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Abstract
The development of compact hybrid electrohydraulic actuators driven by various smart materials has been widely
reported in the literature in recent years. Such solid-state-induced strain actuators have applications in a variety of aero-
space and automotive and mechanical engineering fields. These devices are capable of producing high stroke (or displace-
ment) and high force (or pressures) in a compact form factor by utilizing the large bandwidth and energy density of
currently available smart materials. The basic operation of these hybrid actuators involves high-frequency bidirectional
operation of an active material that is converted to unidirectional motion of a hydraulic fluid by a set of valves. Over the
last decade, several prototype hybrid actuators have been designed using piezoelectric (PZT-5H), magnetostrictive
(Terfenol-D), and electrostrictive (PMN-PT) materials as the driving elements, with actuation frequencies ranging from
10 Hz to 1 kHz. Power outputs and volumetric flow rates have reached up to 20 W and 40 cm3/s, respectively.
Different mathematical models have been developed to evaluate the performance of these hybrid actuators. While early
efforts focused on a simple, quasi-static approach to simulate pump operation, more complex dynamic models have been
recently developed to capture the complex interaction between the smart material and the transmission fluid at high
operating frequencies. The objective of this survey is to review the state-of-the-art in compact hybrid electrohydraulic
actuation systems and to summarize design and modeling efforts.
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Introduction

Present-day hydraulic actuators typically rely on a cen-
tral supply of high-pressure fluid along with a controlla-
ble servovalve to distribute this fluid to hydraulic output
devices, where the pressurized fluid does useful mechani-
cal work. Conventional hydraulic actuators offer high
bandwidth and authority in very compact packages, but
their need for hydraulic fluid lines can make them unsui-
table for distributed actuation applications like those
found on the unmanned combat air vehicle (UCAV).
Although such actuators are effective in numerous appli-
cations, benefits would accrue from more efficient, high-
bandwidth devices that can be distributed across the air-
frame by eliminating the central hydraulic supply. The
challenges are even greater in rotorcraft as many of the
important applications for noise and vibration control
such as active flaps and active pitch links (APLs) must
operate in the rotating frame; the actuation of an aerody-
namic surface in such situations cannot be achieved
through conventional hydraulic or electric methods due
to the prohibitive high-g centrifugal force field

environment generated during blade rotation (Giurgiutiu
et al., 1995). A compact, high-bandwidth, electrically
powered actuator for use in smaller vehicles as well as in
rotating environments is required.

Solid-state actuators using smart materials provide
an effective way to implement this strategy (Crawley,
1987; Barsoum, 1997; Claeyssen et al., 1997; Loewy,
1997; Chopra, 2000; Giurgiutiu, 2000; Anderson et al.,
2003). Although output displacement of these materials
is very small (approximately in micrometer), they can
produce very high forces and can be operated at high
frequencies (Niezrecki et al., 2001). By using inherently
energetic smart materials to drive a compressed fluid
directly, the complexity of transduction is reduced,
while central fluid supplies and transfer lines can be
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eliminated by operating in a closed-fluid system.
Applications targeted by this development begin with
those currently employing hydraulic and ballscrew
actuators as well as those that are not feasible because
of limitations in present-day devices.

Over the last decade, there has been significant
research activity in the development of hybrid hydrau-
lic actuators driven by various smart materials; the
Compact Hybrid Actuator Program (CHAP) at
DARPA initiated much research and development in
the area of developing new types of electromechanical
actuators and devices that take advantage of the high
energy density of smart material elements (Garcia,
2002). The evolutionary step for these transduction ele-
ments was for their incorporation into devices with
high power density and/or high specific power, so that
these compact hybrid actuators could potentially sup-
plant traditional actuation systems while reducing the
overall power and space consumed, thus the interest in
applications requiring distributed actuator systems
such as adaptive airframes and robotic locomotion. A
secondary goal of this technology development was the
creation of devices and systems that allow application
of mechanical power output through hydraulics with-
out the need for traditional hydraulic distribution
lines (Anderson and Garg, 2002; Bouchilloux et al.,
2004). An innovative application in the rotorcraft

industry could be APLs for individual blade control
(Figure 1(a)); such devices would be compact while
offering much higher stroke and bandwidth capabilities
in comparison with hydraulically powered mechanical
pitch links currently in use (John et al., 2009). In the
automotive industry, similar actuation systems with
simpler structure and compact size have been explored
to replace conventional electrohydraulic actuators for
automatic transmissions. There have also been some
investigations for application in biomedical fields
involving low flow rates (Cheng et al., 2007).

The use of a hydraulic fluid and valve system for
frequency rectification is an effective way to overcome
the problem of small displacements from currently
available smart materials and to develop a moderately
high-force, large-stroke smart actuator ideal for such
applications. The basic operation of these hybrid actua-
tors involves high-frequency bidirectional operation of
the active material, piezoelectric, magnetostrictive, or
electrostrictive, which is converted to unidirectional
motion of the transmission fluid by a set of valves by
flow rectification in each cycle using a set of valves.
Through this stepwise actuation process, the high-fre-
quency, small stroke of the active material is converted
into a lower frequency, larger displacement of the out-
put cylinder.

At high driving frequencies, the inertial effects of the
fluid mass dominate over the viscous effects and the
problem becomes unsteady in nature. Geometrical
parameters of the flow path and compressibility of the
fluid transmission medium are also important.
Mathematical models of the hydraulic hybrid actuator
have been developed to show basic operational princi-
ple under different operating conditions and to capture
the phenomena affecting system performance. Initial
modeling efforts used a simple, quasi-static approach
to match mechanical impedances of the driving smart
material with the driven fluid medium and derive maxi-
mum electromechanical conversion efficiencies; more
complex models developed over the last few years also
include the frequency-dependent electromechanical
transduction behavior, unsteady flow in the manifold,
and losses in the valves. Computational fluid dynamics
(CFD) has also been applied in some cases to quantify
the flow behavior.

Operation of a Smart Electrohydraulic
Pump

The starting point of a smart material–driven hydraulic
actuator is the initiation of flow because of the oscilla-
tion of a mechanical piston being driven by the exten-
sion/contraction of a smart material upon application
of a sinusoidal electrical input. For electroactive mate-
rials like piezoelectrics (e.g., lead zirconate titanate
(PZT-5H)) and electrostrictives (e.g., lead magnesium

Figure 1. Applications of compact hybrid hydraulic actuators in
various industries (a) APL (Sirohi, 2002) (b) Variable flow fluid
pumps (Kinetic Ceramics Inc.).
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niobate-lead titanate (PMN-PT)), an electric field is
applied to the active stack; in the case of magnetostric-
tive materials like Terfenol-D, actuation is obtained by
using a magnetizing coil placed around a cylindrical
rodlike element. The choice of active material depends
upon several factors, of which free induced strain, elas-
tic modulus, high-frequency operation, drive voltage
levels, and cost are most important; a comparison
between different smart materials for such applications
was done by Giurgiutiu and co-workers (Giurgiutiu
and Rogers, 1996; Giurgiutiu et al., 1996).

Electroactive Materials

Piezoelectrics are widely considered for smart actuator
designs because they are lightweight and compact, rela-
tively inexpensive, and exhibit moderately linear field-
strain relations at low drive levels. They also exhibit
broadband drive capabilities, an important property
when designing compact smart pumps with high flow
rates. However, the piezoelectric materials exhibit hys-
teresis and constitutive nonlinearities at all drive levels
(Mitrovic et al., 1999). For high drive regimes, it might
be necessary to either employ charge or current control
or use models and control designs, which incorporate
the hysteresis to achieve high accuracy tracking. In cer-
tain applications, electrostrictive transducers con-
structed from relaxor ferroelectric materials are
advantageous over piezoelectric materials because they
exhibit minimal hysteresis and are not poled and hence
exhibit few aging effects. However, their highly
temperature-dependent and nonlinear saturation beha-
vior must be accommodated when designing complex
systems that incorporate these compounds. Due to the
use of structural adhesives to glue the electroactive
layers and to assemble electrodes, the final stack stiff-
ness is significantly lower than the basic ceramic mate-
rial with same geometry. Care must be taken to ensure
that the active element is aligned correctly and sub-
jected to a compressive load under all conditions as
these materials have very low tensile strength. The elec-
trical power supply should also be chosen to deliver the
required reactive input power, and proper insulation
should be used at the high voltages.

Magnetoactive Materials

The magnetic analogues of electrostrictive compounds
are magnetostrictive materials that convert magnetic
energy into mechanical energy and vice versa. Due to
the circuits required to generate the required magnetic
fields, transducers that use magnetostrictive cores are
currently larger and more massive than piezoelectric or
electrostrictive stacks. However, the giant forces and
moderate strains generated by the transducers make
them advantageous in certain applications. At moder-
ate to high drive levels, the nonlinearities and

bandwidth limitations must be accommodated before
magnetostrictives can be used to their full potential. As
the magnetostrictive actuator is a current-driven device,
lower voltages are required; this makes it simpler to
develop the power supply.

A typical hybrid pump uses the principle of fre-
quency rectification to produce a net flow rate out of
the pump; this is performed by unidirectional valves
housed within the pumping head (Figure 2), which
allow fluid flow either out of the pumping chamber
(through the discharge port) or into the pumping cham-
ber (through the intake port).

The hybrid pumping device operates in four distinct
stages as follows (Nasser et al., 2000; John et al., 2008;
Chaudhuri et al., 2009):

1. Compression: The first stage involves the expan-
sion of the hybrid material stack/rod as an
increasing magnetic field is applied. This in turn
compresses the fluid in the pumping chamber,
resulting in an increase in chamber pressure.
This stage continues as long as the pressure dif-
ference across the valve is less than the valve
cracking pressure. The intake valve is closed
during this stage as the pressure in the chamber
is greater than the pressure in the intake tube of
the pump.

2. Discharge: In the second stage, the pressure dif-
ference between the chamber and the discharge
tube becomes large enough to open the dis-
charge valve and fluid starts to flow out of the
chamber into the discharge tube. Pressure builds

Figure 2. Schematic of unidirectional smart hybrid actuator
operation.
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up in the high-pressure side of the output cylin-
der and results in motion of the output shaft,
causing fluid to move from the low-pressure-
driven side of the output cylinder into the highly
compliant accumulator that is maintained at
almost constant pressure.

3. Expansion: In this stage, the current in the coil
starts decreasing causing the hybrid stack to
retreat and the pumping chamber pressure
reduces. The intake reed valve is designed to
only allow flow of fluid into the pumping cham-
ber, whereas the discharge reed valve port does
not allow any fluid to come into the chamber.
However, the intake port is still closed as the
difference between the accumulator and pump-
ing chamber pressures is still lower than the
cracking pressure. This stage is similar to the
compression stage, except that the stack/rod is
contracting instead of expanding as in Stage 1.

4. Intake: In the final intake stage, the pumping
chamber pressure drops further and the pressure
difference between the chamber and the intake
tube becomes large enough to crack open the
intake reed valve and allow fluid flow back into
the chamber.

These four stages, depicted in Figure 3, are repeated
every pumping cycle and result in a net mass flow rate
out of the pump through the discharge tube and an
equivalent mass flow rate into the pump through the
intake tube.

To transfer the pressure generated within the pump-
ing chamber to an external device or application, a

manifold is used to connect the hybrid pump to an out-
put cylinder; this manifold also houses the accumulator
port and the return valve (for unidirectional operation).
The return valve is closed during normal operation and
is only used to reset the output piston to its original
position at the end of each stroke. The accumulator
consists of a nitrogen gas chamber with a rubber dia-
phragm; the pressure in the chamber decides the bias
pressure being applied to the fluid. Fluid from the out-
put port of the hybrid pump flows through the mani-
fold and into the output cylinder, causing an increase
in pressure. As the other end of the output cylinder is
connected to the highly compliant accumulator that is
maintained at the bias pressure, the output piston shaft
moves due to the pressure difference between the two
chambers of the cylinder.

Although theoretically attractive, practical limita-
tions arise that limit the efficacy of the solid–fluid
hybrid actuation approach. In particular, inertial loads,
fluid viscosity, and compressibility combine with loss
mechanisms inherent in the active material to limit the
effective bandwidth of the driving actuator and the
total actuator output power (Giurgiutiu et al., 1996;
Nasser and Leo, 2000). Care must be taken in the
design of the system to match the mechanical impe-
dance characteristics of the driving element to the fluid
transmission, so that maximum efficiency of operation
is obtained (Leo, 2007; Kan et al., 2009).

Recent Developments

Some of the compact hybrid actuators developed in
recent times are as follows:

Figure 3. Operating stages of a hybrid pump in every cycle: (a) compression, (b) discharge, (c) expansion, and (d) intake.
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1. One of the first-reported hybrid hydraulic
actuators was the piezoelectric stack-based
actuator developed by Konishi and co-workers
(Konishi et al., 1993; Konishi, 1995), which
had a maximum power output of 34 W and a
peak pumping frequency of around 300 Hz
and a static bias pressure of 3.0 MPa. The
device was constructed using a multilayer
piezoelectric element 22 mm in diameter and
55.5 mm in length. The hydraulic circuit was
filled with a working liquid, and a static pres-
sure was applied to (1) prevent cavitation in
the pump, (2) apply a preset load to the piezo-
electric element, and (3) to push the piston rod
out of the cylinder. The control valve was
operated by the pilot pressure generated by the
pump. A simple model based on a single-
degree-of-freedom (SDOF) model of the out-
put actuator was used to design an observer
and to control the output motion.

