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Model-Based Estimation of Flow Characteristics
Using an Ionic Polymer–Metal Composite Beam
Xuefei Chen, Guoming Zhu, Xiaojian Yang, David L. S. Hung, and Xiaobo Tan, Senior Member, IEEE

Abstract—An ionic polymer–metal composite (IPMC) beam is
capable of producing an electric signal closely correlated with its
mechanical movement, due to the redistribution of mobile ions inside the IPMC material. Motivated by the potential application
of this intrinsic sensing characteristic to flow property measurements in automotive engines, this paper investigates the feasibility
of detecting the start and end of a pulsating flow and its fluid characteristics using an IPMC-beam-based sensor. A dynamic model is
developed for the IPMC beam under the flow. The model consists of
multiple rigid elements connected by rotational springs and, under
suitable conditions, has a closed-form solution that enables efficient estimation of fluid properties and flow parameters with the
least-squares minimization approach. The proposed fluid estimation scheme is validated using experimental results with different
fluid media, and it is found that the estimated fluid drag coefficients
(highly correlated with fluid viscosity) have good agreement with
their actual values. This is very important for automotive applications where the characteristics of the fuel blend (such as gasoline
and ethanol) need to be identified in real time.
Index Terms—Dynamic model, flow sensing, fluid property estimation, ionic polymer–metal composite (IPMC), least-squares
minimization, parameter estimation.

I. INTRODUCTION
N order to improve engine fuel efficiency with reduced exhaust emissions, advanced sensor technologies are widely
used for engine management systems (EMS). Prime examples
of advanced sensors used in EMS are the mass air flow (MAF),
manifold air pressure, in-cylinder ionization, and exhaust oxygen sensors. The MAF in the engine intake manifold and the
exhaust oxygen fraction before the three-way catalytic converter are used to control the fuel injection quantity to meet
the desired air-to-fuel ratio requirement at the given engine load
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and speed condition, while the in-cylinder ionization sensor is
used to provide the in-cylinder combustion information for feedback control [1], [2]. The existing flow sensors, especially the
pulsating flow sensors, operate based upon the Coriolis effect,
gear-type positive displacement, piston displacement, ultrasonic
measurement, or pressure increase [3]. These technologies are
capable of providing accurate laboratory-grade measurements
in a well-controlled environment but not suitable to be used in
the production environment such as engine fuel systems.
With the application of the biofuel (such as ethanol and
biodiesel) in the horizon, detecting the fuel flow and contents
(e.g., blend fraction of gasoline and ethanol) becomes a critical
technology for maximizing the engine efficiency with reduced
emissions [3], [4]. This is because the combustion characteristics are quite different for different fuel contents. One approach
to the estimation of biofuel contents is to measure the fluid
viscosity or drag coefficient since different biofuel blends have
distinct viscosity values. It is desirable to obtain such measurements in situ and in real time. A key obstacle preventing existing
lab-grade sensors from being used in situ is their sizes, calling
for new, miniaturized flow sensors that are amenable to the integration with engine fuel systems. With the advances in new
materials and microfabrication technologies, microflow sensors
have been developed based on a number of transduction principles, such as hot-wire anemometry [5], piezoresistivity [6], and
capacitance change [7]. Miniaturized strain gages could also be
potentially integrated with a beam structure [8], [9] for flow
measurement.
In this paper, we propose the use of an ionic polymer–metal
composite (IPMC) beam and a model-based estimation algorithm as a potential approach to in-situ measurement of flow
properties. IPMC materials have intrinsic sensing and actuation
characteristics [10], [11]. As illustrated in Fig. 1, an IPMC has
three layers, with an ion-exchange polymer membrane sandwiched by metal electrodes. Inside the polymer (negatively
charged) anions covalently fixed to polymer chains are balanced
by mobile (positively charged) cations. Deformation under a
mechanical perturbation redistributes the cations, producing a
detectable electric signal (e.g., short-circuit current) that is well
correlated with the mechanical stimulus. Many researchers have
studied the fabrication [12]–[14], characterization, and modeling [15]–[20] of IPMC sensors and actuators. There has also
been proof-of-concept exploration of using IPMCs as mechanical sensors for force, pressure, displacement, and velocity measurement in medical applications, structural health monitoring,
and robotics [21]–[26]. Recent years have seen significant interest in using IPMC materials for underwater actuation [8],
[27]–[34], sensing [21], [24], and energy harvesting [35], [36].
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Fig. 1.

Illustration of the sensing mechanism of the IPMC material.

