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ABSTRACT: There is an increasing demand for compact actuators capable of producing large
deflections, large forces, and broad frequency bandwidths. Due to their solid state nature, smart
materials can enable novel actuator solutions that compete favorably with established
technologies based on electric, hydraulic, or pneumatic motors. However, in all existing active
materials, large force and broadband responses are obtained at small displacements and
methods for transmitting very short transducer element motion to large deformations need to be
developed. We present a new hybrid actuator which operates on the principle of rectification of
magnetostrictive vibrations by means of magnetorheological (MR) flow control. Experiments
and theoretical calculations are aimed at substantiating the feasibility of the hybrid actuator and
establishing design criteria for the development of an effective MR valve. The experiments
presented here demonstrate the ability of the valve to completely block the flow due to the
combined action of a pressure differential and MR fluid activation. For characterization
purposes, two variations of the main valve concept are considered, one with moving coils and
the other with fixed coils. Actuation measurements conducted on the complete actuator show
deflections of 6.5 in. in response to fluid inputs produced with a hydraulic piston in combination
with an applied quasistatic voltage of amplitude 5 V. A system-level model is presented which is
developed by treating the system as an RLC equivalent electrical circuit with operation across
electrical, mechanical, and fluid domains. Attributes and shortcomings of the model are
discussed through comparison of model results with experimental data.

Key Words: hybrid actuator, rectification valve, magnetorheological (MR) fluid,
magnetostrictive pump, Terfenol-D, magnetorheological fluid valve, electrohydraulic
actuation.

INTRODUCTION

RADITIONAL actuators based on electric, hydraulic,
Tor pneumatic technologies are widely used
in components and systems requiring automated
displacement, force, rotation, and torque. However,
a new class of actuators is needed that can satisfy
currently unmet performance demands concerning
power density, miniaturization, reliability, and fre-
quency bandwidth. Specific applications which can
benefit from new and improved actuator technologies
include, among others, compact haptic interfaces,
control surfaces for unmanned vehicles, actuator-based
active suspension systems for heavy-duty commercial
vehicles, adaptive airframes, and robotic locomotion
components.

Smart materials can enable new actuators with few
moving parts and reliable operation, concurrently with
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large frequency bandwidth, compact size, and high
power density. Some of the smart material transduction
technologies being investigated can in certain cases
exceed the power density of conventional electromag-
netic and hydraulic devices, as is the case for example
with nickel titanium alloys. In these alloys, however,
large displacements are obtained at the expense of small
forces or slow responses. Materials with faster reaction
times, such as magnetostrictive or piezoelectric materi-
als, have insufficient energy densities, so use of these
materials is typically restricted to low-displacement,
high-force applications. Novel methods for converting
very short deformation into large motion must therefore
be developed.

The objective of this article is to present a new
type of electrohydraulic actuator, with emphasis on
characterizing and establishing design criteria for its
magnetorheological (MR) fluid-based rectification
mechanism. The principle for achieving motion
amplification in this actuator is based on two effects:
(1) rectification of the resonant vibrations produced by a
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magnetostrictive motor by means of magnetorheological
flow control, and (ii) hydraulic advantage for conversion
of magnetostrain into large forces. The study is focused
on two specific aspects of actuator development. The
first is the development of a four-port MR fluid valve to
magnetically control the flow of MR fluid. Closure of
the valve is produced by the combined action of a
pressure differential created by a fluid source and the
increase in effective viscosity of an MR fluid with
applied magnetic fields. Since the rectification must be
performed at very high speeds, design and performance
criteria for the development of an effective, fast-acting
MR valve are discussed. The second component of the
study is to prove the feasibility of the proposed hybrid
actuator both experimentally and analytically.

The most advanced magnetostrictive material,
Terfenol-D, can produce static strains on the order of
0.16% at fields of 150 kA/m and loads of about 14 MPa.
One method considered for achieving amplified
actuation consists of combining a magnetostrictive
pump with a conventional hydraulic cylinder and a set
of flow valves. Gerver et al. (1998) developed a pump for
space applications which includes a Terfenol-D driver
connected to a hydraulic stroke amplifier. The pump
produces a flow rate of 30 ml/sec and a pressure of 5 psi,
for a total power consumption of 25W. Bridger et al.
(2004) developed a high-pressure unit designed on the
basis of resonant motion. This pump produces a
pressure of 3000 psi and has a high electromechanical
coupling of 60%. Other methods considered for
amplifying the small deformations produced by
magnetostrictive ~ materials  include  mechanical
amplifiers (Claeyssen and Lhermet, 2002; Lhermet
et al.,, 2004), and inchworm actuators (Kiesewetter,
1998; Teter et al., 1998). However, these methods have
intrinsic problems such as wear and backlash.

