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a b s t r a c t
Micropumps have promising applications in biomedical devices and micro total analysis systems. Conjugated polymer actuators provide an important potential mechanism for realizing micropumps because
of their amenability to miniaturization and low actuation voltages. In this paper we present a novel, conjugated polymer petal-actuated diaphragm micropump, which is in contrast to the typical diaphragm
design of using a single piece of soft actuation material clamped at all edges. We show through analysis
and experiments that the new design, by alleviating the edge constrains, can provide signiﬁcantly larger
diaphragm deformation and consequently higher ﬂow rate. A physics-based, control-oriented model is
developed to predict the diaphragm deformation and the ﬂow rate given the actuation voltage input.
Experiments conducted on a polypyrrole (PPy)-actuated micropump, fabricated through PDMS-based
MEMS processes, have validated the dynamic model. A maximum ﬂow rate of 1260 L/min is achieved
for the petal-actuated diaphragm pump under an actuation voltage of 4 V, while in comparison, the pump
with traditional diaphragm design generates no observable ﬂow under the same voltage.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
With the advances in microfabrication technologies, micropumps have received extensive attention over the past three decades
because of their potential applications in drug delivery, biological
and chemical analysis, microelectronics cooling, and space exploration [1]. The actuation mechanisms, fabrication methods, and
applications for micropumps have been surveyed in several recent
review articles [1–4]. Micropumps can be classiﬁed into displacement pumps, where the pressure forces are exerted through some
moving boundaries, or dynamic pumps, where energy is imparted
into the working ﬂuid in other means [1]. A related classiﬁcation
is mechanical pumps versus non-mechanical pumps, depending on
whether the pumping mechanism requires moving parts [4].
A predominant class of micropumps operates through periodic
displacement of a ﬂexible diaphragm, which changes the volume and thus the pressure of the pumping chamber. Diaphragm
movement has been realized through a number of actuation
methods, such as electrostatic [5,6], piezoelectric [7–9], thermopneumatic [10–12], shape memory alloy [13,14], electromagnetic
[15], liquid–vapor phase change [16], and P(VDF-TrFE)-based electroactive polymer actuation [17]. Pumping can also be achieved by
dragging ions in the ﬂuid with electromagnetic ﬁelds, examples
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of which are electrohydrodynamic [18], magnetohydrodynamic
[19], and electroosmotic [20] micropumps. Additional reported
mechanisms for micropumps include electrowetting [21], bubble
expansion and collapse [22], ultrasonic ﬂexural plate waves [23],
and evaporation [24]. More information about various micropumps
can be found in [1–4] and the references therein.
Ionic electroactive polymers (EAPs), such as conjugated polymers [25–28] and ionic polymer–metal composites (IPMCs)
[29–33], have emerged as promising, soft sensing and actuation
materials for MEMS devices, robots, and biomedical systems. These
materials can produce large deformation under low actuation voltages (several volts), which makes them an attractive actuation
choice for diaphragm micropumps. IPMC-actuated micropumps
have been studied in simulation [34] and in experiments [35,36]
by a few research groups, and a conjugated polymer-actuated
diaphragm pump has also been reported [37]. EAP-based micropumps have typically adopted a whole diaphragm design, where
a single piece of EAP clamped at all edges acts as the pumping
diaphragm [17,35–37]. These edge constraints, however, severely
limit the displacement of the diaphragm and thus the pumping performance. Nguyen et al. proposed a ﬂexible support structure for an
IPMC diaphragm, which reduced the edge constraints and resulted
in higher ﬂow rates [36].
In this paper, we present a novel, conjugated polymer petalactuated diaphragm micropump, which is in contrast to the
typical whole diaphragm design [17,35–37]. We show through
modeling analysis that the new design, by alleviating the edge constraints, can provide signiﬁcantly larger diaphragm deformation
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and consequently the higher ﬂow rate. In particular, an analytical model is developed to capture the relationship between the
ﬂow rate and the actuation voltage, which includes three parts: an
admittance module, an electromechanical coupling module, and a
mechanical module. The mechanical module for the cases of both a
petal-shape diaphragm and a whole diaphragm is developed using
the energy method [38], which incorporates the elastic energy
stored in the diaphragm and the work done on the ﬂuid by the
diaphragm. The ﬁnal model for the petal-shape diaphragm pump,
after model reduction, is represented as a ﬁnite-dimensional transfer function that captures the fundamental physics of conjugated
polymer actuators and their interactions with ﬂexible diaphragm
and ﬂuid. It will be instrumental in the control design for the pump.
The rest of the pump is fabricated through PDMS-based MEMS
processes. Experiments are conducted to evaluate the pump performance and the effectiveness of the model. Both a whole polypyrrole
(PPy) diaphragm and a PPy petal-actuated diaphragm are used to
test the ﬂow rate in the same pump. While the single PPy diaphragm
cannot generate an observable ﬂow, the petal-actuated diaphragm
can generate a maximum ﬂow rate of 1260 L/min and a maximum
backpressure of 1.3 kPa under an actuation voltage of 4 V. Furthermore, the measured admittance, deformation curvature, and ﬂow
rate are found to match the models well. The complete model predicts that there is an optimal operating frequency for generating the
largest ﬂow rate, which is also veriﬁed in experiments. The power
efﬁciency of the presented micropump, in terms of power consumed per ﬂow rate, is about four times of that for the PPy-actuated
whole diaphragm pump reported in [37].
The remainder of the paper is organized as follows. The design
and fabrication of the micropump are described in Section 2. Model
development is carried out in Section 3. Experimental results on
pump performance and model validation are presented in Section 4.
Finally, future work and concluding remarks are provided in Section
5.
2. Design and fabrication of micropump
2.1. Diaphragm designs
In a typical design of EAP-based pumping diaphragm, one uses
a single EAP plate as the diaphragm to seal the pump chamber
directly. The edge of the plate is mechanically ﬁxed with electrodes on both sides. However, the strain of the middle-plane will
be nonzero due to the restriction at the edge, which implies that a
signiﬁcant portion of energy will be required to stretch the middleplane. The latter constrains the displacement of the diaphragm in
the vertical direction. Detailed analysis will be shown in Section
3.
A new design is thus proposed here for the generation of large
out-of-plane deformation, as illustrated in Fig. 1. A passive membrane with low stiffness is used to seal the chamber. Then a
conjugated polymer plate is cut into the shape of petals and bonded
to this passive layer. When the voltage is applied, the conjugated
polymer petals will bend together to move the elastic diaphragm