2. Tang et al. (1995) developed a piezohydraulic
actuator for active vibration control of rotor-
dynamic systems. The actuator was built to
transfer the high-force, high-frequency capabil-
ity of the piezoelectric driver to a hydraulic
system; the piezoelectric pusher forced the
input piston which in turn forced the column
of hydraulic fluid into the output piston.
Polyvinyl chloride (PVC)-based liquid plastics
(LP) were used in this setup because they have
a thick texture that prevents leakage and a
high bulk modulus for transmitting even the
smallest motions associated with vibration
control. From test results, the designers con-
cluded that the output stroke depended on the
ratio of the piston areas, compressibility of the
LP, tube flexibility, and impedance encoun-
tered by the output piston.

3. A magnetostrictive stack-based water pump
was developed by Gerver et al. (1998); this
device employed hydraulic stroke amplifica-
tion techniques and produced power output of
less than 1 W. This design used Terfenol-D as
the driving element and employed stroke
amplification to obtain high flow rates. The
pump achieved a flow rate of 15 mL/s at 5 psi
with a power input of 41 W. According to the
designers, higher flow rates were obtained by
either lowering the pressure (32.5 mL/s at
1.2 psi) or raising the input power (22 mL/s at
5 psi consuming 141 W). To avoid valve iner-
tia at high operating frequencies, thin rigid
disks of stainless steel were used. The maxi-
mum operational frequency was 150 Hz.

4. Mauck and co-workers (Mauck and Lynch,
1999, 2000; Mauck et al., 2000) developed a
piezoelectric stack-based device that produced

around 4 W and had a blocked force of
271.7 N (61 lbf); however, it operated at rela-
tively low pumping frequencies (less than
100 Hz) and performed frequency rectification
using passive valves. The stack actuator
selected was a soft PZT, which maximized out-
put displacement at the cost of a large loss tan-
gent (high hysteresis). This resulted in the
generation of significant heat when the operat-
ing frequency was increased and verified the
belief that without the introduction of a cool-
ing system, continuous operation of the stack
above 60 Hz would lead to stack self-heating
to the point of failure.

5. Nasser et al. (2000) developed a piezo-based
actuator that was capable of 4.5 W output
power and operated at slightly higher pumping
frequencies of around 200 Hz. The major dif-
ference between this work and previous
research was the use of fluid compressibility to
eliminate the need for hydraulic accumulators
and four-way control valves. The piezoelectric
actuator stack was rated for 100 mm of free
displacement and 3000 N of blocked force for
a peak-to-peak input voltage of 150 V. A
cylinder displacement of 113 mm at a fre-
quency of 10 Hz was measured under these
test conditions. Friction was not deemed a lim-
iting factor in the development of the piezohy-
draulic actuation system. This design was
improved upon by the addition of active valves
for rectification (Hurst, 2002; Tan, 2002; Tan
et al., 2005). Tests were conducted to measure
the hydraulic cylinder velocity under no load
and with a 12.63 kg load. The timing and
phase offset of the active valves were studied;
for frequencies lower than 100 Hz, it was con-
cluded that valve timing could change the out-
put velocity by 20%–30% when the duty cycle
was greater than 50% and the valve offset was
positive.

6. A compact hybrid hydraulic actuation device
for an APL usable in swashplateless helicopter
rotors was developed by Sirohi and Chopra
(Sirohi, 2002; Sirohi and Chopra, 2001, 2003;
Ellison, 2004; Ellison et al., 2004) at the
University of Maryland. Using piezoelectric
stacks, this actuator had an output power of
2.5 W, blocked force of around 138 N (31 lbf)
and operated at relatively higher pumping fre-
quencies. The maximum pumping frequency of
1 kHz was decided on the basis of temperature
limits of the piezostacks. As precise measure-
ment of the blocked force of the device was dif-
ficult, the value of blocked force was obtained
by fitting a straight line to the force–velocity
data and extrapolating it to the zero velocity
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condition. Two 2-way spool valves were added
to the hydraulic circuit for bidirectional opera-
tion. At higher pumping frequencies, signifi-
cant losses in flow rate were observed, and
testing of this device revealed a highly non-
linear variation of the output velocity with
pumping frequency. A comparison of actuator
performance with other smart materials
(Figure 8) in a modified pump body was car-
ried out by John et al. (2006, 2007). In each
case, the active material had a length of around
54 mm and cross-sectional area of 25 mm2.
While the maximum power output of 2.5 W
was obtained for the Terfenol-D and PMN-
based devices, the latter produced the highest
no-load output velocity of 270 mm/s and elec-
tromechanical efficiency of 7%. The effect of
centrifugal loads on the performance of the
prototype device was investigated by testing
under rotation in the vacuum whirl test cham-
ber (John et al., 2009); the centrifugal loading
on the actuator was nominally higher than the

full-scale centrifugal load experienced by a
UH-60 pitch link (Figure 4). It was shown that
the addition of thrust bearings to the spool
valve shaft enabled successful operation in
high-g centrifugal force fields.

7. Lee et al. (2004) developed a piezoelectric-
hydraulic pump using active unimorph disk
valves for frequency rectification; they reported
output flow rate of 3.4 cm3/s, specific energy
density of 12 W/kg, and a stall pressure of
8.3 MPa (1204 psi). According to the authors,
the unimorph disk valve concept includes a
large flow area with low lift and an unidirec-
tional flow from inlet to pumping chamber and
to outlet. Application of a voltage to the unim-
orph disk valves causes the valves (metal disk
layer) to deflect away from the seat, opening
more rapidly than a conventional check valve
and reducing flow resistance. Back flow that
normally accompanies passive valve operation
could also be suppressed. The outlet valve
opened before the piezoelectric stack actuator

Figure 4. Piezohydraulic devices developed at Virginia Tech: (a) piezohydraulic pump developed by Nasser (2000) and (b) compact
hybrid actuator with piezopump and hydraulic cylinder developed by Hurst (2002).
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started its stroke within an optimized duty
cycle, so that the delivered fluid volume could
be maximized. A later version of this piezohy-
draulic actuator produced a power output of
46 W by using proprietary microelectromecha-
nical systems (MEMS)-based valves from
Kinetic Ceramics, Inc., along with a commer-
cially available piezopump (Tieck et al., 2005).
The MEMS array valve was 1.18 cm in dia-
meter and 0.033 cm thick and held approxi-
mately 84 individual valves. The output flow
rates were 8.5 cm3/s and 17 cm3/s at actuation
frequencies of 500 Hz and 1 kHz, respectively.
However, when commercially available check
valves were attached to the pump, the maxi-
mum flow rate was 0.9 cm3/s and the output
power was 0.2 W. According to the authors,
the reason for this significant drop was the
increase of system compliance caused by mov-
ing the valves external to the pump housing
and air entrapment.

8. Ullmann (Ullmann et al., 2001; Ullmann and
Fono, 2002) developed a valveless hybrid
pump that used appropriately shaped and
directed nozzles to rectify the flow initiated by
oscillatory motion of a diaphragm, similar to
the conventional piston reciprocating pumps;
the pumping action was produced by activat-
ing a piezoelectric disk that was glued to a
stainless steel (or any other metal) disk. The
driving voltage on the piezoelectric device was
converted into force acting on the center of the
disk, resulting in a deflection. This device was
of much smaller scale than the actuators men-
tioned earlier and had a flow rate of 0.2 cm3/s
with pressure of around 90 kPa (13 psi). This
pump, however, did not have a flow

rectification system and worked by transfer-
ring fluid from a high-pressure source to a
low-pressure sink at certain frequencies.
Ullmann and Fono (2002) reported that the
best performance (maximum flow rate and
pressure drop) was obtained at the natural fre-
quency, which was sensitive to fluid masses
and geometry in the inlet/output lines, and was
much lower than the natural frequency of the
disk/piezoelectric device assembly without the
liquid (Figure 5).

9. Chapman et al. (2005) developed three small,
low-cost piezohydraulic pumps to deliver up to
600 psi (4.1 MPa) of blocked pressure and
5.63 cm3/s of free flow; the smallest pump
weighed less than 90 g. A four-way spool valve
was used for bidirectional control of the output
linear actuator. The first set of experiments
using check valves produced flow rates up to
1.2 cm3/s between 100 and 120 Hz pumping
frequencies; it was noted that an increase in
bias pressure actually affects pump perfor-
mance and was attributed to the increased fric-
tion in the hydraulic actuator seals. A second
design incorporating reed valves yielded the
best performance at 400 Hz pumping fre-
quency. Though the reed valves (0.010 and
0.005 in thick) were designed for a natural fre-
quency of 2 kHz in air, it was noticed that their
performance dropped sharply for frequencies
more than 400 Hz and never recovered.

10. A piezoelectric-hydraulic pump (PHP) was
developed for use in automotive transmissions
at the University of Michigan by Kim and
Wang (2007, 2009). The PHP device consisted
of a PZT stack transducer, which was actuated
by a high-frequency input voltage, a gas

Figure 5. First-generation piezohydraulic devices developed at the University of Maryland (a) piezohydraulic pump developed by
Sirohi (2002) and (b) compact hybrid actuator with piezopump and hydraulic cylinder developed by John (2007).
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accumulator, and a double-acting hydraulic
cylinder (Figure 6). To minimize the size, com-
plexity, and weight of an active piezoelectric-
based active valve system, two passive reed
valves were fabricated to achieve the one-way
valve functions. The accumulator provided the
various essential functions, which included
pumping, preventing cavitations, and deter-
mining deadhead pressure (the maximum pres-
sure at the outlet of the actuation system with
the cylinder piston locked). As bidirectional
action was not required for AT shift control, a
normally closed type on–off solenoid valve
was incorporated for releasing the actuating
pressure. The maximum flow rate was 19 cm3/
s at 230 Hz pumping frequency under an accu-
mulator pressure of 0.4 MPa, and the peak
deadhead pressure developed was 0.55 MPa.

11. Hybrid actuators driven by piezoelectric (Yoo
et al., 2003, 2005; Yoo and Wereley, 2004) and
magnetostrictive (Nosse and Dapino, 2005;
John et al., 2007) materials in conjunction with
magnetorheological fluids (MRFs) for bidirec-
tional control have also been developed in
recent times. Important advantages of this
valve system over mechanical valves are the
lack of moving parts and faster response,
whereas the major disadvantage is that full clo-
sure of the valve is never possible due to the
finite yield stress and creep of the MRF. The
MR valves used in the Smart Structures
Laboratory at the University of Maryland,
College Park, used the controllable yield stress
of MRFs (Wereley and Pang, 1998; Lee and
Wereley, 1999; Wereley, 2008) to effectively
open or close the channels that comprise oppo-
site arms of an H-bridge, ultimately leading to
directional control of the output shaft (Yoo
and Wereley, 2002; John et al., 2008). The
maximum output shaft velocity obtainable
from the system was around 50 mm/s at a
pumping frequency of 125 Hz, which was
much lower than the peak velocity and

resonant frequency noticed in a piezohydraulic
actuator using hydraulic oil. In the MR-based
device developed by Nosse and Dapino (2007)
at the Ohio State University, flow generated
by a Terfenol-D pump was routed through
two flow paths connected in parallel, while
solenoids were used to alternatively activate
the fluid in either ends of the passages.

Commercial Developments

There have been hybrid hydraulic actuator develop-
ments among commercial establishments too. Active
Signal Technologies (Bridger et al., 2004) developed a
magnetostrictive water pump operating at 3000 psi
(21 MPa) pressure with a no-load flow rate of 57 cm3/s
(3.5 inch3/s). The Terfenol rod used initially in this test
setup was 4 inch (101 mm) long 3 1.25 inch (32 mm)
diameter but could not achieve the desired specifica-
tions. An inertial mass (Tonpilz)-based design was then
used to improve the performance and increase the
operational frequency to ;2 kHz. Optimum matching
for a 1 inch (25.4 mm) diameter 3 3.125 inch
(79.4 mm) long Terfenol rod was achieved with a
1.25 inch (32 mm) diameter piston and 0.1 inch
(2.5 mm) chamber height. Under the smart material
actuated servo hydraulics (SMASH) program, CSA
Engineering Inc. (Anderson and Garg, 2002; Anderson
et al., 2002, 2003; Lindler et al., 2003) reported the
development of several hybrid actuators, including a
magnetostrictive hydraulic actuator with a power out-
put exceeding 100 W (Sneed et al., 2006, 2007). The
maximum no-load flow rate was 0.4 gpm (25.2 cm3/s),
and the maximum developed pressure was 1700 psi
(11.7 MPa). A 4 inch (102 mm) long, 1 inch (25.4 mm)
diameter Terfenol-D rod was used for actuation, and
the optimal operating frequency was 200 Hz. Reed
valves were used for flow rectification; according to the
authors, insufficiently stiff reeds can lead to ‘‘valve
float’’ where the valves fail to close completely between
cycles allowing back flow through the pump, whereas
excessive stiffness reduces maximum reed displacement
causing higher pressure drops. Kinetic Ceramics, Inc.
developed piezoelectric fluid pumps with maximum
flow rates up to 40 cm3/s and a stall pressure of
2500 psi (17.2 MPa). Cedrat Technologies has devel-
oped several actuators based on piezoelectric (Petitniot
et al., 2002) and magnetostrictive (Claeyssen and
Lhermet, 2002; Lhermet et al., 2006) materials for
implementation over wide frequency ranges (Figures 7
and 8). Several patents dealing with hybrid hydraulic
actuation using both electroactive and magnetoactive
materials have also been published (Beckman and
Blickstein, 1984, 1985; Culp and Nuys, 1993; Sager and
Matice, 1998; Ogawa et al., 1999; Bishop et al., 2000;
Bridger et al., 2004).