Piezoelectric stack actuators have been extensively
used in hydraulic fluid pumps (Lee et al., 2004; Mauck
and Lynch, 2000; Sirohi and Chopra, 2003) as well as
inchworm devices (Park et al., 2000) and kinematic
linkages (Canfield and Frecker, 2000; Prechtl and Hall,
1999) for the purpose of large linear motion. Although
commercially available piezoelectric stack actuators are
capable of generating strains of 0.10-0.15% and poten-
tially larger deformations via motion amplification
mechanisms, the operating frequency and amplitude of
these deformations are limited by dielectric losses and
self-heating. Normal low-voltage actuators with mid-
sized diameters tend to overheat at frequencies in the
range of about 200 Hz at full stroke operation, which
severely limits the rate of actuation. Piezohydraulic
actuators are thus attractive so long as the temperature
of the stack can be controlled. Sirohi and Chopra (2003)
were able to increase the frequency of steady
state operation of a piezoelectric pump to 1000 Hz by
using a thermally conducting silicone heat sink, but

they accomplished so at the expense of overall
system efficiency. This device achieved a blocking force
of 351bs and a no-load velocity of 1.2 in./sec. A later study
by Sirohi et al. (2005) was aimed at characterizing the
dynamics of piezohydraulic actuators by considering
the effects of fluid compressibility, inertia, and viscosity.

Electrohydraulic actuators that use active valves for
rectification have also been considered. An actuator
concept proposed by Lhermet et al. (2004) employs a
magnetostrictive pump and a set of unidirectional
valves, which consist of a magnetostrictive or piezo-
electric element coupled to a compliant structure that
acts as a motion amplifier. A prototype device achieves
pressures of 40 bar, flow rates of 0.41/min, and hydraulic
power of 27W. However, this prototype can only
operate at a frequency of 10Hz, significantly lower
than the target frequency of 400 Hz. A much faster
response of 15kHz was achieved by a piezoelectric-
hydraulic pump with unimorph disc valves proposed by
Lee et al. (2004). A prototype pump has been shown to
achieve a flow rate of 3.4 cc/sec, a pump-specific power
density of 12 W/kg, and a stall pressure of 8.3 MPa.

Magnetorheological fluids undergo an apparent
increase in viscosity within milliseconds of being exposed
to a magnetic field (Jolly et al., 1998). This principle has
been used in semi-active dampers for implementation in a
variety of applications including civil infrastructures
(Jung et al., 2004) automotive and industrial clutches
(Cobanoglu et al., 2003), aeronautical systems (Choi
and Wereley, 2004), and biomedical manipulators
(Neelakantan et al., 2002). A less common alternative is
the use of MR fluids in active actuators that combine a
pump, MR fluid valves and a hydraulic cylinder.
The pump design presents challenges concerning wear
of the pump head components due to abrasion by the MR
fluid particles. In terms of MR wvalve design, one
configuration by Yoo and Wereley (Yoo et al., 2003,
2005; Yoo and Wereley, 2004) consists of a set of four
MR valves configured as a Wheatstone bridge hydraulic
circuit. Each valve includes an annular path for MR fluid;
the pressure differential across the gap is adjusted by
applying a magnetic field with a coil embedded in the
valve. Important advantages of this valve system over
mechanical valves include the lack of moving parts and a
fast frequency response. One disadvantage is that full
closure of the valve is never possible due to the finite yield
stress of MR fluid, which reaches 45 kPa when activated
by a magnetic field of intensity 250 kA/m, thus causing a
significant loss in system efficiency.

PRINCIPLE OF OPERATION OF THE HYBRID
ACTUATOR

The main components of the hybrid magnetostrictive—
magnetorheological ~ actuator  are  shown in
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Figure 1. (a) Hybrid MR fluid-magnetostrictive actuator; (b) the drive
piston connected to the Terfenol-D pump pushes the fluid through
the left valve half and subsequently pushes the driven piston on the
load end (left coil active), while the right valve half remains closed;
(c) the drive piston retracts while the MR fluid recirculates through
the right valve half (right coil active). The driven piston stays fixed
until step (b) starts again and the sequence is repeated. Permanent
magnets inside the conical heads provide a bias magnetization on
the MR fluid.

Figure 1(a)-(c). The system consists of a four-port
MR fluid valve, MR fluid, Terfenol-D motor, drive
piston, and driven piston. To achieve rectification of the
resonant vibrations produced by the Terfenol-D motor,
and thus large deflections, the actuator operates by
cyclic repetition of two stages, actuator extension and
fluid refill. At each stage, the MR fluid valve completely
closes one half of the fluid circuit and permits free flow
through the other.

