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ABSTRACT

Owning to advantages in maintainability, weight, and system integration, there

is a developing trend in the automotive and aerospace industries toward replacing

traditional actuation systems with devices that are powered through electrical wires

(power-by-wire). Smart material driven actuation systems provide the major ad-

vantages of power-by-wire systems with the additional benefits of superior spectral

response, high power-to-weight ratio, and solid-state operation. A smart material

electrohydrostatic actuator (EHA) is an electrically driven, self-contained actuator

driven by the high-force vibrations of its smart material core. The smart material

pump of an EHA must be driven at frequencies in the kHz range to achieve required

flow rates. It follows that the outlet and inlet valves of the pump must be able to

effectively convert the high pressure fluid pulses to continuous flow in the output hy-

draulic cylinder at these high frequencies. The flow control valves that perform this

process, termed fluid rectification, along with the smart material EHA are the focal

points for this research.

Lumped parameter system model techniques are used to represent the mechanical

and fluid domains of a smart material EHA. The parameters for the mechanical

model of the reed-type rectification valves are developed considering fluid loading

and proximity effects. Fluid dynamic, finite element simulations are used to couple

the bending motion of the valve to its effective flow resistance in the fluid domain. The
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system model is formulated based on a prototype pump driven by the magnetic field-

induced vibrations of the magnetostrictive material Terfenol-D. The system model is

solved in MATLAB SIMULINK using a built-in ODE solver.

Correlation of model simulations and test data for a Terfenol-D pump under no-

flow conditions up to a pumping frequency of 1200 Hz validates the parameters of

the rectification valve model. Loaded actuator simulations show that the rectification

valve dynamics limit the velocity bandwidth of the actuator relative to ideal valve

behavior in the system model. The model predicts that higher actuation velocities can

be obtained by increasing the velocity bandwidth of the actuator through increasing

the resonant frequency of the rectification valves.

A novel method for in situ characterization of the outlet rectification valve and

system level experiments for a Terfenol-D pump is presented along with measured

data for the prototype Terfenol-D pump. Testing provides important data from the

pump and validates the novel measurement method which expands the capability to

characterize a magnetostrictive pump.

The contribution of this work is the development of a dynamic model for fluid

rectification valves and implementation for a magnetostrictive pump as well as a

technique for in situ characterization of smart material actuation systems.
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CHAPTER 1

INTRODUCTION

Smart materials are utilized in numerous engineering applications including in-

dustrial processes, medical devices, automobiles, aerospace, energy harvesting, and

damage detection. The unique ability of these high energy density materials to trans-

fer energy between two different domains over a wide frequency range makes them

well suited for a variety of applications. These materials could thus have a significant

impact on sensitivity, bandwidth, and power density in devices and systems.

The general focus of this thesis is on modeling and characterization of a smart

material electrohydrostatic actuator (EHA) and fluid rectification valves. A magne-

tostrictive material responding to a magnetic field input is used to drive the piston of a

hydraulic pump. The high force vibrations of the Terfenol-D core displace small bursts

of fluid through a rectification valve delivering a continuous flow of high-pressure fluid

to the output hydraulic cylinder and piston. A full explanation of this process is dis-

cussed in section 2.5.1. The fluid rectification process, which converts the small bursts

of fluid produced by the pump to continuous flow, is critical for this type of system.

High frequency operation of the pump increases the flow rate capability and resonant

operation, typically in the kHz range, increases the ratio of output pressure to in-

put energy. Rectification valves that respond up to the resonance frequency of the

1



pump have the capability to significantly improve performance and dynamic range.

The contribution of this work is to establish a fluid-structure coupled model for the

rectification valves in a smart material pump. Additionally a novel method for in

situ characterization of a pump is described and implemented. A model framework

is established by integrating a mechanical model for the fluid rectification reed valves

used in a Terfenol-D pump, described in section 4.1, into a system mechanical model

describing the motion of the pump and actuator piston. Valve motion is coupled to

the fluid domain through the driving pressure of the working fluid, fluid loading, and

proximity effects. The resistance to flow provided by the valve during operation of

the pump is coupled to the motion of the valve and establishes the reliance of the fluid

domain on the mechanical domain for the valves in the system model. The thesis is

organized as follows.

Chapter 2 covers background information on smart materials and devices. The

objectives and motivation for this research are described. A brief overview of smart

materials is presented along with details on magnetically activated smart materi-

als (magnetostrictive materials) in section 2.3. Section 2.4 reviews smart material

applications while focusing on magnetostrictive applications. The final section in

chapter 2, 2.5, gives an in depth discussion on the principle of operation for smart

material pumps. A literature review of smart material pumps is presented with a

focus on pressure and flow rate performance.

The mechanical and fluid domains of the system model are described in chapter 3.

A lumped parameter model accounts for the dynamics of the Terfenol-D pump, rec-

tification reed valves, and output hydraulic cylinder in the mechanical domain using

Newton’s 2nd law to derive equations of motion. Conservation of flow along with
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lumped fluid elements resistance and capacitance is used to develop dynamic, first or-

der equations for state pressures at the chamber, accumulator, high, and low pressure

sides of the hydraulic cylinder. A detailed description of the fluid-structure coupling

for the rectification reed valves is presented in this chapter. The mechanical model is

presented in section 3.1 and the fluid model in section 3.2. System model equations

and parameters are summarized in section 3.3.

A measurement system used to experimentally characterize the Terfenol-D pump

is detailed in chapter 4. The details of the Terfenol-D pump used in this study are

given in section 4.1. Terfenol-D pre-load (mechanical bias) is an important parameter

for optimum performance. Section 4.2.1 presents the method for mechanically biasing

the Terfenol-D. The details of the novel method for in situ valve characterization are

given in section 4.3. Section 4.4 provides a schematic of the measurement system with

the Terfenol-D pump indicating the equipment used and some important details.

Chapter 5 presents simulation and experimental results for no-flow operation of

the Terfenol-D pump to validate the fluid-structure coupling and mechanical model

for the fluid rectification valves as defined in chapter 3. This method of validation

considers the valve-specific parameters and also accounts for the dynamic effects of

the Terfenol-D pump and chamber fluid. The system model is used to assess the effect

of rectification valve dynamic response on the actuation capability of the Terfenol-D

pump by simulating the case of inertial loading on a hydraulic cylinder and piston

driven by the pump. The system simulation captures the dynamic fluid-structure

coupling of the rectification valves and their effect on the pump’s ability to deliver

high pressure flow to the cylinder of the actuator. The results are compared to system

model simulations with ideal valve behavior to illustrate the effect of valve dynamics.

3



Rectification valve resonance is increased to expand actuator velocity bandwidth and

is described in section 5.2.2. The model simulations indicate the ability to expand

actuator bandwidth, defined as the frequency range of positive actuator velocity,

by increasing valve resonance. Test data for in situ outlet reed valve measurement

acquired using the method described in chapter 4 is presented. The results validate

the proposed method for measuring valve motion along with other system variable at

frequencies below 100 Hz. The challenges of implementing this method are discussed

in chapter 4. The results of system simulation and experimental characterization are

discussed in chapter 5 while chapter 6 discusses the impact and contribution of this

work along with recommendations for future work.
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CHAPTER 2

BACKGROUND INFORMATION

2.1 Motivation

The aerospace and automotive industries are high-impact areas for smart material

applications. Smart material systems can improve packaging, enhance performance,

and reduce weight in vehicle actuators and sensors. Increased flexibility in device

packaging can allow actuators and sensors to be located in areas previously regarded

as unattainable or impractical. Smart material systems can expand the dynamic

range of conventional systems and improve maintainability. The high power density,

fast dynamic response, and sensitivity of these materials have the potential to reduce

weight and volume in comparison to conventional devices.

There is a trend in the automotive and aerospace industries toward systems that

use electrical control between the user input and system output termed fly-by-wire.

In addition to fly-by-wire control, these industries are interested in replacing tradi-

tional power supply mechanisms (hydraulic circuits or mechanical linkages) by electric

wires in power-by-wire systems. Digital fly-by-wire systems have been used since the

early 1970’s in military aircraft and were introduced to commercial aircraft in 1988

through the Airbus A320 program [8]. The automotive industry began to implement
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drive-by-wire (throttle-by-wire) technology in the mid 1990’s and is currently work-

ing to implement other ‘by-wire’ systems [5]. The mechanical and hydraulic systems

of an aircraft, for example, are heavy and require redundancy to achieve mandatory

levels of safety. There is limited flexibility in routing mechanical linkages and hy-

draulic lines that convert a user input to mechanical output within a vehicle. By

replacing mechanical and hydraulic power transmission components with electrical

wire, power-by-wire technology addresses many of the short-comings of traditional

systems. The electrical interface between the user and system allows integration with

a digital controller which can improve overall vehicle performance by combining user

inputs with sensor feedback and control. The first implementation of power-by-wire

technology has been in backup actuation systems for Lockheed Martins’ F-35 joint

strike fighter (JSF) and Airbus’ A380 airliner. Smart material actuation systems pro-

vide all the benefits of the power-by-wire systems with additional gains in response

time and power-to-weight ratio. The U.S. government has recognized the importance

of compact actuators as Defense Advanced Research Projects Agency (DARPA) has

sponsored the Compact Hybrid Actuator Program (CHAP) which focuses on devel-

opment of compact, efficient, high power density actuation devices that meet stroke,

rate, bandwidth, and force outputs of emerging technologies.

Smart material electrohydrostatic actuators (EHAs) are electrically driven, closed

loop hydraulic systems that provide linear actuation. A smart material core re-

places the traditional electro-mechanical driver for the EHA which can improve dy-

namic response, system weight, and scalability. Hydraulic advantage and fluid rec-

tification, which will be described in detail in section 2.5.1, are used to amplify the
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high-force, small-displacement of the smart material driver into large-force and large-

displacement motion. System weight can be reduced and packaging improved by

taking advantage of the power-by-wire operation. The solid-state, smart material

driver reduces the number of moving parts in the system.

2.2 Objectives

This project builds upon the research conducted in the Smart Materials and Struc-

tures Lab at The Ohio State University by Dr. Marcelo Dapino, David Nosse, and

Mike Rupinsky in the area of smart material actuators. The research is supported

through the National Science Foundation (NSF) Industry & University Cooperative

Research Program (I/UCRC) on Smart Vehicle Concepts [19]. The SVC center in-

vestigates smart material-based solutions to future vehicle requirements and develops

adaptive vehicle components and systems with superior dynamic response and multi-

functional operation.

This research follows a specific methodology to develop a compact actuator driven

by a smart material that will meet performance and packaging needs of the aerospace

and automobile industries. The high-force, low-displacement motion of the smart

material is converted to high-force and displacement output through motion ampli-

fication using hydraulic fluid rectification. The principle of operation is described

in detail in section 2.5.1. Through application of engineering principles an accurate

dynamic model is developed which characterizes the behavior and performance of a

smart material pump and actuator built in our lab. A firm understanding of the sys-

tem through first principles exposes critical aspects of the design which become the

focus of the modeling and testing effort. Extensive testing experience and dynamic
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modeling can be used to design smart material actuation systems that deliver the

performance demands of the industry.

2.3 Smart Materials

2.3.1 Overview

A material is defined as smart when it has the capability to convert energy be-

tween two domains. Smart materials may also be referred to as controllable, active,

adaptive, intelligent, or metamorphic depending on the application and function [17].

Many of the physical phenomena that are at the heart of smart material behavior

occur naturally. Quartz is a naturally occurring material that has the property of pro-

ducing an electric field under pressure. This effect is called piezoelectricity (“pressure

electricity”) and was discovered by Pierre and Jacque Curie in 1880 [17]. Iron, one of

the few naturally occurring ferromagnetic materials, exhibits a change in shape due

to change in magnetization. This property, called magnetostriction, was discovered

in 1842 by James Joule [17]. While many of the properties that make a material

smart exist naturally, advances in solid-state physics and material science have en-

abled the technology to exploit these properties in useful devices. In the short time

since smart materials were first synthesized the scientific community has character-

ized the extraordinary and complex behavior of these materials and applied them

to create useful smart devices and smart systems. A general definition of a smart

system is an ensemble whose dynamics can be monitored or modified by distributed

sensors and actuators to accommodate time-varying external inputs or a changing

environment [46]. Many notable milestones have been reached, but we are only just

discovering the practicality of this technology. Smart materials have great potential
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to improve human life and several examples are presented at the conclusion of this

section following a more detailed discussion of magnetic smart materials.

2.3.2 Magnetostrictive Materials

Magnetostriction is defined as magnetic field induced strain. Magnetostrictive

materials deform in response to a change in magnetic moments per unit volume [23].

All magnetic materials are magnetostrictive to some degree while materials containing

rare earth elements can exhibit “giant” magnetostriction above 0.1%. Joule discov-

ered the magnetostrictive effect in 1842 [17]. In 1865 Pasquale Villari discovered the

inverse of the Joule phenomenon that an applied stress would change the magnetiza-

tion in magnetostrictive materials [17]. The Joule effect is referred to as the actuation

effect while the Villari effect is referred to as the sensing effect. The most established

giant magnetostrictive material, Terfenol-D, was developed at the Naval Ordinance

Laboratory in the 1960’s and is an alloy of iron and the rare earth elements terbium

and dysprosium [17]. Rare earth alloys exhibit large magnetostriction at cryogenic

temperatures and little to none at room temperature while Terfenol-D is capable of

producing strains up to 1600 parts-per-million (ppm) at room temperature at mag-

netic fields near 2000 Oe [16]. The large strains produced at room temperature make

Terfenol-D the most viable option for magnetostrictive systems; however, geometries

are limited because the material is brittle. Developed in 1998, the magnetostrictive

material Galfenol, an alloy of iron and gallium, addresses the brittleness of Terfenol-

D as it is much easier to machine and is very robust [1]. Galfenol vastly expands

the possible applications for magnetostrictive materials, but currently produces only

around a quarter of the magnetostriction of Terfenol-D.
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The process of magnetostriction begins with an understanding of magnetic mate-

rials and magnetic domains. Figure 2.1 shows a schematic of the atomic, domain, and

bulk level of a general ferromagnetic material. It is well known that a charged particle

in motion will create a magnetic field. At the atomic level, shown schematically in

Figure 2.1(a), there is a net magnetic moment which is a combination of the moment

caused by the motion of electrons about the nucleus and the spin of the electrons

[23]. The transition metals, rare earths, and actinides are the only groups of elements

in the periodic table that exhibit magnetic moments [23]. When these elements bond

to form solids the ionic electron configuration leaves unbalanced electron populations

in the inner shell which results in a net magnetic moment [23]. In all other elements

the ionic bonding that makes up bulk material negates the effect of unbalanced elec-

trons and thus results in no net magnetic moment [23]. A magnetic domain is defined

as a volume within the bulk material that has uniform magnetization or equally

aligned magnetic moments as shown in Figure 2.1(b). The bulk material, shown in

Figure 2.1(c), is comprised of magnetic domains which align along several preferred

directions if the material is unbiased mechanically and magnetically. The effect is a

nearly zero net magnetic moment for the bulk material. The magnetostriction oc-

curs due to the rotation of these magnetic domains. The magnetostrictive effect can

occur from two phenomena: spontaneous (temperature-based) or field-induced [18].