Figure 6. Piezoelectric-hydraulic pump developed at the
University of Michigan by Kim and Wang (2007).
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Experimental Setup and Device
Performance Tests

Preliminary Design

The initial design of the pumping device is based on the
specified no-load velocity, vL, and blocked force, Fb.
The fluid in the manifold tubing is assumed to be
incompressible, whereas the fluid in the pumping cham-
ber is compressible. Under idealized quasi-static condi-
tions, the output volume flow rate, Q, can be calculated
from the no-load velocity requirements (Chaudhuri and
Wereley, 2010).

Q = Ao3vL, ð1Þ

where Ao = p(d2
o � d2

i )=4 is the cross-sectional area of
the output cylinder with bore do and shaft diameter di.
For an incompressible fluid being pumped at frequency
f by an actuator stack/rod with length La and strain e,
the volume flow rate is also given by

Q = f 3 e 3La3Ach, ð2Þ

where Ach = pD2
ch=4 is the area of the pumping chamber

piston of diameter Dch (John et al., 2006). Combining
Equations (1) and (2), we can calculate active material
length, La, for specified no-load velocity, vL, at particu-
lar pumping frequency and induced strain as follows:

La =
vL

ef

� �
3

Ao

Ach

� �
: ð3Þ

For small piston displacements, the pressure generated
within the pumping chamber is a linear function of the
fluid bulk modulus, b, as follows (Regelbrugge et al.,
2003; Sirohi and Chopra, 2003; Tan et al., 2005;
Chaudhuri et al., 2009):

Pb = b(xP=Lch): ð4Þ

This is equal to the pressure in the output cylinder, Fb/
Ao, under blocked conditions (Chaudhuri and Wereley,
2010); hence,

xP = (Fb=Kch)3(Ach=Ao), ð5Þ

where

Kch = bAch=Lch ð6Þ

is the stiffness of the fluid pumping chamber (Sirohi
and Chopra, 2003). Using this along with the stiffnesses
of the actuator stack, Ka, the actual strain induced in
the active material is obtained from the static free
induced displacement, xfree, as follows (Giurgiutiu et
al., 1997; Sirohi and Chopra, 2003):

xP =
Ka

Ka + Kch

xfree ) Ka =
Kch

xfree

xP
� 1

: ð7Þ

By definition, Ka=EaAa/La for an actuator with cross-
sectional area Aa = pD2

a=4, where Da is the diameter of
the active rod/stack. Using Equation (7) along with the
value of La, Da can be calculated.

Hybrid Pump Construction

Hybrid electrohydraulic actuators, using the giant mag-
netostrictive material Terfenol-D (Tb0.3Dy0.7Fe1.92)
and the single-crystal electrostrictive material PMN-PT
(chemical composition: (1–x)Pb(Mg1/3Nb2/3)O3–xPbTiO3)
as the respective driving elements, were developed at the
University of Maryland (Chaudhuri, 2008; Chaudhuri
et al., 2009; Chaudhuri and Wereley, 2010). Hydraulic oil
was used as the fluid medium for transmission of energy.
Rectification of the oscillatory fluid motion was achieved
using passive reed valves made of spring steel. The perfor-
mance of the actuator, in terms of maximum flow rate
and blocked force, was measured by varying the

Figure 7. Bidirectional compact actuation devices using smart materials with a MRF: (a) piezo-MR pump developed at UMD by Yoo
et al. (2004) and (b) Terfenol-based pump with MR-controlled valves by Nosse and Dapino (2005).
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pumping frequency, input electrical current (or vol-
tage), and the fluid bias pressures. The displacement
of the output shaft was measured, and the mean velo-
city was computed as the slope of a linear fit to the
displacement data.

For the magnetostrictive-based electrohydraulic
actuator, a laminated Terfenol-D rod (Chaudhuri
et al., 2006, 2009) was the main driving element. Figure
9 shows an exploded view of the pumping section of the
actuator. The pumping section houses the Terfenol-D
rod, magnetizing coil, pump body, and piston and reed
valve assembly. The pump body and bottom cap are
made of high-permeability steel (12L14 grade) and act
as the return path for the magnetic flux; a well-designed
low-reluctance flux return path is required to complete
the magnetic circuit (Butler, 1988; Giurgiutiu and
Rogers, 1997). The rod can be preloaded by tightening
the end cap and using disk springs present within the
housing; the disk springs also aid in retracting the
pumping piston assembly during the intake stage when
the active material undergoes contraction. The passive
reed valves are cut out of thin spring steel sheets and
then sandwiched between two steel plates in the pump
head assembly to build a unidirectional fluid port
(Figure 10). The pumping piston assembly consisted of
a precision machined piston head and a base plate, with
the metal diaphragm placed firmly in between. The
motion of the Terfenol-D rod is transferred to the
pumping piston using a rigid connector piece that
translates within the pump top cap; this, in turn, affects
the stress on the material due to variations in fluid pres-
sure within the pumping chamber.

The ability to apply and vary the prestress on a mag-
netostrictive driving element is important as the

Figure 8. Different smart materials used in hybrid electrohydraulic actuators: (a) PZT-5H actuator stack with electrical connec-
tors, (b) laminated Terfenol-D rod with strain gage and magnetic flux sense coil, and (c) stacked PMN actuators with strain gages
and insulating caps.

Figure 9. Exploded view of magnetostrictive-based hybrid
pumping section.
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magnetically induced strain, or magnetostriction, is a
direct function of the prestress applied (Clark et al.,
1983; Moffett et al., 1991; Calkins et al., 1997; Dapino,
2004). In this hybrid pump assembly, the prestress was
controlled by three factors:

1. Tightening the bottom cap of the pump body
2. Using disk springs of varying stiffness placed in

the prestress mechanism (between the connector
piece and the pump top cap)

3. Bias pressure on the fluid, which directly applies
a force on the rod/stack and affects the prestrain

The active material used in the electrostrictive actuator
was the single-crystal electrostrictor PMN-32% PT; the
stack was built from thin layers of the electrostrictive
material with thin electrode layers in between. With the
exception of the magnetizing coil, the remaining pump
assembly is similar to the earlier description.

The hybrid pump was mated to a hydraulic cylinder
via a manifold allowing flow from the pump to be
transferred to an output device. This configuration
completely separates the active material-based pump
from the hydraulic subsystem and allows easy changes
on either side; for example, hybrid pumps of different
sizes can be connected to the same hydraulic system, or
different hydraulic fluids can be used without changing
the driving element.

Several physical parameters were measured during
the actuator performance tests. Motion of the output
shaft, measured using a linear displacement transducer,
was used to calculate the output velocity. The output
flow rate, which is directly proportional to the velocity

of the output, and the pressure developed in the fluidic
subsystem are important parameters used to character-
ize a fluid pumping device. The induced strain in the
active driving material was also measured using strain
gages and allowed the designers to tune the mechanical
impedances to achieve maximum electromechanical
energy transfer. For the magnetostrictive-based actua-
tors, the magnetic flux density through the sample can
also be measured using a sense coil wrapped around
the rods.

Static and Dynamic Characterization. The dynamic beha-
vior of the material and input electrical or magnetic cir-
cuit has to be taken into consideration for modeling the
performance of compact hybrid actuators at high fre-
quencies. Such tests have also been carried out earlier
to find the material properties under different driving
conditions and prestress levels (Hall and Flatau, 1993;
Faidley et al., 1998; Dapino et al., 2006). In tests with
both the electroactive and magnetoactive elements, fre-
quency sweeps with the active material of the pump
setup without connecting the fluid circuit reveal the
input response in the absence of fluid–structure cou-
pling at the pumping piston interface.

Piezoelectric and electrostrictive materials do not
show any appreciable change in induced strains with
increase in signal frequency for the same applied elec-
tric fields (Sirohi et al., 2005; Nersessian et al., 2007),
as depicted in Figure 11(b). A notable observation
from the hysteresis behavior of PMN-PT stacks is that
they are also insensitive to changes in frequency up to
1 kHz (Chaudhuri and Wereley, 2008, 2010); this uni-
form behavior makes the electrostrictive material more

Figure 10. Hybrid pump head assembly with unidirectional discharge and intake reed ports.
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attractive than piezoceramics, the latter being prone to
suffer from increasing hysteresis at high frequencies
(Keoschkerjan et al., 2002; Sirohi and Chopra, 2003;
Ronkanen et al., 2004).

Although the electroactive materials exhibit a capaci-
tive effect, the presence of a magnetizing coil for magne-
tostrictive actuation results in low-pass behavior and
limits the operational frequency range of the electrical
circuit. This is clearly seen in Figure 11(a), where the
induced strain in the active magnetostrictive element (of
different lengths and at different axial loads) is plotted
as a function of input frequency. These frequency
sweeps were conducted with the prestressed material
within the pump body; the fluidic subsystem was not
connected. The response of the magnetostrictive mate-
rial, Terfenol-D, clearly shows a drastic decrease in
mechanical output that can be approximated by a
second-order transfer function of the form

G(s) =
Bac(s)

Vin(s)
=

Kdc

1 + 2z(s=vn) + (s=vn)2
: ð8Þ

Clearly, using pumping frequencies beyond a certain
critical value will not lead to any performance gains (in
terms of volumetric flow rate) from the overall smart
pump. Artificial means of increasing frequency band-
width are, therefore, necessary for high-frequency oper-
ation of the magnetic devices.

Actuator Performance under Free and Loaded
Conditions

Tests were carried out under no-load and externally
loaded conditions to measure the performance of the
hybrid actuator. No-load tests, where the output cylin-
der shaft is allowed to move freely, provide the

maximum obtainable velocity and flow rate from the
hybrid pump, whereas tests with external loads are used
to determine the blocked force and power output of the
actuator.

With no external loads, the hybrid actuators gener-
ally exhibit gradual increase in output shaft velocity (or
volumetric fluid flow) with pumping frequency till it
reached a certain peak value, after which the output
drops sharply (Sirohi and Chopra, 2003; Chaudhuri
et al., 2009; Chaudhuri and Wereley, 2010). This peak
pumping frequency also exhibits strong dependence on
fluid bias pressure; the frequency at which maximum
flow rate was obtained increased with rise in fluid pres-
sure. Although this result suggests that increasing bias
pressure, and hence fluid bulk modulus, is necessary for
high-frequency actuation, it does not ensure better per-
formance; this is because a mismatch between the
mechanical impedances of the driving material and the
pressurized fluid chamber leads to decrease in the actual
induced strain in the active material (Giurgiutiu et al.,
1997). The no-load test results also show substantial
reduction from initial design predictions, as the ideal,
quasi-steady calculations assume maximum induced
strain in the active material and do not account for any
viscous, compressibility, or inertia losses in the fluidic
system. The actual induced strains in the active material
during pump operation have been observed to be much
lower than the measurements under free conditions.

From Equations (1) and (2), it can clearly be seen
that the output velocity vL is directly proportional to
the pumping frequency f under ideal conditions.
However, the results of our tests indicated that the out-
put increases only over a certain frequency range and
then decreases rapidly. This phenomenon can be attrib-
uted to the following causes:
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Figure 11. Induced strain behavior of prestressed smart materials at different actuation frequencies: (a) Terfenol-D rods and (b)
PMN-PT stacks.
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1. Fluid inertia. As the mass of fluid in the tubing
is being accelerated in every cycle, the inertia of
this volume of fluid becomes important. In the
most simple case, the fluid block in the manifold
resembles a SDOF system and can be associated
with a resonant peak frequency, beyond which
the energy required to drive the system increases
exponentially. Consequently, there is a sharp
drop in the movement of fluid in these sections
as the frequency of operation increases and
places an upper limit on the maximum fre-
quency of operation of the pumping device.

2. Magnetic circuit properties. Due to the presence
of a high-inductance magnetizing coil for riving
magnetostrictive rods, the input circuitry behaves
as a low-pass system that prevents the buildup of
magnetic field in the magnetic circuit when the
input signal increases and vice versa. Hence, the
driving force drops with frequency, resulting in
further lowering of system performance.

3. Mechanical subsystems. There are three mechan-
ical subsystems that might effect the limitations
of the system:
� Flow rectification valves. The reed valves can

be visualized as cantilever beams oscillating
in a fluid. Although the natural frequency of
the spring steel reeds vibrating in air is quite
high, the presence of a dense hydraulic fluid
reduces the resonant frequency drastically
(Blevins, 1979). In certain cases, the modified
natural frequency can lie within the range of
pumping frequencies and hence be a limiting
factor in the pump performance.