Flow generated by the Terfenol-D pump and drive
piston is routed through two flow paths which are
connected in parallel, i.e., they share a common pressure
differential. Each fluid route includes one half of the MR
fluid valve, and one path includes a driven piston for
conversion of flow into linear actuation. The MR fluid
valve has two conical heads, each fitted with a permanent
magnet. A solenoid wrapped around each conical head is
used to cancel the field produced by the permanent
magnet. With no current applied to the solenoid, there is
no magnetic field cancellation and the MR fluid in the
vicinity of the conical head increases in effective viscosity.
When a suitable current is applied, the fields from the
solenoid and permanent magnet cancel each other out
and the MR fluid decreases in viscosity, thus permitting
flow through the valve. This design creates a normally
closed mechanism that locks the actuator in place in the
event of power failure.

The actuator extension stage commences with the
leftmost solenoid turned on and the rightmost

turned off, as shown in Figure I(b). This effectively
thickens the MR fluid in the right path, producing a
fluid path of least resistance through the left valve half.
The flow produced by the Terfenol-D pump produces a
pressure differential that fully closes the right valve half
with the assistance of the MR fluid, which when
energized by magnetic fields behaves as an o-ring
around the conical head. Once the right valve half has
closed, the flow extends the driven piston for positive
actuation. To increase the output force, a hydraulic
advantage is created by implementing a driven piston
diameter that is larger than the drive piston.

The fluid refill stage immediately follows as the
Terfenol-D element and drive piston begin to retract,
as shown in Figure 1(c). To refill the fluid cavity without
also retracting the actuator output, the left solenoid is
turned off and the right turned on. This changes the
fluid path of least resistance and creates the pressure
differential necessary to begin closing of the left valve
half. With the left half closed, the actuator output is
temporarily locked, and the free flow path through the
right valve half refills the cavity. Steps (b) and (c) are
subsequently repeated at high speed to further extend
the driven piston and thus achieve quasi-continuous
motion of the load attached to the actuator. Figure 2
shows the ideal timing diagram for the Terfenol-D pump
and MR fluid valve.

It is emphasized that complete closure of each conical
head is possible only under the combined action of the
pressure differential created by the pump and the MR
fluid acting as a seal around the conical head when
energized. Use of a fluid without magnetorheological
properties therefore cannot produce full closure of the
valve. Evidence supporting this characteristic of the
system is presented in the section ‘MR valve feasibility
measurements’.

EXPERIMENTS

A prototype four-port, two-sided MR valve as
illustrated in Figure 3 was constructed and tested
for purposes of proof-of-concept validation, model
verification and system parameter identification.
The valve consists of two conical heads, each embedded
with two solenoids and no permanent magnets. In this
valve, power must be applied to the solenoids for it to
close. The result is a normally open MR valve which is
easier to implement than its normally closed counterpart
while providing greater flexibility to adjust the applied
magnetic field. To further improve adjustability and
observability, the fluid valve has a symmetric architec-
ture which consists of two identical valve halves
externally coupled together. This configuration has
several advantages as it allows to adjust the total
length of valve travel from fully closed to fully open,



1124 D. T. NOSSE AND M. J. DAPINO

e Terfenol-D magnetostriction ||

N
1 L |
1.4 1.6 1.8 2
15 T T T T —1 b 1
1} L— Input current to left s solen0|d j
0 : |2
05 i 1 | i i 1 i i
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2
1.5, T T T

o_5f _ -

—0.5! i | i
0 0.2 0.4 0.6 0.8

Conical end piece Connectingrod  Valve housing
(steel) (aluminum) (steel)

[

Qil seal

Fluid ports

Coils (26AWG) Coupling piece  Sleeve bushing

(bronze)

Figure 3. Cutaway solid model of the MR fluid valve. The grooves in
the conical valve ends are fitted with coils rather than permanent
magnets, for enhanced flexibility during system development.

use simple displacement sensors, control the initial
position of the valve shaft, visually inspect the motion
of the valve, and fix the valve shaft at an arbitrary
location for operation as a fixed-shaft valve.

The simultaneous requirement of high flow rate and
high pressure needed to operate this oversized valve
complicates the development of a matching Terfenol-D
pump. In this study, to circumvent this limitation during
valve development, the fluid inputs are generated by a
double-ended hydraulic piston driven by a hand pump
or a universal compression—tension machine. The three
major components, fluid valve, input piston, and output
piston, are connected by steel lines to form a closed MR
fluid network. Instruments directly connected to the
system include a laser position sensor to record valve

T T T I
] —— Input current to right solenoid

1.2 1.4 1.6 1.8 2

Time (s)
Figure 2. Timing diagram for the Terfenol-D pump and MR fluid valve.

location, a precision string potentiometer to record
output actuation, two diaphragm pressure sensors, and
a load cell and linear variable differential transducer
(LVDT) to record forces and displacements produced by
the compression—tension machine. A LabVIEW virtual
instrument provides both data acquisition capabilities
and automated control of the MR fluid valve’s
solenoids.