The two effects are illustrated in Figure 2.2. In each case the formation and rotation

of the magnetic domains change the inter-atomic spacing of the material resulting in

shape change [17]. Ferromagnetic materials undergo a magnetic phase transition from

a disordered and random paramagnetic state to an ordered ferromagnetic state when

cooled through the Curie temperature [18]. During this cooling process magnetic
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Figure 2.1: Illustration of the atomic contribution to magnetic moments and magnetic
domains in a bulk magnetostrictive material.

moments align resulting in a spontaneous magnetization, Ms, leading to a sponta-

neous magnetostriction, λo, depicted in Figure 2.2(a) and (b) [18]. The spontaneous

magnetostriction, λo, is approximately one third of the total magnetostriction, e. Fig-

ure 2.2(c) illustrates a large field-induced domain rotation where an applied magnetic

field orients the magnetic domains in the direction of the field producing saturation

magnetostriction, λs, where:

λs =
2

3
e. (2.1)

Saturation magnetostriction is presented in more detail in Figure 2.3 considering

a magnetostrictive rod. The magnetostrictive rod can be visualized as made up of
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Figure 2.2: Illustration of (a) magnetic domains above Curie temperature (b) spon-
taneous magnetostriction and (c) field-induced magnetostriction.

sections of magnetic domains each with moments aligned in random directions for an

isotropic material [7]. The result of this random orientation is zero net magnetization

and the rod is termed demagnetized as shown in Figure 2.3(a). An increasing applied

magnetic field along the length of the rod results in magnetostriction in three regions

shown in Figure 2.3(b). Initially the rod is demagnetized and the magnetostriction lies

at the origin of the magnetostriction versus applied field plot. As a low field is applied

along the length of the rod, depicted in region I, domains aligned favorably with the

applied field will grow at the expense of other domains in a nearly reversible process.

Region II describes the behavior at moderate fields where magnetic domains aligned

in unfavorable directions begin to rotate into energetically favorable directions close

to the field direction, called easy axes [18]. The domain rotation in this region occurs

suddenly and is the reason for the ‘burst’ of magnetostriction shown in Figure 2.3(b).

As field increases into region III the rate of magnetic moment rotation slows until

finally the entire rod becomes a single domain. At this point the rod has reached

technical saturation magnetization with saturation magnetostriction, λs. Under very
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large fields it is possible to increase beyond saturation magnetostriction into forced

magnetostriction, but this effect is considered irrelevant for many applications due to

the complication of applying the large fields.
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Figure 2.3: Schematic of (a) random orientation of moments for unbiased magne-
tostrictive rod and (b) simplified plot of magnetostriction, λ, versus applied magnetic
field and three regions of domain growth (I) and rotation (II, III).

Typical magnetization and magnetostriction responses are shown in Figure 2.4.

These response curves differ from the plot presented in Figure 2.3(b) in that they
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illustrate the hysteretic nature of magnetostrictive materials. The domain wall mo-

tion at low fields is reversible, but as the amount of magnetic energy increases it

will eventually exceed the pinning energy and the wall will dislocate from pinning

sites. Pinning sites act like anchors for the domain walls and arise from crystal im-

perfections, stress concentrations, voids and cracks [18]. The energy lost to pinning

is dissipated and is a source of hysteresis in the material. Therefore the nonlinear

behavior of the material comes from two sources: the saturation behavior described

in Figure 2.3 and the hysteretic behavior caused by the dissipation of energy as mag-

netic domains rotate between easy axes and domain walls translate across pinning

sites.  !"
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for magnetostrictive transducers by Calkins A /BC provides a thermodynamics:based character:

ization of the nonlinear and hysteretic relationship between Feld and magnetization in fer:

romagnetic materials. It is in fact desirable to quantify not only the magnetic operation

H#t%  M#t% but the complete electromagnetic regime I#t%  H#t%  M#t%. While there

exist accurate numerical tools for computing the quasistatic Feld generated by a solenoid in a

magnetic circuitC for this early generation of the model we determine the relationship between

current and magnetic Feld experimentally. The experimental method provides the accuracy

and control needed for model development purposes.

The second stage involves the characterization of the magnetostriction $#t% associated with

the alignment of magnetic moments in the direction of the magnetic Feld. The magnetostric:

tion or Lactive strainM is modeled with an even:terms series expansion posed in terms of the

magnetization. It has been demonstrated in A NB that $#t% provides a nonlinear generalization

of the term d!!H in linear models. The magnetostrictive component provides adequate Fts

of transducer experimental data at low to moderate Feld intensities A /B. At higher Feld in:
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Figure 2.4: Plot of normalized magnetization (left) and magnetostriction (right) ver-
sus applied magnetic field for a typical magnetostrictive material.

The general description of domain rotation and magnetostriction presented in Fig-

ure 2.3 assumes the magnetostrictive material is initially unbiased magnetically and

mechanically. In practice it is useful to bias the material mechanically, magnetically,
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or both. Terfenol-D is twenty-five times stronger in compression than in tension and

therefore in almost all applications the material requires a compressive pre-stress to

ensure the magnetostriction does not place the material in tension. In addition to en-

suring structural integrity, a compressive stress also pre-aligns magnetic moments in

a favorable orientation. The compressive stress produces a significant decrease in the

internal energy in a direction perpendicular to the stress. The magnetic domains will

tend to align along this energetically favorable axis allowing a full 90 degree (max-

imum) rotation when a field is applied perpendicular to the pre-aligned moments.

Figure 2.5 illustrates the effect of pre-stressing a magnetostrictive material and the

90 degree domain rotation to achieve maximum saturation magnetostriction. Phys-

ical limits of the force output of the material negate the domain rotation benefit at

large pre-stresses. Figure 2.6 illustrates the range at which pre-compression is bene-

ficial for Terfenol-D. The plot shows the full magnetostriction ‘butterfly’ for applied

magnetic fields between −3000 and 3000 Oe at four pre-stresses [1, 17, 31]. Saturation

magnetostriction at zero pre-stress is below 700 ppm where it exceeds 1400 ppm at

a pre-stress of 2.5 ksi, and falls near 500 ppm at 16 ksi. The magnetostriction plot

shown in Figure 2.4(b) illustrates the behavior of the material to produce positive

strain irrespective of the direction of the applied field. This characteristic can lead

to frequency doubling when an applied harmonic field input that crosses the x-axis

produces magnetostriction at a frequency twice the input. A magnetostrictive mate-

rial may be magnetically biased to eliminate frequency doubling while still allowing

bi-directional operation. Actuating the material around a magnetic bias point in the

‘burst’ region can reduce the hysteretic effects and improve sensitivity.
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Figure 2.5: Schematic illustrating the (a) unbiased moment alignment, (b) rotation
of moments perpendicular to compressive stress, and (c) maximum 90 degree rotation
for axially applied magnetic field

The properties of most materials used in engineering applications are considered

constant. As an example a particular type of steel may have an elastic modulus of

205 GPa for a range of stress up to yield at 310 MPa. For a designer this is a large

range of stress to safely assume a constant modulus. Because smart materials possess

the characteristic of converting energy between different domains they also have the

mechanisms necessary to drastically vary their properties. The strong magnetoelas-

tic coupling in magnetostrictive materials leads to large variation in elastic modulus

called the ∆E effect. There have been several studies on the ∆E effect in magne-

tostrictive materials [14, 31]. Kellogg et al. studied the ∆E effect of Terfenol-D in a
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Figure 2.6: Plot of magnetostriction versus applied field for Terfenol-D at five com-
pressive loads: 0 ksi, 2.5 ksi, 4.5 ksi, 7.5 ksi, and 16 ksi. The trends illustrate the
range of compressive pre-loads in which Terfenol-D has largest field-induced magne-
tostriction.

transducer. The results of this study are presented in Figure 2.7 which illustrates the

change in elastic modulus at DC magnetic bias fields up to 200 kA/m for constant

compressive stresses ranging from 6.9 to 103.5 MPa. The circles provide the value

of elastic modulus at a particular compressive stress and applied DC field and show

the modulus can vary drastically from 115 GPa to 10 GPa. It is nearly impossible to

maintain both a magnetic and mechanical bias during dynamic operation. Modeling

of magnetostrictive materials within a dynamic system typically fixes the Young’s

modulus at a constant (or zero) bias field and is denoted by EH
Y .
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Figure 2.7: Plot of Terfenol-D Young’s modulus at constant compressive stress values
(6.9 - 103.5 with 6.9 MPa steps) for constant applied magnetic fields (0 - 193.2 kA/m
with 16.1 kA/m steps). The trends illustrate the range of values that a magnetostric-
tive material’s Young’s modulus can take based on operating conditions [32].
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2.4 Smart Material Applications

2.4.1 Overview

The unique characteristics of smart materials give them the potential to impact

many areas of technology. The references presented in this section give several ex-

amples but in no way exhaust the large scope of smart material applications. In

traditional technology smart materials have found uses in manufacturing processes,

land and air vehicles and medical devices. Smith et al. developed an inverse com-

pensation to control a Terfenol-D transducer in a high-speed milling application [47].

The high force, controllable output of the Terfenol-D transducer is well suited for

high-speed out-of-round milling applications. Kalish and Henein investigated the use

of piezoelectric actuators for diesel fuel injection [30]. Brei et al. reviewed the general

use of smart materials in the automobile industry [4]. T. Lee and I. Chopra at the

University of Maryland studied the use of piezoelectric devices for actuation of trail-

ing edge flaps on a helicopter rotor [34]. Ahmadkhanlou et al. at Ohio State used

magnetorheological fluid to design, build, and test a knee brace with controllable re-

sistive torque for patient rehabilitation [2]. Smart materials also have applications in

emerging areas such as nano-scale systems, structural heath monitoring and energy

harvesting. Smith et al. applied an inverse compensation methodology similar to

that of the high-speed milling application for high-speed nano-positioning in atomic

force microscopy [48]. Chang et al. reviewed smart material technology in damage

detection and structural health monitoring and discussed the impact this technology

has on civil infrastructure [9]. Smart materials have expanded the scope of energy

harvesting systems. Sodano et al. reviewed power harvesting using piezoelectrics
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discussing device architecture, efficiencies, and the future directions [50]. The ap-

plication areas of smart material systems will continue to expand due to increase in

demand for integrated structures and as high-volume use reduces manufacturing costs

for certain materials.

2.4.2 Magnetostrictive Applications

Applications for magnetostrictive materials include: sonar, vibration control, pumps,

exoskeleton telemanipulators, degassing in manufacturing processes, and ultrasonic

cleaning [16]. Figure 2.8 illustrates several devices utilizing the most common magne-

tostrictive material, Terfenol-D. Two magnetostrictive exciters are used to create an

elliptical tip motion driving the rotational motion of a shaft shown in Figure 2.8(a).

The ultrasonic transducer illustrated in Figure 2.8(b) can be used in a number of

applications (degassing, cleaning, welding, solid dispersion in liquid) where the un-

derlying principles are cavitation effects, heat generation, mechanical effects, and

chemical effects [18]. One of the original applications for magnetostrictives was in

sonar transduction. Figure 2.8(c) and (d) show a ring transducer and a Tonpilz (in-

ertial) transducer used for radiating sound waves. The ring transducer can generate

dipole or quadrupole acoustic fields depending on the phasing of each ring section

motion. In addition to the transducer applications presented here, magnetostrictive

materials are also employed in deformation, position, torque and force sensors [16].

The applications of magnetostrictive materials have been extensive in the past years.

As technology improves and demand for high performance, smart sensors and actua-

tors increases, these materials will see expansion and growth in applications that will

have a large influence in emerging technology.
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Figure 2.8: Magnetostrictive material applications: (a) Terfenol-D ultrasonic rota-
tional motor, (b) ultrasonic transducer with exponential horn, (c) ring transducer for
sonar and (d) Tonpilz transducer for sonar.

2.5 Smart Material Pumps and EHAs

Magnetostrictive and piezoelectric smart materials present an interesting challenge

when used as drivers in hydraulic pumps and actuators. Piezoelectric materials have

similar characteristics to magnetostrictive (i.e., high-force, low-displacement, solid-

state motion) but are coupled through the electrical and mechanical domains. Other

differences between these two materials will be presented throughout this section.

The challenge of using these materials is creating large stroke actuation from the
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low strain output of the material. Magnetostrictives can reach strains up to 0.16%

and piezoelectrics around 0.1%. The method most commonly used to convert the

low strain output of the smart material driver to large actuator stroke and force is

hydraulic advantage. These pumps work on the principle of displacing small pulses

of high-pressure fluid at a high frequency creating high-pressure, large-volume flow.

While all the benefits of power-by-wire systems discussed in section 2.1 apply to these

devices, their unique characteristics present an exciting engineering design challenge.

The remainder of this section will described the operational principles of smart mate-

rial EHAs, present performance metrics and the progress in the area of smart material

pumps and actuators.

2.5.1 Principle of Operation

A schematic illustrating the general architecture of a typical smart material elec-

trohydrostatic actuator and the two steps necessary for operation are shown in Fig-

ure 2.9(a) and (b). The system includes a smart material driver along with an element

to convert electrical input to the required energy to drive the material. Either tubing

(not shown) or a manifold will house either unidirectional (not shown) or bi-directional

valves and connect to an output hydraulic cylinder and piston. Fluid accumulators

can be placed on either the high-pressure, low-pressure, or both sides of the hydraulic

circuit. The actuator’s pump is driven by a smart material which exhibits a me-

chanical response to an external stimulus. This research uses a Terfenol-D driven

pump which responds to an applied magnetic field. Fluid rectification is defined

as the process of converting the small fluid pulses from the smart material pump into

continuous fluid flow. This process is critical for delivering continuous, high-pressure
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fluid flow from the pump to the hydraulic cylinder. Fluid rectification can generally

be described in two steps which happen concurrently with the overall operation of

the smart material EHA. The state of the rectification valves is shown along with

each system schematic in Figure 2.9(a) and (b) to illustrate the rectification process.

In the first step, smart material extension shown in Figure 2.9(a), a positive strain is

induced in the smart material driver which pushes a piston into a small, fluid-filled

chamber. The fluid compression increases the pressure and induces a pressure dif-

ferential in the preferred direction of fluid flow through the outlet rectification valve.

As the state of the outlet rectification valve moves from closed to open, fluid flows

through the outlet port, manifold, and directional valve to the high-pressure side of

the output hydraulic cylinder. The high-pressure fluid pushes against the piston in

the hydraulic cylinder creating actuation. The fluid refill stage of operation begins as

the piston and smart material retract as shown in Figure 2.9(b). The expansion of

the chamber volume causes the chamber pressure to drop which leads to a pressure

differential in the non-preferred direction of the outlet valve. The pressure differential

pulls the valve closed at the same time that the inlet valve, oriented in the opposing

direction, opens allowing fluid to refill the chamber from the low-pressure side of the

hydraulic cylinder and the accumulator. Each cycle of the pump pushes one pulse

of fluid through the outlet valve. This process occurs at a rate referred to as the

pumping frequency. The smart material pump will exhibit resonance typically in

the kHz range. Ideally the pump should run at resonance to improve the pressure

and flow rate output per input electrical power.
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Figure 2.9: General architecture and operation of a smart material EHA. (a) The
smart material extension forces high-pressure fluid into the high-pressure side of the
hydraulic cylinder. (b) The retraction of the smart material and piston allows fluid
to refill the chamber from the low-pressure side of the cylinder and the accumulator.