We have chosen the IPMC material for flow sensing in this
study for several reasons. First, IPMC has direct mechanosensory property, which minimizes the complexity in both the sensor construction and the readout circuit. For example, its readout
circuit is much simpler than that required for capacitive flow
sensing. Low mechanical and electrical complexity in sensor
construction will facilitate the adoption of IPMC in practical
applications such as engine fuel systems. Another advantage related to the direct mechanosensory property is the relative ease
in modeling the sensor beam dynamics, since we only need to
consider a uniform IPMC beam. In contrast, a strain-gage-based
flow sensor will typically require embedding the gage in another
structural beam, and such a hybrid structure will entail much
more complex modeling, which hinders efficient model-based
parameter estimation as proposed in this paper. Another advantage of IPMC sensors is that, unlike hot-wire or piezoresistive
sensors, they automatically capture the flow polarity. Finally, the
softness of IPMC material allows it to respond to small flows
and thus attain high measurement sensitivity.
This paper focuses on the potential application of IPMC
beams to detecting the start and end of pulsating flows as well
as their fluid media characteristics in internal combustion engines. This application requires IPMC beams to respond to various fluid media differently. Therefore, a series of experiments
has been designed and conducted to study the characteristics of
IPMC beams oscillating in different fluids. The test results show
that the IPMC sensor output (short-circuit current) varies as the
fluid medium changes, which indicates that the proposed IPMC
sensor is able to distinguish different types of fluid media.
In order to extract flow information and fluid properties from
the IPMC sensor output, an accurate dynamic model is required
for an IPMC beam oscillating in a fluid medium. Modeling of the
IPMC beam dynamics has been studied in the context of actuation [30]–[33]. To fully capture the flexible beam dynamics, an
infinite-dimensional model is generally required. For practical
implementation purposes, however, a finite-dimensional model
is desirable. The latter can be achieved by considering the first
few dominant vibration modes [30]–[32], or approximating a
flexible beam with multiple, serially connected rigid elements
[37]–[39]. While linear beam models are only applicable to
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small deformations, the multisegment approach can effectively
address large deformations with low computational complexity [39]. In addition, comparing to the mode summation-based
method [30], the latter approach can more easily accommodate nonlinear force terms such as the drag. Therefore, we have
adopted the multisegment modeling approach in this paper.
Under appropriate conditions, we show that there exists a
closed-form solution for the beam dynamics, and the solution is
linear with respect to the fluid property (product of drag coefficient and fluid density) that we are interested in estimating. The
correlation of the IPMC sensor output to the beam dynamics
is provided in [16], where one can see that the sensor’s output
signal is approximately proportional to the beam tip velocity
when the oscillation frequency is relatively low. Based on the
solution for the beam tip velocity, a least-squares minimization
procedure is taken to obtain the fluid property estimate, which
is readily computed based on the measured IPMC sensing current. We have applied the approach to estimate the properties of
different fluid media in pulsating flows, and the identified parameters demonstrate good agreement with their actual values.
The rest of this paper is organized as follows. In
Section II, we present the IPMC sensing characteristics under
different fluid media. In Section III, the dynamic model for the
IPMC beam is described. The parameter estimation approach
using the least-squares minimization is developed in Section IV,
and experimental results are presented in Section V. Conclusion
and other discussions are provided in Section VI.
II. IPMC SENSOR CHARACTERISTICS IN FLOWS
In this section, a series of experiments is performed to study
the sensing behavior of an IPMC beam associated with a pulsating flow. We first describe the method for sensor fabrication and
signal conditioning, and then present the results on characterizing the IPMC beam dynamics and its sensing response using
high-speed imaging analysis. Finally, we show the IPMC sensor
responses in pulsating flows of several different fluid media.
A. IPMC Sensor: Fabrication and Sensing Circuit
The IPMC used in this study was fabricated with Nafion-117,
a commercial ion-exchange material from DuPont, by following the general ion-exchange and electroless electrode plating
processes described in [13]. First, oxygen and argon plasma
treatment was applied to roughen the surface of the Nafion film
[40], followed by cleaning with boiling acid (HCl) and then
with boiling deionized water (sample preparation). After these
preparation steps, the sample was placed in [Pt(NH3 )4 ]Cl2 for
over 3 h to incorporate the platinum complex cations into the
polymer (ion-exchange). Then, we applied the reducing agent
NaBH4 to the membrane in a water bath of 60 ◦ C, which reduced
the platinum complex ions to platinum near the membrane surfaces (electrode plating). The ion-exchange and electrode plating processes were repeated several times until the electrodes
were sufficiently strong and thick, as indicated by the surface
resistance. The final thickness of the IPMC was about 250 μm.
Samples of desired lateral dimensions were then cut with a
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Fig. 2. Schematic of the circuit for measuring short-circuit current output of
an IPMC sensor.