MR Valve Feasibility Measurements

It was indicated in the section ‘Principles of operation
of the hybrid actuator’ that the MR fluid valve operates
under the combined action of a pressure differential and
an increase or decrease in the effective viscosity of an MR
fluid. The ability of the valve to shut completely and hold
pressure without leakage at relatively high pressures of
600-800 psi was established by Burton et al. (2004). We
are now interested in investigating the ability of the MR
valve to control the flow at lower pressure differentials,
thereby enabling the use of a smaller pump to drive the
hybrid actuator. The experimental setup, shown in
Figure 4(a) and (b), consists of a hydraulic pump, fluid
network, and MR fluid valve.

In Figures 5-7, the ability of the valve to operate with
both a pressure differential and voltage-induced viscosity
change is shown. The valve position data has been
normalized by translating it on the time axis and scaling
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Figure 4. (a), (b) Experimental setup used for testing of the four-port
MR fluid valve.

it by the (min/max) ratio. Noise peaks in the data cause
the nominal 0.0 (left closed) and 1.0 (right closed) points
to be shifted slightly. In Figure 5, a dc voltage of 20 V was
applied to the right solenoid while the manual hydraulic
cylinder was extended up. Immediately after the right
valve half was closed, an identical voltage was applied to
the left solenoid, followed by a manual retraction of the
hydraulic cylinder. This cycle was run for a duration of
over 12s at ~0.7 Hz, resulting in an average flow rate of
121in.%/s. Figure 6 shows the measured pressure from the
left valve half from a similar run. It is seen that the fluid
valve cycles between fully closed left to fully closed right
with the appropriate combination of pressure differential

and viscosity change. The variations in the pressure
recordings from the left and right sides are attributed to
the volume change caused by the single-ended hydraulic
cylinder’s connecting rod. As the piston is extended, the
volume of the rod is removed from the upper piston half,
but not the lower piston half. Dissimilar pressure
differentials across the system are produced for each
hydraulic pump direction.

Figure 7 presents the measurements obtained by
conducting the above test with an input of 5V rather
than 20 V. The MR fluid valve was able to cycle between
fully closed and fully open despite the lower input
voltage. Furthermore, it is observed that less force on the
hydraulic cylinder was required to produce the same
valve motion. This implies that for this system, low
voltages close to 5V could offer efficiency and perfor-
mance advantages over larger voltages. The lower force
requirement at 5V excitation is attributed to lower
magnetic inductance creating a lower apparent fluid
viscosity and damping force. As shown in Figure 8, the
valve is operated with only a pressure differential (zero
solenoid voltage), with the manual hydraulic cylinder
pumped hard enough to create over 100 psi of peak line
pressure. The MR fluid valve was biased to both closed
positions in subsequent tests. While very small motions
are observed, the pressure differential alone is not
sufficient to operate the MR valve; the MR behavior of
an MR fluid is indeed required for this valve to open and
close in a controlled manner.

Actuation Results

We are now interested in determining the ability of the
MR valve to operate while connected to an output
piston. The fluid input is in this case generated by a
double-ended hydraulic piston — which helps to
address the asymmetries in the fluid network
discussed in the previous section — connected to a
universal compression—tension machine (Figure 9). A
schematic illustrating the system and reference direc-
tions is shown in Figure 10(a)—(c).

A net actuation of 6.5in. was achieved at a rate of
0.325in./s from a 1.0in., 0.5 Hz sine wave drive piston
input and 5V square wave applied during negative (F1)
input piston loading to the left valve half. The
mechanical and electrical inputs are plotted in
Figure 11(a), whereas the pressure measurements are
shown in Figure 11(b). The output actuation motion,
shown in Figure 11(d), is a ramped sinusoid. The
control strategy outlined in the second section involves
applying square waves at a relative phase of 180°
between each solenoid. It was determined that in this
system, however, application of voltage to the right
solenoid, which is placed in series with the output
piston, has no effect on the ability of the actuator to
produce output motion. This is attributed to the
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unequal fluid resistance of the two fluid paths, which
implies the asymmetries were not completely addressed
by including a double-ended drive cylinder. Due to the
asymmetric fluid network configuration imposed by
the output piston, the left valve half establishes a
path of least resistance regardless of the state of the

valve half. This

right
responsible for the partial motion reversal (recoil) of

asymmetry is ultimately
the output piston and associated decrease in
system efficiency. Notwithstanding, the ability of the
system to produce a net positive displacement is
established.
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Another departure from ideal behavior is that the MR
fluid valve does not close completely one half, then
completely close the other valve half. Instead, it quickly
moves toward the controlled solenoid side (side not in
series with output piston) and fluctuates small amounts
from completely closed to slightly open. This is attributed
to large sliding frictions observed in the valve becoming

4 6 8 10 12

more dominant due to smaller volume flow rates
and asymmetrical flow paths. This behavior is illustrated
in Figure 11(c). As in section ‘MR valve feasibility
measurements’, large volume flow rates and symmetrical
flow paths dominated the sliding friction.

