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A key element in developing high-performance smart material electrohydraulic actuators is the design of improved check
valves for high-frequency fluid rectification. One method to create valves with fast frequency response is to replace the
single-reed valves typically used in these systems with an array of miniature-reed valves. A robust miniature-reed design
is presented to overcome the fatigue and fabrication limitations observed in previous approaches. The fluid—structure
interaction between an individual valve and hydraulic fluid is modeled using the multiphysics software COMSOL; the
results are validated with experimental testing on an array of miniature reeds. The performance of this array in a smart
material actuator is compared with a larger, single-reed valve design. The miniature-reed array is shown to reliably rectify
flow in the high-pressure and high-frequency environment of a smart material pump.
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Introduction

Smart material electrohydraulic actuators use hydraulic
rectification to take advantage of the high-force and
fast-frequency response of smart materials such as
piezoelectrics and magnetostrictives; the small, high-
frequency pulses of fluid produced by a pump piston
are collected with one-way valves. A hydraulic cylinder
is integrated with the pump to form a compact, light-
weight actuator. Electrohydraulic actuators are
attractive as a potential replacement to conventional
hydraulic systems in aerospace, automotive, and
robotic applications where size and weight are of con-
cern (Alfayad et al., 2011; Anderson et al., 2003; Kim
and Wang, 2009). These actuators eliminate the need
for hydraulic lines, allowing for power-by-wire systems
with reduced weight and improved reliability.

The theoretical power output from a smart material
pump is directly proportional to the frequency of opera-
tion. Although piezoelectric and magnetostrictive mate-
rials are capable of pumping fluid at high-frequencies,
designing check valves to perform the fluid rectification
above 1 kHz has proven difficult. Early smart material
pumps used either commercially available ball-spring
valves or custom disc-spring valves, which limited the
pumping frequency for peak performance to below 100
Hz (Gerver et al., 1998; Oates and Lynch, 2001). Later
designs used valves consisting of a thin metal reed

covering an inlet hole (Chaudhuri and Wereley, 2010;
Rupinsky and Dapino, 2006; Sirohi and Chopra, 2003).
Using reed valves enabled the performance of smart
material electrohydraulic actuators to improve, but the
pumping frequency for peak performance has typically
been limited to a few hundred hertz.

Single reed-style valves have been the subject of
much study for improving the performance of smart
material electrohydraulic actuators. Chaudhuri et al.
(2009) considered the coupling between fluid flow and
valve displacement in a 2-D finite-element analysis of
reed valves. Walters (2008) presented flow resistance
calculations based on a 3-D computational fluid
dynamics model that considered a static reed geometry.

An approach to developing check valves with
increased rectification speed is to use an array of minia-
ture valves. Decreasing the size (mass) of each valve
while maintaining the stiffness improves the frequency
response, while using many valves in an array can
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Figure I. The smart material electrohydraulic actuator principle of operation consists of alternating compression and return
strokes of the smart material driver resulting in motion of the hydraulic cylinder.

maintain the flow rate of a larger, single-reed design.
Previous attempts to develop miniature valve arrays for
hydraulic actuators include silicon valves, nickel valves
on a silicon substrate, and all-nickel valves (Lee et al.,
2007; Li and Chen, 2005; Li et al., 2005). These valve
designs were manufactured using microelectromechani-
cal systems (MEMS) processes to selectively add and
remove material to fabricate the different valve layers.
The miniature valve array concept was proven to be
promising; a pump using the silicon and nickel-silicon
valves successfully generated a differential pressure at
frequencies above 10 kHz (Li et al., 2005; O’Neill and
Burchfield, 2007). However, the silicon valves were found
to quickly fail when tested at pump pressures, and the
nickel valves produced unacceptably high reverse flows
because of fabrication defects (O’Neill and Burchfield,
2007). Seong et al. (2008) used nitinol to design a minia-
ture valve array with large valve openings by taking
advantage of the high strains (up to 10%) available due
to the pseudoelastic effect. Testing was limited to static
flow conditions; fatigue-life considerations may limit the
available strains from nitinol for high-frequency pump
applications (Eggeler et al., 2004). Prior to this study, no
miniature valve array has been demonstrated to reliably
rectify flow in the high-pressure, high-frequency environ-
ment of smart pumps.

This article presents a design for a robust miniature-
reed valve array. Fatigue-life effects are considered in
the design to overcome the limitations of previously
published designs. The miniature-reed valve array is
characterized via both static and dynamic testing. For
comparison, a single-reed design is studied; this larger
design allows for the in situ tip displacement to be mea-
sured to characterize the dynamic response. A compu-
tational fluid dynamics model is used to analyze the
fluid—structure interaction between a miniature-reed
valve and hydraulic fluid; the model results are

validated with flow resistance and tip displacement
measurements. The miniature-reed valve array is shown
to successfully rectify flow while surviving the high-
pressure and high-frequency pumping conditions.