� Output shaft. As the output shaft undergoes
a start–stop motion in every cycle, the friction
force associated becomes higher due to the
stiction effect. Although the mass of the out-
put shaft has inertial effects too, it is much
lower compared to the seal friction; however,
with the addition of external loads to the out-
put cylinder, the combined inertia of the out-
put shaft will also be of equal importance.

� Pumping section. The natural frequency of
axial vibration of the electroactive stack or
magnetoactive rod placed within the pump
body is also an important factor for efficient
operation. Using Rayleigh’s coefficient, we
can approximate the modal frequency of the
pumping section using the axial rigidity
EAm(x) and linear mass density m(x) as
follows:

v2
r =

K½Yr(L)�2 +
ÐL
0

EA(x)½Yr
9(x)�2 dx

M ½Yr(L)�2 +
ÐL
0

m(x)Y 2
r (x) dx

, ð9Þ

where M is the end mass, K is the stiffness of the disk
spring(s) used for prestressing, and L is the overall
length of the rod. The end mass consists of the prestress
connector and flux return pieces. Usually, this value is
much higher but can be of concern at very high pump-
ing frequencies.

The procedure for tests with external loads is similar
to unidirectional no-load testing, with the addition of
measured weights from the end of the vertically
oriented output cylinder shaft. Maintaining constant
load, the pumping frequency is increased till the motion
of the actuator is negligible; this gives a measure of
blocked load for a particular pumping frequency.
Information obtained from force–velocity diagrams is
used to calculate the maximum obtainable power out-
put from the device. As the actuator works on the basis
of frequency rectification, the maximum power that
can be obtained from the system is the area of the big-
gest rectangle that can be enclosed inside the linear
load line (Sirohi and Chopra, 2003; John et al., 2007,
2008). Thus, maximum power output, Pout, is half the
area enclosed under the load line, that is,

Pout =
1

4
3Fblock3vno�load, ð10Þ

where Fblock is the blocked force and vno-load is the maxi-
mum output velocity (under no-load conditions) of the
actuator.

During the tests, the output velocity of the actuator
dropped sharply when an external load was applied.
This was also accompanied by a shift in the peak fre-
quency to lower values (Sirohi and Chopra, 2003;
Chaudhuri and Wereley, 2010), which was expected
because the addition of inertial load mass effectively
lowers natural frequency.

MRFs for Bidirectional Operation

By itself, the unidirectional flow from the hybrid pump
can only produce unidirectional motion of the load. To
produce bidirectional motion, we have to introduce a
valve system between the pump and the output cylinder
that switches the direction of fluid flow depending on
the desired direction of motion of the output.

Previous studies (Yoo and Wereley, 2004) have
shown the feasibility of using MRF-based valves to
produce the bidirectional motion of the output cylinder
shaft. MRFs are a kind of semiactive smart materials,
where the rheological behavior of the fluid can be
altered by applying a magnetic field (Phulé, 2001); this
controllable action has found applications in several
fields in recent times (Carlson and Jolly, 2000).

The MR valves used by Yoo and Wereley (2002)
consist of a core, a flux return path, and an annulus
through which MRF flows. The core is wound using
insulated copper wire, and current is passed through
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this coil to create a magnetic field at the active section.
The MRF in the active section encounters the magnetic
field and its rheological properties change, giving rise
to a yield force; flow is initiated only if the pressure dif-
ference is greater than the yield stress. This blocking
property enables us to use MRFs in fluidic valves.

The schematic of the MRF valve network is shown
in Figure 12. The network consists of four MR valves
arranged in a H-bridge configuration with an accumu-
lator at the low-pressure side of the pump and a con-
ventional hydraulic cylinder to obtain output motion
(Yoo and Wereley, 2002, 2004). A commercially avail-
able double-acting hydraulic cylinder can be used for
output motion. By applying a magnetic field to valves 2
and 4, the resulting fluid flow from the pump can be
prevented from flowing through valves 2 and 4 and
forced to flow only through valves 1 and 3, thus push-
ing the output cylinder shaft upward (Figure 12(a)). If,
however, we apply a magnetic field to valves 1 and 3,
the fluid is allowed to flow only through valves 2 and
4, thus pushing the cylinder shaft downward (Figure
12(b)). Some of the reasons for the low performance
were (1) leakage through MR valves due to finite yield
stress, (2) denser transmission fluid, and (3) higher vis-
cous losses.

System Model

Theoretical modeling of the hybrid system is extremely
complex and several models have been proposed in lit-
erature. Models based on stiffness matching of the
actuator stack with an incompressible fluid under static

conditions were used for preliminary design and work
output of piezoelectric-based devices (Liang et al., 1994,
1996, 1997; Giurgiutiu and Rogers, 1997; Giurgiutiu
et al., 1997; Mauck and Lynch, 2000; Nasser and Leo,
2000; Sirohi and Chopra, 2003; Heverly et al., 2004).
Although these formulations were useful for a first-
hand understanding of the device physics and to esti-
mate operational efficiency, the complete operation of
the coupled electrohydraulic actuator could only be
modeled by more comprehensive schemes, some of
which are listed in the following. In recent times, CFD
has also been used in some studies to derive loss coeffi-
cients for flow in and out of the pumping chamber
(Oates and Lynch, 2001; John et al., 2006, 2009).
However, these computations are very specific to the
geometry and size of the control volume and the flow
path.

Static and Quasi-Static Models

The earliest models for hybrid hydraulic actuators were
derived from idealized assumptions. Calculations based
on stiffness matching of the actuator stack with an
incompressible fluid were used for preliminary design
and efficiency calculations of piezoelectric-based
devices (Giurgiutiu et al., 1995; Giurgiutiu and
Pomirleanu, 2001).

In the piezohydraulic pumping theory developed by
Mauck and Lynch (2000), a piezoelectric stack actuator
provided the mechanical driving force for actuation of
the pump. The maximum work was obtained from a
stack actuator when it was impedance matched to the

Figure 12. Schematic for the active modes of the MR-based bidirectional actuation system: (a) upward motion and (b) downward
motion.
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load it was driving. Figure 13 shows the work cycle for
an impedance-matched PZT stack in a pump cycle
where the outlet check valve opens at a pressure corre-
sponding to Fb/2 on the loading half of the cycle, and
the inlet valve opens at a pressure corresponding to zero
on the unloading half of the cycle. Correspondingly, the
work done on the loading half of the cycle is the shaded
area under the curve, that is,

W =
1

2

Fb

2

� �
d0

2

� �
:

The model developed by Sirohi and Chopra (2003) was
based on the force–displacement characteristics of the
smart material, as shown in Figure 14. The equation of
the piezostack load line was given by

d = dfree 1� Fo

Fblock

� �
,

where dfree and Fblock are properties of the piezostack.
Also, the displacement of the active stack is obtained
by representing the stack and fluid column as stiffnesses
Kp and Kf, respectively:

do = dfree � Fo

1

Kp

+
1

Kf

� �
, Kf = b

Ap

Dgap

:

The pumping chamber has a cross-sectional area Ap

and a displacement dp, whereas the output actuator has
a cross-sectional area Aout and a displacement dout.
Writing the area ratio as AR=Aout/Ap, the output force
Fout is related to the actuator force F0 by

Fo

Ap

=
Fout

Aout

) Fo =
Fout

AR

:

The work done per cycle is

DWcyc = Fodo = Fo dfree �
Fo

Keff

� �
, Keff =

1

Kp

+
1

Kf

� ��1

:

Writing this in terms of output force, the output work
could be obtained from

DWcyc =
Fout

AR

dfree �
Fout

ARKeff

� �
:

To include effects of the active check valves used for
rectification of the flow, a flow factor, Cf was defined
to relate the volumetric flow rate, Q, to the differential
pressure, DP, across the valve by the expression (Sirohi,
2002)

Q = Cf

ffiffiffiffiffiffiffi
DP
p

, DP = Pch � Po,

where Pch and P0 are the pressures in the chamber and
the output tubing. If the inlet valve is open, the pump-
ing chamber would be connected to the low-pressure
accumulator and P0=Plow. Similarly, if the outlet valve
is open, the pumping chamber would be connected to
the high-pressure accumulator and P0=Phigh. It was
assumed that only one of the valves could be open at
any given point in time. Consequently, the flow rate
was calculated from the pressure drop and flow direc-
tion using

Q = Cf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jPch � Poj

p
sgn(Pch � Po):

The check valves were modeled by a cracking pressure,
Pcrack, and a hysteresis pressure, Phys, that defined the
conditions under which they open or close. The inlet
valve was considered open when either of the following
two conditions was met:

Pch\(Plow � Pcrack)
OR

Pch\(Plow � Pcrack + Phys) AND dPch

dt
.0

:

Similarly, the outlet valve was considered open if

Pch.(Phigh + Pcrack)
OR

Pch.(Phigh + Pcrack � Phys) AND dPch

dt
\0

:

Figure 13. Work cycle for an impedance-matched stack
actuator.
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Although this analysis did not assume any dynamics of
the valve itself, the flow factor was related to the pres-
sure difference by

Cf =

0 if DP\Pcrack
DP�Pcrack

Pfull�Pcrack
Cf0 if Pcrack<DP\Pfull

1 if DP � Pfull

8<
: ,

where Cf0 is the flow factor when the valve was fully
open with a differential pressure higher than Pfull.

Lindler et al. (2003) calculated the operational effi-
ciency starting from elementary considerations that
took into account the compressibility of the chamber
fluid and pressure drop in the valves. The maximum
work output per cycle (time period T) was obtained
from the blocked force Fb and free displacement dm on

the actuator load line shown in Figure 15 and was writ-
ten as follows:

Wmax =
Fbdm

4T
=

PsDVm

4TA2
,

where Ps was the stall pressure and DVm was the maxi-
mum volume displacement. By including the viscous
pressure loss Pv in the valves, the work output was writ-
ten as follows:

Wout =
(Ps � Pv)A

4T
dm � bPs

V

A

� �
:

A quasi-static two-stage hybrid actuator model was
developed by Cadou and Zhang (2003); the intermittent
opening and closing of the check valves was assumed to
produce impulsively accelerated flow through the fluid
tubing, and the corresponding velocity profile was used
to calculate viscous losses. The authors also noted that
actuation occurs in two steps during each pumping
cycle; the first step is associated with pump discharge,
whereas the second is associated with pump intake. The
intermittent opening and closing of the check valves
means that the pressure gradient that accelerates the
fluid in the connecting tube is applied impulsively. As
the piezostack is energized, the pressure–displacement
characteristic of the stack, shown in Figure 16, sweeps
upward along the pressure–displacement characteristic
associated with the fluid in the pumping chamber.
Viscous and inertial forces increase the effective load on
the piezostack further reducing the displacement per
stroke and hence the actuation velocity. This explains
the tendency of the actuation velocity to roll-off at high
frequencies as viscous and inertial forces increase rap-
idly (and nonlinearly) with operating frequency.

Assuming that the fluid is incompressible and that
the velocity profile develops uniformly along the length
of the tube, a closed-form expression for the fluid

Figure 14. Load-line analysis for a piezoelectric actuator (Sirohi and Chopra, 2003).

Figure 15. Load-line explanation of hybrid-actuator work
showing loss elements.
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velocity response u to an impulsively applied pressure
gradient was obtained following Szymanskis and co-
workers’ solution (Szymanski, 1932; Uchida, 1956; Das
and Arakeri, 2000):

u(x, y) =
h

4
x2 � 1� 8

X‘

n = 1

J1 anxð Þ
a3

nJ
0
1 anð Þ

e�a2
ny

� �" #
, ð11Þ

where h and the nondimensional parameters x, y, were
defined as follows:

x =
r

R

y =
mt

rR2

h =
R2

m

DPtube

L
= 4Umax

:

In these expressions, R is the tube radius, q is the den-
sity, DPtube is the fluid pressure drop along the tube,
and L is the length of the tube. x and y are the nondi-
mensional radial position and time, respectively. The
first two terms in Equation (11) correspond to steady-
state Poiseuille flow, while the unsteady component of
the velocity field is represented by the third term: a
series expansion in first-order Bessel functions J(x) with
coefficients an chosen such that the solution converges
to the steady Poiseuille flow solution as t!N. The
product of density and velocity over the tube cross-
sectional area and the valve opening time topen gave the
mass moved per piezo stroke, whereas the mass moved
per stroke times the frequency gave the overall mass

flow rate of the system. Viscous losses were neglected
in all of the components except the valves and the tube
connecting the open valve with the actuator. The pres-
sure drop across the valve was estimated using the stan-
dard assumption that the mass flow rate through the
passive check valves is proportional to the square root
of the pressure drop through the valve as follows:

_m = Cv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DPvalve

p
, ð12Þ

where Cv is the flow coefficient for the valve. The small
cracking pressure and inertia of the valve were not
included in this analysis. The system model was then built
up by balancing pressures associated with each compo-
nent in terms of its volume and mass and at the interface
with each component, and conservation of mass in the
overall system. This led to two sets of equations, one for
the discharge stroke and one for the intake stroke, which
were formulated in state-space and solved. Although this
model did not formally address the dynamic behavior of
the fluid system, the quasi-static approximation did a rea-
sonably good job of predicting actuator performance at
frequencies below 150 Hz.