Fig. 1. Schematic representation of a petal-shape pumping diaphragm (top view).
Left: before actuation; right: upon actuation.

Fig. 2. Illustration of the actuation mechanism of a trilayer polypyrrole actuator.
Left: the sectional view of the trilayer structure; right: bending upon application of
a voltage.

and generate pressure changes inside the chamber. Therefore, it is
the passive layer instead of the conjugated polymer that is being
stretched, and one can choose a passive layer material with low
Young’s modulus to signiﬁcantly reduce the energy required to
stretch the middle-plane.
2.2. Fabrication and assembly of micropump
2.2.1. Fabrication of PPy actuator
In this paper we use a trilayer-structured PPy actuator as the
pumping mechanism. The trilayer PPy actuator is illustrated in
Fig. 2. On both sides of the actuator are the PPy layers (30 m each)
doped with anions TFSi− , which were electrochemically deposited
on the polyvinylidene ﬂuoride (PVDF) layer (110 m thick). The
PVDF layer is amorphous and porous, which serves both as a substrate and a storage tank for the electrolyte. The electrolyte used in
this paper is 0.1 M lithium triﬂouromethanesulfonimide (Li+ TFSI− )
in the solvent propylene carbonate (PC).
When a voltage is applied across the actuator, the PPy layer on
the anode side is oxidized while that on the cathode side is reduced.
The reduction–oxidation (redox) process can be described as
Oxidation :
Reduction :

PPy + TFSI− → PPy+ TFSI− + e−
PPy+ TFSI− + e− → PPy + TFSI− ,

where PPy represents the neutral state of polypyrrole, PPy+ denotes
the oxidized state, PPy+ TFSI− indicates that TFSI− is incorporated
into the polymer, and e− denotes an electron. The different volume
changes in the two PPy layers lead to bending of the actuator, as
shown in Fig. 2(right).
Fabrication of trilayer conjugated polymer actuators is achieved
by electrochemically oxidizing pyrrole monomer from a solution
to grow PPy layers on either side of a gold-coated porous PVDF
ﬁlm, which acts as the working electrode. The porous PVDF ﬁlms,
obtained from Sigma–Aldrich, has a thickness of 110 m with pore
size of 0.45 m. It is coated with a thin layer of gold (approximately
100 nm) via sputtering. This ensures a good conductivity therefore
good electrochemical growth of PPy. The electrolyte is a solution
of 0.1 M pyrrole, 0.1 M Li+ TFSI− in propylene carbonate (PC) with
0.5 w/w% water. Note that the solution with Li+ TFSI− will dope the
PPy with TFSI− . This fabrication approach follows that in [39,40].
, by changing
The dopant can be changed to other ions, such as PF−
6
Li+ TFSI− to the salts containing those ions.
A potentiostat (Omni 101B, ESA Biosciences Inc.) is used in
the electrochemical deposition, which keeps the potential of the
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Fig. 3. The setup for fabricating trilayer conjugated polymer.