2.5.2 Performance Characterization

Before comparing the performance of recently developed smart material pumps

it is necessary to discuss the parameters for performance characterization. Compact

actuation is the most common application for smart material pumps presented in the

literature. This application requires a hydraulic cylinder be attached to the pump so

the pressure and flow rate of the pump can be converted to force and velocity. The
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typical performance metrics of hydraulic pumps, pressure and flow rate, are character-

ized by force and displacement (or velocity) for the actuator system. In this section,

examples of smart material pumps and EHAs are generally characterized using two

methods: no-flow (blocked) pressure and no-load flow rate. Figure 2.10 illustrates

the three commonly used methods for characterizing the maximum pressure, force,

or velocity of a smart material pump or EHA. The no-flow condition, shown in Fig-

ure 2.10(a), characterizes the maximum pressure performance of the smart material

pump. The pump is allowed to run with the outlet port of the hydraulic circuit

blocked until there is no fluid flow from the chamber. The pressure generated in

this condition is the maximum pressure the pump is able to produce. Figure 2.10(b)

illustrates the blocked condition, which characterizes the maximum force of the EHA.

Mass suspended such that the EHA is working against its gravitational acceleration

is incrementally increased until there is no motion of the output hydraulic cylinder

piston. The force applied by the suspended mass that results in zero output motion

characterizes the maximum force the EHA can produce. Characterization using this

method includes the losses associated with the hydraulic circuit and output cylinder

where the no-flow condition does not. The maximum force the actuator can produce

can also be characterized using a force sensor located at the rigid boundary of the

output piston. Both characterization methods are described in the literature. In all

applicable cases the blocked force, found using blocked conditions, will be converted

to a blocked pressure by dividing the force by the piston contact area of the output

cylinder. While this gives a consistent metric for pump comparison, it is not strictly

equivalent because of the losses in the circuit and cylinder. The maximum pressure

results that are converted to equivalent pressure will be denoted with an asterisk (*).
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Figure 2.10(c) illustrates the no-load condition for EHA performance characteriza-

tion. This condition characterizes the smart material pump and EHA’s ability to

produce flow rate and output velocity. The pump is allowed to run when no load is

attached to the piston of the output cylinder. The velocity produced at the actuator

output can be converted to flow rate by multiplying by the contact area of the output

piston. The results presented in this section will be formulated in this way unless

stated otherwise.

2.5.3 Literature Review

Konishi et al. developed one of the first reported piezoelectric actuators capa-

ble of 34 W of power output at 300 Hz [33]. The piezopump concept has existed

since the mid 1960’s [52]. Some of the earliest published work on magnetostrictive

pumps was by Gerver et al. who developed a Terfenol-D water pump capable of

producing 1.83 in3/s of flow rate and a pressure of 5 psi [24]. A patent filed in

1986, entitled Magnetostrictive Pump, by Cusak had the stated objective: “to pro-

duce a hydraulic pump capable of producing a pressure based on the magnetostrictive

effect” [15]. Due to the great progress of piezoelectric and magnetostrictive materi-

als, improvements in power electronics and an increasing demand for high density

actuation systems, smart material pump development has grown particularly in the

last ten years. M. Rupinsky and M. Dapino developed a Terfenol-D pump capa-

ble of producing 1100 psi of no-flow pressure and 0.28 in3/s no-load flow rate [41].

Maximum pressure occurs at a pumping frequency of 10 Hz and maximum flow rate

at 165 Hz. A high friction hydraulic cylinder limited the actuation capability above
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Figure 2.10: Three common operating conditions for smart material pump and EHA
characterization: (a) no-flow condition where the outlet port of pump is closed, (b)
blocked condition where hydraulic cylinder piston motion is held to zero and (c)
no-load condition where the system actuates against zero load.

165 Hz. A state-space time-domain model and frequency-domain model developed us-

ing electroacoustic theory accurately predicted system dynamic response and no-flow

pressure of the Terfenol-D pump. Nosse and Dapino also developed a novel magne-

torheological (MR) rectification valve for a Terfenol-D pump capable of 0.25 in3/s

of flow rate and 6 inches of stroke at 0.5 Hz [37, 38]. The University of Maryland

has developed several piezoelectric and magnetostrictive pumps over the past several
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years [11, 12, 13, 21, 22, 26, 27, 28, 29, 43, 44, 45, 53, 54]. John et al. compared

the performance of a piezoelectric, electrostrictive, and magnetostrictive pumps using

driving elements of similar size [28]. The electrostrictive (PMN) and magnetostric-

tive (Terfenol-D) performed at a similar level producing 87 psi∗ and 66 psi∗ of blocked

pressure and 1.6 in3/s∗ and 1.48 in3/s∗ of no-load flow rate, respectively. John et al.

also developed a bi-directional actuation system utilizing a Terfenol-D pump and MR

valves configured in a wheat-stone bridge [27]. The bi-directional system is capable of

actuating a 15 lb. load at a frequency of 3 Hz and stroke of 0.3 inches at a pumping

frequency of 100 Hz. The paper also presents a lumped parameter model using a

pressure-based rectification valve model. To this author’s knowledge this is the most

advanced implementation of a bi-directional smart material EHA presented in the lit-

erature. The paper by John et al. contains links to online video of the bi-directional

testing. Keller et al. developed a relatively lighter PZT pump (82 grams) capable

of 600 psi of no-flow pressure and 0.05 in3/s of no-load flow rate [10]. Mauck and

Lynch developed a piezoelectric pump capable of 500 psi of no-flow pressure with a

no-load flow rate of 0.31 in3/s when the pumping frequency was limited to 60 Hz due

to heating of the stack [35]. Bridger et al. used linear network analysis software,

3D finite element software, and two design iterations to develop a Tonpilz (inertial-

based) pump capable of producing 3000 psi [6]. The pump’s chamber pressure was

measured via a transducer mounted in the chamber. This differs from the more com-

mon method of using the blocked condition described in Figure 2.10(b). Eliminating

the external losses through utilizing this method means the characterization of the

pump is more isolated; however a drop in maximum pressure would be expected for

the pump connected to a hydraulic circuit and cylinder. The work done by Bridger
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et al. tested the pump at the highest pumping frequencies (2.4 kHz) seen in liter-

ature to date for meso-scale magnetostrictive pumps. Through DARPA’s Compact

Hybrid Actuator Program (CHAP), Sneed et al. developed a Terfenol-D pump capa-

ble of producing 1800 psi of no-flow pressure and 1 in3/s∗ of flow rate at a pumping

frequency of 200 Hz [49]. A series and parallel combination of the pump was success-

fully tested and results were consistent with the expectation of doubling the pressure

(series) and the flow rate (parallel), respectively. For pressure measured across the

output hydraulic cylinder this is the largest pressure differential currently reported

in the literature. The pump was being developed to actuate a morphing wing for an

autonomous vehicle but had not yet been tested in the loop.
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CHAPTER 3

MODELING

A smart material EHA is comprised of subsystems in the fluid, mechanical, elec-

trical, and magnetic domains. Lumped parameter modeling is well suited for multi-

domain modeling and has been used extensively throughout the literature [11, 25].

A dynamic system model describing the relationship between electrical, mechanical,

and fluid domains is presented here. Particular attention is paid to the fluid-structure

coupling of the rectification valves. Fluid-structure coupling is defined as the re-

lationship between mechanical motion of the rectification valve and its effect on the

fluid domain and is a critical process in smart material pumps and actuation systems.

A well-defined model, which incorporates fluid-structure coupling, captures the im-

portant high frequency behavior of the Terfenol-D pump and rectification valves.

Capturing the effect of fluid-structure coupling in the system model expands the ca-

pability of model-based design. Through determining the optimum parameters to

increase rectification valve frequency response, the bandwidth of the system can be

tuned to the optimum point. Operating the smart material pump at resonance, which

typically occurs in the kHz range, increases pressure and flow rate per input power.
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3.1 Mechanical Model

3.1.1 Terfenol-D Pump

Figure 3.1(a) shows a cutaway solid model of the major mechanical components

of the Terfenol-D pump highlighting the details used in the mechanical model. Fig-

ure 3.1(b) shows the two degree-of-freedom model for the Terfenol-D pump in the

mechanical domain. The model accounts for the fluid loading and coupling through

the mass of the fluid in the chamber, mf , and the force of the chamber pressure on

the cross sectional area of the piston, Ffl = pchApi. The fluid mass is assumed to

translate in only one direction as it is fixed within the walls of the chamber. The

Terfenol-D rod applies a force, Ftd, which under the assumption of low-signal input

current I has the form [42]:

Ftd = NqktdI, (3.1)

where N is the total number of turns in the solenoid coil, q is the piezomagnetic

coupling coefficient, and ktd is the stiffness of the Terfenol-D rod given by [42]:

ktd =
EH

Y Atd

Ltd

, (3.2)

where EH
Y is the Young’s modulus at constant magnetic field, and Atd and Ltd are the

cross-sectional area and length of the Terfenol-D rod, respectively. The Terfenol-D

core acts as a pushrod on the pump piston and diaphragm. The dynamic mass of the

Terfenol-D rod, m̃td = 1
3
mtd, is lumped with the mass of the piston and diaphragm

and is represented by effective mass, meff . The constant fluid mass is a function of

the initial chamber volume, Vc, and the fluid density, ρf , by:

mf = Vc ∗ ρf , (3.3)
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The fluid stiffness is a function of the bulk modulus, βeff , chamber height, hch, and

the chamber’s cross sectional area, Api by:

kf =
βeffApi

hch

. (3.4)

The effective bulk modulus of the fluid is an important parameter for system perfor-

mance and is discussed in more detail in section 3.2.1. The stiffness of the Terfenol-D

rod and the sealing diaphragm are in parallel, hence combined stiffness is:

keff = ktd + kd. (3.5)

The damping constants, beff and bf , are determined using dynamic simulations and

account for the bulk dissipation effects within the smart material pump [42]. The

equations of motion for the effective transducer mass, meff , and fluid mass, mf , are

solved using Newton’s method and given by:

meff ẍp + (bf + beff )ẋp − bf ẋf + (keff + kf)xp − kfxf = NqktdI, (3.6)

mf ẍf − bf ẋp + bf ẋf − kfxp + kfxf = pchApi. (3.7)

3.1.2 Hydraulic Cylinder and Piston

The hydraulic cylinder, shown in Figure 3.2(a), houses two volumes of fluid on the

‘high’ and ‘low’ pressure sides of the output piston. The high-pressure, ph, produced

by the Terfenol-D pump acts on the piston area, Apo, to create linear actuation,

xact. The low-pressure, pl, acts on the piston and opposes positive displacement.

Figure 3.2(b) shows the single degree-of-freedom model for the actuator output piston

and load. The mass of the piston and actuator load, typically attached to the free
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Figure 3.1: (a) Solid modeling illustrating the configuration of the Terfenol-D driver,
diaphragm, piston, and chamber. (b) Two degree-of-freedom model representing the
Terfenol-D pump in the mechanical domain.

end of the piston, are lumped into a single mass, ml, based on the assumption that

the piston shaft is rigid. In the simplest case the actuator load is purely inertial,

represented by mass, ml. The mechanical model shown in Figure 3.2(b) is a general

mass-spring-damper system where the dissipation in the load is accounted for by

damping term, bl, and stiffness by, kl. In practice, different types of loading can be

used to characterize the actuator. A general case is presented here. The equation of

motion for the general case presented here, from Newton’s method, is:

mlẍact + blẋact + klxact = (ph − pl)Apo. (3.8)

3.1.3 Rectification Reed Valves

Figure 3.3(a) shows a solid model of the outlet reed valves used for fluid rectifi-

cation installed in the smart material pump. Both the inlet and outlet reed valves
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Figure 3.2: (a) Solid model of the output hydraulic cylinder and piston for the actua-
tor. (b) Single degree-of-freedom model representing the output piston and actuator
load in the mechanical domain of the model.

are represented by single degree-of-freedom mass-spring-damper models in the me-

chanical domain. Figure 3.3(b) illustrates the general mechanical model for the reed

valves. In the mechanical domain the fluid-structure coupling for the reed valves is

characterized in two ways: (1) the upstream, pu, and downstream, pd, pressures drive

the motion of the valve as shown in Figure 3.3(b) and (2) the surrounding fluid and

structure add equivalent damping and mass to the model. The mass and damping

values are represented by m̄r and b̄r, respectively, and account for the fluid and struc-

tural effects. The directional notation for the upstream and downstream pressures

refers to the preferred flow direction for each rectification valve. The valve motion,

xr, is modeled as the displacement of the tip indicated in Figure 3.3(a). A complete

mechanical model for the reed valve is presented including the definition of valve

stiffness, kr, characterization of the effective mass and damping, m̄r and b̄r, and the

loading due to fluid pressure. Using Newton’s method of force balance the equations
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of motion for the outlet and inlet rectification reed valves are:

m̄rẍro + b̄rẋro + krxro = (pch − po)Ar (3.9)

m̄rẍri + b̄rẋri + krxri = (pi − pch)Ar (3.10)
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Figure 3.3: (a) Solid drawing of the reed valve with surrounding structure including
entry and exit ports. (b) Single degree-of-freedom model representing the rectification
reed valves (inlet and outlet) in the mechanical domain.

Reed Valve Stiffness

As the chamber pressure increases during the positive displacement of the pump’s

piston, the pressure differential opens the outlet rectification reed valve in the pre-

ferred direction of flow. Similarly the pressure differential induced when the piston

retracts and chamber pressure drops below the system bias pressure opens the inlet

rectification valve. The reed valves are clamped between the halves of the pump head,

which constrains the valve as a cantilever. The cantilever support of the valve means
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the valve will deflect primarily in bending. The details of the reed-type rectification

valves used in this study are summarized in Table 3.1.

material 304 stainless steel
Young’s modulus 200 GPa

density 8000 kg/m3

thickness 0.005 in

Table 3.1: Summary of rectification reed valve properties.

A static, 3D finite element (FE) analysis using the structural mechanics module

of the FE package COMSOL is used to determine the valve bending stiffness. In

the simulation, pressures from 12.7 kPa - 12.7 MPa are applied in the out-of-plane

direction on an area the size of the port the valve flap covers. The port has a diameter

of 0.125 in and the corresponding area is 0.003068 in2 (7.9 mm2). Figure 3.4(a) shows

the contact area used in the FE analysis to determine valve stiffness. Stiffness is

determined by taking force applied to the valve flap (p×A) over the tip deflection of

the modeled reed. The 3D geometry used in the simulation is given in Figure 3.4(b).