Dynamic Actuator Models in Frequency Domain

A dynamic model to find the induced strain of a stacked
actuator shown in Figure 17 was developed by Tang
et al. (1997). The model started by considering the total
energy per unit volume as follows:

Pv =
1

2
sT SEs +

1

2
ET ChE� 1

2
ET ChE,

Figure 16. Illustration of pumping and stepwise actuation cycle.
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where Vv=(1/2)rTSEr is the mechanical energy density,
Wv=(1/2)ET

C
g
E is the electric energy density, and

Zv=(1/2)ETCgE is the electromechanical energy
density.

For the ith thin piezoelectric ceramic plate or disk of
thickness d0i in the overall stack, the stress ri can be
related to the displacement u0i by

si = EAu0i(x, t), where u0i(x, t) =
∂ui(x, t)

∂x

and the corresponding elastic, electric, electromechani-
cal, and kinetic energies were written as follows:

VTi =

ðxi + d0i

xi

1

2
EAiAi u0i(x, t)ð Þ2 dx:

WTi =
1

2

q2
i

ci(dxi + ui(xi + dxi, t))
=

1

2

q2
i

cidxi

:

ZTi = � d33i
EiEAi

Ai

ðxi + d0i

xi

u0i(x, t) dO:

TTi =
1

2

ðxi + d0i

xi

riAi _u
2
i (x, t) dx:

Assuming a stack with uniform density q, cross-
sectional area A, and elastic modulus EA. Correspond-
ingly, the total energies

VT =
1

2
EAA

ðnd0

0

u0(x, t)ð Þ2 dx

TT =
1

2
rA

ðnd0

0

+
1

2
me _u2(nd0, t)

ZT = � d33EAA
Xn

i = 1

qi

cid0

ðid0

(i�1)d0

u0(x, t) dx

can be used to write the Lagrangian

L = TT � VT �WT � ZT

and the virtual work is

dW = � (� KH � CH _u(x, t))du(x, t)jx = nd0
+
Xn

i = 1

Vidqi:

This was used to derive the mode shapes and displa-
cement of the complete stack under the application of
an electric field. The transfer functions between relating
the output force Fout(s) and displacement Xout(s) to the
input force Fin(s) and stack displacement Xin(s) were
found from tests where measurement probes were pres-
ent within the setup; the input probe was used in sen-
sing the input piston displacement through a extension
bar, whereas the output piston probe was used directly
to measure output displacement.

Hom and Shankar (1999) developed a dynamic
model where the electrostrictive driver is a muitlayered
rod of total length L, cross-sectional area A, and N
layers of the ceramic, represented in Figure 18. The
actuator is mechanically grounded on one end and
attached to a structure on the other end. The surround-
ing structure is mechanically represented by a complex
impedance Z and a static stiffness K. The force bound-
ary condition at the end of the rod requires

AT jx = L = � K(u0 + D)�
X

v

Z(v)v(v),

where T is the stress in the rod, v is the velocity spec-
trum of the rod’s end, and u0 is the static displacement
of the rod’s end, and D is the mismatch between the

Figure 17. Model of piezoelectric actuator for dynamic analysis with tip stiffness (Tang et al., 1997).

Figure 18. Model of mechanical system driven by a multilayered
electrostrictive actuator.
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actuator and the structure. The ceramic’s electromecha-
nical behavior was modeled with the 1D electrostrictive
constitutive law developed earlier by the authors (Hom
and Shankar, 1994) and consists of the following
coupled mechanical and electrical equations

S = s33T + Q33P2

E = � Q33PT + 1
k

arctanh P
Ps

� �
,

where S is the longitudinal strain, P is the polariza-
tion, and E is the applied electric field; Q33, the longi-
tudinal electrostrictive coefficient; P, the saturation
polarization; and k, a new material constant, must be
measured experimentally from electrical tests without
prestress.

A dynamic system model that coupled the piezo-
electric stack actuator with the mechanical and fluid
compliances and the viscous effects of the working
fluid was developed by Oates and Lynch (2001) using
a state-space analysis. Equations of motions of the
electromechanical and fluid subsystems were derived.
The stack actuator/piston subsystem was modeled as
a second-order mass-spring-damper with a driving
force provided by an input voltage. The stack itself
was modeled as a spring (stiffness k1) in series with a
displacement producing actuator (x1) that was
extended by a voltage input (V). The voltage input
was converted to mechanical displacement of a stack
actuator using the constitutive law of the piezoelectric
material. This provided a driving force to the piston
mass mp on the actuating side. A second force on the
right-hand side of the piston was generated by
the fluid pressure in the cylinder head (P1) applied to
the piston area (Api). The friction associated with the
o-ring and fluid between the piston and cylinder walls
was represented by a viscous damping coefficient, bp.
The resulting equation of motion for the stack actua-
tor/piston assembly is

mp€x1 + bp _x1 + k1x1 = cV � P1Api,

where the constants c and k1 were derived from the lin-
ear constitutive law of the piezoelectric material.

S33 = sE
3333T33 + d333E3,

where S33 is the axial strain component, T33 is the axial
stress component, E3 is electric field component, sE

3333 is
the compliance component at fixed electric field, and
d333 is the piezoelectric coefficient in this formulation.
The stress and electric field were applied in the uniaxial
direction. In terms of force (F), displacement (x1), and
voltage (V), this becomes

F =
nAPZT Ed333

L
V � APZT E

L
x1:

The spring constant, k1, is equivalent to
APZT E

L
and was

based on the effective modulus and geometry of the
stack actuator. The piston in the hydraulic actuator
was modeled as a mass and damper in parallel, with the
o-ring and fluid friction represented by the damping.

The flow resistance through the rectifying check
valves was modeled as a finite resistance in one direc-
tion and an infinite resistance in the opposing direction.
Lumped parameter fluid subsystems were developed
for coupling the fluid dynamics with the electromecha-
nical subsystems. Equations of mass continuity and
definition of bulk modulus were used to develop the
fluid dynamic equations as follows:

_min � _mout = d rVð Þ
dt

be = r0
dP
dr

r0V0

be

_P = C _P =
Pn
i = 1

_mi = DP
R

Mass flow was represented by mi, and the pressure and
rate of pressure change were DP and _P, respectively.
Capacitance (C) values were calculated for each control
volume within the pump system. The effective bulk
modulus (be = 70 MPa) of the system used by Oates
and Lynch was two orders of magnitude lower than the
fluid bulk modulus specified by the manufacturer; this
reduction in stiffness was attributed to the presence of
o-rings and entrained air in the system.

A different approach was applied by Ullmann and
co-workers (Ullmann et al., 2001; Ullmann and Fono,
2002) to the valveless piezopump system, where a sinu-
soidal force was assumed to drive the fluidic systems
and the natural frequency of the pumping system was
calculated; pressure drops in different sections of the
pump were well represented in these formulations. The
driving voltage supplied to the piezoelectric device was
assumed to be converted into periodic force acting on
the center of the disk, whose elasticity was simulated by
a spring with a spring constant. The fluid was consid-
ered to be incompressible, and its inertia was included
in force balance equations for different sections of the
pipes. For the outlet pipe section with cross-sectional
area Ap and at pressure P1, force balance yielded

P1Ap = PoutAp + mp€xp +
32mLp

D2
p

_xpAp,

whereas the nozzle section, of cross-sectional area An,
was represented by

P2Ap = P1Ap + mn€xn +
1

2
KL _xnAn,

where xp and xn are the mean displacements of the fluid
in the pipe and nozzle, respectively. On the right-hand
side of both equations, the second term represents the
fluid inertia, while the third term represents the viscous
losses. For the pipe, the viscous losses were calculated
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assuming laminar flow, whereas an empirical constant
KL was used for the squared losses in the nozzle. The
fluid was assumed to be incompressible, hence, by
applying the continuity equation:

_xp =
An

Ap

_xn and €xp =
An

Ap

€xn:

Using these relations, the two force balance equations
were combined to obtain a single governing ordinary
differential equation (ODE) for the mass flow rate out
of the pump. A similar formulation was used for the
inlet line and nozzle. Finally, the force balance on the
piezoelectric membrane, which contained the piezoelec-
tric element and supporting disk, resulted in

KDmD€x = F sin (vt)� Kx� ADKPP3,

where F is the amplitude of the force acting on the cen-
ter of the disk, K is the equivalent spring constant,
KD is a correction factor that takes into account that
not all of the parts of the membrane are displaced as
the center (x), and KP is a correction factor that con-
verts the continuous force (due to pressure difference)
that acts on the membrane into a fictitious force act-
ing centrally.

Nasser and Leo (2000) developed a lumped
parameter-based dynamic model for the hydraulic and
active components of the systems by linearizing the
nonlinear behavior of the fluid and using the resulting
variables to calculate work done and output efficiency
of the device. The operation of the hybrid pump was
broken up into four distinct regimes as shown in
Figure 19, along with rectification by a set of unidirec-
tional valves.

Work and energy expressions were derived from a
1D model of a piezoelectric actuator. Overall system
efficiency of the device was calculated for two different
scenarios. An idealized model of incompressible fluid
illustrated that the mechanical efficiency of the rectifi-
cation process is 100%, but the electrical efficiency var-
ied between 5% and 29% depending on the actuator
coupling coefficient. The mechanical efficiency was
between 4% and 40% when using compressible gas as
the transmission media, whereas the electrical efficiency
of the process was between 1% and 7% for this
process.

Fluid transfer matrix models were used by Sirohi
et al. (2003, 2005) to obtain a frequency-domain model
of the pump operation. Starting from the basic fluid
equations of continuity, momentum, and energy, the
relation between the pressure, P, and volume flow rate
variables, V, at the ends of the fluid line can be derived
in terms of a transfer matrix as follows:

P1

Q1

	 

= T12

P2

Q2

	 

ð13Þ

where

T12 =
cosh G �Zc sinh G

� 1
Zc

sinh G cosh G

� �
:

This is a standard representation used in hydraulic
analyses, where the assumptions are

� Fluid velocity is lower than acoustic velocity
� Laminar flow in a rigid tube of circular cross

section

Figure 19. Frequency rectification concept using piezoelectric actuation.
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� Length of tube is larger than the diameter (l/
r..1)

� Normalized density variations are small (Dq/
q\\1)

The behavior of the fluid line is governed by two quan-
tities, the characteristic impedance Zc and the propaga-
tion parameter G, both of which can be calculated from
density and bulk modulus of the fluid. The complete
model was then built by connecting the fluid matrices
with SDOF matrices of piston motion, which was
achieved in frequency domain by simple multiplication
of corresponding transfer matrices. The frequency
response of the device was calculated by assuming a
harmonic excitation at a frequency x. The accumulator
was treated as a section of tubing with a local compli-
ance much higher than the surrounding fluid. Such an
approximation resulted in a constant pressure across
the accumulator, and a difference in the flow rate
upstream and downstream of the accumulator. Force
equilibrium on the piezostack was used to obtain the
governing equation:

cv � Pcap = mp€xp + bp _xp + kpxp,

where Pc denoted the pressure in the pumping chamber.
Assuming the output mechanical load to be lumped
together with the output piston, force equilibrium on
the output piston yielded

Plp � Pup

� �
Ao = mo€xo + bo _xo + koxo,

where x0 is the output displacement. The pressure drops
at the check valves are linearly related to the volume
flow rates:

Exhaust : Pc � P1 = RoutQ1

Intake : P4 � Pc = RinQ4
:

Using the state vector q = ½xp xo Pc P1 P4

Plp Pup�, the above linear equations were combined
and written in simple form as follows:

M€q + C _q + Kq = F:

The analysis correlated well with the measured results
for frequencies below the first natural frequency of the
system, which could be predicted with an accuracy of
10%–15%. The authors attributed discrepancies
between theory and analysis to significant nonlineari-
ties in the system, such as static friction in the rod seals
and piezostack frequency response on the magnitude of
actuation voltage.

Rupinsky and Dapino (2006) further extended this
formulation to include a transduction model for elec-
tromechanical coupling using the equations

V = ZeI + Temvt

F = TemI + Zmvt,
ð14Þ

where V is the applied voltage to the transducer; I is
the current flow through the transducer; F is the force
on the transducer; vt is the velocity; Ze and Zm are the
blocked electrical and mechanical impedances, repec-
tively; and Tem and Tme are transduction coefficients
that describe the electromechanical coupling. The coef-
ficients were calculated from actual mechanical and
electrical properties of the material, which, in case of a
magnetostrictive material, are analogous to coefficients
of the linear piezomagnetic constitutive relations com-
bining the elastic and magnetic effects on the strain 2
and magnetic induction B:

2 = sH s + daH

B = d�as + msH ,
ð15Þ

where r is the stress on the Terfenol-D rod, H is the
magnetic field through the rod, sH is the elastic compli-
ance at constant magnetic field, da = d�a are piezomag-
netic coupling coefficients, and mr is the magnetic
permeability at constant stress.