working electrode at a constant level with respect to the reference
electrode in the electrolyte. The cell is a cubic glass container. Two
stainless steel meshes are used as the counter electrode, and the
PVDF membrane is sandwiched between them to ensure even PPy
deposition. A part of the ﬁlm is left protruding out of the electrolyte
for electrical connection. The deposition setup is shown in Fig. 3,
and one piece of fabricated trilayer conjugated polymer is shown
in Fig. 4.
2.2.2. Fabrication of the rest of the pump
Polydimethylsiloxane (PDMS) is chosen as the material for fabricating the micropump. It is an elastomeric polymer that is much
more compliant than silicon or glass, and it is becoming popular for
microﬂuidic devices. The Young’s modulus of PDMS varies between
360 and 870 kPa [41]. Other attractive features of PDMS include
biocompatibility, low cost, and transparent view (which makes it
easy to monitor the ﬂuid ﬂow). The PDMS material is composed
of two parts, a curing agent and the polymer. They are mixed by a
certain volume ratio and allowed to cure under a certain temperature. Therefore once the micropatterns are fabricated, the inverse
patterns of PDMS can be obtained by applying PDMS on the substrate and peeling it off after it is cured. SU-8 2150 photoresist

Fig. 4. Fabricated trilayer conjugated polymer.

Fig. 5. The assembly schematic of micropump.

is exposed with conventional UV (350–400 nm) radiation to make
micropatterns on a silicon substrate.
By utilizing the microfabrication method involving PDMS and
SU-8, different functional layers of the pump can be fabricated and
eventually assembled together. The assembly schematic is shown
in Fig. 5. Notice that there are four alignment holes at the corners of
PDMS layers for the ease of ﬁnal assembly. The conjugated polymer
actuator will be positioned at the top of the pump chamber and
attached to the PDMS membrane by applying uncured PDMS as
glue.
Flap valves are chosen to keep the directional ﬂow because of
their ease of fabrication and high efﬁciency in regulating the ﬂuid
ﬂow. The mechanism of a ﬂap valve is illustrated in Fig. 6. The end
of each ﬂap is attached to the middle layer, which has two channels
covered by the ﬂaps. When a pressure is applied from the top, the
ﬂap on the right will be pushed down and allow the ﬂuid to ﬂow
downwards. When a pressure is applied from the bottom, the ﬂap
on the left will be lifted up, and the ﬂuid will ﬂow upwards.
The microfabrication process to make the ﬂap valve layer is
shown in Fig. 7. Firstly an SU-8 layer is spun on the silicon substrate.
Then a photo mask is used to pattern the SU-8 through photolithography. After SU-8 is developed and forms the desired pattern, PDMS
is spun on the SU-8 pattern and baked in oven to cure. Finally the
PDMS layer is peeled off from the substrate for assembly. Other
functional layers can be fabricated in the same way.
The assembled micropump is shown in Fig. 8. The overall size
of the pump is 25 mm × 25 mm (top view) and 10 mm (height).
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Fig. 6. The mechanism of ﬂap check valves.

Fig. 8. (a) Top view of the assembled micropump. Two annular copper tapes serve
as contact electrodes and are placed in front and back of the conjugated polymer
membrane. The conjugated polymer layer appears fuzzy in the picture because of
the multiple PDMS layers on top of it; (b) bottom view of the assembled micropump.

Fig. 9. The complete model structure for conjugated polymer actuators.