The results point to the following design criteria which
need to be satisfied in order to address these deviations
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Figure 9. Experimental setup used for development and testing of
the MR fluid valve and hybrid actuator.

from ideal behavior: (i) the off-state resistance of the
valve and static friction of the output piston must be
reduced as much as possible in order to not only minimize
power losses but contribute to an overall balance in the
fluid resistance paths; (ii) the on-state resistance of each
valve half must be as large as possible to ensure controlled
closure of the valve; and (iii) the length and compliance of
the fluid lines must be as small as possible.

Fluid Resistance Measurements

We now investigate the factors that affect criteria
(1) and (ii) outlined in the previous section. Two designs
are considered, one with coils placed in the conical
head and the other with coils placed in the valve
housing. The latter design approach is shown to provide
improved performance in a reduced package. The
parameters that are varied in this study are the solenoid
voltage, axial gap size, annular gap size, and flow
direction. The conical head angle is 90° as shown in
Figure 12.

EXISTING VALVE (COILS IN SHAFT)

The experimental setup employed for the resistance
measurements is shown in Figure 13(a). The valve shaft
is rigidly held to maintain a constant axial gap

‘Left solenoid' | (+) Valve
/ [ "displacement 'Right solenoid'

Pressure
ensor 2

Pressure
sensor 1

; (+) Output
displacement

(@)

(+) Input
displacement

(b)

©

Figure 10. System used for characterization of the MR valve,
consisting of a drive piston connected to a tension-compression
machine, MR valve and output cylinder: (a) reference directions;
(b) actuation step; and (c) refill step needed to complete one
actuation cycle. A positive input displacement produces flow F2 and
negative input displacement produces flow F1.

throughout the duration of each run. This gap can be
adjusted and then locked to isolate the effect of valve
shaft location. Measured quantities include the position
of the universal compression—tension machine, from
where the flow rate Q, is calculated, and the pressures
Pl and P2 on ecither end of the valve. The fluid
resistance is then calculated by

R P2 Pl
o

To remove unwanted dynamic effects from the
measurements, a triangular waveform of amplitude
4in. pk—pk and frequency of 0.25Hz was selected as
the displacement applied by the universal compression—
tension machine to the input piston (Figure 14(a) and
(b)). This produces constant MR fluid volume flow rates
between peaks of 3.25in.%/s. Although the input flow
rate was the same for all resistance runs, the applied
force varied considerably as it depends on the resistance
of the fluid path.

()
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Figure 11. Actuation results: (a) control strategy for 5V dc solenoid input and negative (F1) input piston loading; (b) line pressures measured
near the cylinder ports as shown in Figure 9; (c) valve shaft location; and (d) output piston position.
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Figure 12. lllustration of MR fluid valve gap terminology.

The valve employed in these tests has an annular
gap of 0.030in. In addition, a new valve shaft with
smaller conical diameter was constructed to provide
an additional annular ring dimension of 0.125in.
when mounted in the existing valve housing.

To illustrate typical resistance measurements, in
Figure 15(a) are shown the line pressures for an input

F2 (+)

(b)

Figure 13. lllustration of setup used to determine the resistance of
an MR valve with solenoids in: (a) shaft and (b) housing. Arrows
depict the two flow directions, F1 and F2, based respectively on
negative and positive motion of the input cylinder.

of 10V, axial gap of 0.125in. and annular gap of
0.030in. The difference between the line pressures is
the pressure drop |P2 — P1| across the valve, shown
in Figure 15(b). The flow directions F2 and Fl1
respectively correspond to positive and negative
pressure differentials. The calculated fluid resistance
is shown in Figure 15(c).
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Figure 15. Left MR fluid valve half measurements for 10V input, axial gap of 0.125in. and annular gap of 0.030in.: (a) Line pressures P1 and P2;
(b) pressure differential P2 — P1; and (c) calculated resistance R=|P2 — P1|/Q, .