razor. Little prebending, if any, was observed for the samples
used in the experiments.
Fig. 2 shows the schematic of the circuit used to measure
the short-circuit current of an IPMC sensor. The circuit uses a
two-tier amplification scheme. The first operational amplifier
(op-amp) converts the short-circuit current into a voltage, while
the second op-amp provides gain adjustment through a tunable
resistor. A low-noise, low-bias precision op-amp (OPA 124 from
Texas Instruments) is adopted for the first-tier amplification, to
reduce both the noise and the spurious dc bias in the sensor
output. The measured spurious dc bias was about 0.0054 μA,
which was negligible comparing to the actual sensing signals
(order of μA) in our work. For op-amp2 in Fig. 2, LM 324 from
National Semiconductor is used. The output v2 (t) is related to
the current signal i(t) via v2 (t) = (R3 R1 /R2 ) i(t). The components
we used have the following values: R1 = 470 kΩ, R2 = 10 kΩ,
and R3 is adjustable from 0 to 50 kΩ.
B. High-Speed Imaging-Based Characterization
Fig. 3 shows the schematic of the setup for the high-speed
imaging system. A high-speed camera (Photron, Model Fastcam
APX RS) was used to record the horizontally vibrating IPMC
beam at the rate of 10 000 frames/s. A high-repetition pulsed
copper vapor laser (Oxford Lasers, Model LS20–50) was fired
to illuminate the beam vibration. The visible laser illumination
was directed to the IPMC beam via a fiber-optic cable. The tip
displacement of the IPMC beam was extracted from the images using an Optimas image processing analysis software. The
sensor output response was taken from the short-circuit current
measured between the two electrodes of the IPMC beam. A
dSPACE system (dSPACE, DS1104) was used for data acquisition and processing.
Fig. 4 shows the top view of a rectangular IMPC sample
(long edge facing up) in the air medium. The dimensions of
the beam were 26.9 mm × 4 mm × 0.25 mm (length × width
× thickness). One end of the beam was securely cramped by a
fixture, allowing the other end to freely vibrate. The cantilevered
beam was initially rested at its default position along the beam
axis. Then, it was perturbed manually with about 60◦ clockwise
from its default position. As soon as the beam was released from
that position, it oscillated around its base similar to a pendulum
swinging around its pivot point. The entire swinging motion was
recorded until it gradually returned back to its default position.

Fig. 3. Schematic of the high-speed imaging system for characterizing IPMC
beam behavior.

Fig. 4.

IPMC cantilever beam used in high-speed imaging analysis.

Fig. 5 shows the snapshot images of the IPMC beam in a
time sequence after it was released (at t = 0 s), between 0.1 and
0.4 s as the beam vibrated in stagnant air. Also shown in the
figure are the trajectories of the tip displacement extracted from
the images and the signal obtained by integrating the IPMC
sensing current output. The period of the oscillation was about
0.044 s. It is evident that the beam was highly flexible under free
vibrations. Due to the slight dissipation in air and the damping
in the beam, the peak displacement slowly diminished until
the beam finally returned to its rest position; the peak of the
integrated short-circuit current decreased in a similar fashion
as the amplitude of the oscillation diminished over time. It can
be observed that the integrated short-circuit current correlates
very well with the beam tip displacement. This confirms that,
at relatively low frequencies, the tip velocity of the IPMC beam
can be approximately related to the current output through a
static gain, as implied by the physics-based dynamic model for
IPMC sensors [16].
C. IPMC Responses in Different Fluid Media
Fig. 6 shows the flow sensor assembly in which an IPMC
beam was securely fixed to an adaptor for use in a rigid flow
channel. The free length of the IPMC beam was 10 mm. The
beam was 4 mm wide and 0.25 mm thick.
Fig. 7 shows the schematic of the experimental setup for
characterizing the sensor responses in different fluid media. The
bending direction of the beam was aligned with the direction of
the pressurized pulsating flow. The IPMC sensor was located
at the inlet of the solenoid control valve. The ON–OFF solenoid

CHEN et al.: MODEL-BASED ESTIMATION OF FLOW CHARACTERISTICS USING AN IONIC POLYMER–METAL COMPOSITE BEAM

Fig. 5.

Tip displacement captured by the high-speed imaging system and the integrated short-current signal of the IPMC sensor vibrating in air.

Fig. 6.

IPMC beam in a sensor assembly.

Fig. 8.

Fig. 7. Schematic of the experimental setup for characterizing IPMC sensor
responses in different fluid media.

control signal shown in Fig. 7 was used to generate the pulsating
flow to excite the IPMC sensor.
Three fluid media, nitrogen gas, distilled water, and nHeptane, were used in the experiments due to their distinct fluid
properties such as density and viscosity. Note that n-Heptane is
a single-constituent hydrocarbon liquid typically substituted for
gasoline in bench testing of gasoline fuel system components,
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IPMC sensor responses after the start of the flow pulse.

and both its density and viscosity are in the mid-range between
those of nitrogen gas and distilled water.
Fig. 8 shows the responses of the IPMC sensor stimulated by
three different fluid media after the solenoid valve was opened.
The fluid pressure was regulated at 207 kPa and the solenoid
pulse duration (pulsating flow duration) was set to 100 ms. The
“Start of Pulse” in the figure indicated the instant when the
solenoid was energized (i.e., valve opened). The key information provided in Fig. 8 is that the IPMC beam signals were quite
distinct under the three fluid media. In particular, the peak amplitude and the decay of the damped oscillations were highly
correlated with the differences in the fluid media. The signal
magnitude was the largest for water, which has the highest density and viscosity among the three fluids. The IPMC sensor
responses following the end of pulsating flow (by deactivating
the solenoid valve) also demonstrated different characteristics
for the tested fluid media, as shown in Fig. 9.
Besides the fluid properties, the fluid injection pressure (or
flow rate) is a key parameter for internal combustion engines.
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Fig. 11.
Fig. 9.

Fig. 10.

IPMC sensor response to two consecutive pulses of water flow.

IPMC sensor responses following the end of the flow pulse.

IMPC sensor responses to n-Heptane flow under three fluid pressures.