The diameter of the PPy membrane is 19 mm; excluding the area
sandwiched between the plates, the diameter of the free-moving
diaphragm is 12 mm. The microchannels have the diameters of
1 mm. The check valve ﬂappers are 1 mm thick, 3 mm wide, and
5 mm long.
3. Physics-based, control-oriented model for the pump
Because PPy has sophisticated electrochemomechanical
dynamics that can vary signiﬁcantly over time [27], a model that
captures the complicated dynamics yet amenable to control design
is important for applying advanced control algorithms to deliver
accurate and consistent ﬂow rates for different applications. As
shown in Fig. 9, the developed model in this paper consists of
three cascaded modules: (1) the electrical admittance module of
PPy relating the current I (and thus the charge transferred) to the
voltage input U; (2) the electromechanical coupling module of
PPy expressing the generated strain εm in terms of the transferred
charge; and (3) the mechanical module connecting the generated
strain to the diaphragm curvature  or ﬂow rate  of the pump,
which captures the dynamics of both the PPy membranes and
the ﬂap valves. In this paper, the modules (1) and (2) follow
those in [27] and therefore will only be brieﬂy reviewed. Module
(3) is derived based on an energy-based method, which will be
elaborated in detail.
3.1. Electrical admittance module of PPy

Fig. 7. The microfabrication process to make a ﬂap valve.

A diffusive-elastic-metal model was proposed for PPy, where
it was assumed that the polymer matrix is perfectly conducting
and the ion transport within the polymer is solely determined by
diffusion [26]. It was adapted to model the ionic dynamics in the
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trilayer beam [27]. The admittance model of a trilayer conjugated
polymer was derived as [27]:
√

√
s[ ıD tanh(h s/D) + s]
I(s)
√
,
(1)
= √

s
U(s)
+ Rs3/2 + R D s tanh(h s/D)
C

ı

where U(s) and I(s) are the applied voltage and the resulting current in the Laplace domain, respectively, s is the Laplace variable,
ı is the double-layer thickness, D is the diffusion coefﬁcient, R is
the resistance across the trilayer polymer, C is the double-layer
capacitance, and h is the thickness of the PPy layer. This inﬁnitedimensional system can be reduced to the following second-order
transfer function
I(s)
Ks(s + z1 )
≈
,
U(s)
(s + p1 )(s + p2 )

(2)

where the parameters are functions of physical parameters [27],
which are either known or measurable.
3.2. Electromechanical coupling of PPy
The anions transferred to the polymer cause expansion of the
polymer. It can be shown that the strain εm introduced by the volumetric change is proportional to the density  of the transferred
charges [26]:
εm = ˛,

(3)

where ˛ is the strain-to-charge ratio, which varies for different
anions. PPy doped with TFSI− is used in this paper, and the strainto-charge ratio is estimated to be 7 × 10−10 m3 C−1 .
Because the double-layer capacitance is much smaller than the
bulk capacitance of the PPy polymer, the charges stored in the double layer at the steady state is negligible comparing with those in
the bulk. Therefore one can obtain the density (s):
I(s)
(s) =
,
s·A·h

(4)

where A is the area of PPy.
3.3. Mechanical module of the micropump
Given the actuation strain εm in the PPy layers, an energy-based
method is used to model the deformation of the pump diaphragm
and consequently the ﬂow rate. In this method the equilibrium of a
mechanical structure is obtained by minimizing a properly deﬁned
total energy, and such an approach has been taken to predict the
curvature of a composite plate generated by the strain mismatch
in different layers [38,42,43].
In the following, we ﬁrst discuss the common framework that
applies to both a clamped whole diaphragm and a petal-shape
PPy-actuated diaphragm (simply called petal-shaped diaphragm
hereafter), and then specialize the discussion to individual cases.
There are two relevant energy terms: the stored elastic energy and
the work done to the ﬂuid.
3.3.1. Elastic energy
In the following analysis, the elastic energy of actuation
diaphragm will be calculated based on mechanics of constitutive
modeling. The analysis holds for both the whole diaphragm and the
petal-shaped diaphragm cases, because the inﬁnitesimal elements
in both cases experience radial and transverse strains as deﬁned
in Fig. 10. The diaphragm bends as a result of the deformation of
all these elements. The difference between the two cases is that
the midplane strain ε0 is fully determined by the diaphragm curvature  (or vice versa) in the whole diaphragm case because of
the edge constraints, while in the petal-shaped diaphragm case,

Fig. 10. Deﬁnition of the principal strains (view from the top of the diaphragm).

the curvature and the midplane strain are independent from each
other.
For small deﬂection, the principal strains deﬁned in Fig. 10 can
be expressed as follows [38]:
εrr =

du
d2 w
− z 2 + εs ,
dr
dr

(5)

