for 0.05 mm thick
diaphragm was 1.15mL/min at its resonance frequency around
15Hz. The maximum flow rates of 0.10 mm and 0.15 mm thick
diaphragms were 2.87 mL/min and 2.21 mL/min, respectively, both
at around 25 Hz. The 0.10 mm thick diaphragm provided the high-
est flow rate in this system. The 23% reduction in the flow rate from
the 0.10 mm diaphragm to the 0.15 mm diaphragm and similar res-
onance frequency indicated increased cancelling effects between
K and C as the diaphragm thickness continued to increase. As
the 0.10 mm diaphragm thickness yielded a higher flow rate, the
diaphragm thickness of 0.10 mm was chosen for the following stud-
ies.

4.2. Effect of pillar-to-chamber ratios on the frequency responses
of the unloaded pump

To understand the influence of the diaphragm and the pillar
on the pumping efficiency of the piezoelectric bimorph, frequency
response of the piezoelectric bimorph actuator was studied with
and without loading the diaphragm and the pillar. The frequency
response of the piezoelectric bimorph was measured by using the
top piezoelectric layer as the driver and the bottom piezoelectric
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Fig. 6. Measured volume flow rates with frequency under different PET diaphragm thicknesses.

layer as the sensor. An oscilloscope was used to monitor the driving Fig. 7(a) shows the frequency response of the edge-clamped
voltage and sensor output. The driving frequency was swept from piezoelectric bimorph actuator without loading the pillar and the
1Hz to 3.5 kHz at an increment of 100 Hz. At frequency range close diaphragm. The resonance frequency was 2.65kHz. Fig. 7(b), (c)
to the first resonance frequency, a 10Hz increment was adopted. and (d) show the frequency responses of the piezoelectric bimorph
The ratio between the sensor output and the driver input was also actuator assembled with the disposable pumping chamber. Differ-
monitored and calculated. ent chamber diameters were adopted, and the pillar-to-chamber
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ratios of §=0.4, 0.6, and 0.9 were studied. The first resonance under
loading showed a slight shift toward higher frequency, ranging
from 2.7 kHz to 3.3 kHz. The amplitude at the resonance increased
slightly for pumping chambers with 10 mm and 15 mm diame-
ters. Surprisingly, a significant drop was observed in the condition
of pumping chamber with 26 mm diameter. This results could be
explained by Egs. (13) and (16). When damping effect was con-
siderable, the resonant frequency and its amplitude decreased
significantly. Therefore, to achieve higher oscillation amplitude, a
smaller chamber diameter is preferred to avoid excessive damper
in the pumping system.

At different pillar-to-chamber ratios S, the area of the diaphragm
surrounding the pillar could influence the frequency response of
the designed pumping system significantly. From Eq. (16) each fre-
quency response was numerically analyzed by using Matlab®, and
the fitted resonance frequency and damping ratio & were studied.
Fig. 8(a) and (b) show the numerically fitted resonance frequencies
and damping ratios for different chamber and pillar sizes, respec-
tively. In Fig. 8(a), for chamber diameters of 10 mm (black) and
15 mm (red), the resonance frequencies decreased with increasing
S, suggesting that the natural frequency w;, of the system decreased
with increasing pillar mass M. On the contrary, when the pumping
chamber diameter was changed to 26 mm, the resonance frequen-
cies increased with increasing S, suggesting that the K component
in the natural frequency w, of the system started to dominate.
This dominance of K can be explained by the much larger elastic
diaphragm area around the pillar region.

Fig. 8(b) shows the numerically fitted damping ratios &for differ-
ent chamber sizes and S. A clear increasing trend of §was observed
with increasing S for all the three chamber sizes. Without water
in the chamber, the damping mainly came from the interface
between the PMMA pillar and the PET diaphragm. By increas-
ing S, the interface area between the pillar and the diaphragm
was increased, leading to an increased damping ratio. With& =
C/2~/MK, the increased & agrees with the increased C contributed

by the increased interface between the PMMA pillar and the PET
diaphragm.

4.3. Effect of pillar-to-chamber ratios on the frequency responses
of the water-loaded pump

In order to investigate the influence of chamber diameter and
pillar size on the water pumping efficiency, the volume flow rates
for different structural parameters (Table 1) were investigated.
Fig. 9(a), (b), and (c) show the measured volume flow rate as a
function of frequency for three different pillar-to-chamber ratios
(§=0.4, 0.6, and 0.9). The volume flow rates of pumps with differ-
ent chamber sizes have been represented by the blue (26 mm), red
(15mm), and black (10 mm) lines in each figure. The experimental
findings showed that the overall resonant frequencies decreased by
two orders of magnitudes due to increased mass loading of water.
An optimal volume flow rate of 9.1 mL/min was achieved by using a
10 mm-diameter pumping chamber with a pillar-to-chamber ratio
S$=0.9 and aresonant frequency of 70 Hz. The comparison of volume
flow rates for different chamber and pillar parameters suggested
that a smaller chamber diameter and a higher S lead to higher
pumping efficiency and achieves a higher flow rate.

To explain the observed experimental results, the measured vol-
ume flow rates with different parameters were also numerically
analyzed based on Eq. (16). The resonance frequency and damping
ratio £ of the water-loaded system were identified. Fig. 10(a) and
(b) show the numerically fitted resonant frequencies and damp-
ing ratios for different chamber and pillar sizes, respectively. In
Fig. 10(a), it can be clearly seen that resonant frequency decreased
with increasing chamber size. Fig. 10(b) shows that with water
loaded in the chamber, the damping ratio was increased by approxi-
mately 10 times, and a larger chamber size yielded a larger damping
effect. As the chamber size increased, the water mass loading in
the pumping chamber also increased along with increased damp-
ing due to the increased volume of water, e.g., a 60% increase from
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Table 4
Tube parameters used in the experiments.