The complete set of measurements is summarized
in Tables 1 and 2. The valve with annular gap of
0.0301in. achieves greater on-state resistance than the
0.1251in. valve and although its off-state resistance is
slightly higher, the overall ratio of on-state to off-
state resistance is significantly higher. While this

analysis involving only two annular gap values is
insufficient to fully characterize the optimal gap for
this wvalve, it 1is estimated that the optimal
value hovers around 0.030in. This annular
gap size is therefore chosen for subsequent valve
development.
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Table 1. Average resistance measurements for flow
directions F1 and F2 in units of Ibfs/in.® as a function
of input voltage to the valve and axial gap. Coils-in-shaft
design; fixed annular gap of 0.030in.

Voltage Axial gap Resistance Resistance
V) (in.) F1 F2
0 0.250 11 12
0 0.125 11 12
0 0.075 12 12
0 0.057 16 17
0 0.036 20 20
5 0.250 49 50
5 0.125 52 53
5 0.075 45 46
5 0.057 72 74
5 0.036 84 91
10 0.250 56 58
10 0.125 60 60
10 0.075 52 53
10 0.057 80 82
10 0.036 93 100

Table 2. Average resistance measurements for flow
directions F1 and F2 in units of Ibfs/in.® as a function
of input voltage to the valve and axial gap. Coils-in-shaft
design; fixed annular gap of 0.125in.

Voltage Axial gap Resistance Resistance
V) (in.) F1 F2
0 0.250 9 9
0 0.125 9 9
0 0.075 9 10
5 0.250 16 17
5 0.125 18 18
5 0.075 21 22
10 0.250 19 19
10 0.125 20 21
10 0.075 19 19

MODIFIED VALVE (COILS IN HOUSING)

An additional design objective is to reduce the size of
the MR fluid valve both for improving the packaging
of the complete system and addressing criterion (iii)
outlined in the section ‘Actuation results’. To that end, a
modified valve design was devised in which the coils
were removed from the valve shaft and relocated to the
inner housing walls as shown in Figure 16(a) and (b).
This permits to reduce the diameter of the conical head
piece and connecting valve shaft, while reducing the
complexity of the wiring. The magnetic circuit was
designed with the assistance of finite element calcula-
tions as detailed by Nosse (2005).

From an efficiency point of view, the diameter of the
valve shaft must be kept above a minimum value below
which magnetic saturation of the shaft occurs. Other
factors limiting the miniaturization of the valve include
the coil outer diameter, required active MR fluid area,

Steel pousing Coupling ~ Steel solenoid sleeve

7 E z i and spacers

Solenoid Steel rod and  Bronze sleeve  Qil seal
end piece bushing

(a)

N\

(b)

Figure 16. Redesigned MR fluid valve; (a) cutaway view of a solid
model and (b) physical fluid valve. Coil stacks were relocated to
the inner housing surface to allow significant size reduction of the
movable valve piece.

type of hydraulic seals, and type of pipe fittings used to
connect standard steel fluid lines to the MR valve. These
fittings have a tapered thread and require ~0.75in.
below the material surface for machining tool clearance.
As shown in Figure 16(a) and (b), the removable
housing end-cap was elongated to permit use of these
standard fittings. To reduce the size of this removable
end-cap, radially oriented bolts were used to fasten the
cap to the main housing.

The active MR fluid area is dependent on the
placement and size of the coils. Increasing the number
of coils within the valve increases not only the activated
fluid area, but also the length and electrical impedance
of the valve. For this redesign, the number of activated
fluid locations was doubled. Finally, the outer diameter
dictates the number of wire turns per solenoid. The more
turns, the greater the magnetic field produced from an
input current. For this redesign, a nominal outside
diameter of 1in. was selected.

In these measurements, the amplitude of the input
produced by the universal compression—tension machine
was reduced to a value of 2in. pk—pk to account for the
reduced valve volume. To illustrate typical data, in
Figure 17(a)—~(d) are respectively shown the input flow
rate, line pressures, pressure differential, and calculated
resistance for a voltage input of 10V and an axial gap of
0.0551n. The annular gap was fixed in all tests and had a
value of 0.030in. in accordance with the results obtained
in the previous section. The pressure differential is
respectively positive and negative for flow directions
F2 and F1.

The complete set of measurements for the left and
right valve halves is respectively summarized in
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Figure 17. Redesigned MR valve with solenoids placed in the valve housing, for a 10V input and 0.055 in. axial gap. The measurements show:
(a) input flow rate; (b) line pressures; (c) pressure differential; and (d) calculated resistance R=|P2 —P1|/Q,.

Table 3. Average resistance measurements in units of
Ibfs/in.® conducted on the left valve half for fixed annular
gap of 0.030in., as a function of axial gap, solenoid
voltage, and flow direction F1 and F2. Coils-in-housing
design.