ε =

u
z dw
−
+ εs ,
r
r dr

(6)

where z is the axis in the thickness direction, εs is the swelling
strain in different layers (εm in the oxidized PPy layer, −εm in the
reduced PPy layer, and 0 in the PVDF layer), u(r) and w(r) are the
radial and transverse displacements of points in the midplane. Note
that for the case of a petal-shaped diaphragm, there is a very thin
PDMS layer underneath the conjugated polymer to seal the chamber, but the Young’s modulus of PDMS used in this paper is 0.5 MPa,
which is much smaller than the Young’s moduli of PPy (60 MPa) and
PVDF (612 MPa) [44]. Therefore, the inﬂuence of the PDMS layer on
the conjugated polymer deformation is ignored, and the midplane
of the PVDF layer is simply taken as that of the PPy-diaphragm
structure.
The displacements u(r) and w(r) in the midplane can be
expressed as
u = ε0 r,
w=

r 2
2

(7)
,

(8)

where ε0 represents the strain of the midplane, and  is the curvature of the plane as shown in Fig. 11.
Substituting (7) and (8) into (5) and (6), one obtains the following expression
εrr = ε = ε0 − z ·  + εs .

(9)

The corresponding strain energy density is:
(r, z) =
=

Ei
2(1 − i2 )
(1 + i )Ei
1 − i2

(ε2rr + ε2 + 2i εrr ε )
(ε0 + εs − z · )2 ,

(10)

where Ei and i are the Young’s modulus and Poisson ratio of the
material in the ith layer, which are denoted as EPPy and PPy for
the PPy layers, and EPVDF and PVDF for the PVDF layer. Finally, the

Fig. 11. The coordinates and geometry deﬁnition.
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total strain energy of the trilayer conjugated polymer is obtained
by superimposing three energy densities from all layers and integrating over the volume:





r0



−h1

Welastic =
−



h1

+
−h1



h2

+

(1 + PPy )EPPy
2
1 − PPy

−h2

0

(1 + PVDF )EPVDF
2
1 − PVDF

(1 + PPy )EPPy
2
1 − PPy

h1

(ε0 − εm − z · )2 dz


(11)

where r0 is the radius of the undeformed diaphragm. Since the
whole diaphragm and the petal-shaped diaphragm have the same
radius under undeformed conﬁguration, r0 is used in both cases.
3.3.2. Work done on ﬂuid
The work done by the deformed diaphragm needs to be considered in the energy-based method. Considering an incompressible
ﬂuid, we have the following equation from the mass conservation
principle,



t

V = 

(in ( ) − out ( )) d ,

dp
1
(in − out ),
=
Cc
dt

(13)

where Cc is the chamber capacitance that can be determined experimentally with the unit of m3 /Pa [45]. Combining (12) and (13), one
can obtain
V
,
Cc

(14)

where p|t=0 is considered to be 0, since there is no initial net pressure in the chamber. Therefore, one can express the work done by
the diaphragm as



r0



Wp = 2
0

0

w

2
p( ) d r dr =
Cc



r0



w

V d r dr.
0

(15)

0

3.3.3. Discussion on individual cases
The total energy is W = Welastic + Wp . For a given actuationinduced swelling strain εm , the resulting equilibrium conﬁguration
can be found by minimizing the total energy W. We now discuss the
explicit forms of W and the corresponding solutions for the cases
of a whole diaphragm and a petal-shaped diaphragm, respectively.
The general conﬁguration is characterized by the midplane
strain ε0 and the diaphragm curvature , where the curvature is
assumed to be uniform. For the whole diaphragm case, however,
ε0 is fully determined by  (or vice versa) because of the edge constraints. As shown in Appendix A, the volume change V can be
approximated by
V≈

6

2
1 − PPy

,

C2 =

(1 + PVDF )EPVDF
2
1 − PVDF

,

r04 

V≈

4

,

2 r 8 2
0

Wp ≈

12Cc

(18)
.

(19)

The derivation of (18) and (19) can be found in Appendix B.
The equilibrium is reached when (∂W/∂ε0 ) = 0 and (∂W/∂) =
0. Since
∂W
= 4 r02 ε0 [C1 (h2 − h1 ) + C2 h1 ],
∂ε0



C1 (h32 − h31 )
C2 h31
∂W
= −4 r02 C1 εm (h22 − h21 ) −
−
3
3
∂

(20)


+

2r8
0

,
6Cc
(21)

the equilibrium is:

where  is the density of the ﬂuid, in and out are the ﬂow rates
at the inlet and the outlet, respectively, with the unit of m3 /s. The
relationship between the chamber pressure p and the ﬂow rates is
modeled as follows:

r04

(1 + PPy )EPPy

(12)

0

p=

C1 =

The curvature  can be obtained by numerically solving this equation and appropriately choosing the root.
In the petal-shaped diaphragm case, the volume change V and
the work Wp can be approximated by

(ε0 − z · )2 dz

(ε0 + εm − z · )2 dz rdrd ,

where

.