The results for four static cases are averaged to determine a valve stiffness, kr =

6650 N/m.

Reed Valve Mass and Damping

While the valve stiffness can be determined rather simply from FE simulations,

reed mass, m̄r, and damping, b̄r, are more difficult to quantify due to the dynamics of

the surrounding fluid and the interaction with the surrounding structure. Considering

the single degree of freedom model in Figure 3.3 oscillating in a fluid harmonically so
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Figure 3.4: (a) 3D model of reed valve with contact area used for FE simulation to
determine valve stiffness. Static pressure is applied over the contact area to deflect
the valve flap. The force (p × A) over the tip displacement is the modeled stiffness
of the valve (kr = 6650 N/m). (b) The contact area is equal to the port area covered
by the valve flap.

that the motion is described as:

xr(t) = Xr sin(ωt), (3.11)

the time derivatives of the displacement equation, velocity and acceleration, are:

vr(t) = Xrω cos(ωt), (3.12)

ar(t) = −Xrω
2 sin(ωt). (3.13)

Ignoring the higher harmonic terms, the motion will produce an oscillating force from

the surrounding fluid which can generally be described as [3]:

F = a1 sin(ωt) + b1 cos(ωt). (3.14)
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Comparing equation (3.14) with equations (3.12) and (3.13) it can be seen that the

force can be rewritten as:

F = −Aar(t) − Bvr(t). (3.15)

where,

A =
a1

Xrω2
, and (3.16)

B =
−b1

Xrω
. (3.17)

Based on Newton’s laws the equation of motion for the forced mechanical oscillator

can be written as:

mrar(t) + brvr(t) + krxr(t) = F. (3.18)

Combining equations (3.12), (3.13), and (3.14) with (3.18) gives:

(mr + A)ar(t) + (br + B)vr(t) + krxr(t) = 0. (3.19)

Based on this equation of free motion and the terms mr +A and br +B it is concluded

that the effect of the surrounding fluid is to add effective mass and damping to the

structure. The analytical added mass of the cantilever plate in the first mode of

vibration is:

m̃r =
π

4
ρfab2 [3], (3.20)

where a and b are the length and width of the cantilever beam, respectively, and ρf

is the density of the surrounding fluid.

In addition to analytical treatment, experimental evaluation can aid in quantifying

the complex interactions that cause a structure to respond differently in a highly

viscous medium. Naik et al. [36] presented a study on the response of a cantilever

beam submerged in a fluid and near a solid structure. The study measured the
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broadband amplitude response of a piezoelectric bimorph submerged in several fluids.

The bimorph was actuated using a function generator and an electrical connection

through the base of the beam. Additionally the study quantified the effect of a solid

structure near the bottom surface of the beam. While not identical to the reed valve

and port used in the EHA, the study quantifies the same physical phenomena that

affect frequency response in a similar system. Pressure waves propagating in the fluid

will reflect off the surface and affect the dynamics of the beam. For comparison,

Table 3.2 summarizes the bimorph cantilever and the EHA rectification reed valve.

Table 3.3 summarizes the properties of the highest viscosity fluid used in the study

and the EHA working fluid.

Bimorph Cantilever Reed Valve
Thickness [in] 0.020 0.005
Length [in] 0.346 0.240*
Width [in] 0.039 0.200*

Table 3.2: Comparison of bimorph cantilever used by Naik et al. [36] and rectification
reed valves used in EHA. Values denoted with (*) are approximate due to irregular
geometry.

FC-70 Fluid Mobil DTE25 Fluid
Density (ρf) [kg/m3] 1940 876
Dynamic viscosity (µf) [Pa-s (10−3)] 27.16 48.36
Kinematic viscosity (νf) [cSt] 14 55.4

Table 3.3: Comparison of fluid (FC-70) used by Naik et al. [36] and EHA working
fluid (Mobil DTE25) used in EHA.
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The study estimates effective mass and damping by experimentally quantifying

the quality factor and resonance frequency. The flexural rigidity is estimated from

experimental measurements and used to calculate the stiffness of the beam at a given

resonance. The effective mass and damping are determined from the frequency re-

sponse and quantified for each resonance of the beam up to the third harmonic.

Knowing the values of mass and damping in air allows one to quantify the effective

damping and added mass from the surrounding fluid and structure. The experimen-

tal results presented by Naik et al. show the large effect that the surrounding fluid

and structure has on the response of the beam. Table 3.4 summarizes the change in

damping ratio and resonant frequency comparing test results for the beams response

in air, immersed in an infinite fluid and near a solid wall. The resonant frequency

of the beam oscillating in an infinite fluid is reduced by 17% while oscillating in the

same fluid near a solid surface is decreased by 41%.

FC-70 fluid % change FC-70 fluid % change
Air (infinite) (near wall)

Effective ζ (%) 2.1 2.88 37% 23.5 1017.6%
2nd fr [kHz] 18.6 15.5 −17% 11.0 −41%

Table 3.4: Summary of results for added mass and damping effects for bimorph
cantilever submerged in FC-70 fluid by Naik et al. [36].

The phenomena to be quantified by the single degree-of-freedom reed valve me-

chanical model are complex. Losses occur from the viscous force around the boundary

of the valve. Even at high speeds the viscous force on the upper and lower bound-

ary of the valve will likely be a significant source of loss. The viscous forces on the
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valve at interfaces near the solid structure will create a pressure proportional to the

magnitude of the velocity and is the basis for the added damping. In addition to

inertia loading due to the motion of the high density fluid on the valve, the static

mass of the fluid increases the effective mass of the moving valve. The intention of

this study is to generally quantify these effects in a simple framework that can be

expanded in future efforts. It is beyond the scope of the work to investigate the effects

described above for the valves used in this smart material EHA. The simple, single

degree-of-freedom model attempts to capture the fluid and structural loading effects

through two parameters: mass, m̄r, and damping, b̄r. The values used for system

model simulation will be guided by the analytical and experimental work presented

in this section. No-flow pressure testing of the Terfenol-D pump is used to correlate

not only the mechanical dynamics presented in this section and section 3.1.3 but also

the fluid-structural coupling in the fluid domain presented in section 3.2.4. The re-

sults of these simulations are presented in section 5.1 and 5.1.1. The effective mass

of the valve is given by estimating a factor of 2.75 increase in mass due to structural

effects over the analytical added mass predicted by equation (3.20). The equation for

effective mass is given by:

m̄r = 2.75(mr + m̃r)

m̄r = 2.75
(

(ρr ∗ Vr) + (
π

4
ρfLrw

2
r)
)

(3.21)

The resulting effective mass, m̄r, is then 0.364 × 10−3 kg. The damping ratio is set

at 0.1285 giving an effective damping coefficient, b̄r, of 0.4 Ns/m.
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3.2 Fluid Model

3.2.1 Fluid Bulk Modulus

Fluid bulk modulus is a measure of the volume change, ∆V , relative to some

initial volume, Vo, for an applied pressure differential, ∆P , defined by:

β =
∆P

∆V/Vo

. (3.22)

If a fluid column is being compressed with constant cross-sectional area, equation (3.22)

becomes:

β =
∆P

∆h/ho

, (3.23)

where ∆h is the change in height of the fluid column and ho is the initial height. In

this form the bulk modulus is equivalent to the Young’s modulus for solid materials

where applied stress, σ, is equivalent to the applied difference in pressure, ∆P . From

equation (3.23) it can be shown that for a given compression, ∆h, and initial height,

ho, an increasing bulk modulus will increase the pressure of the fluid. Therefore it

is desirable to use a working fluid in the EHA system with a high bulk modulus.

The bulk modulus can be adversely affected by air trapped in the fluid as well as

expansion of the surrounding structure. The model assumes a very stiff structure and

accounts for entrapped air by considering the volume change due to compression of

gas, ∆Vgas, with an initial volume, Vo, as a function of the percentage of gas in the

fluid, α, and bulk modulus of the gas, βgas given by:

∆Vgas =
αVo

βgas

∆P. (3.24)

Assuming adiabatic compression the gas bulk modulus is a function of the ratio of

specific heats for the gas, γ, and the bias pressure of the fluid in the circuit, pbias,
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given by:

βgas = γpbias [25]. (3.25)

An effective bulk modulus of the fluid is obtained by solving for the total volume ex-

pansion using equations (3.22) and (3.24) and putting into the form of equation (3.22)

where ∆V is ∆Vtotal giving:

βeff =
∆P

∆Vtotal/Vo

=
1

(1−α
β

+ α
βgas

)
[20]. (3.26)

This expression accounts for the primary source of volume expansion in a given vol-

ume containing a fluid with trapped gas. From equation (3.26) it can be seen that

increasing the amount of entrained air will reduce the effective bulk modulus. For a

high bias pressure of 1 ksi a relatively small percentage of air, 1%, can reduce the

bulk modulus by over 60% [25].

3.2.2 Lumped Fluid Resistance and Capacitance

The topic of lumped parameter fluid modeling has been discussed in the literature

and several textbooks [20, 25]. This section will briefly review the lumped fluid

resistance and capacitance elements used in the fluid domain model for the EHA.

Fluid resistance arises from friction in a rigid fluid conduit. The frictional contact

of the fluid flowing against a rigid wall has a dissipative effect that necessitates a

pressure differential to drive the fluid through a conduit. Ignoring the density of a

lump of fluid with pressure difference ∆P12 the flow rate through the fluid lump, q12,

will be:

q12 = ∆P12/Rf [20]. (3.27)

The fluid resistance element, Rf , is equivalent to an electrical resistance and equa-

tion (3.27) is the fluid equivalent of Ohm’s Law for electrical circuits where ∆P and q
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are the fluid equivalent of voltage and current. For laminar flow in a circular conduit

the fluid resistance is:

Rf =
128µL

πD4
, (3.28)

where µf is the dynamic viscosity of the fluid, L and D are the length and diameter of

the conduit respectively. Fluid compliance accounts for the compressibility of the fluid

and can be derived from applying conservation of mass to a lumped fluid element [25].

In this formulation, the compliance element is essentially a volumetric storage term.

This is given by:

Cf =
AL

β
, (3.29)

where β is the fluid bulk modulus, and A and L are the cross sectional area and

length of the fluid element, respectively.

3.2.3 Hydraulic Circuit

Figure 3.5 shows a schematic representation of the hydraulic circuit for the smart

material EHA. Flow continuity is used to develop four, first-order ordinary differential

equations representing the dynamics of four state pressures. These pressures are

located at the chamber, pch, fluid accumulator, pacc, and low and high-pressure sides

of the hydraulic cylinder, pl and ph. Each pressure is associated with a compressible

control volume which gives rise to a fluid compliance as define by equation (3.29).

Flow enters the pumping chamber through the inlet port, qch,i, and exits through the

outlet port, qch,o. The piston pushes fluid at a volumetric rate proportional to its
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velocity, qpi. The flow continuity equation for the pumping chamber is:

∑

Qstored =
∑

Qin −
∑

Qout (3.30)

qstr,ch = qch,i + qpi − qch,o

Cchṗch =
pi − pch

R2(xri)
+ Apiẋp −

pch − po

R1(xro)
. (3.31)

Solving for the intermediate pressures just upstream of the chamber outlet valve, po,

just downstream of the inlet valve, pi, and at the junction of the accumulator, pa,

yields the algebraic expressions:

po =
R1(xro)

R1(xro) + R3

ph +
R3

R1(xro) + R3

pch,

pi =
R2(xri)

R2(xri) + R4
pa +

R4

R2(xri) + R4
pch,

pa =
(R4R5)pl + (R4R6)pacc + (R5R6)pi

R4R5 + R4R6 + R5R6

.

Defining equivalent resistances Reqv and R̂eqv as

Reqv = (R2(xri) + R4)(R5 + R6) + R5R6,

R̂eqv =
R5R6(R1(xro) + R3) − Reqv(R1(xro) + R2(xri) + R3 + R4)

Reqv(R1(xro) + R3)(R2(xri) + R4)
,

the chamber pressure dynamic equation can be written as a function of the state

pressures and piston velocity as:

ṗch =
Api

Cch

ẋp +
R̂eqv

Cch

pch +
R6

CchReqv

pacc +
1

Cch(R1(xro) + R3)
ph +

R5

CchReqv

pl. (3.32)

Flow is supplied to the pumping chamber during the refill stage of the pump from

the low-pressure side of the hydraulic cylinder and the accumulator. The fluid stored

due to the compressibility at the accumulator (Cacc × pacc) is equal to the flow rate
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exiting the low-pressure side of the hydraulic cylinder, ql, less the flow to the inlet of

the pumping chamber given by:

qstr,acc = ql − qch,i

Using a method similar to that used to derive equation (3.32) the rate of change of

the accumulator pressure is solved as:

ṗacc =
R6

CaccReqv

pch +
R6(R2(xri) + R4) − Reqv

CaccR5Reqv

pacc +
R2(xri) + R4

CaccReqv

ph. (3.33)

The high-pressure pulses of fluid that pass through the outlet rectification reed

valve produce nearly continuous flow into the high-pressure side of the hydraulic

cylinder. The flow pushes against the output piston inducing a volumetric change

per unit time, qpo. The flow continuity for this section is given by:

qstr,h = qch,o − qpo.

From flow continuity the high-side pressure time derivative is solved as:

ṗh =
1

Ch(R1(xro) + R3)
pch −

1

Ch(R1(xro) + R3)
ph −

Apo

Ch

ẋact, (3.34)

As the output hydraulic cylinder piston moves, fluid is displaced to the inlet of

the pump and the accumulator. The flow continuity equation for the low-pressure

side of the hydraulic circuit is:

qstr,l = −ql + qpo. (3.35)

From this continuity equation the low-side pressure time derivative is:

ṗl =
R5

ClReqv

pch +
R2(xri) + R4

ClReqv

pacc +
R5(R2(xri) + R4) − Reqv

ClR6Reqv

pl +
Apo

Cl

ẋact. (3.36)
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The lumped capacitances for each state pressure are derived using equation (3.29).

The fluid-structure coupling in the fluid domain is characterized by the relationship

between the rectification valve resistance and motion represented by R1(xro) and

R2(xri). The method used to develop this relationship is described in the following

section.
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Figure 3.5: Schematic illustration of the hydraulic circuit and mechanical inputs for
the smart material EHA. The fluid domain is defined by four state pressures, lumped
resistances and capacitances. Fluid-structural coupling in the fluid domain is modeled
through the dependence of rectification valve resistances (R1 and R2) on valve motion
(xro and xri).

3.2.4 Fluid-Structure Coupling

Fluid-structure coupling describes the complex interaction of a working fluid for an

EHA and the rectification valves in a Terfenol-D pump. Design optimization of the

smart material EHA rectification valves can be accomplished by fully understand-

ing the fluid dynamics and structural interaction effects. As mentioned previously
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the goal of this study is not to fully quantify this coupling, but rather to establish

a baseline understanding of the phenomena and simple framework implementation.

The process of rectification is reiterated as follows. During the positive stroke of

the pumping piston an increasing pressure difference is created on the outlet recti-

fication reed valve. This pressure difference, represented in the mechanical domain

by pch − po, drives the valve open allowing the high-pressure fluid in the chamber

to pass to the high side of the hydraulic cylinder. The retraction of the piston and

subsequent chamber volume expansion reduces the chamber pressure. The drop in

chamber pressure reduces the driving differential for the outlet valve and increases

the pressure difference for the inlet valve, pi − pch. Each driving pressure difference

is only significant when greater than zero, as the valve seat restricts motion in the

non-preferred direction of flow. This section presents a method for quantifying the

fluid-structure coupling in the fluid domain as the effect of the valve motion on the

fluid resistance (R1(xro) and R2(xri)).