Actuator principle of operation

The principle of operation for a smart material electrohy-
draulic actuator is shown in Figure 1. An electrical or
magnetic input signal, typically sinusoidal, causes a smart
material rod to alternatively extend and contract. The
extension stroke compresses the hydraulic fluid, increasing
the pressure in the pumping chamber until the outlet
check valve opens to allow fluid to move into the output
hydraulic cylinder. During the return stroke, the driver
contracts to return the piston to its initial position. The
outlet check valve maintains the pressure on the high-pres-
sure side of the hydraulic cylinder by preventing backflow
while the pumping chamber expands. The pressure in the
pumping chamber continues to decrease until it drops
below the pressure on the low-pressure side of the hydrau-
lic cylinder. Then, the inlet check valve opens to draw
fluid into the pumping chamber to refill it for the next
compression stroke. The types of smart materials typically
used for these pumps are weak in tension, so an accumu-
lator on the low-pressure side of the hydraulic cylinder
maintains a bias pressure to keep the smart material driver
in compression during operation and to prevent cavita-
tion. The pumping sequence is repeated at high frequency,
producing useful work at the hydraulic cylinder from the
short fluid pulses created by the smart material.

Valve design

Miniature-reed valve array

The miniature-reed valve array was designed to fit
within an existing electrohydraulic actuator valve port
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Figure 2. The miniature-reed valve consists of four layers
stacked together. Two large holes are provided on each part for
alignment pins.
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Figure 3. Design stress in fully open miniature reed (25 pm
displacement) calculated using a COMSOL finite-element model.
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Figure 4. Design stress in the miniature-reed valve while
closed, supporting a 10-MPa (1500-psi) pressure.
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(Rupinsky and Dapino, 2006) to facilitate comparison
with designs based on larger single reeds. The valve
port size limited the overall diameter to 6.4 mm (0.25
in), which allowed for only 21 valves in the array. The
valve design consists of four layers: inlet, valve, spacer,
and outlet (Figure 2). The valve layer contains the valve
flaps, which cover holes in the inlet layer. The outlet
layer contains both the fluid flow path and stops to
limit the travel of the valves. The maximum distance
that the valves can open is determined by the thickness
of a spacer layer between the valve layer and the outlet

layer. Alignment holes are provided to keep the differ-
ent layers aligned with pins.

Due to the high-frequency operation of the pump,
the valves were designed for a high-cycle fatigue regime.
Stainless steel was chosen for the valve material due to
its corrosion resistance and well-known fatigue beha-
vior. Unlike materials used in previous miniature-reed
designs (such as silicon and nickel), the fatigue strength
for austenitic stainless steel is nearly constant above 10°
cycles (Bathias et al., 2001; Hamrock et al., 1999). This
allows for a valve design capable of surviving the high-
frequency cycles of pressure generated by the pump.

An allowable stress of 390 MPa (56 ksi) was calcu-
lated for the fully hardened stainless steel 301 used in
the design (Appendix 1). Two extreme cases were con-
sidered for analysis: full valve displacement and blocked
pump pressure. The displacement is limited by the
thickness of the spacer layer (25 wm), whereas the maxi-
mum blocked pressure of the pump was determined in
previous experiments to be approximately 10 MPa
(1500 psi). A finite-element model was developed using
COMSOL Multiphysics to analyze the stress in each of
these cases; the design dimensions were optimized to
reduce the stress to allowable levels. The maximum
stress was calculated to be 374 MPa for full opening
and 368 MPa for maximum pump pressure level
(Figures 3 and 4).

For successful performance of the pump at frequen-
cies over 1 kHz, the natural frequency of the valve must
be higher than this value. The first natural frequency of
the valve was calculated as 20.6 kHz in vacuum using
COMSOL (Figure 5). During operation, the hydraulic
fluid effectively adds mass to the valve, decreasing fre-
quency response. The decreased first natural frequency
in the fluid, ff,q, compared to the natural frequency in
vacuum, fyacuums, 1S

) -1/2
Juid . Madd) , (1)

=1
Svacoum ( M, P

where M, is the mass of the plate and M,qq is the added
mass (Blevins, 1979). The miniature valve geometry can
be approximated by a square plate to give
M,4q=0.455pl?, where p is the density of the fluid and /
is the length of one of the sides. Equation (1) predicts
that the miniature-reed design has a first natural fre-
quency of 14.7 kHz in hydraulic fluid (Mobil DTE 24).

Comparison to single reed

For comparison, a larger single-reed valve design was
tested. Rupinsky (2006) described the design process
for the single-reed valve in detail; this valve is made
from 0.127-mm-thick (0.005 in) stainless steel and is
approximately 7 mm long and 5 mm wide. The fre-
quency response of the valve was measured to verify
the design calculations for the effect of hydraulic fluid.
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Mode 2
36.2 kHz

Figure 5. First four mode shapes of the both analytically and experimentally in vacuum. The first mode shape corresponds to the
axial motion of the valve necessary for operation. The other modes are at significantly higher frequencies and are not expected to

affect valve performance.