+ (1 − 2 r02 )

r07
32Cc



2

+ (C2 − C1 )r0 h31 2

+ C1 r0 h22 (h2 

(22)
3C1 εm (h22

=

− h21 )

C1 h32 − C1 h31 + C2 h31 +

r6
0
8Cc

.

(23)

Eq. (23) captures the static deformation of the diaphragm in terms
of εm . The material damping effect is introduced to incorporate the
dynamics during the deformation process. A standard linear solid
model [46] is considered. The equivalent modulus E  is represented
by
E  (s) = E

1
˛ ˇ + ˇ s + ˛ ˇ +ˇ
·
,
ˇ
s + ˇ1

(24)

where E is the Young’s modulus measured under static condition.
The parameters in (24) are chosen to be similar to the values in [47]
but with ﬁne tuning to ﬁt the experimental data: ˛ = 6.5 and ˇ =
0.33 for PPy, and ˛ = 1.88 and ˇ = 0.043 for PVDF. Other damping
effects in the pump, such as the ﬂap valve damping, are captured by
using the equivalent chamber capacitance that includes a damping
term:
Cc (s) =

Cc
,
1 + Cc Rc s

(25)

where Rc represents the equivalent damping resistance with the
unit of Pa s/m3 .
Thus one can write (23) in the Laplace domain as
 = H(s) · εm ,

(26)

where
H(s) =

3C1 (h22 − h21 )
C1 h32 − C1 h31 + C2 h31 +

(16)

Substituting (8) and (16) into (15), one can obtain the expression of Wp and consequently W. The equilibrium is reached when
(dW/d) = 0, which can be rearranged as follows:
−36C12 r02 h22

ε0 = 0,

3 r5
0
8Cc 

,

and C1 , C2 , and Cc are the frequency-dependent terms, because the
Young’s moduli in (23) are replaced by the ones in (24).

− 3εm )

2
+ 3C1 r0 h21 εm 

− 6C1 r0 h2

= 0,

(17)
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Fig. 12. Comparison of model prediction from (1) with the experimental results for
the whole diaphragm and the petal-shaped diaphragm.

3.4. Complete model

(27)

Note that h = h2 − h1 in (2). However, the complete analytical
model for the whole diaphragm is not easy to obtain due to the
complexity of (17). Therefore, the model prediction in that case is
obtained by numerically solving (17).
Considering (12) and (18), one gets
in − out =

r04
4

· s · .

(28)

Combining (27) and (28), one can further obtain the transfer function model from the voltage input to the ﬂow rate:
r04 ˛K · (s + z1 )H(s)
in (s) − out (s)
.
=
U(s)
4A(h2 − h1 ) · (s + p1 )(s + p2 )

Fig. 13. Comparison of model prediction from (27) with the experimental results for
the petal-shaped diaphragm when there is no water (actuation voltage amplitude
4 V).

4.2. Displacement

One can obtain the complete model for the petal-shaped
diaphragm in an analytical form by combining (2), (3) and (26),
which is shown as follows:
˛K · (s + z1 )H(s)
(s)
=
.
U(s)
A(h2 − h1 ) · s(s + p1 )(s + p2 )

127

(29)

In experiments the displacement at the center of the diaphragm
is measured by a laser distance sensor. The predicted curvature
of the petal-shape diaphragm from (27) is used to calculate the
displacement based on the following equation [27]:
y=

l2
,
2

(30)

where l is the distance between the clamped end and the laser incident point when the beam is at rest, which is r0 minus 1 mm in the
setup.
The predicted displacements for the petal-shaped diaphragm
are compared with the experimental results when there is no
water in the pump (Fig. 13) and when pumping water (Fig. 14).
There the actuation voltage applied is sinusoidal with an amplitude of 4 V and with different frequencies. All the other parameters
in (27) are given or identiﬁed in the previous admittance model
experiments. Cc and Rc can be determined by ﬁtting the experimental data for the petal-shaped diaphragm. They are identiﬁed
as Cc = 1.02 × 10−8 m3 /Pa and Rc = 3 × 108 Pa s/m3 . To predict the