Fig. 10 shows the IPMC sensor response to an n-Heptane flow at
three fluid pressures of 207, 310, and 514 kPa. These pressures
correspond to typical conditions found in a port fuel injection
system of gasoline engines. While the signals demonstrated similar damping behaviors for the three pressures, their amplitudes
were different—the higher the pressure, the larger the signal amplitude. This is reasonable because the fluid flow rate directly
impacts the driving force on the IPMC beam movement and
thus the sensor output. Figs. 8–10 indicate that both the amplitudes and the decay characteristics of the IPMC sensor output
carry useful information about the flow properties. Note that the
sensor signal amplitudes and the decay characteristics shown in
Fig. 10 provide a strong indication that an IPMC sensor is not
only capable of characterizing pulsating flows, but also possibly
capturing various flow conditions.
D. IPMC Beam Responses to Cyclic Flows
In addition to reacting to pulsating flows with different fluid
media and flow rates, another advantage of an IPMC flow sensor is its ability to capture the pulse-to-pulse variations between
consecutive events initiated by the solenoid valve. Fig. 11 shows
the sensor response to two consecutive pulsating events of the
water flow at 270 kPa. In this test, the solenoid valve was open
for 100 ms and the pulse period was also set to 100 ms, providing a 50% duty-cycle pulsating flow. As the solenoid valve
was energized by a transistor–transistor logic input signal, the
sensor movement was induced by the pulsating fluid movement,

resulting in distinct vibration signals immediately after the rising and falling edges of the logic pulse, respectively. It can be
clearly seen that the sensor provides fairly repeatable signal
corresponding to both pulse events. The information embedded in the signal slightly after the rising edge and the falling
edges of the consecutive pulses could be useful for interpreting
the pulse-to-pulse variations of the pulsating flow. This type of
information is very critical to engine fuel flow control and calibrations which directly influence combustion stability. Currently
high-fidelity measurement of the pulse-to-pulse flow variation
is only available through a laboratory test bench. With the help
of the IPMC flow sensor, it might be possible to measure it in
the vehicle environment.
In summary, based upon the aforementioned experimental
results, IPMC holds strong promise for measuring pulsating
flow characteristics in internal combustion engines, including
flow start and end instants, flow rate, pulse-to-pulse variations,
and fluid media properties. In the following section, we will
discuss a multisegment model for the IPMC beam dynamics
in a fluid medium, which will be useful for estimating fluid
characteristics based on the IPMC sensor output.
III. DYNAMIC MODEL OF AN IPMC BEAM IN FLUID FLOW
In order to effectively describe the dynamic responses of an
IPMC beam interacting with a fluid flow, a multisegment dynamic model is adopted in this paper. Fig. 12 illustrates the
beam model with N rigid-body elements. The elements have
equal length, and each is linked with its neighbor elements
through joints modeled by a rotational spring Ki and a linear
rotational damper Hi , where the index i denotes the ith element.
The damper collectively models the internal damping of the
IPMC beam and the hydrodynamic damping due to the interaction with the surrounding fluid [30]. We have not considered the
nonlinear damping effect in the interest of deriving an efficient
estimation algorithm for real-time applications. We will further
discuss this issue in Section VI. The drag force FDi due to the
surrounding medium can be modeled as a lumped load applied
at the element center of mass.
Fig. 13 shows the free body diagram for one element, where
(x, y) are the coordinates in the inertial frame. For each element,
the governing equation can be written in the following form
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in this study, so that
sin θi ≈ θi , cos θi ≈ 1,

i = 1, 2, . . . , N.

(4)

Note that the approximation made in (4) leads to a maximum
error of 1.5% when the beam angle is less than or equal to
10◦ (0.17 rad). With this assumption, both aix and aiy can be
approximated by the following equations:
aix =

i−1


1
θ̈j l + θ̈i l,
2
j =1

i = 1, 2, . . . , N

aiy = 0, i = 1, 2, . . . , N.

Fig. 12.

(5)
(6)

Note that since F(N +1)y is zero, we have Fiy = 0, i =
1, 2, . . . , N, from (3) and (6). On the other hand, from (2) and
(5), Fix in (1) can be solved as a linear combination of FD j and
θ̈j , j = 1, 2, . . . , N, with F(N +1)x = 0.
The drag force FD i applied to each element is exerted by the
surrounding medium, and it can be expressed as

Cantilever beam modeled by a finite number of rigid elements.

V̂i2
(7)
2
where b is the beam element width, CD is the drag coefficient,
ρ is the fluid density, and V̂i is the relative beam velocity with
respect to the fluid at the center of the element. Note that V̂i =
V0 + Vxi , where V0 is the fluid velocity, and Vxi is the x-direction
component of the beam element linear velocity Vi at its center
of mass. Again, assuming that θi is relatively small, we can
approximate Vxi by Vi . .
The moment of inertia Ji , rotational stiffness Ki , and damping coefficient Hi can be expressed in terms of the beam dimensions, and the properties of the beam material and the fluid
FD i = b · l · CD · ρ ·

Fig. 13.