Multi-physics finite element software (COMSOL v3.4) is used to determine the

coupling between the position of a reed valve and the fluid resistance associated with

that position. A schematic illustrating the location and orientation of the outlet reed

valve with respect to the pump head housing is shown in Figure 3.6(a). The geometry

used in the finite element model is the same as the actual geometry of the reed and

port and is shown in Figure 3.6(b). Mobil DTE25 hydraulic oil is simulated flowing

through the valve. The properties of this fluid are given in Table 3.3 in section 3.1.3.

The chamber piston motion is the source of the flow rate through the outlet valve. To

determine the average flow rate through the outlet valve the piston motion is assumed
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harmonic as:

xp = −Xp cos(ωt) + Xp, (3.37)

where Xp is the magnitude of the piston motion (Ltdεtd). The flow rate induced by

the piston, qpi = Apiẋp, will then be:

qpi = ApiXpω sin(ωt). (3.38)

The average outlet valve flow rate is defined as the total amount of fluid volume

displaced through the outlet valve by the piston over one cycle. Only the positive

half of the harmonic flow rate is considered because it is assumed the valve is closed

during the negative cycle of the piston. Without this assumption the total flow

through the valve for an entire cycle would be zero. The average flow rate through

the outlet valve is:

Q̄oc =
1

T

∫ T
2

0

ApiXpω sin(ωt) dt = 2ApiXpf, (3.39)

where f is the pumping frequency and T is the period.

The finite element analysis simulates a constant flow rate through the valve at

static valve openings defined by tip displacement. The finite element analysis evalu-

ates the fluid dynamics of the complex 3D geometry and flow path and determines

how the resistance to flow changes as the valve opens. No slip boundary conditions are

used at all surfaces other than the inlet and outlet shown in Figure 3.6(b). The piston

is assumed to displace 0.0036 in which is equivalent to a strain of 800 µε for a 4.5 in

Terfenol-D rod. Equation (3.39) shows the average flow rate induced by the pump

through the outlet valve is proportional to frequency. A relatively low frequency is

selected at 20 Hz which gives a flow rate through the outlet valve of 1.58×10−6 m3/s.

This flow rate is used as the input boundary condition for the finite element model.
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Figure 3.6: (a) Schematic of outlet reed valve orientation in EHA pump head with
inlet and outlet port shown. (b) Finite element model geometry for characterization
of fluid-structure coupling in mechanical reed valves.

Test cases of varying flow rates for a given valve deflection verify the resistance to

be independent of an applicable range of flow rates in the simulation. A flow rate of

1.58×10−6 m3/s allows for efficient solution of the complex, 3D model and is applied

to all FEA cases presented here. The outlet boundary condition is a constant pressure

of 1 psi which ensures the constant flow rate condition for the simulation. Figure 3.7

shows a plot of the simulation results for valve tip displacements from 2 to 1210 µm.

The simulation results show a very rapid decrease in resistance as the valve opens as

the resistance drops 70% from a valve opening from 2 to 49 µm. As the valve opens

further, the resistance rate of decrease slows. The plot can be approximated by an

exponential function also shown in Figure 3.7 given as:

R̃(x) = 2.34 × 1011e(−0.025x). (3.40)
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Linear interpolation between the data points from the FE simulation is used to

establish the fluid-structure coupling in the fluid domain (R(x)). The end points

of this function are not obtained from the simulation results. The theoretical fluid

resistance at a reed valve tip displacement of zero is infinite. The numerical solver

used for the system model cannot converge on a solution using an infinite value for

the closed-valve fluid resistance. Based on experience with the fluid resistance in the

model a value of 1 × 1017 Pa-s/m3 is used to approximate the infinite, closed-valve

resistance. The assumption is made that the valve will not deflect more than 5 mm

and the valve resistance will not drop below 4.5 × 108 Pa-s/m3. This assumption

established the end point for the function R(x) and ensures the resistance stays in a

range that is reasonable for the valve motion. The 3D finite element simulation results

along with the lumped parameter equations developed in section 3.2.3 fully define the

fluid-structure coupling of the reed valves and the fluid domain of the system model.
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Figure 3.7: Finite element simulation results of fluid-structure interaction for the
rectification reed valves in the smart material pump. The simulation uses a constant
flow rate condition to determine the fluid resistance for the valve (R) as a function of
the tip displacements (x) from 2 to 1012 µm.

3.3 System Model

3.3.1 System Model Equations

The equations presented in sections 3.1 and 3.2 capture the dynamic behavior

of the mechanical and fluid domain of the smart material EHA. In the mechanical

domain Newton’s method is used along with discrete models to derive the equations of

motion for the input piston, chamber fluid mass, rectification reed valves, and output

piston. The effects of the fluid-structure interaction are considered when developing

the mechanical models for the reed valves. Mass and damping values of the reed

model are adjusted to account for these effects. Fluid volume flow continuity along
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with lumped fluid resistance and capacitance are used to develop the dynamic, time-

domain equations for the fluid domain. Fluid-structure interaction is introduced as

a dependence of rectification valve resistance on valve motion from the mechanical

domain. This coupling between the fluid and mechanical domain is the basis for

the fluid-structure coupling for the rectification valves. The system equations are

summarized here. Simulation results of the system model are presented in chapter 5.

meff ẍp + (bf + beff )ẋp − bf ẋf + (keff + kf)xp − kfxf = NqktdI

mf ẍf − bf ẋp + bf ẋf − kfxp + kfxf = pchApi

mlẍact + blẋact + klxact = (ph − pl)Apo

m̄rẍro + b̄rẋro + krxro = (pch − po)Ar

m̄rẍri + b̄rẋri + krxri = (pi − pch)Ar

ṗch =

(

Api

Cch

)

ẋp +

(

R̂eqv

Cch

)

pch +

(

R6

CchReqv

)

pacc

· · ·+

(

1

Cch(R1(xro) + R3)

)

ph +

(

R5

CchReqv

)

pl

ṗacc =

(

R6

CaccReqv

)

pch +

(

R6(R2(xri) + R4) − Reqv

CaccR5Reqv

)

pacc

· · ·+

(

R2(xri) + R4

CaccReqv

)

ph

ṗh =

(

1

Ch(R1(xro) + R3)

)

pch −

(

1

Ch(R1(xro) + R3)

)

ph −

(

Apo

Ch

)

ẋact

ṗl =

(

R5

ClReqv

)

pch +

(

R2(xri) + R4

ClReqv

)

pacc

· · ·+

(

R5(R2(xri) + R4) − Reqv

ClR6Reqv

)

pl +

(

Apo

Cl

)

ẋact
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3.3.2 Summary of System Model Parameters

Terfenol-D Transducer Properties
EH

Y Terfenol-D rod Young’s modulus at constant field
Atd Cross-sectional area of Terfenol-D rod
Ltd Length of Terfenol-D rod
ktd Stiffness of Terfenol-D rod (EH

Y Atd/Ltd)
kd Stiffness of diaphragm
keff Combined stiffness of Terfenol-D rod and diaphragm (ktd + kd)
meff Mass of piston and dynamic mass of Terfenol-D rod
beff Damping coefficient of diaphragm and Terfenol-D rod
N Number of turns in solenoid coil
I Solenoid current
q Piezomagnetic coefficient
Ftd Force produced by Terfenol-D rod (Nqktd)
Pumping Chamber, Piston, & Fluid Properties
hch Height of pumping chamber
Api Area of chamber piston
Vc Volume of chamber (Apihch)
βeff Effective fluid bulk modulus (equation (3.26))
Cch Chamber fluid capacitance (Apihch/βeff )
ρf Fluid density
µf Fluid dynamic viscosity
kf Chamber fluid stiffness (βeffApi/hch)
bf Damping coefficient of fluid in chamber
mf Mass of fluid in chamber (Vc × ρf )
Rectification Reed Valve Properties
kr Bending stiffness of cantilever valve
b̄r Effective damping coefficient accounting for fluid effects
m̄r Effective mass accounting for fluid effects
Ar Fluid contact area
R1(xro) Dynamic fluid resistance of outlet reed valve
R2(xri) Dynamic fluid resistance of inlet reed valve

Table 3.5: Summary of parameters for Terfenol-D transducer, Terfenol-D pump, and
rectification reed valve models in the mechanical and fluid domains.
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Output Hydraulic Cylinder Properties
Apo Contact area of output piston
Lact Wetted length of output cylinder
ξh Ratio of wetted length on high-pressure side of the cylinder (< 1)
Ch Capacitance of fluid in high-pressure side (ApoξhLact/βeff)
Cl Capacitance of fluid in low-pressure side (Apo(1 − ξh)Lact/βeff)
kl Stiffness of load attached to actuator
bl Damping coefficient of load attached to actuator
ml Mass of output piston and load attached to actuator
Hydraulic Circuit Properties
dline Diameter of fluid lines
Lline Line length
R3,4,5,6 Line resistances (128µfLline/πd4

line)
Fluid Accumulator Properties
mgas Mass of gas in accumulator
R Gas constant
Tacc Temperature of gas in accumulator
pbias Bias pressure of fluid
Cacc Capacitance of fluid in accumulator (mgasRTacc/p

2
bias)

Table 3.6: Summary of parameters for the smart material EHA output cylinder,
hydraulic circuit, and fluid accumulator.
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CHAPTER 4

TERFENOL-D PUMP AND REED VALVE TESTING

4.1 Terfenol-D Pump Details

The magnetostrictive material Terfenol-D is employed as the driver for the pump

studied in this research. Terfenol-D is the smart material indicated in Figure 2.9 and

a solenoid coil is the electrical input element. The solenoid coil produces the driving

magnetic field for the Terfenol-D rod from the electrical voltage and current input.

This section presents the details of the Terfenol-D pump studied.

Figure 4.1 shows a 3D model exploded cutout view of the Terfenol-D pump with

the major elements specified. The large base mass decreases experimental noise by

isolating the pump from external vibratory disturbances. The method for pre-loading

the Terfenol-D rod is discussed in section 4.2.1. A pre-load bolt and the hydraulic

circuit bias pressure apply the pre-load to the Terfenol-D rod. Six Alnico V magnets

are assembled in a precisely machined sleeve and form the outer housing around the

Terfenol-D rod and solenoid coil. In addition to providing a magnetic bias, the magnet

stack provides the critical alignment between the pump head and the base which

ensures the Terfenol-D rod is not loaded in torsion or bending. Additional information

on the magnet stack is given in section 4.1 and Appendix B.1 of reference [42]. The
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solenoid coil has 860 turns using 20 AWG insulated copper wire. The DC resistance

is approximately 1.9 Ω and the inductance is 1.30 mH. The Terfenol-D rod, magnet

stack, and solenoid coil are located concentrically and are clamped between the pump

head and base. The entire pump is secured to the base using seven struts. Hex bolts

at the upper end of the strut apply pressure to the pump head clamping the pump

head, piston assembly, and magnet stack to the base.

Figure 4.2 shows an exploded section view of the pump head. The piston assem-

bly is comprised of two piston halves and a 0.005 in stainless steel diaphragm. To

seal the pumping chamber the two piston halves clamp the diaphragm as shown in

Figure 4.2. The outer edge of the diaphragm is then clamped between the chamber

ring and the top face of the piston guide ring. The piston guide ring is the structural

element between the piston assembly and the magnet stack shown in Figure 4.1. The

chamber ring defines the height of the pumping chamber (0.05 in). Additional sealing

is provided by two Parker #2-228 o-rings located in the groves located on the upper

and lower faces of the chamber ring. System compliance significantly reduces pump

performance. As the piston compresses the fluid in the chamber, the high pressure

fluid will expand to and deform the o-ring seals. Even small volume changes created

by the deformed o-ring will be significant relative to the volume displacement of the

piston. Improperly designed seals can significantly reduce pump performance and

should be a major consideration in design.

The inlet and outlet rectification reed valves are located on the upper face of the

chamber housing. The valves are located on rectangular protrusions on the chamber

housing and pump cap. The outlet valve on a protrusion from the chamber housing

and the inlet valve from the pump cap. The protrusion feature on each piece is
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matched with a pocket on the opposing face which allows enough clearance to clamp

the 0.005 in stainless steel reed valves in place. The surface around the valve flap is

clamped between the pump cap and chamber housing leaving the flap free to deflect

in the preferred direction of flow. The fluid rectification process is critical to the

operation of the pump and is described in detail in section 2.5.1. Other pertinent

details of the pump geometry are summarized in appendix A in Table A.1. The

chamber housing and pump cap have seven clearance holes for the struts. Hex bolts

are assembled at the threaded end of the struts to clamp the pump head, piston

assembly, and magnet stack to the base.

4.2 Terfenol-D Pump Testing Setup

To properly characterize the Terfenol-D pump the acquisition system must be

able to capture fluid, electrical, and mechanical variables. Figure 4.8 at the end of

this chapter illustrates the setup to acquire data from the smart material EHA. Key

information about the testing setup is given in this schematic and further specifics

are contained in section 4.3 of reference [42]. Additionally the pump requires two

pre-conditioning steps to maximize performance during testing. The discussion in

section 3.2.1 indicated that air trapped in the working fluid of the EHA would signif-

icantly degrade performance. Section 4.2.1 of reference [42] describes a procedure for

removing entrapped air in the fluid. This method is used for all tests whose results are

presented here. The second pre-conditioning step in pump setup is applying the me-

chanical bias (pre-load) to the Terfenol-D rod. Figure 2.6 in section 2.3.2 illustrated

the effect pre-load has on the strain output of the Terfenol-D rod. The following

section will describe this step.
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4.2.1 Terfenol-D Rod Pre-Load

Pre-loading the Terfenol-D rod ensures operation in a compressive state where

the material can withstand higher stress. Additionally the pre-stress aligns magnetic

moments in a favorable orientation for 90 degree domain rotation producing maximum

magnetostriction as discussed in section 2.3.2. In the Terfenol-D pump, pre-loading

is applied from two sources: the pre-load bolt and hydraulic circuit bias pressure.

Figure 4.3(a) is a schematic of the Terfenol-D pump including the sealing diaphragm

and illustrates the two sources of pre-load. The pre-loading force is related to the

bias pressure in the hydraulic circuit by the piston cross-sectional area by:

Fbias = Apipbias. (4.1)

Figure 4.3(b) shows a lumped model illustrating the bias force working against the

stiffness of the Terfenol-D rod and the diaphragm. The pre-load bolt shown in Fig-

ure 4.3(a) is used to adjust the position of the Terfenol-D rod to return the diaphragm

to an un-deflected position. Pre-loading of the Terfenol-D rod occurs after the assem-

bly of the pump and circuit as well as the addition and subsequent degassing of the

hydraulic fluid. Figure 4.4 illustrates the necessary steps to incrementally pre-load the

Terfenol-D rod. The bias pressure must be incrementally increased alternating with

pre-load bolt adjustment. Two values must be specified before the pre-loading steps:

the Young’s modulus of the Terfenol-D rod at constant field (EH
Y ) and the maximum

deflection of the sealing diaphragm (∆xmax). Young’s modulus at constant field of

300 Oe (supplied by the permanent magnet) is approximately 30 GPa. The maximum

deflection of the diaphragm should be set such that the diaphragm does not perma-

nently deform. The diaphragm and piston assembly stiffness was measured in a MTS
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compression system and elastic deformation occurred up to 0.008 mm [42]. To ensure

permanent deflection does not occur, the maximum allowable diaphragm deflection

(∆xmax) is set at 0.008 mm. Figure 4.4(a) shows the Terfenol-D rod and diaphragm

in an undeformed state with zero pre-stress. An incremental pressure (∆P ) is applied

to the hydraulic circuit. The amount of pressure is determined from the maximum

diaphragm deflection by:

∆Pmax =
kd + ktd

Api

∆xmax. (4.2)

This equation is derived from equating the diaphragm deflection with the piston

deflection (xp) shown in Figure 4.3 and holding the base deflection (xb) to zero. The

diaphragm stiffness is found via testing to be 2.15 MN/m and the Terfenol-D rod

stiffness is related to the Young’s modulus by equation (3.2). Figure 4.4(b) illustrates

the deflection of the Terfenol-D rod and diaphragm by the pre-defined maximum.