4. Experimental results
A circular trilayer PPy actuator is used in the experiments. The
curvature is measured by a laser sensor (OADM 20I6441/S14F,
Baumer Electric Inc.) with a resolution of 5 m. The model parameter R is identiﬁed by applying a relatively high-frequency (100 Hz)
sinusoidal input U sin(ωt). From (1), the impedance approaches R
as ω → ∞. To measure the parameter C, a step voltage is applied
and the transferred charge into the PPy layer is computed by integrating the charging current. The calculation details can be found
in [27]. Finally, the resistance and capacitance are identiﬁed to be:
R = 27 , C = 8.69 × 10−5 F. The diffusion coefﬁcient D is chosen
to be 2 × 10−10 m2 /s based on [26]. The double-layer thickness ı is
estimated to be 25 nm based on [47].
4.1. Admittance
Since cutting does not inﬂuence the electrical property of conjugated polymer, (1) is used to predict the admittance of both the
whole diaphragm and the petal-shape diaphragm. The comparison is shown in Fig. 12, where a good match of admittance is seen
between the model and the experimental results.

Fig. 14. Comparison of model prediction from (27) with the experimental results
for the petal-shaped diaphragm when pumping water (actuation voltage amplitude
4 V).

Author's personal copy
128

Y. Fang, X. Tan / Sensors and Actuators A 158 (2010) 121–131

Fig. 17. Flow rate of the petal-shaped diaphragm micropump at different actuation
frequencies (voltage amplitude: 2 V).
Fig. 15. Comparison of model prediction with the experimental results for the whole
diaphragm when there is no water by numerically solving (17) (actuation voltage
amplitude 4 V).

results when there is no water in pump, the parameters Cc and Rc
are set to be ∞ and 0, respectively, which sets the work done by
ﬂuid to be zero.
The experimental results for the whole diaphragm case are also
compared with the numerical solution of (2), (3), and (17). The
result when there is no water is shown in Fig. 15, while the result
when pumping water is shown in Fig. 16. The actuation voltage is
4 V. It can be seen that the petal-shaped diaphragm can generate
almost 10 times larger displacement than the whole diaphragm
when there is no water in the chamber. When pumping water,
the displacement of the petal-shaped diaphragm is almost 3 times
larger than the whole diaphragm. These experimental results have
proved the effectiveness of the petal-shaped diaphragm design in
alleviating the constrains from the clamped edge.
4.3. Flow rate
The backpressure of the petal-shaped diaphragm pump is measured using a setup that is analogous to that in Fig. 7 in [36]. Under
an actuation voltage of 4 V, the maximum backpressure achieved is

Fig. 16. Comparison of model prediction with the experimental results for the whole
diaphragm when pumping water by numerically solving (17) (actuation voltage
amplitude 4 V).

1.3 kPa. Under zero backpressure, the ﬂow rates are measured and
compared with the model prediction (29) for an actuation voltages
of 2 V (Fig. 17), 3 V (Fig. 18) and 4 V (Fig. 19). It can be seen that
the model can predict the experimental results well under different voltage inputs. The maximum ﬂow rate is 1260 L/min, which
is achieved at about 0.5 Hz. The latter is also predicted well by the
model. When the frequency of the input voltage is low, the ﬂow
rate is small due to the slow movement of the pump. The ﬂow rate
will increase as the operating frequency increases. However, the
ﬂow rate will decrease as the frequency becomes higher, because
of the damping effect of the ﬂap valves and the declining response
of conjugated polymer actuator at high frequencies. Thus the model
(29) can facilitate the design optimization and the feedback control
of the ﬂow rate. Fig. 20 further shows the measured ﬂow rates versus the applied voltage amplitudes at 0.2 Hz, 0.5 Hz, and 2 Hz. Since
voltages of 1 V or lower do not produce enough pressure to push
open the check valves and produce an appreciable ﬂow, and it is
not advisable to apply a voltage of over 4 V, the ﬁgure presents the
results under three voltage levels (2, 3, and 4 V). It can be seen that,
under each frequency, the ﬂow rate is approximately linear with
respect to the applied voltage. On the other hand, the difference
between the measurements and a linear approximation indicates
the existence of nonlinearities in the system. Such nonlinearities