Dynamic Actuator Models in Time Domain

Models for hybrid pumps formulated in time domain
and taking into consideration fluid compressibility and
inertial elements exist in literature. Nasser and co-
workers (Nasser, 2000; Nasser et al., 2001) developed a
dynamic model of a piezohydraulic pump by consider-
ing both inertia and compressibility of the transmission
fluid along with the linearized equations for a smart
piezostack. A lumped parameter approach was applied
to the fluid system, which was then solved using an
electrical network analogy. The resistance, capacitance,
and inductance were defined and related to the mechan-
ical variables as follows:

Resistance : Rf = 128ml

pD4 1 + D
P

(l=d)eq

� �
;b

Capacitance : Cf = Al
b

; 1
k

Inductance : If = rl

A
;m

:

Using these, the pressure drop through any lump
with flow rate Q was written as:

DP = Rf Q + If

dQ

dt
[DV = RI + L

dI

dt
:

where the current I in equivalent to the flow rate in
the analogous electrical circuit. The compliance Cf

was added to the electrical network using a capacitor
C, thereby arriving at the overall expression by
considering a current source (flow rate), as depicted in
Figure 20:
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L
d2

Q1

dt2
+

1

C
Q1 � Q2ð Þ+ R1

dQ1

dt
= 0:

The lumped parameter approach was extended to
the pumping stack, the end effector, and the fluid
volumes on the input and output sides of the hydraulic
cylinder, resulting in force balance ODEs for all cases.
The model was seen to work well in the case of one-
sided operation for frequencies up to 100 Hz. When the
action of the active valves was included in the simula-
tion by incorporating valve timing, the model captured
the pump behavior up to 8 Hz. One of the problems
noted was due to time lag in cylinder motion whenever
the frequency of valve operation was increased, possi-
bly caused by the inertia of the fluid. The authors noted
that a model of the valves should include reverse
motion for more accurate representation.

Regelbrugge et al. (2003) derived a simple, physics-
based model to describe basic operating characteristics
of piezohydraulic actuators. The bulk modulus of the
hydraulic fluid along with mass flow rates through dif-
ferent control volumes were used to calculate the pres-
sures in the corresponding sections of the actuator. The
input was assumed to be sinusoidal displacement of the
piston driven by a piezoelectric stack. Motion of the
mechanical components and fluid volumes were mod-
eled using SDOF equations from dynamic force equili-
brium considerations. Pressure drops through the valve
orifices connecting volume elements were modeled
using a momentum-conserving relation (Bernoulli’s
equation) with empirical corrections for viscous flow
losses and jet contraction; the mass flow rate through a
valve, _M , was calculated as a function of the pressure
difference, DP, across it as follows:

_M =
2A

2 + p
sgn(DP)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r DP� Pvð Þ

p
, ð16Þ

where q is the instantaneous density of the fluid in the
valve, A is the valve opening area, and Pv is the viscous
pressure loss in the valve. The model progresses
between time steps using the governing ODEs and kept
track of the mass of fluid, M, in each section using the
relation:

M = r V � Axð Þ: ð17Þ

where V is the volume and x is the displacement of a
boundary. The bulk modulus of the fluid was used to
calculate the pressure in any fluid volume based on the
instantaneous density in the same volume from the fol-
lowing relation:

dP = � b dV
V

= b
dr
r

) P� P0 = b ln
r

r0

� � :
A similar approach was used by Tan and co-workers
(Tan, 2002; Tan et al., 2005); in addition to the losses in
valves, this model did a thorough analysis of the major
and minor losses in the fluidic system and included
them in momentum and mass continuity equations as
follows:

v2
2 +

P2

r2

+
1

2
KLv2 = v2

1 +
P1

r1

, ð18Þ

where v1,v2 and P1,P2 are corresponding fluid velocities
and pressures atsections 1 and 2, v is the mean velocity,
and KL is the minor loss coefficient. Although the accel-
eration of fluid elements was neglected, the acceleration
of solid components, such as piston and load, were
incorporated into the model. Active valves made with
piezo material were used in this setup; hence, the open-
ing and closing of the valves were controlled by con-
trolled electrical signals. Tan’s model is in two forms:
although both of them assume the fluid in the pumping
chamber to be compressible, the first form, that is, the
incompressible viscous flow (IVF) assumed the fluid in
the tubing to be incompressible whereas the second
form, that is, compressible viscous flow (CVF) consid-
ered compressibility in all fluidic parts. In both formu-
lations, the operation of the piezohydraulic pump was
broke up into four stages, similar to the approach used
earlier by Nasser et al. (2000). For both the IVF and
CVF models, the rate of change of fluid pressure in the
pumping chamber, Pch, due to displacement x of the
driving piezostack was obtained from

_Pch = b
Ach

8 � Achx
_x,

where Ach and 8 are the cross-sectional area and total
initial volume of the pumping chamber, respectively.
However, for the incompressible model (IVF), there is
no change in fluid density when either of the valves are
open, that is, _r = 0. The CVF model, on the other hand,
takes into account the change in fluid density in the
pumping chamber due to corresponding flow rates and
the corresponding rate of change is given by

_rch =
�V1Ap + _xAch

Ach(Lo � x)
,

Figure 20. Lumped parameter fluid mode using electrical net-
work analogy.
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where V1 is the velocity at the entrance/exit of the pipe
(positive for outflow, negative for inflow) and Ap is the
cross-sectional area of the pipe. This method was
shown to be accurate up to ;150 Hz pumping fre-
quency, with the CVF model yielding better results than
the IVF model as the frequency increased. According to
the authors, the reason for this discrepancy is that the
CVF model assumed a linear bulk modulus to pressure
model, whereas the IVF model assumed an infinite
modulus. The authors also carried out a timing study
that showed the importance of valve timing to the per-
formance of stack; the different optimal timings for
unloaded and loaded systems indicated that the accel-
eration and inertia of the load and the fluid may influ-
ence the performance of the system.

Kim and Wang (2009) developed a time-domain
model by using differential equations to account for
the changes in pressures within the chamber (Pp) and
the actuation cylinder (P1) as follows:

_Pp =
be

(Vc + Apxp)
(Qo � Qs � Ap _xp) ð19Þ

_P1 =
be

(V0 + A1x)
(Qo � Q1 � Qp � A1 _x), ð20Þ

where the respective flow rates were determined by the
orifice flow equation:

Q = sgn(DP)CdAo

ffiffiffiffiffiffiffiffiffiffiffiffi
2jDPj

r

s
, ð21Þ

where Cd is the discharging flow coefficient, A0 is the
orifice area, and DP is pressure difference between
upstream and downstream.

For the reed valve opening (xR), the reed dynamics
was described as a SDOF lumped model, because the
nominal operating frequency was lower than the band-
width of the reed (400 Hz) and would not excite the
higher-order modes of the reed valve. The governing
equation of the reed opening displacement became

mR€xR + cR _xR + kRxR = AR(Pp � P1), ð22Þ

where AR(PP–P1) was the valve cracking force, and mR,
cR, kR, and AR represent the effective mass, damping
constant, effective stiffness, and the orifice area of the
reed valve, respectively.

Numerical simulations using these models were not
always accurate at high frequencies of operation
(.300 Hz) where the inertia of the transmission fluid
become dominant and the material characteristics
become highly nonlinear. In addition, all these models
were either developed for active valves that control the
fluid flow or were operated by electrical signals or
assumed the valves to have instantaneous response;
hence, they are either completely open or completely
closed and their operation was fully determined by

actuating signals rather than the fluid pressure with the
system. This is not the case with passive reed valves
that would be used in a high-frequency hybrid pump,
where the valve openings are strongly dependent on
pressure differences across the ports and the dynamics
of the metal reeds (Cunningham et al., 1999; Baudille
and Biancolini, 2008).

A comprehensive nonlinear time-domain model was
developed for the hybrid actuators designed and tested
earlier at the University of Maryland (Chaudhuri et al.,
2006, 2009). The active material was modeled using lin-
earized quasi-static equations, as the natural frequency
of this section was found to be much higher than the
frequency range of operation. This model took into
account the motion of the pumping piston head mass
and the output shaft along with any load mass by con-
sidering them as SDOF systems and the respective gov-
erning force balance equations. Friction in the output
hydraulic cylinder was represented using the Karnopp
(1985) model. Compressibility of the fluid in the pump-
ing chamber, the high pressure–driven side, and the
manifold tubing were accounted for by incorporating
the bulk modulus of the fluid. A coupled lumped para-
meter approach was used to represent inertia and com-
pliance of the hydraulic fluid in the long manifold
passages and the output cylinder. To model the con-
tinuously varying openings of the passive reed valves in
contrast to on–off type valves, two dynamic variables,
rout and rin, were introduced to express the opening of
the reed valves as a function of the time-varying pres-
sure difference across the reed ports. This feature
allowed simulation of the frequency-dependent beha-
vior of the output piston motion, as noted in experi-
ments (Chaudhuri et al., 2009), and also captured the
back flow through the pressure-dependent passive
valves, as was reported in earlier studies (Nasser et al.,
2001; Rupinsky and Dapino, 2006). Two-dimensional
CFD models with fluid–structure coupling were used
for the first time to estimate the critical pressures
required for opening the reed valves in these hybrid
devices, while their dynamic response characteristics
were obtained from empirical results. The combined
frequency response of the power amplifier and electric/
magnetic circuit was also included in the overall system
model.

The important variables in different sections of the
actuator are shown in Figure 21. The driving force in
the actuation system arises from the displacement of
the pumping piston, represented by xp, which results in
a change of fluid pressure, Pch, in the pumping cham-
ber. The fluid flows through the manifold tubing into
the driving side of the output cylinder, resulting in a
change in the pressure Ph. The pressure difference
between the high pressure–driven side and the low
pressure–driven side, which is connected to a low stiff-
ness accumulator at pressure Pacc, provides the driving
force to the output shaft and any connected load. The
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mean output velocity of the output shaft is calcu-
lated as the slope of a linear fit to the shaft displace-
ment, xL.

As the continuous motion of the passive reed
valves used in the actuator depends only on the pres-
sure differences acting across them, the conditions
governing these stages are identified as follows:

1. Discharge: Pch–Pth.0
2. Intake: Pacc–Pch.0

where Pch is the pressure in the pumping chamber,
Pth is the entry pressure in the discharge manifold
(also the pressure at the discharge reed port exit),
and Pacc is the pressure in the accumulator. These
stages are repeated every pumping cycle and result in
a net mass flow rate _Mout out of the pump through
the discharge tube and an equivalent mass flow rate
_M in into the pump through the intake tube. The
duration of any stage depends on the pressure differ-
ential across the valve port and varies with operating
conditions.

A comparison of some of the important actuator
modeling schemes and their features, along with the
model developed in this article, has been summar-
ized in the chart shown in Table 1. Several impor-
tant aspects of the models have been considered;
they are (1) static or dynamic formulation, (2) time
or frequency domain, (3) modeling of the active
material (nonlinear dynamic model or quasi-staitc
linearized model), (4) SDOF representation of
pumping piston and output load, (5) fluid

Figure 21. Schematic and important physical variables of
hybrid actuator test setup in unidirectional mode of operation
(Chaudhuri et al., 2009; Chaudhuri and Wereley, 2010).

T
a
b

le
1
.

Su
rv

ey
o
f
m

o
d
el

s.

Ta
n
g

et
al

.
(1

9
9
7
)

Si
ro

h
i
an

d
C

h
o
p
ra

(2
0
0
3
)

C
ad

o
u

an
d

Z
h
an

g
(2

0
0
3
)

N
as

se
r

et
al

.
(2

0
0
1
)

U
llm

an
n

an
d

Fo
n
o

(2
0
0
2
)

Si
ro

hi
et

al
.