The incremental strain induced in the Terfenol-D rod by this bias force is related to

the length of the Terfenol-D rod, Ltd, by:

∆εtd =
∆xmax

Ltd

. (4.3)

Figure 4.4(c) shows the last step in one increment of the pre-loading process where the

pre-load bolt is adjusted to return the diaphragm to an undeformed state. By equating

the preload bolt adjustment (∆xb) to the maximum deflection of the diaphragm the

incremental strain is held constant determined by equation (4.3). The total pre-stress

is related to the strain of the Terfenol-D rod and the Young’s modulus by:

σpre = EH
Y εtd. (4.4)

The Young’s modulus at a DC bias magnetic field of 300 Oe is approximately 30 GPa.

A pre-stress of 1.5 ksi is selected as the optimum mechanical bias for the Terfenol-D
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rod. Based on equation (4.4) the required strain in the material is 345 µε. Equa-

tion (4.2) gives a pressure increment (∆Pmax) of 81 psi for the values presented here.

The specified value of the system bias pressure (pbias) will determine the number of

pre-load increments, outlined in Figure 4.4, to reach the desired pre-stress in the

Terfenol-D rod. The amount of pressure increment will likely need to decrease as

the Terfenol-D rod strain nears the value given by equation (4.4). The decrease in

pressure increment will be accompanied by a decrease in the diaphragm deflection in

step (b) of Figure 4.4. The pre-load bolt adjustment will need to be altered based on

the formulas presented in this section to ensure the bolt displacement (xb) is equal to

the diaphragm deflection (xp).

4.3 In Situ Valve Measurement Setup

This section presents a method for measuring the displacement of the rectification

reed valve in-situ. Acquiring the time domain motion of the reed valve as the pump is

running characterizes the valve response to the fluid loading of the prototype Terfenol-

D pump. This information elevates the level of characterization for the Terfenol-D

pump. This section will review the measurement instrument used in this method,

describe the method of measurement, present the modifications to the Terfenol-D

pump which allow the measurement, and discuss the future work in the context of

designing for more accurate measurements.

4.3.1 Laser Sensor (LK-G32)

A Keyence model LK-G32 laser displacement sensor is used to measure the reed

valve displacement. This section will briefly describe the principle of operation for

this device. Figure 4.5(a) shows the laser head as well as the receiving components
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for the reflected laser beam. Figure 4.5(b) shows the process of measuring the relative

target displacement schematically. A beam of laser light is emitted perpendicular to

the bottom face of the head toward the object to be measured (“target”). While the

target will scatter the beam in many directions the laser head is set up to receive the

reflected beam at a 40 degree angle on a Li-CCD array. The Li-CCD, or linearized

charge-coupled device, is capable of converting the incoming light into electrons. The

charge accumulated on each section of the Li-CCD array is proportional to the amount

of light received. The initial position of the target will reflect the beam to a certain

position on the Li-CCD array increasing the electrical charge in that small area of the

array. The location of that charge indicates the position of the target as shown by

the green spike of light intensity in Figure 4.5(b). As the target moves away from the

beam source the reflected position on the CCD array shifts along with the location of

the maximum light intensity. This shift, shown by the orange spike in Figure 4.5(b),

is very accurately proportional to the amount of motion of the target. The system is

capable of measuring small motions of the target through this method of converting

the energy of the laser beam to an electrical charge on the CCD array. The Keyence

LK-G32 laser is capable of measuring 10 mm of displacement with a repeatability of

0.05 µm at a rate of 50, 000 samples per second.

4.3.2 Design and Manufacture of Modified Pump Cap

A transparent path from the laser sensor head to the reed valve is required because

the laser sensor uses a visible laser beam to measure displacement. The implemen-

tation of this method is further complicated by the laser sensor head requiring two
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transmission paths for the laser: emitted and received. The Terfenol-D pump de-

scribed in section 4.1 does not have the necessary transparent paths for the laser

beam to pass through. A modified pump cap was designed and manufactured in

house to accommodate this requirement. A detailed drawing of the insert and modi-

fied pump cap are given in appendix C. Figure 4.6 shows a 3D drawing and section

view of the modified pump cap insert. The flow path dimensions of the insert are

equivalent to that used in the Terfenol-D pump shown in section 4.1 however the 90

degree bend relocates the obstruction created by the fitting attached to the outlet

port away from the path of the laser beam. Dow Corning 832 sealant is used to seal

the insert in the modified pump cap to prevent leakage from the outlet port shown

in Figure 4.6(b).

Machining of the acrylic insert scores and renders the surface opaque. The scored

surface can be polished to nearly the original transparency of the part. Because of

the challenges the small passages and surfaces of the insert presented for polishing,

the part was made by a company with the capability to rework the surfaces to a

nearly transparent finish. The modified pump cap, which houses the insert, was

made using a computer-controlled milling machine from M-code created from the

3D solid model and the program Feature CAM. An aluminum disk was turned to

diameter and thickness prior to loading in the CNC mill. The CNC milling process

creates the reed seats, partially drills the port holes, and drills locating holes for the

struts. Post machining on a vertical mill is necessary to finish the port holes and drill

the clearance holes for the struts. A bottom-tap is used to create the threads for the

fittings connecting the tubing to the pump cap. A bottom-tap is necessary because

of the face o-ring seal of the fittings. The reed seat protrusion on the modified pump
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cap is filed and sanded to create a smooth surface that would mate with the existing

pump. The thickness and diameter of the modified pump cap are larger than the

original cap to accommodate the insert while all other dimensions critical for mating

to the Terfenol-D pump are the same.

4.3.3 Reed Valve Displacement Measurement

Figure 4.7 shows a solid model of the experimental setup for measuring outlet

rectification reed valve displacement in situ. Because the laser stand cantilevers the

laser sensor head it is prone to vibrational noise and is clamped to the tubing of the

hydraulic circuit to attenuate this effect. The software provided with the sensor has

the capability to allow the user to observe light intensity during measurement. This

function is used to ensure the highest strength signal to the laser sensor receiver. Prior

to each test the head is adjusted so the light intensity plot shows a large spike at a

given location and a low level of noise away from the peak similar to the illustration

in Figure 4.5(b). This means that a small area of the CCD array is being activated

by the reflected beam and a robust measurement of the target is being collected. The

sensor is zeroed once a large, stable peak appears on the light intensity plot. Once

the sensor head is adjusted and zeroed, measurements are taken during operation of

the pump.

While the results presented in section 5.4 in chapter 5 establish the capability of

this novel measurement method, there are several characteristics of this method that

provide challenges in obtaining measurements. A literature review on the topic of

in situ valve characterization for smart material pumps revealed that this is a new

venture in this area. The challenges faced in this venture are discussed here to be used
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as a guide for future design. Figure 4.6 indicates the location of the epoxy used to seal

the insert in the pocket of the modified pump cap. Without the epoxy sealant, the

high pressure at the outlet port would push hydraulic oil through the interface of the

modified pump cap and insert leaking to the top of the cap. While sealing in some form

is necessary, the epoxy located on the shoulder (step) of the insert allows displacement

in the vertical direction shown in Figure 4.7. Minimizing system compliance is crucial

for pump performance. Analysis shows that the compliance of the insert seal causes

a 32% decrease in no-flow pressure at a 10 Hz pumping frequency. The refraction

of the laser through the acrylic insert is another design challenge. As the beam

passes from air to the acrylic insert to the hydraulic oil the change in speed will be

accompanied by a change in angle. The motion of the insert due to epoxy compliance

and the flowing oil adds to the complexity of this issue. Prior to the design of the

insert, testing confirmed the laser’s capability to measure accurately through acrylic

and non-flowing hydraulic oil. Based on experience in testing using this method,

the transparency and motion of the insert are critical for accurate measurements. In

some cases during measurement the opaqueness of the insert, debris or bubbles in

the oil interfere with the beam and push the measured displacement out of range.

The primary impact of refraction is the uncertainty of location of measurement on

the valve. The location of the laser determines the amount of displacement measured

as the valve will deflect more at the tip relative to near the root. While successful

in acquiring measurements, this first iteration design did not account for this effect

and should be addressed in future iterations. Finally, photoelastic effects may be

significant in this application due to a property called birefringence. This means

that the stress and strain in the material effect the refraction of the insert and will
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change how the laser beam passes through the acrylic. Based on the experience of

this implementation, future design should focus on the machining and post-machining

of the insert to minimize the amount of surface to be polished, leaving as much of

the virgin material as possible. Additionally any compliance allowing motion of the

insert should be eliminated and designs for a highly accurate measurement method

may need to consider natural and stress-induced refraction.

4.4 Measurement Setup

Data collected to characterize the performance and behavior of the smart material

pump and EHA comes from the electrical, mechanical, and fluid domains. The no-flow

test condition described in section 2.5.2 is used for all data acquired through testing

presented in chapter 5. The no-flow condition gives a repeatable test condition to

measure valve motion and pump data. Simulation of the no-flow condition is also

simple to implement.

Data is collected via a Data Physics Quattro system capable of receiving inputs at

+/- 10 V and supplying signals at +/- 5V. The signal out of the Quattro is amplified

before being applied to the solenoid coil. Measurements can be acquired from the

voltage and current monitors of the AE Techron 5050 amplifier as well as from pressure

transducers, strain gage, accelerometer, and the LK-G32 laser displacement sensor.

Figure 4.8 illustrates the setup used to acquire data in the no-flow condition along with

frequency bandwidth and sensitivity of the instruments. Additional information on

the measurement instruments used can be found in section 4.3 of reference [42]. The

operating conditions for the Terfenol-D pump and EHA are presented in section 2.5.2.
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Figure 4.1: 3D exploded, sectioned view of Terfenol-D pump.
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Figure 4.2: 3D exploded, sectioned view of Terfenol-D pump head.
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Figure 4.3: (a)Schematic illustrating the two sources of pre-load for the Terfenol-D
rod: the force from the bias pressure applied to the piston area (Fbias) and the com-
pression from the pre-load bolt (xb). (b) Lumped model showing the stiffness of the
Terfenol-D rod and diaphragm with the applied force, piston, and base displacement.

69



k
td

ΔPΔxmax

Δxb = Δxmax

Δεtd = Δxmax/Ltd

Δσpre = Δεtd*EH
Y

(a) (b) (c)

Figure 4.4: Illustration of the steps involved in one pre-load increment for pre-
conditioning the Terfenol-D rod. (a) Initial state of piston, diaphragm, and Terfenol-
D rod before pre-load is applied. (b) Incremental pressure is applied (∆P ) to the
hydraulic circuit compressing the Terfenol-D rod and diaphragm by pre-defined dis-
placement (∆xmax). (c) Pre-load bolt is adjusted by ∆xmax to return diaphragm to
un-deflected state. After steps (a), (b), and (c) the Terfenol-D rod has been stress by
an increment of σpre = ∆xmaxE

H
Y /Ltd.
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Figure 4.5: (a) 3D illustration of the LK-G32 laser sensor head and internal receiv-
ing components (Li-CCD and lens unit). (b) Schematic illustrating the principle of
operation for the emission and reception of the laser beam for measuring a moving
target. The charge of the array is proportional to the light intensity and knowing the
location of the high charge indicates the relative location of the target.
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Figure 4.6: (a) Exploded 3D solid model of modified pump cap, acrylic insert, and
outlet reed valve. (b) Cutaway 3D model of assembled modified pump cap and insert.
Epoxy is used to seal the gap between the insert and the pocket of the pump cap.
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Figure 4.7: Cutaway view of a solid model of the experimental setup for in situ outlet
reed valve displacement measurement with the LK-G32 laser displacement sensor,
modified pump cap, insert, outlet reed valve and pumping chamber shown.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 No-Flow Pressure Simulation and Testing

The no-flow operating condition for the smart material pump is shown in Fig-

ure 2.10 in section 2.5.2 and characterizes the maximum pressure the pump can

produce. This condition, which is easy to implement in simulation, gives a repeat-

able test under which to characterize the Terfenol-D. The system model presented

in chapter 3 is simulated under no-flow conditions by increasing the actuator mass,

mact, to 1 × 1012 kg.

5.1.1 No-Flow Pressure Trace

Figure 5.1 presents the model simulations along with time domain pressure traces

from the Terfenol-D pump at 5 and 10 Hz pumping frequency. The input to the

solenoid coil is 20 amp peak-to-peak sinusoid with a 10 amp bias. The pressure trace

magnitude matches the data from the pump, but does not capture the brief pressure

drop following the peak of each cycle. This event is referred to as pressure recoil and

is physically explained by the pressure drop associated with a small amount of fluid

backflow into the pumping chamber. It follows that there should be a slight time delay
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between the beginning of the negative cycle of the pumping piston and the outlet reed

valve closing allowing backflow. Figure 5.2 shows the pressure trace at 25 and 50 Hz

along with pump data. The reed valve dynamics and fluid-structure coupling capture

the pressure recoil behavior at these frequencies. The results presented here validate

the parameters selected for the reed valve model, presented in Table 3.5 in section 3.3,

and the resistance curve, shown in Figure 3.7 in section 3.2.4. While the simple, single

degree-of-freedom model does not capture the pressure recoil phenomenon in the low

frequency range up to 10 Hz, the correlation at higher frequencies establishes the

dynamic valve model and fluid-structure coupling. The following section presents

results in the frequency range up to 1200 Hz. A stronger validation of the valve

model is obtained using the no-flow simulation condition which accounts for not only

the dynamics of the valve model but also the dynamics of the mechanical and fluid

domain of the system.

5.1.2 No-Flow Pressure Response

The results presented in the previous section (5.1.1) illustrate the Terfenol-D

pump’s ability to generate and store pressure at low frequencies (< 50 Hz). The

outlet rectification valve is stiff enough and has a low enough mass to respond quickly

to the pressure of the flowing fluid by closing during the refill stage of the pump. The

discussion in section 3.1.3 described the effects that add equivalent mass and damping

to the moving reed valve. This reduces the resonance and thus the usable operating

range captured by the reed valve in the system model. Time domain, no-flow testing

of the Terfenol-D pump was performed and the results were originally given in ref-

erence [42]. The input current is 4 amps peak-to-peak with a 2 amp bias. The reed
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Figure 5.1: Measured and simulated no-flow pressure trace for the Terfenol-D pump
at (a) 5 and (b) 10 Hz. The solenoid coil input is a 20 amp peak-to-peak current with
a 10 amp bias.

valve model parameters are further validated by comparing simulation results up to

the maximum frequency acquired from the Terfenol-D pump. The frequency domain

pressure response results are generated using either time domain simulations or test

data acquired at discrete frequencies. A metric termed ‘stored pressure’ is employed
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Figure 5.2: Measured and simulated no-flow pressure trace for the Terfenol-D pump
at (a) 25 and (b) 50 Hz used to validate the parameters of the rectification reed valve
model and fluid-structure interaction.

for the model simulations and test data. Stored pressure is a measure of the average

amount of pressure stored by the pump over the total run time given by:

pstr =
1

T

∫ T

0

po(t)dt, (5.1)
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where T is the total run time. The test data is used to verify that the stored pres-

sure metric gives very nearly the same value of stead state (hold) pressure at each

frequency. As the time domain simulations of pressure response at frequencies above

100 Hz do not exhibit the ideal pressure hold behavior seen at low frequencies, the

stored pressure is used as an equivalent metric to assess the response of the pump

under no-flow conditions at high frequencies.