Free body diagram of the ith beam element.

based upon Newton’s law:


Ji θ̈i + Hi θ̇i − θ̇i−1 + Ki (θi − θi−1 )


− Hi+1 θ̇i+1 − θ̇i − Ki+1 (θi+1 − θi )

Ji = Je =

γ · b · c3
12l


Hi = He = ξ · 2 Ji · Ki = ξ · 2 Je · Ke

K i = Ke =

l
l
+ Fix cos θi
2
2
l
l
sin θi +F(i+1)x cos θi , (i = 1, . . . , N ) (1)
2
2

= Fiy sin θi
+ F(i+1)y

mi · l 2
12

where Ji is the moment of inertia for the ith element, l is the
length of the beam element, Fix and Fiy are the reaction forces at
the ith node in the x- and y-directions, respectively, and F(i+1)x
and F(i+1)y are defined similarly for the (i+1)th node. Note
that, from Newton’s law, the translational motion satisfies the
following equations:
mi · aix = FD i + Fix − F(i+1)x

(2)

mi · aiy = Fiy − F(i+1)y

(3)

where mi is the effective mass of beam element i, as defined
later in (11), and aix and aiy are the accelerations in x- and ydirections, respectively, at the center of the mass for element i. To
facilitate the derivation of an efficient estimation algorithm for
real-time applications, we assume small angular displacements

(8)
(9)
(10)

where mi is the effective mass for element i, c is the beam
element thickness, γ is the (effective) Young’s modulus of IPMC
material, and ξ is the critical damping ratio accounting for both
material damping and hydrodynamic damping. The effective
mass mi represents the sum of the actual mass of element i and
the added mass for this element due to beam–fluid interactions
[30], [43], and it can be expressed as
mi = ρe blc

(11)

where ρe represents the effective density of the beam, which depends on the material density, fluid density, and beam geometry.
Note that since all the beam elements are identical, they have
the same moment of inertia Je , stiffness Ke , and the damping
coefficient He .
We can rewrite (1) in a compact matrix form
J · θ̈ + H · θ̇ + K · θ = Γ

(12)

where J, H, and K are matrices of moments of inertia, damping coefficients, and spring constants, respectively. For the
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N-element beam model, these matrices are expressed as
J=

⎡

12(N − 1) + 4
⎢ 12(N − 2) + 6

⎢
⎢
⎢
×⎢
⎢
⎢
⎣

12(N − 2) + 6
12(N − 2) + 4

···
···

..
.
..
.

..
.
..
.

..

18
6

18
6

···
···

···
···

18
18

..
.

.
..

.

18
6

18
16
6

⎤

6
6⎥

.. ⎥
⎥
. ⎥J
⎥ e
6⎥
⎥
6⎦
4

(13)
⎡

2He

⎢
⎢ −He
⎢
H=⎢
⎢
⎢
⎣
⎡

2Ke

⎢
⎢ −Ke
⎢
K=⎢
⎢
⎢
⎣

⎤

−He
2He
..
.

..

.

..

.

..

.

..

.

2He
−He

(14)

..

.

..

.

..

.

..

.

2Ke
−Ke

⎥
⎥
⎥
⎥.
⎥
⎥
−Ke ⎦
Ke

x=
B=


θ
,
θ̇

A=

(15)

1/2
0

1
1/2

⎤
⎥
⎥
⎥
⎥
⎦

Note that the velocity Vi at the center of element i and the
beam tip velocity Vtip satisfy the following equations:
i−1


lθ̇j

N


lθ̇j .

(18)

(19)

As discussed in Section II, when the vibration frequency
is relatively low, the short-circuit current signal ishort from the
IPMC sensor can be related to the beam tip velocity Vtip through
a static gain as
Vtip = η · ishort

(20)

where the gain η can be determined with the formulas presented
in [16] or obtained experimentally.
From (14) and (15), the damping matrix H is proportional
to the stiffness matrix K, i.e.,H = βK, where β is a scalar.
The mode frequencies in system (12) can be obtained by using
Rayleigh damping theory [41]. System (12) can be transformed
into its modal coordinates
q̈ + H̄ q̇ + K̄q = P T Γ

u = V̄ CD ρ

0N ×N
IN ×N
−JN−1×N × K −JN−1×N × HN ×N

, C = [ 01×(N −1) 1 ]

0N ×N
JN−1×N × QN ×N

0
0
⎡
⎤
2
(V0 + V1 )
⎢
⎥
..
⎢
⎥
.
⎢
⎥
2 ⎥
⎢
V̄ = ⎢ (V0 + Vi ) ⎥ .
⎢
⎥
..
⎣
⎦
.
(V0 + VN )2

···
..
.
···
···

1
1
..
.

j =1

Assume that all the IPMC beam model parameters defined in
(13)–(15) are available. We further assume that the fluid flow
velocity V0 in (16) is known; in practice, this value could be
determined in a number of ways, e.g., based on the applied fluid
pressure. We can rewrite (12) into the following state-space
form, where the product of remaining unknown parameters CD
and ρ appears linearly in the driving term

y = θ̇N

1/2
..
.

0
0

Vtip =

IV. LEAST-SQUARES FLUID PARAMETER IDENTIFICATION

where

0
..
.