(2
0
0
5
)

O
at

es
an

d
Ly

n
ch

(2
0
0
1
)

R
eg

el
b
ru

gg
e

et
al

.
(2

0
0
3
)

Ta
n

et
al

.
(2

00
5
)

K
im

an
d

W
an

g
(2

0
0
9
)

C
h
au

d
h
u
ri

et
al

.
(2

0
0
9
)

St
at

ic
(S

)/
d
yn

am
ic

(D
)

D
S

S
D

D
D

D
D

D
D

D
Fr

eq
u
en

cy
(F

)/
ti
m

e
(T

)
d
o
m

ai
n

F
T

T
T

F
F

T
T

T
T

T
A

ct
iv

e
m

at
er

ia
l
(s

ta
ti
c/

d
yn

am
ic

)
l

m
m

m
m

m
m

m
m

m

SD
O

F
re

pr
es

en
ta

ti
o
n

l
l

l
l

l
m

l
l

Fl
u
id

co
m

p
re

ss
ib

ili
ty

m
m

l
l

l
l

l
l

l

Fl
u
id

in
er

ti
a

l
l

l
l

l

V
is

co
u
s

lo
ss

es
l

l
l

l
l

l
l

l

V
al

ve
d
yn

am
ic

s
l

C
FD

m
m

Fr
ic

ti
o
n

m
o
d
el

l

620 Journal of Intelligent Material Systems and Structures 23(6)

 at PENNSYLVANIA STATE UNIV on May 10, 2016jim.sagepub.comDownloaded from 

http://jim.sagepub.com/


compressibility, (6) fluid inertia, (7) flow losses (viscous
and/or minor), (8) use of CFD, (9) dynamics of the rec-
tifying valves, and (10) friction in output hydraulic
cylinder. A full (or half) circle means that the corre-
sponding feature was included completely (or partly) in
the model, whereas an empty box refers to absence of
that property in the formulation. As seen from the
chart, a majority of the models incorporated
frequency-dependent dynamic effects; the models by
Sirohi and Chopra (2003) and Cadou and Zhang
(2003) were static in nature and hence used a time-
domain approach. Almost all the models used the
quasi-static linearized equations governing the behavior
of the active material; the model by Tang et al. (1997)
took a more exhaustive look at the dynamics of a
stacked actuator (as shown by the complete circle).
Both the pumping piston and the output load were rep-
resented by mass-spring-damper equivalents (Nasser
et al., 2001; Oates and Lynch, 2001; Ullmann et al.,
2001; Ullmann and Fono, 2002; Regelbrugge et al.,
2003; Sirohi et al., 2005); Tan et al. (2005) modeled
only the output load using this approach. Fluid com-
pressibility was included in most cases; however, Sirohi
and Chopra (2003) and Cadou and Zhang (2003)
assumed the fluid to be compliant only in the pumping
chamber and incompressible in the rest of the manifold.
Fluid inertia was also included in some of the models;
however, the coupling (shown by the dashed boxes
encircling the two corresponding entries in the chart)
between the inertia and compressibility was previously
considered only by Nasser et al. (2001) and Sirohi et al.
(2005).

Mechanical Components
Pump piston and pumping chamber. As the movement

of the active material provides energy to the whole sys-
tem, the pumping action of the active rod/stack is mod-
eled first. Denoting the fluid pressure inside the
pumping chamber as Pch, the equation of motion of the
pumping piston (Figure 22(a)), by considering it as a
SDOF system, is as follows:

MP +
MA

3

� �
€xP + CP _xP + Ka + Kd + Ksð ÞxP =

KadaBLa � PchAch, Ka =
EaAa

La

: ð23Þ

The stiffness of the metal diaphragm, Kd, was calcu-
lated from empirical relations (Blevins, 1979), whereas
the disk spring stiffness, Ks, was obtained from manu-
facturer supplied data. The mass of the actuator rod,
MA, was also included in the effective mass being accel-
erated, as the rod can be visualized as a spring
with nonzero mass (Galloni and Kohen, 1979; Wallach
et al., 1988; Santos et al., 2006).

Although the strain induced in the active material is
a nonlinear phenomenon and can also vary with pres-
tress, the piezoelectric/piezomagnetic coefficient, da, of
the material is assumed to be constant to obtain a sim-
pler macroscopic view of the physical phenomenon
without going into the details of microscopic material
properties that govern the transduction behavior. For
the same reason, any variation in Young’s modulus,
Ea, of the active material as a function of prestress,
usually noted in magnetostrictive materials such as
Terfenol-D and called the DE effect (Clark et al., 1983;
Dapino et al., 2000; Kellogg and Flatau, 2001; Kellogg
and Flatau, 2004), are neglected.

Output cylinder. The equation of motion of the out-
put cylinder shaft was obtained from force equilibrium
between the two sides of the output cylinder piston as
follows:

ML€xL + cL _xL = (Ph � Pl)Ao � Ffric � Fext, ð24Þ

where Fext includes any external forces that might be
acting on the output cylinder, for example, Fext=mLg
for a mass hung from the cylinder shaft, and Ffric the
frictional force acting on the output piston, arising
mainly from seals in the assembly that make contact
between the piston shaft and the walls of the hydraulic
cylinder (Lai and Kay, 1993; Parker Hannifin
Corporation, 2001). Ff was based on the symmetric
Karnopp model (Karnopp, 1985; Armstrong-Hélouvry
et al., 1994; de Wit et al., 1995; Olsson et al., 1998) and
depends on the applied force, F, and instantaneous
velocity, v, as follows:

Figure 22. Free-body diagrams for the pumping piston and out-
put cylinder shaft: (a) pumping piston and (b) output cylinder shaft.
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Ff =
sgn(v)Fd , jvj.vmin

sgn(F)max(F, Fs) , jvj<vmin

	
ð25Þ

where F=(Ph–Pacc)A0–Fext is the total force acting on
the output piston. Fs and Fd are the static and dynamic
friction in the output hydraulic cylinder, respectively.

Fluid Compressibility
Pumping chamber and output cylinder (high-pressure

side). The fluid density in the pumping chamber
(Figure 23(a)) is (Regelbrugge et al., 2003; Tan et al.,
2005; Chaudhuri et al., 2009; Kim and Wang, 2009)

_rch =
rchAp _xp � _Mout + _Min

Ap Lch � xPð Þ ð26Þ

and the corresponding rate of pressure change inside
the chamber is

_Pch = b
_rch

rch

= b
rchAch _xP � _Mout + _Min

� �
rchAch(Lch � xP)

: ð27Þ

Similarly, in the driving side of output cylinder (Figure
23(b)), the density of the fluid is governed by the flow
rate into the cylinder and the motion of the piston
(Richer and Hurmuzlu, 2000), which are included in
the following equation:

_rh =
rhQh � rhAo _xL

AoxL

, ð28Þ

where Ao = p(D2
o � D2

i )=4, and the corresponding
change in pressure is given by

_Ph = b
_rh

rh

= b
Qh � Ao _xLð Þ

AoxL

: ð29Þ

Accumulator. Due to the presence of a low stiffness
accumulator on the low-pressure driven side of the
pump, it was assumed that the motion of fluid in this
section results only in deformation of the accumulator
diaphragm, and consequently, fluid compressibility
effects are negligible in this section (Sirohi et al., 2005).
Applying mass continuity for this section of the
actuator,

r0Aacc _xacc = r0Ql � _Min ð30Þ

and the resulting accumulator pressure variation is

_Pacc =
Kacc _xacc

Aacc

=
Kacc r0Ql � _Min

� �
r0A2

acc

: ð31Þ

Fluid Inertia
Flow passages. Model of transient fluid flow through

the high pressure–driven side manifold and the low-
pressure-driven side of the output cylinder took into
account the inertia of the fluid mass and the viscous
losses. For flow in 1D in uniform cross-sectional pas-
sage, the equation of motion and the continuity equa-
tion of fluid mechanics can be used to derive the
governing partial differential equations (PDEs), com-
monly referred to as the waterhammer equations and
analogous to transmission line models in electrical engi-
neering (Wylie and Streeter, 1983; Ghidaoui, 2004). To
get ordinary differential equations for simulation in the
time-domain model, the transmission line analogy is
applied to the manifold tubing (Figure 24(a)) and low-
pressure-driven side of output cylinder (Figure 24(b))
by breaking up each passage into equal length sections
along the longitudinal axis and assuming that the vol-
ume flow rate and fluid density in any section are con-
stant; rate equations for the volume flow rate

Figure 23. Volume changes and flow rates in compressible sections: (a) pumping piston and (b) output cylinder (high pressure–driven
side).
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(Equation (32)) and pressure (Equation (34)) though
each section were then formulated for each of the lumps
(Doeblin, 1980; Watton, 1989; Manring, 2005).

For the manifold tubing, the pressure drop across
any section can be accounted for the effects of fluid
inertia and viscous losses as follows (Doeblin, 1980;
Nasser et al., 2001):

Phti � Phti + 1
=

Lt=Ntð Þ
At

rhti
_Qhti + Rt

Lt

Nt

� �
rhti

Qhti , ð32Þ

where Nt is the total number of sections for the tubing
and Rt is the viscous resistance to fluid flow in the cir-
cular passage per unit length based on the quasi-static
friction model used in unsteady pipe flows
(Adamkowski, 2003, 2006). From the measured veloci-
ties, the maximum Reynolds number for flow through
the tubing was found to be 150. Hence, the viscous
fluid resistance can be calculated from the Hagen–
Poiseuille solution for laminar flow through a circular
tube (White, 1979), that is,

DPlamimar =
128n

pD4
LrQ) R =

8pn

A2
: ð33Þ

The change in pressure in section i is dependent on the
fluid flow rates in/out of the section as follows:

_Phti = b
Qhti � Qhti + 1
ð Þ

At Lt=Ntð Þ : ð34Þ

A similar approach is applied to the output
cylinder too, where the length of the driven side, L0–xL,
is broken up into N0 sections, each having a uniform

circular cross section with area A0. Differential
equations for the pressure Ploi

and Qloi
can then be

written.
The known boundary values for the manifold tubing

are

Qht1 = Qout, PhtNt
= Ph

whereas the calculated boundary variables are

Pth = Pht0 , Qh = QhtNt

For the fluid in the driven side of the output cylinder,
the known boundary values are

Qlo1
= Ao _xL, PloNo

= Pacc

whereas the calculated variables are

Pl = Plo1
, Ql = QloNo

:

Due to the presence of a highly compliant accumulator
in the intake side, the fluid in this part of the manifold
can be assumed to be incompressible (Sirohi et al.,
2005; Tan et al., 2005; Chaudhuri et al., 2006;
Chaudhuri and Wereley, 2007) and we can model the
entire passage as a single block of fluid being acceler-
ated during every cycle when the intake reed valve is
open. If Ptl is the pressure at the entry of the intake
reed port, then the intake volume flow rate Qin is gov-
erned by

Pacc � Ptl =
Lt

At

€Min + RtLt
_Min +

1

2
r0KLt

_Min

r0At

� �2

, ð35Þ

Figure 24. Lumped models for transient fluid flow: (a) manifold tubing passage and (b) low-pressure side of output cylinder.
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where KLt
is the loss factor associated with minor losses

in the intake tubing.

MRFs. To model the annular flow (Yoo and
Wereley, 2005), the above approach is simplified (John
et al., 2008). For very low volume flow rates, we can
assume that the fluid volume flowing through all sec-
tions is the same, that is, Qi = Q8i = 1, 2, :::N . Using
this, the pressure drops over the entire length of the
MR valve can be summed to get an expression for the
overall loss in pressure DPMR as a function of the vol-
ume flow rate Q as follows:

DPMR =
XN

i = 1

(Pi � Pi + 1)

=
LMR

AMR

1

N

XN

i = 1

r

 !
_Q + RvLMRQ:

ð36Þ

Furthermore, if the fluid density varies linearly along
the length of the valve, then the summation term in
Equation (36) can be replaced by the arithmetic mean
of the fluid densities at either end of the valve, that is,

DPMR =
LMR

AMR

r1 + rNð Þ
2

_Q + RvLMRQ: ð37Þ

Rectification Valves and Ports. Passive reed valves perform
the function of flow rectification, wherein the bidirec-
tional motion of the active stack is converted to unidir-
ectional flow of fluid by responding to the pressure
difference across the respective valve ports. The beha-
vior of a reed valve under varying flow rates depends
strongly on the geometrical parameters of the assembly
(Naik et al., 2002; Tarnopolsky et al., 2002). Everything
else remaining the same, the thickness of the reed (and
hence, its stiffness) governs the force required to fully
open the valve (Baudille and Biancolini, 2008; Baudille
et al., 2009). Unlike on–off valves, a reed valve allows a
continuously varying flow through it depending on the
amount of deflection of the reed and the geometry of
the flow path (Chaudhuri et al., 2006, 2009). As the
behavior of the reed valve in our system is analogous to
a cantilever beam fixed at one end, the dynamics of the
reed can be represented by a second-order system char-
acterized by a natural frequency, xn, and damping coef-
ficient, z (Junwu et al., 2005). To implement this
behavior of the reed valve, the parameter, rc, which
denotes the commanded amount of reed deflection
depending on the pressure difference, DP, across the
reed port is defined as follows (Chaudhuri and Wereley,
2007, 2010; John et al., 2008; Chaudhuri et al., 2009):

rc =
1 if DP.Popen

DP=Popen if jDPj<Popen

�1 if DP\� Popen

8<
: , ð38Þ

where Popen is the pressure difference for the reed valve
to fully open. The actual valve opening, r, was then
related to the input or commanded reed deflection using
the following second-order transfer function

r(s)

rc(s)
=

1

1 + 2z
vn

s + s2

v2
n

ð39Þ

and led to two state equations (r and _r) for each valve.
For the discharge reed valve, the opening rout was

determined by the pressure difference DPout=Pch–Pth

across the valve, whereas the intake valve opening rin
was controlled by the pressure difference DPin=Pacc–
Pch. The parameters, rin and rout, were then used to
derive equations for the volume flow rate in and out of
the pumping chamber based only on the pressure dif-
ferences across the reed valve ports. The values of Popen

and xn are strongly dependent on the geometry of the
reed valve; an estimate of xn was obtained from empiri-
cal formulae (Blevins, 1979, 1990), whereas the value of
Popen was obtained from the results of a fluid–structure
interaction study between the reed and the hydraulic
oil (discussed in a later section).