Figure 5.3 presents the results of the system model simulation under no-flow con-

ditions up to 1.2 kHz along with test data and ideal valve simulation results. System

model simulations with ideal valve behavior (no dynamics) are shown to emphasize

the effect of rectification valve dynamics on the response of the pump. The system

model is implemented in state-space and utilizes binary (ideal) valve logic dependent

upon the pressure difference across the valve [42]. The test data shows the pump is

able to produce around 200 psi of pressure up to 20 Hz at which point the maximum

pressure quickly drops quickly to 50 psi where it holds constant up to 1200 Hz. The

system model simulations follow this trend for the stored pressure given in equa-

tion (5.1). The ideal valve system response highlights the effect of the rectification

valves on the system response. The ideal valve will open and close in sync with the

flow produced by the actuating stroke of the pumping piston displacing the small

burst of high pressure fluid to the pump outlet. The dynamic valve model captures

the fluid-structure coupling that limits the ability of the pump to hold pressure at

the outlet. In this framework the valve behavior is no longer independent of the dy-

namics of the fluid flow, pressure, and piston motion resulting in non-ideal response.

As frequency increases so does the time lag of the outlet valve due to its inertia and

damping. The pressure stored at the outlet will be proportional to the amount of fluid
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the pump can store past the outlet valve. This time lag allows fluid to backflow into

the chamber thus reducing the maximum pressure the pump can hold at a given fre-

quency. The model framework presented in chapter 3 for rectification valve dynamics

is validated by the time domain pressure trace results presented in the previous sec-

tion (5.1.1) and is further validated by capturing the non-ideal valve behavior under

no-flow conditions. In each case the simulated data is correlated to test data acquired

from the Terfenol-D pump. Whole system model validation for the dynamic valve

model is superior to simply considering the valve alone as it considers the dynamics

of the system applied to the valve during operation.
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Figure 5.3: Results of time domain tests and simulations for the Terfenol-D pump
under no-flow conditions from 1 to 1200 Hz. The “ideal” results are for a system model
simulation absent of valve dynamics. The metric for evaluation is the average amount
of pressure stored at each frequency by the pump and is given in equation (5.1).
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5.2 Loaded Actuator Simulation

5.2.1 Characterization of Prototype EHA

In many practical applications the smart material EHA will need to drive an

inertial load. Loaded actuator simulation evaluates the performance of the Terfenol-D

pump and fluid rectification valves in the context of moving an inertial load attached

to the output cylinder piston (see Figure 3.2). The smart material EHA motion is

defined as the displacement of the output piston and the EHA velocity is the time rate

of change of this motion. The Terfenol-D pump must be able to supply high pressure

flow to the output cylinder and the reed valves are required to efficiently rectify that

flow delivering it to the cylinder. The loaded case was discussed in section 2.5.1 and

is shown schematically in Figure 2.10(c). Simulation results are presented here to

fully illustrate the effect of rectification valve dynamic response on the performance

of the actuator. Equation (3.39) shows that theoretically the fluid flow rate created

by the smart material pump is linearly proportional to the pumping frequency. It is

this high pressure flow that drives the motion of the output piston and so therefore

the velocity of the smart material EHA should be linearly proportional to the input

frequency. The model assumes the smart material EHA is working against a purely

inertial load of 50 lbs. The time domain model is run for a specified number of cycles

at a given frequency. The average actuator velocity for a given run is calculated

similarly to the stored pressure in equation (5.1) by averaging the total velocity trace

for the entire cycle given by:

v̄act =
1

T

∫ T

0

vact(t)dt. (5.2)
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Figure 5.4 shows simulation results for a pumping frequency of 10 to 3500 Hz

for the case of ideal rectification valve behavior and fluid-structure coupled valve

dynamics. The simulations are limited to 3500 Hz due to significant contributions of

the valves 2nd mode of vibration past this frequency which can not be captured in

the single degree-of-freedom model. The results are consistent with the conclusions

presented in reference [42] where the 0.005 in thick reed valves have a bandwidth of

approximately 1200 Hz. This conclusion was based on dynamic characterization of

the Terfenol-D pump which showed deviation in the pressure response past 1200 Hz

for the case of the reed valves installed and the valves removed. The ideal valve

behavior simulation results violate this trend as actuation velocity increases nearly

linearly with pumping frequency for the range investigated. The simulation results

capture the dynamic effects of the Terfenol-D pump, chamber fluid mass, and fluid

rectification valves on the theoretical performance of the actuator. At low frequency

the outlet fluid rectification valve is able to respond in a favorable way allowing flow

from the chamber to the hydraulic cylinder and blocking flow in the opposite direction.

The relative motion between pumping piston and the inlet and outlet valves permits

fluid rectification in a very effective manner. As frequency increases, the fluid and

structural loading effects on the valves, captured by the effective mass and damping

of the valve, begin to affect the dynamics in such a way that the pump can no longer

deliver fluid effectively to the output cylinder. The result is a reduction in actuator

motion illustrated in Figure 5.4 for an inertia loading of the actuator. The velocity

increase up to 1200 Hz is not perfectly monotonic primarily due to the method of

calculating the velocity at a given frequency shown in equation (5.2). Because the

integral of the time domain actuator velocity is averaged over the total run time,
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which is much less than unity for all cases, a small deviation in the integral between

two frequencies will be magnified. The resonance in actuator velocity at 2600 Hz is

due to the result of the frequency content of the forcing on the valve. The forcing will

have a major contribution of frequency content at the driving frequency. However

side bands also exist at twice the resonance of the valve (1360 Hz) brought about

by the nonlinear contact due to the valve seat. At a pumping frequency of 2600 Hz

side bands of the valve forcing lie at the resonance of the valve causing ideal motion

and phasing. This behavior is not verified experimentally and should be investigated

further to determine if this condition arises from physical effects or modeled effects.

The simulations results presented in Figure 5.4 indicate a reversal of actuator

direction past 1200 Hz. This result highlights the concept of phase in the frequency

response of the valve. Figure 5.5 shows normalized simulation results at 1420 Hz for

the flow rate provided by the piston (qpi = Apiẋp), flow through the outlet valve (qoc),

outlet valve motion (xro), and outlet valve resistance (Ro). The lag between piston

motion (equivalent to qpi) and outlet valve response is large at this frequency due

to the dynamics of the Terfenol-D pump, outlet valve, and fluid circuit. The valve

displacement lags the piston flow rate by nearly 30% of the cycle at this frequency.

The physical implication of this is the outlet valve opening (resistance of the outlet

valve dropping) as the pump piston is trying to pull fluid into the chamber. The

modeled phenomenon is effectively a reversal of actuator direction. This result is

undesirable and is due to the dynamic and relative phasing of the rectification valves,

Terfenol-D pump, and hydraulic circuit. The ideal valve behavior results, which

exclude valve dynamics from the simulation, do not show this effect.
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Figure 5.4: Simulation results for pumping frequencies from 10 - 3500 Hz for the
Terfenol-D pump attached to a hydraulic cylinder and piston and loaded inertially to
create actuation. The dynamic response of the rectification valves limit the ability
of the pump to deliver fluid to the cylinder at frequencies above 1200 Hz and thus
attenuates actuator motion.

5.2.2 EHA Velocity Bandwidth Investigation

It is advantageous to operate in certain frequency ranges for the smart material

pump to improve response and reduce the amount of input energy. As part of this

study the resonance of the fluid rectification reed valves is examined as a design

parameter for bandwidth tuning. The implication of valve phasing was discussed in

the previous section. If the valve passes through its first resonance and, for the single

degree of freedom model, phase switches by 180 degrees accentuated backflow (recoil)

will occur. Backflow severely limits the performance of the actuator. The simulation
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Figure 5.5: Normalized data for piston induced flow rate (qpi = Apiẋp), flow rate
through the outlet valve, valve motion, and valve resistance vs. percentage of pumping
cycle at 1420 Hz. The resulting simulation highlights the effect of phase mismatch
between the valve and piston motion causing actuator reversal shown as negative
velocity in figure 5.4.

is run with a valve stiffness 3 times the original stiffness and 50% of the original mass

resulting in a factor of 2.45 increase in resonance. The parameter variation extends

the resonance of the valve and by doing so the usable bandwidth of the actuation

system. Figure 5.6 shows the simulations results for the EHA working against the

same inertial load (50 lbs.) as presented in section 5.2 for pumping frequency range

from 10 to 3500 Hz. The increased valve resonance allows the actuator to produce

positive velocity up to 3100 Hz where high frequency pumping results in a maximum

velocity increase of 1.5 times that of the baseline case.
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Figure 5.6: Simulation results for pumping frequencies from 10 - 3500 Hz for the
Terfenol-D pump attached to a hydraulic cylinder and piston and loaded inertially
to create actuation. The valve resonance is increased by a factor of 2.45 over the
baseline values presented in Figure 5.4 resulting in actuator bandwidth expansion
and a higher maximum velocity at actuator resonance.

5.3 Modeling Discussion

Discussion on the method and implications of implementing a model for the fluid

rectification valve dynamics in a smart material EHA model is given in this section.

The information here is meant to support the discussion of the model and the results

presented in previous sections.

In a very general sense the fluid rectification valve model is comprised of two

parts which interact in a coupled way in an attempt to fully capture the physical

effects that impact valve dynamic behavior. The first is the mechanical model. It

has been presented that fluid loading and proximity effects add equivalent mass and
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damping to the valve model. An approximation of these parameters is made based on

an analytical expression (equation (3.20)) and the experimental results of a relevant

study of cantilever beam response [36]. This information provides guidance for

the final mechanical model parameters, but does not quantify them. Steady state

finite element simulations of the port and rectification valve give an effective fluid

resistance for the valve at different tip displacements. The position of the valve is

governed by the equation of motion for the mechanical model and is the independent

variable in the expression for valve fluid resistance determined by the FE simulations.

This describes one path in the fluid-structure coupling; that the position of the valve

determines the fluid resistance of the valve. The second path in the coupling is the

upstream and downstream pressures driving the motion of the valve. The pressures

will depend upon the valve fluid resistance and this captures the coupling between the

mechanical and fluid domain for the valve model. Finally the mechanical parameters

are quantified by correlating the measured no-flow pressure trace of the Terfenol-D

pump to the simulation results. This establishes confidence in the model using a

holistic approach accounting for all the dynamics of the system.

The dependence of valve fluid resistance and valve motion are developed from

the FE model solution for pressure drop and flow rate through the valve and equa-

tion (3.27). The results of this simulation, given in Figure 3.7, do not completely

define the range of fluid resistance values the valve can take in the model. The

pressure differential across the valve can become relatively large during operation

particularly for no-flow conditions and the outlet valve. This is due to the outlet

pressure being held at a high value while the pump piston retracts pulling fluid into
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the chamber and returning the chamber pressure to the system bias in a no-flow con-

dition. During intake, if the outlet valve is closed, flow should not enter the chamber

from the outlet port. At the operating pressures of the pump, the valve’s ‘closed’

fluid resistance must be high relative to the FE simulation results to eliminate large

pressure recoil in the model. For this reason the closed valve fluid resistance is several

orders of magnitude higher than highest resistance determined from FE simulations.

Additionally, to ensure the minimum resistance is limited to a reasonable value an

artificial point on the resistance versus valve position relationship (R(x)) is set such

that the resistance is unable to take a lower value. These two points, minimum and

maximum, are not results of FE simulations for effective valve resistance but neces-

sary bounds for successful valve model implementation. The implication of such a

large ‘jump’ in valve fluid resistance is the potential for high oscillation, valve flutter

at low frequencies, low valve stiffness, and mass. At low frequencies the valve is able

to respond with little time lag to the changing pressure differential. If the valve has

a low value of stiffness, slight changes in driving pressure difference will significantly

increase or decrease valve displacement. Furthermore a low valve mass resulting in

minimal inertial lag leads to the valve being more responsive to the driving pressure.

As pressure in the chamber increases the valve cracks open and the outlet pressure

attempts to equalize to the chamber. However due to the governing physical effects

the outlet pressure will lag the chamber during the pressurizing stroke of the piston,

which causes the pressure differential driving outlet valve motion. The variation in

pressure differential will naturally fluctuate during the cycle and at high chamber

pressures induces relatively large oscillations of the valve. The softer and lighter

valve will deflect more and respond quicker to the pressure fluctuations compared to
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a stiffer and heavier valve. High amplitude oscillations can occur if the valve position

is located in a region of large negative slope on the R(x) curve because even small

fluctuations cause large changes in fluid resistance leading to increased fluctuations

in pressure. This behavior is similar to positive feedback as the small valve oscilla-

tions create large changes in resistance leading to high pressure fluctuations leading

to larger valve oscillations. This behavior is a result of the valve model implementa-

tion but not completely unphysical. Valve flutter is a common design consideration

in passive valve systems and occurs due to either a sudden (step) force causing an

oscillating step response or from negative pressure building up in the valve seat due to

Bernoulli effects [51]. In some cases, where damping and mass are low, this can result

in oscillating amplitudes (flutter) equal to or higher than the forced opening of the

valve. While the model is not formulated to capture these specific effects, it should

be noted that the valve flutter seen at low frequency, high current input simulations

are not completely without physical basis.

5.4 In Situ EHA Characterization

The method of measuring outlet reed valve motion described in section 4.3 is

employed to give the results presented in this section. The no-flow condition for

the Terfenol-D pump is used to give a repeatable testing state for the acquisition

of outlet valve motion. The current through the solenoid coil for the 10 and 20 Hz

testing is a 20 amps peak-to-peak current with a 10 amp bias. Outlet rectification

valve measured displacement at 10 Hz is presented in Figure 5.7(a). Figure 5.7(b)

gives the normalized measured reed motion, outlet pressure, and Terfenol-D strain.

The maximum pressure differential generated by the pump during testing is 680 psi

87



at a maximum Terfenol-D strain of 850 µε. As discussed in section 4.3 the reduced

pressure performance is due to added compliance in the seal of the insert piece.