1
1
..
.

j =1

FD N

y = Cx,

⎢
⎢
⎢
⎢
⎣

Vi = lθ̇i /2 +

The angular displacement vector θ and the fluid flow-induced
torque vector Γ are expressed as
⎤
⎡
N
FD 1 + 2
FD j
⎡
⎤
⎥
⎢
θ1
j =2
⎥
⎢
⎥
⎢
.
.
⎢ . ⎥
..
⎥
⎢
⎢ . ⎥
⎥
⎢
l
⎢
⎥
N
⎥.
(16)
θ = ⎢ θi ⎥ , Γ = ⎢
⎢
FD j ⎥
⎢ . ⎥
2 ⎢ FD i + 2
⎥
⎣ .. ⎦
j =i+1
⎥
⎢
⎥
⎢
..
⎦
⎣
θN
.

ẋ = Ax + Bu,

QN ×N

bl2
=
2

⎤

−Ke
2Ke
..
.

⎥
⎥
⎥
⎥
⎥
⎥
−He ⎦
He

where IN ×N is an identity matrix and
⎡ 1/2
1
···

(17)


(21)

where q = P −1 θ is the angular displacement vector in the modal
coordinates, and H̄ = P T HP and K̄ = P T KP are diagonalized damping and stiffness matrices, respectively. The column
vectors, Pi (i = 1, 2, . . . , N ), of the coordinate transformation
matrix, P = [ P1 , . . . , Pi , . . . , PN ] , is the orthonormal
mode shape vectors satisfying the following conditions:
(K − ωi2 J)Pi = 0 and PiT JPi = 1,

i = 1, 2, . . . , N (22)

where ωi is the ith mode frequency. Recall that we are concerned with pulsating flows in this paper. Therefore, within
each pulse, the IPMC beam is subject to a constant flow following the initial impact, which implies that the first mode
response P1 = [ p11 , . . . , pi1 , . . . , pN 1 ]T dominates the
beam vibrations. If higher frequency modes are excited by the
initial impact, the responses associated with those modes will
be damped out much faster than that of the first mode, in which
case one can use the output data beyond the initial impact for
parameter estimation. With these considerations, we derive the
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following relationships between the angular velocities:
θ̇1
θ̇i
θ̇N
= ··· =
= ··· =
.
p11
pi1
pN 1

(23)

Consequently, from (18) and (19), the velocity Vi for element
i can be expressed in terms of the beam tip velocity Vtip
Vi =

i−1
j =1

pj 1 + 12 pi1
N
j =1

pj 1

Vtip .

(24)

For practical implementation purposes, we can convert the
continuous-time model (17) to the discrete-time version
x(k + 1) = Âx(k) + B̂u(k)
y(k) = Ĉx(k)

(25)
ATs

for a given sampling period Ts , where Â = e
,Ĉ = C, and
 Ts Aσ
B̂ = 0 e Bc dσ. The solution to (25) can be obtained as
x(k) = Âk x(0) +

k −1


Âk −j −1 B̂ V̄ (j)CD ρ

j =0

y(k) = Ĉx(k).

(26)

Let the initial condition of the state be x(0) = x0 . The following equation can be obtained based upon (26):
⎡
⎤ ⎡
⎤
Ĉ Â1
Ĉ Â0 B̂ V̄ (0)
y(1)
1
⎢ y(2) ⎥ ⎢ Ĉ Â2

Ĉ j =0 Â1−j B̂ V̄ (j) ⎥
⎢
⎥ ⎢
⎥ x0
⎢
⎢
⎥
⎥
ȳ = ⎢ . ⎥ = ⎢ .
⎥ C ρ
..
D
⎣ .. ⎦ ⎣ ..
⎦
.
y(n)
= Φ(n)

x0
CD ρ



Ĉ Ân

Ĉ

n −1
j =0

Ân −j −1 B̂ V̄ (j)
(27)

where n is the number of signal data points selected for identification. Note that the system matrices (Â, B̂, Ĉ) are known,
and the velocity vector V̄ , as defined following (17), can be
calculated using (20) and (24). Therefore, the matrix Φ(n) can
be obtained based upon the IPMC sensor output. To estimate
the fluid property parameter CD ρ (product of the drag coefficient and fluid density), we seek the solution that minimizes the
squared error




ȳ − Φ(n) x0  .
(28)

CD ρ 2
The corresponding solution can be readily computed as

x0
(29)
= [ΦT (n)Φ(n)]−1 ΦT (n)ȳ.
CD ρ
V. EXPERIMENTAL RESULTS ON FLUID PROPERTY ESTIMATION
In this section, we apply the proposed modeling and estimation approach to estimate the fluid property parameter CD ρ for
two fluid media (water and n-Heptane) based upon the IPMC
sensor output signals shown in Figs. 8 and 9. The number of
rigid elements in the model impacts both modeling accuracy and
computational complexity; a higher number of elements leads to
more accurate modeling but entails higher computational cost.

Fig. 14.

Convergence of the model as the number of beam elements increases.