Material Inside diameter, Outside diameter, Wall Thickness
Iy (mm) 04 (mm) (mm)
Silicone 3 6 1.5
3 8 2.5
PVC 2.8 3.8 04
22 3.68 0.74
Table 5

Working fluid parameters used in the experiments.

Fluid Density (kg/m3) Viscosity (kg/m)
Working fluid Water 1000 0.0014
Blood mimicking 1050 0.004

0.2 (chamber diameter 10) to 0.5 (chamber diameter 26) at §=0.4
in Fig. 10(b). Therefore, the downward shift of resonant frequency
with increasing chamber size should be caused by the combined
and competing effects of the increased mass loading and increased
damping. Careful investigation should be conducted to separate
these two competing effects.

4.4, Effect of tube dimension and stiffness on the frequency
responses of the fluid-loaded pump

To study the effects of tubing on the frequency response of the
pumping system, the pumping system was investigated using dif-
ferent tube materials (PVC and silicone) with different physical
parameters (see Table 4), and two different working fluids, viz.
water and blood mimic (see Table 5). The tube length was set at
15cm and 7.5 cm to study the mass loading effect of the working
fluids. The chamber size and the pillar-to-chamber ratio were fixed
at D =10mm and §=0.9, respectively. Fig. 11(a), (b), (¢) and (d)

show the numerically fitted resonant frequencies against tube wall
thickness for both the tube materials with two different lengths.
By comparing the frequency responses between 15 cm and 7.5 cm
tubes, it was found that the longer tube had a higher resonant
frequency, suggesting that under higher mass loading, the res-
onant frequency shifted to a higher value, e.g. there was a 22%
increase from 54 Hz (7.5cm tube) to 65Hz (15cm tube) at PVC
wall thickness of 0.74 mm, as shown in Fig. 11(a). By comparing
the downward shift of resonant frequency due to the competing
mass loading and damping effects of increased water volume, as
mentioned in Section 4.3, it can be seen that the water damping
effect caused the resonant frequency to shift lower, and for the
current pump system, water damping showed a stronger influ-
ence on the resonant frequency than the mass loading effect of
water.

The silicone tubes with two different outer diameters were used
to investigate the effect of thickness on the frequency responses of
pumping. The silicone tube with a thicker wall had a higher reso-
nant frequency than the tube with a thinner wall, e.g., there was
a 30% increase from 87 Hz (wall thickness 1.5 mm) to 113 Hz (wall
thickness 2.5mm) at silicone tube length of 15cm, as shown in
Fig. 11(b). This observation was in agreement with the hydraulic
formula discussion in the previous study [37]. The observation
supports that thicker and stiffer tubes have a smaller capacitance
effect contributed by the tube expansion under pressure and lead
to higher resonant frequencies.

In addition to the changes in tube parameters, two types of
working fluids were used to observe the resonant frequency shift
with change in viscosity. Comparing the solid (water) and dashed
(blood mimic) lines in the four plots in Fig. 11, it can be seen that the
fluid higher viscosity yielded lower resonant frequency, e.g. there
was a 20% decrease from 100.5 Hz (water) to 80.5 Hz (blood mimic)
at silicone tube length of 7.5 cm (see Fig. 11c). Therefore, fluid vis-
cosity has a lowering effect on the resonant frequency of the pump
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system. As fluid viscosity is correlated with the damping effect of
the fluid [38], it can be inferred that fluid damping caused the res-
onant frequency to shift downward, which is again in agreement
with the observation in Section 4.3.

5. Conclusions

An innovative miniature circular pump with a piezoelectric
bimorph and adisposable chamber was successfully developed. The
performances of pumping chamber under different chamber diam-
eters and pillar-to-chamber ratios were investigated and discussed.
The main findings are as follows:

—

The diaphragm thickness and its flexural rigidity could signifi-
cantly influence the resonance frequency and the volume flow
rate. For the case of using a 15 mm-diameter pumping chamber
and pillar-to-chamber ratio, $=0.6, a 0.10 mm thick diaphragm
could provide the largest flow rate of 2.87 mL/min. There was
a 23% increase in the flow rate compared to a 0.15mm thick
diaphragm.

2 Loading effects of the proposed pump system were also studied.
It was found that the resonant frequency shifted from 2.65 kHz
to 3.20 kHz when the piezoelectric bimorph actuator was loaded
with the pumping chamber. With water loaded in the pump-
ing chamber, the resonance frequency was further shifted by
two orders of magnitude. The loading effects of water included
increased mass loading and increased damping effect. This study
was able to identify that the damping effect caused the res-
onant frequency to shift downward, while the mass loading
effect led to an increase in resonant frequency of the pump
system.

3 The optimal volume flow rate was 9.1 mL/min for 10 mm-
diameter pumping chamber and pillar-to-chamber ratio, $=0.9
at the resonant frequency of 70 Hz. Based on experimental obser-
vations, a small chamber diameter and a large pillar-to-chamber
ratio are suggested to achieve a better volume flow rate by using
the proposed separable piezoelectric bimorph pump design.

4 Tube wall thickness and stiffness also affected the resonant fre-

quency. As the PVC tube length increased from 7.5cm to 15cm,

the resonant frequency shifted higher from 54 Hz to 65 Hz. When
the silicone tube wall thickness was increased from 1.5 mm to
2.5mm, the resonant frequency shifted higher from 87 Hz to

113 Hz. Based on these experimental observations, it can be

inferred that a longer tube yields higher mass loading and causes

the resonant frequency to shift higher, whereas a tube with

a thicker/stiffer wall reduces the system capacitance and thus

causes the resonant frequency to shift higher.
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