Fig. 18. Flow rate of the petal-shaped diaphragm micropump at different actuation
frequencies (voltage amplitude: 3 V).
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Fig. 19. Flow rate of the petal-shaped diaphragm micropump at different actuation
frequencies (voltage amplitude: 4 V).

could arise from both electrochemical dynamics [48] and large
mechanical deformation [49], and will be a subject of our future
studies.
Fig. 21 shows the electrical power consumed by the pump
under an actuation voltage of 4 V, at different frequencies. The
power consumption at 0.5 Hz is about 310 mW, with the corresponding ﬂow rate of 1260 L/min. In comparison, the PPy-based
whole diaphragm pump reported by Kim et al. [37] had a ﬂow
rate of 52 L/min with a power consumption of 55 mW. The
power efﬁciency of our pump, in terms of power consumed per
L/min, is thus four times of that in [37]. However, we do realize
that the issue of power efﬁciency involves many factors ranging
from materials to test setups, and more care is needed for a fair
and thorough comparison between the proposed micropump and
others.
We have also tested the pumping performance of the whole
diaphragm. However, the ﬂow rate in that case is barely observable,
which is most likely because the pressure generated is too low to
push open the ﬂap check valves. This has further veriﬁed that the
clear advantages of the petal-shaped diaphragm design over the
traditional whole diaphragm design.
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Fig. 21. Electrical power consumed by the pump at different frequencies (voltage
amplitude: 4 V).

5. Conclusions and future work
In this paper, circular conjugated polymer actuators are investigated for potential micropump applications. A petal-shaped
diaphragm design is proposed to alleviate the constrains from the
clamped edge. An analytical model is proposed that captures the
relationship between the actuation voltage and the diaphragm
deformation/ﬂow rate. Experiments are conducted to verify the
model and identify the parameters. The largest ﬂow rate achieved
in the current experimental setup is 1260 L/min, when the operating frequency is about 0.5 Hz. For comparison, modeling analysis
and experiments are also conducted on the whole diaphragm case.
The model predicted much smaller diaphragm deformation compared with the petal-shaped diaphragm, which is also veriﬁed in
experiments.
Future work includes reﬁning the pump fabrication process to
achieve smaller size and higher pumping efﬁciency. While existing
literature has rarely reported on the efﬁciency of various micropumps [1], power efﬁciency is a critical issue when it comes to real
applications, and we will calculate and improve the efﬁciency of
the proposed pump by examining the efﬁciencies in all subsystems.
The pump model will also be improved by considering nonlinear
effects including nonlinear redox dynamics [48], large deformation
of PPy membrane [49], and the dead-zone effect of the check valves.
Furthermore, feedback control will be implemented to generate a
stable ﬂow rate.
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Appendix A. Derivation of volume change for the whole
diaphragm case
The geometric relationship in a whole diaphragm is illustrated
in Fig. 22, where the solid curve represents the sectional view of
the midplane of the deformed diaphragm. The midplane strain ε0
is derived as

Fig. 20. Measured ﬂow rate versus applied voltage amplitude.

ε0 =




− r0
r0

=


− 1,
r0

(31)
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Fig. 22. Illustration of the geometric relationship in the whole diaphragm case.

where  = arcsin(r0 ). From (31),  can be treated as the only
independent variable that characterizes the whole diaphragm conﬁguration.
In the case of the whole diaphragm, the volume change can be
characterized by the volume of the dome shown in Fig. 22:
V=

6

h0 (3r02 + h20 ),

(32)



where h0 is the height of the dome that equals R − R2 − r02 , and
here R = (1/) denotes the radius of curvature. Substituting this
expression into Eq. (32), one has



V=

3

(R −



R2

− r02 )(R2

Fig. 23. Illustration of the geometric relationship in the petal-shaped diaphragm
case.

+ r02

−R

R2

− r02 )

r04

≈

6

,

Fig. 24. Approximation of the volume change in the petal-shaped diaphragm case
using a top-off cone. The shaded area represents the sectional view of the cone.

(33)

where the approximation
is based on the Taylor series expansion

at (r02 /R2 ) = 0 for
1 − (r02 /R2 ), since the small deﬂection of the
diaphragm implies that R  r0 .

By substituting (36) into (15), one can express the work done by
the diaphragm as



r0



Wp = 2

Appendix B. Derivation of work Wp for the petal-shaped
diaphragm

x

p( ) d r dr =
0

0

2 r 8 2
0

12Cc

.

(39)
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