The number of rigid elements required to achieve certain accuracy in approximating a flexible beam is highly dependent on
the geometry and material properties of the beam [42].
Fig. 14 shows the simulated responses of the beam tip velocity following an initial impact, when different values of N are
adopted for the number of rigid elements. The beam dimensions
used in the simulation were the same as those of the IPMC beam
used in the experiments, and other simulation parameters were
chosen based on general knowledge about beam and fluid properties. The Simulink Simscape toolbox was utilized for the simulation. It can be observed in Fig. 14 that, as the element number
increases, the beam tip velocity trace gradually converges, and
that the five-element model achieves a sound tradeoff between
modeling accuracy and computational efficiency. Therefore, a
model with five rigid elements was adopted in this study.
Before applying the estimation algorithm, we need to identify a few parameters for the beam model. The effective Young’s
modulus γ of IPMC was calculated based on the measured beam
stiffness, following an experimental procedure described in [44].
The width b and the thickness c of the beam were measured directly, and the length l of each beam element was obtained by
the measured beam length divided by 5. The gain η relating
the beam tip velocity to the IPMC short-circuit current was
estimated based on the results from high-speed imaging analysis (see Fig. 5). Finally, the damping ratio ξ and the effective
beam density ρe were identified through curve-fitting, as shown
in Fig. 15. In particular, we tuned these two parameters until
good agreement was achieved between the simulated beam tip
velocity and the measured short-circuit current signal, following
the rising edge of the control pulse in a pulsating water flow.
These parameters were then used to estimate the fluid property parameter for other cases. Table I lists all the parameters
identified for the beam model.
Table II lists the properties of the two fluids (water and nHeptane), as well as their measured average velocities. Reynolds
numbers Re of the two fluids are obtained as follows [45]:
Re =

V0 b
v

(30)

where vis the kinematic viscosity of the fluid. Based upon the
obtained Reynolds number, the actual drag coefficient CD can
be found using [45, Fig. 8.8 and Table VIII.2]. Note that these
drag coefficients were obtained with the assumption of a round,
cylindrical beam. Since the IPMC beam is rectangular, we have
provided a range of values for CD in Table II.
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Fig. 15. Identification of ξ and ρe through curve-fitting, where the measured
IPMC current was taken from the case of a pulsating water flow, following the
activation of the solenoid valve.
TABLE I
PARAMETERS OF THE EXPERIMENTAL IPMC BEAM

Fig. 17. Estimation error as a function of data length, for the case where the
beam motion was initiated by the start of a water flow pulse.
TABLE III
ESTIMATED FLUID PROPERTY PARAMETER CD ρ FOR WATER AND n-HEPTANE

TABLE II
PARAMETERS OF THE TESTED FLUIDS

Fig. 16. Selection of signal segment for parameter estimation, for the case
where the beam motion was initiated by the start of a water flow pulse.

Next, we will estimate the fluid property parameter CD ρ for
water and n-Heptane using the measured IPMC sensor outputs
shown in Figs. 8 and 9 and compare the estimates with the values
derived from Table II. The sampling time was 0.5 ms. Fig. 16
shows the IPMC short-circuit current signal following the start
of the water flow, and the simulated beam tip velocity based
on the parameters ξ, ρe , and CD ρ that were obtained through
curve-fitting. Recall that this was how the beam parameters ξ
and ρe were identified. Due to the large angular displacement at
the start of pulse flow, the current signal does not match well the
simulated beam tip velocity immediately following the impact,
since small displacement was assumed in the modeling process.
In order to better identify the fluid property, we focused on a data
segment away from the initial impact. The two vertical lines in

Fig. 16 depict the time interval for which the sensor data were
used for parameter estimation.
Note that the number n of data points used in parameter
identification affects the accuracy of the least-squares estimation. To demonstrate this effect, we took the test data shown in
Fig. 16 and performed estimation with data of different length.
Fig. 17 shows the estimation error as a function of the signal
length n. The estimation error is with respect to the midpoint of
the calculated range for CD ρ shown in Table III. It can be seen
that the estimation error drops as the signal length increases. But
after the signal length is increased to a certain value, the estimation error converges. This is because it takes a certain number
of data points to convey the oscillation characteristics. Therefore, the selection of the test data segment (including the data
length) plays an important role in determining estimation accuracy and computational complexity. Fig. 18 shows the selected
data segments for parameter estimation for the three other cases.
Note that in these cases, ξ and ρe identified earlier were used,
and the values of CD ρ were obtained from the least-squares
optimization.
The estimated fluid property parameters are summarized in
Table III against the calculated ones. Here, the calculated CD ρ
range is obtained based on the data listed in Table II. It can
be seen that the identified parameters are very close to their
corresponding calculated values. Furthermore, the identified
parameters using the data following the start of the pulses are
consistent with those based upon the data following the end of
the pulses. This is very important for automotive applications
of on-board diagnostics and fuel composition detection.
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Fig. 18. Selection of signal segments for parameter identification for the other
three cases.