Table 4. Average resistance measurements in units of
Ibfs/in.® conducted on the right valve half for fixed
annular gap of 0.030in., as a function of axial gap,
solenoid voltage, and flow direction F1 and F2.
Coils-in-housing design.

Voltage Axial gap Resistance Resistance Voltage Axial gap Resistance Resistance

) (in.) F1 F2 ) (in.) F1 F2
0 0.205 10 18 0 0.205 10 18
0 0.140 10 19 0 0.140 10 19
0 0.055 10 17 0 0.055 10 17
3 0.205 73 73 3 0.205 73 73
3 0.140 73 73 3 0.140 73 73
3 0.055 70 65 3 0.055 70 65
6 0.205 52 53 6 0.205 52 53
6 0.140 121 127 6 0.140 121 127
6 0.055 124 124 6 0.055 124 124

10 0.055 172 172 10 0.055 172 172

Tables 3 and 4. Both halves exhibit a significantly higher
on-state resistance than the original design without
exhibiting a meaningful increase in off-state resistance.
The maximum resistance for the original design is
100 1bf s/in.”, while the redesigned valve has a resistance
of 1721bfs/in.”. This represents a 72% increase in
performance over the 570% larger original MR fluid
valve. Furthermore, as shown by the constant axial gap
plots of the resistance data in Figure 18, the redesigned
valve has not yet reached its maximum resis-
tance potential. For the solenoid stacks tested within

the valve, voltages higher than 10 V produced significant
self-heating. Thus, the input voltage limit was kept
below the level at which the MR fluid could
fully saturate. The extrapolated curve fit predicts
the maximum resistance to occur in the range of
200-250 1bf's/in.” with an input of 20 V.

Similar to the original MR fluid valve, the redesigned
valve produces a minimum off-state resistance near
101bfs/in.> at all axial gap distances. Therefore, the
redesigned valve increases fluid flow resistance by a
factor greater than 17 times. The resistance ratio is
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Figure 18. Projected resistance fit to data for the left half of the
redesigned MR fluid valve.

expected to increase to more than 20 with only minor
solenoid modifications.

SYSTEM-LEVEL MODEL

A system-level model for analysis and characteriza-
tion of the hybrid actuator is presented. The mechanical
and fluid regimes are modeled by means of resistance,
capacitance, and inductance elements, forming a
lumped-parameter system as shown in Figure 19. The
MR properties of an MR fluid are characterized by
look-up tables based on the measurements described in
‘Experiments’ section. The controlled inputs applied to
the model correspond to the measured quantities
saturation voltage applied to the left V1 and right Vi
solenoid, acceleration ¥ of the input hydraulic piston,
and force F; required to accelerate the input piston of
mass M.

Application of Newton’s second law and force
balancing to the input piston yields an expression for
the pressure differential produced at the input

Fy — Mx
= 2
P2 —pi i (2
where Aj, denotes the cross-sectional area of the input
piston. The volume flow rate is given by

dx
Qv, net — 7Aip- (3)

dr

Pressure losses occur between the input piston and the
valve from flow within the fluid lines. Capacitance is
present in the system from MR fluid compressibility and
steel line elasticity. These effects are lumped into a
common capacitance term Cylocated in parallel with the
input piston which is dependent upon the pressure
differential p, — p;. The volume flow rate absorbed by
the capacitor is Q, and the flow rate which travels
through the MR fluid valve is Q,.

. d(pr —
0. =) @

Qv = Qv, net — Qv- (5)

All remaining fluid energy losses occur from resistance
and inertia effects. For simplicity, it is assumed that R;
and I, are approximately equal to R, and I; these
variables are set equal to R and 7, respectively. The fluid
parameters for a circular cross-section fluid lines and
parabolic flow are estimated by (Shearer et al., 1997).

_128uL
k= rd* ©
I= 2(§)L. 7

The fluid resistance of the output piston Rop(Z) is
dependent on its travel velocity due to seal friction.
The fluid resistance due to static friction is larger than
the resistance due to dynamic friction. The variable fluid
resistance of the MR fluid valve halves R; and Ry
depends on valve position, magnetic field strength, and
flow direction. To address this complex dependency in a
phenomenologic manner, the experimental measure-
ments presented in the section ‘Fluid resistance mea-
surements’ were incorporated into a look-up table.
Using interpolated values from the look-up table, the
system pressure differentials can be determined,

do,
P4—P3=P2—P1+2<RQV+1 5), (®)
d
P4 —D3 ZRLQL+IL%, ©)
d
ps —ps = ReQx + I 2% (10)
Pa — Ps = RopOr, (11)
d
Pa—p3 = RROR + IR% + RopOr.- (12)

The total flow volume divides into two fluid paths
connected in parallel while observing conservation of
mass laws

0y =0 + 01, (13)
d0, _dor 40
TR TR T (1

where Qg is the volume flow rate of MR fluid through
the right valve half and output piston, and Qy is the
volume flow rate through the left valve half. This
permits calculation of the volume flow rates through
each valve half, as a function of the variable valve-half
resistances by setting equations (9) and (12) equal and
solving (13) and (14) for Qr and dQgr/dz. The resulting
flow divider equation has the form

d
(R + Rop + RO + (I +10) 98 = (Ry + Rep)Os

dQy
dr -

+ Ir (15)
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Figure 19. System-level representation of the hybrid actuator. The fluid flow is represented by resistance, capacitance and inductance elements.