The pressure drop incurred in the reed valve ports
due to only minor losses can now be expressed in terms
of the reed valve openings, rout and rin, and the corre-
sponding fluid velocities as follows:

DPoutð Þminor =
1

2
rch

KLvalve

rout

� �
_Mout

rchAport

� �2

ð40Þ

DPinð Þminor =
1

2
r0

KLvalve

rin

� �
_Min

r0Aport

� �2

ð41Þ

where KLvalue is the minor loss coefficient for a fully
open reed valve. This definition of the loss coefficient
from the reed valve opening is similar to the approach
used by Sirohi and Chopra (2001).

The behavior of three different thicknesses of reed
valves being forced by a sinusoidally varying pressure
at the input face was carried out by Chaudhuri et al.
(2009) using CFD; 2D geometry was considered along
with a incompressible fluid. Initially, increase in pres-
sure difference across the reed port causes an increase
in the volume flow rate, proportional to the mean velo-
city, through the port. However, due to limited space
within the reed port, the flow became highly constricted
when the reed valve opened fully, resulting in a decrease
in flow rate beyond a certain value of pressure. In other
words, there is a particular value of pressure at which
the valve can be assumed to be completely open and
the viscous losses are least; this value of pressure is used
as representative of the parameter Popen in the dynamic
simulation model (Equation (38)).

This comparative study of reed valve behavior also
showed the dependence on reed thickness and reed port
geometry. While a thinner reed requires lower pressure
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difference to open completely, the maximum volume
flow rate through it is also more limited than a thicker
reed. Hence, the choice for reed thickness has to be
made by comparing the flow rate requirements with the
allowable pressure losses in the reed valve. The geome-
try of the port can also be modified to improve the per-
formance of the valve; filleting the sharp edges of the
reed port will help in improving flow rate (John et al.,
2006).

The complete governing equations for the pulsating
flow through the reed ports that take into account the
fluid inertia, viscous fluid resistance, and minor losses
inside the ports, are given by

(DPout)total = Pch � Pth =

Lport

Aport

rch
€Mout + RportLportrch

_Mout + DPoutð Þminor ð42Þ

(DPin)total = Ptl � Pch =

Lport

Aport

r0
€Min + RportLportr0

_Min + DPinð Þminor, ð43Þ

where Ptl is the manifold fluid pressure at the intake
reed port entry. By summing up the pressure drops in
Equations (35) and (43), a single governing ODE for
the intake mass flow rate, _M in, as a function of the pres-
sures at its two ends and the intake reed valve opening
is obtained.

Simulation Results. Equations (23), (24), (27), (29), (31),
(35), (39), and (42), along with 2(Nt +N0) equations
from Equations (32) and (34) for the manifold tubing,
can be written in state-space form, where the states are
given by

x = ½xP _xP xL _xL Pch Ph Pacc
_Mout

_Min rout _rout rin _rin Pht1 . . . PhtNt
Qht1 . . . QhtNt

Plo1
. . . PloNo

Qlo1
. . . QloNo

�

and solved in time-stepped manner using a fourth-order
Runge-Kutta numerical scheme. Some of the main
material properties and geometric parameters used for
simulation are given in Table 2.

The frequency at which peak no-load performance
occurs mainly depends on two properties, inertia and
stiffness, of the actuation system. In general, the inertia
of the system consists of the inertia of the pump piston,
the output cylinder and the fluid being accelerated
through the valves and manifold. When viewed as sepa-
rate SDOF systems, the masses of the pump piston and
the output cylinder (with no external load) are very
small, whereas the corresponding stiffnesses and driving
forces are very large; hence, these systems have a high
natural frequency and do not impose any limitations in
our frequency range of operation. However, the fluid in
the manifold has a stronger inertia effect due to the

long travel distance and the small cross-sectional area
available in the compact manifold (Figures 25–27).

The location of the actuator peak output is very sen-
sitive to value of fluid bulk modulus (Chaudhuri,
2008), which should ideally be very high to transfer all
the energy from the active material to the load. The
presence of entrained air in the hydraulic oil increases
the fluid compressibility and drastically reduces the
bulk modulus (Merritt, 1967; Oates and Lynch, 2001;
Niezrecki et al., 2004; Sneed et al., 2006; Kim and
Wang, 2009) as seen from the data sheet for hydraulic
oil in Figure 28. In practice, entrained air is removed
from the oil by using a vacuum pump after filling the
actuator manifold and then pressurized to minimize the
effects of any remaining entrained air. The value of
bulk modulus used in the numerical simulations is
much lower than the manufacturer specified value.
Increasing the value of bulk modulus stiffens the fluid,
thus moving the resonant peak to a higher frequency.
In addition, a stiffer fluid causes lower pressure losses,
because less force is lost in compressing the fluid vol-
ume in the manifold before it begins to flow (Figure
28). The disadvantage of having a higher bulk modulus
is that the stiffness of the pumping chamber, Kch, which
is derived as (Sirohi and Chopra, 2003)

Kch = b
Ap

Lch

ð44Þ

increases linearly with the value of bulk modulus and
results in lower induced strain from the actuator rod;
as a consequence, the mass flow rate of hydraulic fluid
from the pumping chamber reduces (Giurgiutiu et al.,
1997). Hence, the design of the actuator for particular
specifications involves a trade-off between the desired
maximum pressure (corresponding to blocked force)
and maximum flow rate (corresponding to no-load out-
put velocity). For a given working fluid, b is fixed, and
Ap may be constrained by flow rate requirements; in
such a case, the only parameter which the designer is
free to choose is the pumping chamber height, Lch.

A noticeable feature is the oscillatory behavior seen
in the displacement data; for the magnetostrictive-based
actuator, the measured displacement at lower

Table 2. Simulation parameters for smart actuators.

Magnetostrictive Electrostrictive

b 70 MPa (10 ksi) 550 MPa (80 ksi)
ρ0 860 kg/m3 871 kg/m3

Ea 30 GPa 12 GPa
Lch 0.51 mm 2.54 mm
Dch 38.1 mm (1.5 inch) 31.75 mm (1.25 inch)
L0 50.8 mm (2.0 inch) 50.8 mm (2.0 inch)
A0 253.4 mm2 128.9 mm2

mp 200 g 75 g
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frequencies (Figure 29(a)) resembles a lightly damped
system, whereas the motion at higher frequencies did
not show any overshoot (Figure 29(b)). The compre-
hensive model does a good job at capturing this
variation in damping, as well as tracking the initial
and final positions of the output piston in each pump-
ing cycle. Numerical simulations show that this beha-
vior was strongly dependent on the dynamics of the
reed valves and the stiction behavior of the output
piston.

Figure 30 shows a comparison between models
developed earlier that neglected unsteady effects and
the comprehensive model (Chaudhuri et al., 2009;
Chaudhuri and Wereley, 2010). The two other models
considered are as follows:

1. Incompressible, inviscid fluid: The simplest model
assumes an incompressible, inviscid fluid with
no inertia. By combining Equations (1) and (2),
we get

vL = f 3(eLa)3(Ach=Ao), ð45Þ

which shows that vL a f (Sirohi and Chopra,
2003). These calculations overestimate the out-
put velocity to a large extent because they did
not include any pressure losses in the fluidic
subsystem and assumed that the maximum
possible strain was induced in the active mate-
rial. Hence, this method serves as a good start-
ing point for the selection of material and
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Figure 25. Comparison of measured output velocity with simulation results at different pumping frequencies and bias pressures: (a)
Terfenol-D-based actuator and (b) PMN-PT-based actuator.
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Figure 26. Comparison of induced strain in PMN-PT stack with simulation results under different driving conditions: (a) induced
strain in PMN stack at 300 V, 600 Hz and (b) induced strain in PMN stack at 400 V, 400 Hz.
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actuator design, but it cannot be used for accu-
rate predictions.

2. Compressible fluid, no inertia: Using the
approach developed by Tan et al. (2005), the
results for a model that included viscosity and
area changes but neglected flow unsteadiness
were computed. The low-frequency results were
well matched, but the simpler model deviated
from test results at higher pumping frequencies
and also failed to capture the sharp roll-off
observed beyond the peak output frequency.
These results were similar to those calculated
previously by the authors for a
magnetostrictive-based actuator (Chaudhuri,
2008; Chaudhuri et al., 2009).

Assessment Of Current Technology And
Future Work

The development of smart material–based compact
electrohydraulic actuators has reached a considerable
amount of maturity, as is evident by the recent 2009
Smart Structures Product Implementation Award pre-
sented to Kinetic Ceramics Inc. by SPIE. Power output
and volumetric flow rates achievable from these com-
pact devices have also increased over the last decade.
This article presents an overview of smart material–
based compact electrohydraulic pumps and actuators
that have been investigated in recent years. The devel-
opment and performance of some of these complex
devices has been outlined, and the efforts into modeling
and simulation of the complex and coupled phenomena
in these actuators have also been reviewed.

Limitations in Current Designs

1. Actuator mechanical stiffness: Although cur-
rently available smart materials such as PZT-5H
and Terfenol-D have high mechanical stiffness
in their monolithic form, their configuration in
practical use lowers the effective mechanical
stiffness. For example, stacking thin layers of
piezoelectric and electrostrictive materials with
electrode material packed in between to build
an actuator drastically lowers the effective mod-
ulus. In case of magnetostrictive materials, the
actuator rods have to be laminated to minimize
the adverse effects of eddy currents at high fre-
quencies. The only solution at present is to use
actuators with higher cross-sectional area, thus
increasing the size of the device and reducing
the output power-to-weight ratio.

2. Fluid inertia and compressibility: As fluid pump-
ing frequencies are increased, the effect of iner-
tia of the fluid volume that has to be accelerated
each cycle increases quadratically. This leads to
more and more energy being used to start or
stop fluid motion, rather than improving flow
rate. The problem worsens when the fluid is
highly compressible, which wastes energy
required to compress (and then move) the fluid
mass during the compression and discharge
cycles (Figure 3). Ways to improve efficiency
include minimizing the volume of entrained air
and pressurizing the fluidic subsystem.

3. Bandwidth of driving circuit: This effect is domi-
nant in the case of magnetoactive materials that
have to be actuated using a magnetizing coil,
where the presence of an inductive coil limits the
frequency bandwidth of the driving electrical cir-
cuit (Chaudhuri et al., 2009). Compensating
electronics may be required for high-frequency
operation.

Figure 28. Effect of entrained air on the bulk modulus of a fluid
(The Lee Company, 2006).
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Figure 27. Comparison of experimental and simulation results
under loaded conditions (Force–Velocity diagrams).
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4. Flow rectification using valves (Tieck et al.,
2005): On the basis of earlier studies, it is clear
that the combination of a smart stack/rod actua-
tor with fast response valves is crucial to the
development of a high-frequency, high power
density, and intrinsically reliable piezoelectric
pump (Lee et al., 2004). Studies of active valve-
based systems have shown that the valve timing
is also critical to the performance of the system
(Tan et al., 2005).

Improvements in Analytical Modeling

Modeling and simulation of smart material–driven
electrohydraulic actuators have progressively improved
over the last decade. These formulations take a macro-
scopic look at the operation of the hybrid pump and,

in some cases, combine it with the dynamics of the dif-
ferent sections using either a frequency-domain or a
time-domain approach. This allows the engineer to get
an accurate measure of a particular design without
actually building and testing a prototype using easily
obtainable property values and even allows for opti-
mizing the design. Using a time-domain formulation,
the model can more accurately include nonlinear effects
such as logarithmic dependence of fluid density on bulk
modulus, friction in output cylinder, and quadratically
varying pressure losses in the fluid passages. Although
the present models perform well at calculating the per-
formance of the hybrid actuator over a large frequency
range and varying loading conditions, certain issues
can be considered to increase modeling accuracy:

1. The induced strain in the active material varies
nonlinearly in reality (Wan et al., 2003; Sirohi et
al., 2005), especially when the material is actu-
ated over its entire range. A complete dynamic
model of the active material that accurately
reflects the behavior with stress dependence can
be used for more accuracy for magnetostrictive
materials (Engdahl, 1999). The linearized model
is deemed sufficient in most models because it is
simpler to implement and reduces the computa-
tional loads that usually accompany the energy-
based material models (Hom and Shankar,
1997, 1999; Smith, 1997; Dapino et al., 2000).

2. An accurate estimation of the fluid bulk modu-
lus (b) is extremely important. Some further
modeling refinements can be made if fluid pres-
sure measurements are made at additional loca-
tions (e.g., pumping chamber, discharge port,
driving side of output cylinder, intake manifold)
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Figure 29. Comparison of measured output piston displacement with simulation results (with and without reed valve dynamics): (a)
pumping frequency = 200 Hz and (b) pumping frequency = 300 Hz.
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during pump operation and compared with
simulation results. However, it should be kept in
mind that any pressure tap will act as a source
of compliance within the fluidic system and can
reduce the effective bulk modulus.

3. There have been some studies of reed valve
motion in smart electrohydrostatic actuators
(Walters, 2008).A complete 3D coupled simula-
tion of the reed valve port can be used to obtain
accurate values of the loss coefficients therein.
However, in addition to being computationally
intensive, this calculation would have to be
repeated for any small changes in port geometry
or fluid properties (John et al., 2009).
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