VI. CONCLUSION AND DISCUSSION
Motivated by the potential application of the IPMC beam
as flow sensors for automotive engines, this paper investigates
the feasibility of an efficient algorithm for identifying the fluid
properties using the output of an IPMC sensor beam under
pulsating flows. A dynamic multisegment model for IPMC beam
dynamics was developed and solved analytically. The obtained
solution, linear in the parameter of interest (product of drag
coefficient and fluid density), was then used to identify the fluid
parameter through least-squares minimization, where, again, an
analytical solution was readily available. The estimation scheme
was applied to pulsating flows of two different media, water and
n-Heptane, and the estimated fluid parameters showed good
agreement with the true parameters for those media.
Our work has shown the promise of using IPMC for measuring flow conditions and fluid properties in pulsating flows.
While the study was motivated by emerging automotive applications (such as detecting the composition of fuel blends), it
can be extended and applied to flow sensing in other areas including biomedical systems. One such example could be the
measurement of flow characteristics in blood vessels (pulsating
flow in nature). On the fabrication side, with the advances being made in lithography-based microfabrication [14], [46], and
[47], IPMC sensors can be scaled down to the micrometer range
to accommodate the aforementioned applications. On the algorithm side, the dynamic model and the associated estimation
scheme proposed in this paper accommodate scaling naturally.
We now discuss several characteristics of IPMC materials
as relevant to their proposed use in this paper. The first is the
bandwidth of an IPMC sensor. Since the sensing property is
enabled by the redistribution of ions under mechanical stimuli,
one might be concerned about the IPMC sensing bandwidth (the
actuation bandwidth of IPMC is typically below 10 Hz). In fact,
the bandwidth of IPMC sensors is sufficiently high for most
applications envisioned in this paper. For example, as it can be
seen in Figs. 8–11, the output of an IPMC sensor beam that is
10 mm long, 4 mm wide, and 0.25 mm thick can clearly capture
the motion of the beam vibrating at about 150 Hz. For property
measurement of a flow (especially, a pulsating flow), one can
design the geometry of the IPMC beam, so that its resonant frequency is high enough to allow significant mechanical motion
in the frequency range of interest. We note, however, that as
the sensor is scaled down (e.g., by making it shorter) to obtain
high resonant frequencies, the signal conditioning and amplifi-
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cation circuit needs to be properly enhanced to accommodate
the generally weaker output from a small sensor.
It should be noted that fabrication of IPMC materials is not
fully mature yet. For example, sample properties may have
batch-to-batch variations, and material behaviors can change
over time. As a result, one will need to calibrate individual sensors and periodically recalibrate them to obtain accurate sensor
parameters in practical applications. On the other hand, IPMC
fabrication is a very active research area and it is anticipated
that, with further development, IPMCs will have much reduced
batch-to-batch variation and much improved long-term behavioral stability. Furthermore, the model-based estimation algorithm proposed in this paper exploits salient features (e.g., the
damping characteristics) of the beam dynamics, which greatly
reduces the importance of the absolute signal amplitude and
thus mitigates the impact of the nonideal behavior of IPMCs.
We also want to point out that the modeling approach and the
estimation algorithm presented in this paper are applicable to
other beam-shaped flow sensors and thus not limited to IPMC
sensors.
This study has not considered the effect of surrounding fluid
media on IPMC physical and mechanosensory properties. This
did not seem to have a big impact on this study since, in each
experiment, the IPMC sensor had relatively short time in contacting with the fluid. In long-term applications, one will need to
address the potential influence of the fluid media on the sensor
behavior. One approach is to coat or package the IPMC sensor
beam so that it is isolated from the fluid. An alternative is to
characterize the mechanical and sensing properties of the IPMC
beam in each fluid and incorporate those properties in modelbased estimation. In this paper, we have also ignored the phase
lag between the IPMC current output and the tip velocity. Such
dynamics [16] can be incorporated to improve the estimation
accuracy, especially for applications involving high-frequency
beam oscillations.
In the interest of obtaining analytical solutions and thus efficient estimation algorithms for real-time applications, we have
adopted several approximations and simplifications in the modeling and estimation approach. When offline estimation is acceptable, or when adequate computing power is available, one
can consider extending the approach in a few directions, to improve the accuracy in the beam dynamics modeling and in the
fluid property estimation.
First, instead of using the multisegment modeling approach
presented in this paper, one can consider using nonlinear finiteelement methods to solve the nonlinear beam dynamics, which
can potentially lead to more accurate solutions. Second, we have
assumed a constant added-mass in this paper. In extension, one
could incorporate the fluid density dependence of the added
mass in the inertia matrix. The resulting estimation problem
will be much more sophisticated, but it offers the possibility
to simultaneously estimate the fluid density and the drag property. Third, nonlinearities can be included to improve the model
fidelity across wider ranges of operating conditions and fluid
properties. Besides dropping the small angular displacement
assumption, an interesting question to investigate is nonlinear
hydrodynamic damping. For example, the Keulegan–Carpenter
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(KC) number [48] in our setting was estimated to be about 0.5
and the frequency parameter was about 2400. Nonlinear damping, where the damping coefficient depends on the oscillation
amplitude and frequency, could exist for such a combination of
KC number and frequency parameter [49]. In our work, nonlinear damping has not been considered, which is partly justified
by the fact that in many applications of interest (e.g., estimating
a pulsating flow in an engine fuel system), the resulting amplitudes and frequencies of beam oscillations have relatively small
variations. For other applications where the vibration characteristics could vary significantly, it will be of interest to examine
nonlinear damping.
Finally, we note that, while this paper has focused on the
sensing of pulsating flows, IPMC sensors can also be used to
measure continuous flows. In the latter setting, the flutter instability of an IPMC beam when the flow speed exceeds critical
values can be potentially exploited to extract the flow information. For example, the measurement of the flutter frequency
(easily available from IPMC output) can be used to infer either
the flow speed (if fluid properties, such as viscosity, are known)
or the fluid properties (if the flow speed is known).
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