The fluid leakage across each valve half is a function
of the variable valve resistances, which are dependent on
valve position y, flow direction, and input voltages |
and VxR, and the divided volume flow rates.
The pertinent experimental measurements shown in
section ‘Fluid resistance measurements’ are also imple-
mented in a look-up table within the simulation to
model the leakage output based on resistance and
pressure differential inputs. The stored fluid within
each valve housing is thus able to control the position y
of the fluid valve.

The position of the output piston z and actuation
force F. are modeled by the following equations

VR = /QR, (16)
Vr
z= , 17
Aoy (17)
P4 —Ds
Fo=t0s 18
E Aop (18)

where A4, is the output piston’s cross-sectional area. z is
obtained directly from the volume of fluid passing
through the right valve half. Solutions to the model
equations with parameters obtained from the look-up
tables were approximated in SIMULINK.

Model calculations corresponding to the MR valve
measurements shown in Figure 7 are shown in
Figure 20. The model was cycled between left closed
and right closed at a similar frequency of output and an
identical amplitude of motion. However, the frequency
of the measured valve motion is not exactly constant due
to fluctuations in the pressure and flow produced by the
manual hydraulic pump. The amplitude of motion in
both the model and experiment adhere to the motion
limited by rigid constraints at locations within the
normalized range of 0-1.

A model simulation of the measurements shown in
Figure 11(d) is shown in Figure 21. In this simulation,
the voltage input to the left valve half is alternated
between on and off in accordance with the physical

measurements. As discussed, the right valve half
remained off for the entire run. The input acceleration
and force are sinusoids and the input solenoid voltage is
a square wave. This is similar to the automated experi-
mental inputs produced by the universal compression—
tension machine and the LabVIEW control program.

The modeled actuation waveform is a ramped
sinusoid, similar to the experimental result shown in
Figure 11(d). While the oscillatory shapes are slightly
different, both result sets have similar recoil amplitudes
of nearly 1in. pk—pk. While the modeled actuation rate
of 0.4501in./s is larger than the experimental result of
0.3251n./s, the discrepancy is not altogether unexpected
given the approximate nature of the model.
Notwithstanding, the model qualitatively captures the
main features of the actuator system.

CONCLUSIONS

This article has presented a new class of hybrid
actuator which is based on the rectification of
magnetostrictive vibrations by means of MR flow
control. The primary focus of the study is to present
experiments and theoretical calculations with the goals
to substantiate the feasibility of the hybrid actuator
and develop design criteria for the development of an
effective MR valve. It was established that an MR
valve must provide maximum on-state pressure drops
while simultaneously exhibiting minimum off-state
resistance. While these are stringent demands, the
design presented here involving a moving shaft is
shown to have the ability to fully close the flow,
effectively reaching an infinite pressure drop during
part of the on-state cycle. Moreover, the article has
presented data which demonstrate the ability of the
valve to open and close the flow in a controlled manner
in response to electrical input to the valve’s solenoids.
This has led to actuation measurements which show
deflections of 6.5in. in response to fluid inputs
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Figure 21. Model result for the case of controlled actuation shown
in Figure 11(d).

produced with a hydraulic piston in combination with
a quasistatic voltage of amplitude 5V applied to the
left valve half. The output deflections are limited only
by the size of the output piston. The measurements
have also shown significant recoil of the output piston
on each cycle of the MR valve. This behavior is
attributed to compliances and resistance asymmetries in
the fluid network.

A multidomain model of the actuator was developed to
better understand the factors that control system

behavior and to lay the groundwork for future develop-
ments. Improvements to the current model will be
focused on improving its fidelity and scope. In particular,
the transition profile between left closed and right closed
and vice versa is in reality less steep than predicted by the
model (Figures 7 and 20). Similarly, the modeled
actuation rate of 0.4501in./s is larger than the experi-
mental result of 0.325in./s (Figures 11(d) and 21). The
discrepancies can be attributed to the approximate nature
of the systems-level approach employed in the model.
The model results and experimental measurements both
demonstrate the feasibility of the hybrid actuator
presented in this paper.
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