The measured results indicate that the valve is very responsive during the positive

(pressurizing) stroke of the pump. It is evident by examining the first cycle shown in

Figure 5.7(b), where pressure recoil is very prevalent, the valve displacement ‘closing’

slope has two regions. The first region has a relatively small slope indicating the

valve is ‘hanging’ open as the pumping piston retracts. This behavior allows fluid

to backflow into the pumping chamber creating pressure recoil. The second region is

characterized by a steeper negative slope indicating the valve is responding to a larger

pressure differential pushing the valve closed. At the end of this second region the

valve displacement abruptly reaches a ‘zero’ position indicating the valve has closed

against its seat. At this time in the pressure trace the recoil behavior stops and a

small amount of pressure drop is seen as the first cycle ends indicating a small amount

of fluid is able to backflow through the outlet valve in its closed position. As the pump

reaches the stall condition in the later cycles, the valve opens and closes at a much

higher rate, allowing less fluid to backflow into the pumping chamber and reducing

pressure recoil. The insert motion is superimposed on the valve measurement and is

the source of apparent ‘valve float’ in the measured results. The results for 10 Hz are

compensated by shifting the valve data by measured insert motion.

Figure 5.8 shows measured outlet valve displacement and outlet pressure trace

at a pumping frequency of 20 Hz. The solenoid coil current, driving the motion of

the Terfenol-D, is reduced from 20 amps to 8 amps peak-to-peak from test 1 to test

2. The pressure trace shows the expected reduction of no-flow pressure for test 2

due to the reduction in total input energy. This test was performed to illustrate the
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Figure 5.7: Terfenol-D pump response under no-flow conditions at 10 Hz. (a) In situ
displacement time trace for the outlet reed valve; (b) normalized outlet reed motion,
Terfenol-D pump outlet pressure, and Terfenol-D strain at 10 Hz pumping frequency
for 5 cycles.

similarity in the valve displacement trace, particularly in the steady-state region, for

both cases. The driving pressure of the outlet valve displacement is the difference in

measured outlet pressure and the unmeasured chamber pressure. This result indicates

that this pressure difference is nearly the same for each case even though the outlet

pressure trace is not. The implication of this result is that the way in which the high

pressure flow cracks open the outlet valve and exits the chamber is nearly the same

for two cases where the steady state pressure differs by nearly 50% and therefore is

independent of the steady state pressure and solenoid current amplitude in this range.

Figure 5.9 shows the normalized valve displacement with Terfenol-D strain and outlet

pressure for test 1 shown in Figure 5.8. The results are similar to the 10 Hz data

in that the valve is responsive to the positive stroke and has two regions of negative

slope leading to pressure recoil.
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Figure 5.8: Terfenol-D pump response under no-flow conditions at 20 Hz. (top) In
situ displacement time trace for the outlet reed valve at 20 Hz pumping frequency
for two measured cases of different input amplitude to the solenoid coil. (bottom) In
situ outlet pressure traces showing different steady state values.

Figure 5.10(a) shows the steady state measured outlet valve displacement at a

pumping frequency of 100 Hz. The input current is reduced from 20 to 5 amps

to ensure the Terfenol-D rod accelerations are kept in the range of safe operation.

Difficulties in measurement discussed in section 4.3 limited the capture of data for

the initial rise of no-flow pressure. The steady state displacement of 650 µm is much

higher than that seen at 10 and 20 Hz. Each test at 10 and 20 Hz showed a region

of flat (zero) displacement response that indicated the valve was contacting the seat.
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Figure 5.9: Terfenol-D pump response under no-flow conditions at 20 Hz. Normal-
ized outlet valve motion, outlet pressure, and Terfenol-D strain at 20 Hz pumping
frequency for 8 cycles. The outlet valve is responsive to the pressurizing stroke of
the piston showing two regions of negative slope during piston retraction leading to
pressure recoil and backflow.

The data at 100 Hz does not show the valve seating. Normalized valve displacement

and solenoid current are shown in Figure 5.10(b). The results of in situ testing at

100 Hz illustrates the outlet valve lag behavior that is inherent to passive valves. At

any frequency the outlet pressure will lag the chamber pressure due to the response of

the valve. Furthermore the outlet valve will lag the difference in outlet and chamber

pressure due to valve’s mass, stiffness, and damping as well as the loading from the

fluid and proximity effects. This lag is shown in Figure 5.10(b) and highlights the need
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for modeling the fluid-structure interaction of the rectification valve and its frequency

response. Figure 5.10(a) indicates the valve does not seat at this frequency. The valve

lags the driving force created by the difference in chamber and outlet pressure to such

a degree that the valve does not seat at the conclusions of one cycle before the driving

pressure from the next cycle forces it open again.
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Figure 5.10: Terfenol-D pump response under no-flow conditions at 100 Hz. (a) In
situ displacement trace for the outlet reed valve (b) normalized outlet reed motion
and solenoid current at 100 Hz for 5 cycles.
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CHAPTER 6

CONCLUDING REMARKS

6.1 Summary of Results and Contribution

This research presents a fluid rectification valve dynamic model and numerical

implementation for a magnetostrictive pump as well as a novel technique for in situ

characterization of smart material actuation systems. The model is capable of pre-

dicting the time domain pressure response of the pump up to 1200 Hz in a no-flow

condition. A single degree-of-freedom lumped-parameter model represents the fluid

rectification valves in the mechanical domain of the system model. Fluid loading and

proximity effects are captured by adding equivalent mass and damping to the reed

valve mechanical model. This results in a flatter resonance peak occurring at a lower

frequency relative to the frequency response of the valve in air. Three dimensional,

fluid dynamic finite element simulations of the fluid port and reed valve in the head

of the Terfenol-D pump quantify the effective resistance to flow at valve tip displace-

ments from 2 to 1024 µm. The FE simulation results provide the information to

couple the motion of the valve in the mechanical domain to the valve’s effective resis-

tance to flow in the fluid domain. The mechanical model for the rectification valve,

along with the coupling to the fluid domain, fully defines the fluid-structure coupling
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of the valve in the model. System model simulations for an inertial loading of the

EHA illustrate the effect of rectification valve dynamics on the performance of the

actuation system. The simulated actuator velocity violates the theoretical prediction

of linear proportionality to pumping frequency as the simulation results show attenu-

ated performance above 1200 Hz. It is shown that extended velocity bandwidth and

performance of the actuator is obtained by increasing the resonance of the valve. A

novel method for in situ characterization of the pump is presented. In situ pump char-

acterization under no-flow conditions at pumping frequencies of 10, 20 and 100 Hz

is presented; including outlet valve displacement measurements. The results validate

the novel method for in situ system characterization, reveal behavior for pump and

rectification valve response, and highlight short-comings in the implementation that

can be addressed in future iterations.

The contribution of this work is the dynamic modeling of a fluid rectification valve

and implementation for a smart material pump driving an EHA. It is generally nec-

essary to operate the pump at high frequencies to satisfy flow rate requirements. If

the rectification valves achieve the desired flow rate at pump resonance, in the kHz

range, the amount of output pressure per input current for the pump is dramatically

increased. Therefore the capability to predict spectral response of the magnetostric-

tive pump and rectification valves enhances the system model as a design tool. Addi-

tionally the validation of the method of in situ measurement expands the possibilities

for device characterization and thus the tools to develop high bandwidth valves and

high performance actuation systems.
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6.2 Research Opportunities

There are several pursuits that would further expand the capability of developing

high performance rectification valves and improve the overall performance of smart

material EHA systems. Increasing the degrees-of-freedom of the mechanical model

for the reed-type valves would account more accurately for the physical occurrence

of pressure distribution over the valve face. The percentage of the driving pressure

over a given area of the valve could be varied in a multiple degree-of-freedom model

which may be significant in dynamic behavior as a pressure distribution centered

closer to the fixed end of the valve results in a higher apparent stiffness of the can-

tilevered valve. The higher order model would also capture higher modes of valve

vibration. The fluid domain implementation for the rectification valve model would

be made more physical by using a nonlinear orifice flow model rather than the linear

resistance implementation presented in this work. The nonlinear orifice flow model

would attenuate the flow through the valve at a high pressure differential rather

than allowing flow rate to increase unbounded for increasing pressure. While the

model presented here captures the expected trends of the actuator performance for

high frequency operation it may be appropriate to include fluid inertia effects in the

transmission lines of the circuit as these will be more significant at higher frequency

oscillatory flows. Preliminary work has been done to implement the system model in

the MATLAB Simscape environment. The model can be built in this environment

using mechanical, fluid, and electrical elements joined in a similar way to the phys-

ical system. This increases the transparency of the SIMULINK system model and

facilitates the implementation of the nonlinear orifice flow model for the valve and

restricted passages in the hydraulic circuit.
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The challenges of implementing the method for in situ valve measurement were

discussed in section 4.3 and the results presented in section 5.4 illustrate the effect

of these challenges. The next design iteration for acquiring valve motion data should

focus on ensuring the viewing window (“insert”) does not move during testing and

that it is highly transparent in the areas where the laser sensor must pass. This

must not come at the expense of improper sealing at the boundaries of the viewing

window. System compliance severely reduces pump performance and every effort

should be made to ensure the modification to allow for valve measurement introduces

zero additional compliance in the system.

Appendix B presents the results of displacement and force testing of cantilever

unimorph samples using the magnetostrictive material Galfenol and several passive

substrates. This work showed that for the particular combination of Galfenol and

substrate tested the bimorph motion could not be effectively used as an active fluid

rectification valve in the magnetostrictive pump. The smart materials and structures

lab at Ohio State has previously developed working prototype magnetorheological

(MR) fluid valves for fluid rectification in a smart material pump with good per-

formance. While the question is currently still unanswered as to whether a system

utilizing passive rectification valves can achieve favorable performance at pumping

frequencies in the kHz range, active unimorph, MR, and needle-type valves should be

considered as high performance replacements for their passive counterparts.

Some have considering using an array of micro-valves in place of the macro-scale

rectification valves commonly used in smart material pumps [39, 40]. It is theorized

that the higher stiffness and lower mass of these valves will significantly increase the

usable range of frequency and that by arranging a high number of these in an array
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the flow rate requirement of the pump can be satisfied. While the micro-fabrication

techniques to produce these types of valves are relatively well developed compared

to the valves themselves, the design and material for the micro-valve is critical in

ensuring structural integrity and high performance and remains as the primary hurdle

to implementing this technology. The impact of this technology for smart material

pumps is significant enough to merit investigation especially in the case of reducing

the size of the pump for small working-volume applications.
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APPENDIX A

SYSTEM MODEL PARAMETER SUMMARY

Parameter Value

Young’s modulus of Terfenol-D rod (EH
Y ) 35 GPa

Cross-sectional area of Terfenol-D rod (Atd) 0.196 in2

Length of Terfenol-D rod (Ltd) 4.5 in.
Stiffness of Terfenol-D rod (ktd) 38.8 MN/m
Stiffness of diaphragm (kd) 2.15 MN/m
Effective mass of Terfenol-D transducer (meff) 0.124 kg
Damping ratio of Terfenol-D transducer (ζeff) 0.09
Solenoid coil turns (N) 860
Piezomagnetic coupling coefficient (q) 6.85×10−9 m/amp
Pumping chamber height (hch) 0.05 in.
Pumping piston cross-sectional area (Api) 0.785 in2

Effective fluid bulk modulus (βeff) 85 ksi
Mobil DTE25 hydraulic fluid density (ρf ) 873 kg/m3

Mobil DTE25 hydraulic fluid viscosity (µf) 0.0386 Pa-s
Lumped chamber fluid stiffness (kf) 233 MN/m
Chamber fluid damping ratio (ζf) 0.55
Chamber fluid mass (mf ) 0.561×10−3 kg
Reed valve thickness (tr) 0.005 in
Reed valve stiffness (kr) 6650 N/m
Effective reed valve damping ratio (ζr) 0.1285
Effective reed valve mass (m̄r) 0.3643×10−3 kg
Reed valve fluid contact area (Ar) 0.0123 in2

Table A.1: System model parameters for the Terfenol-D pump, chamber, and rectifi-
cation valves.
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APPENDIX B

GALFENOL UNIMORPH TESTING

B.1 Experimental Setup

Galfenol is a magnetostrictive material and an alloy of gallium and iron. Galfenol

unimorph samples provided by Etrema Products, Inc. are tested to characterize

maximum displacement and force output. The unimorph samples are summarized in

table B.1 and consist of a passive material (“substrate”) bonded to a Galfenol beam.

The Galfenol is research grade 18.4 material that has been stress-annealed to NSWC-

Carderock up to 45 MPa. The length and width of the substrate and Galfenol for

each sample are 2 inches and 0.25 inches, respectively. The free length of the sample

in the test stand is approximately 1 in. The thickness of the substrate and Galfenol

is given in table B.1 as well as in the results.

Figure B.1 shows the test stand for activating the Galfenol unimorph samples. The

magnetizing coil generates a magnetic field leading to magnetic flux that is directed by

the circuit lengthwise through the beam. The lengthwise field induces elongation in

the Galfenol beam. The substrate restricts the linear elongation inducing bending in

the structure. The Galfenol unimorph samples are tested for potential implementation

as active reed-type rectification valves for the smart material pump.
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Substrate Material Substrate Thickness [in]
Brass 0.015
Stainless Steel 0.005
Aluminum 0.060

Table B.1: Galfenol unimorph samples tested for free displacement and blocked force.
Galfenol is 0.015 inches thick and all samples have a length of 2 inches and a width
of 0.25 inches.

Galfenol unimorph

magnetizing coil

Figure B.1: Test stand for Galfenol unimorph sample testing.

B.2 Quasi-static Testing Results

B.2.1 Displacement Results

Figure B.2 shows the results for free displacement characterization of the Galfenol

unimorph samples. The tests are performed at quasi-static frequencies of 0.2 and

1 Hz. Displacement is mearsured using the laser displacement sensor described in

section 4.3.1. The thinnest substrate, stainless steel, provides the largest deflection
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of 140 µm. All samples show minimal hysteresis in the material and saturate near

8 amps of current through the magnetizing coil. The free displacement results of

the stainless steel/Galfenol sample is encouraging as the displacement is near the

measured results for valve displacement given in section 5.4.

B.2.2 Blocked Force Results

Figure B.3 shows the results for quasi-static characterization of the blocked force

output for two samples. A load cell is placed near the end of the unimorph blocking

the bending motion while measuring force applied by the tip of the beam. Force

output is a critical metric for active valves as they would actuate against the high

pressures of the working fluid. The results show a maximum of 50 milli-lb. produced

by the aluminum/Galfenol sample. This sample produced the lowest amount of free

deflection (40 µm) shown in figure B.2 (c). The stainless steel sample, which pro-

duced the largest deflection, was also tested but produced negligible force output and

therefore is not presented here. While the results are encouraging, the force output

of the Galfenol unimorphs is too low to merit further attention for active valves in

the Terfenol-D pump. Other applications, which require control of fluid flow, may be

better suited for this rapidly developing material. The results presented here indicate

a tradeoff between free displacement and force output. Future work may revisit this

type of active valve using Galfenol for this application if system requirements change

or material performance improves.
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Sample: 0.005/0.015" Stainless/Galfenol
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Figure B.2: Results of free displacement testing for Galfenol samples: (a)
0.015/0.015” brass/Galfenol (b) 0.005/0.015” stainless steel/Galfenol (c) 0.06/0.015”
aluminum/Galfenol.
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Figure B.3: Results of blocked force testing for Galfenol samples: (a) 0.015/0.015”
brass/Galfenol (b) 0.06/0.015” aluminum/Galfenol.
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APPENDIX C

DETAILED DRAWINGS

Figure C.1: Detailed drawing of acrylic insert “viewing window” for in situ valve
characterization.
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Figure C.2: Detailed drawing of modified pump cap for in situ valve characterization.
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