Figure 6. Single-reed valve tested with strain gage affixed for
measuring the in situ tip displacement.

Additionally, the single-reed valves were used for com-
parison testing to the miniature-reed valve array in a
smart material actuator.

The expected decrease in natural frequency from the
added mass of the surrounding hydraulic fluid was cal-
culated using relation (1). The single-reed valves can be
approximated as a cantilever beam with the added mass
equal to the fluid mass contained within a swept cylin-
der of the valve width, that is, M,qq =0.25p7Iw?, where
[ and w are the length and width of the beam. The fre-
quency response of the single-reed valves was measured
by tracking the response to a step displacement. The
valves were clamped in a test holder and manually dis-
placed a small amount. This displacement was then
released; the valve oscillations returning back to the ini-
tial position were measured using both a noncontact
laser displacement sensor (Keyence LK-G 32) and a
strain gage (Figure 6).

The results of determining the first natural frequency
of the single-reed valve in fluid both analytically and
experimentally are summarized in Table 1. Adding the
strain gage was found to have a negligible effect on the
frequency measurement. The 3% difference in the mea-
sured natural frequency in air with and without the gage
installed can be attributed to a slight variation (less than
0.1 mm) in the clamped length of the valve between tests.
The damping ratio was calculated using the log decre-
ment of the response as 0.0036 for the reed in air and
0.076 for the reed in fluid. The results demonstrate that
the added-mass factor from equation (1) accounts for the
effect of the fluid on the reed valve’s dynamic response.
The miniature-reed valves, which are too small for testing
with conventional strain gages, are expected to exhibit
similar behavior.

Fabrication

As designed, the miniature-reed valves consist of 500-
pm square flaps with four spring arms. These flaps each
cover a 360-pm-diameter hole in the inlet valve layer.
The valve and spacer layers were laser cut from a 25-

Table |. Natural frequency of the reed shown in Figure 6, in air
and in hydraulic fluid, calculated as damped natural frequency and
measured (without and with the strain gage installed).

fi in air (Hz) fi in fluid (Hz)
Calculated 2155 1190
Reed only 2100 N/A
Strain gage installed 2160 1170
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Figure 7. The as-received condition of the miniature reeds had a large amount of oxidation remaining from the laser-cutting
process (left). A polishing step removed much of this oxidation (right).

pm-thick stock. The thicker inlet (700 wm) and outlet
(300 wm) layers were fabricated with micromachining
processes.

The laser-cutting process was found to leave a large
amount of oxidation on the valves. In initial tests on
the valves in the as-received condition, the oxidation
effectively reduced the spacing distance, which limited
the amount that the valves could open and decreased
the flow performance. Additionally, the layer of oxi-
dation interfered with the seal between the valve and
valve seat, causing significant leakage flow under
reverse pressure. Polishing removed much of the oxi-
dation to allow the valves to function as designed
(Figure 7).

The stiffness of the miniature-reed valves is calcu-
lated to be 8.55 N/mm using COMSOL’s 3-D finite-
element structural mechanics model (Figure 3). The
model geometry was adjusted according to measure-
ments of the reeds to account for fabrication tolerances
and material removal from polishing.

Finite-element analysis

To calculate the expected flow performance of the
miniature-reed valves, the multiphysics software
COMSOL was used. A fluid-structure interaction
model was developed based on the geometry of the reed
valves. The fluid pressure and the flow distribution
along with the resulting valve deformation were solved
simultaneously.

Figure 8 shows the geometry for modeling the flow
through one of the valves in the array. A 2-D axisym-
metric model was used to efficiently predict the flow
characteristics of the valve. The 2-D approximation of
the valve as a disc is appropriate because most of the
pressure drop in the valve takes place underneath the

Symmetry
Axis

Figure 8. Geometry used for finite-element modeling using
COMSOL.

valve seat; the small area of the inlet—valve interface of
0.028 mm? at maximum valve opening makes the losses
from the inlet (0.1 mm?) and outlet (0.4 mm?) areas
negligible. The stiffness of the valve was applied to the
valve disc as an additional load. A constant pressure
differential was applied between the inlet and outlet,
and a no-slip condition was applied to the walls. To
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Figure 9. Comparison of steady-state testing results to finite-
element model results.

Figure 10. Experimental setup for characterization of the
electrohydrostatic actuator.

keep the fluid domain continuous, an offset is needed
between the valve and valve seat in the initial geometry.
This offset was kept small to minimize its effect on the
solution. An Arbitrary Lagrangian—Eulerian (ALE)
finite-element formulation was used to deform the
mesh and track the motion of the valve with applied
pressure. The finite-element modeling results were vali-
dated based on static testing of the reed valve.

Experimental study

Steady-state testing

A steady-state flow test was conducted to determine
the flow resistance of the valve and validate the finite-
element model results. A valve holder was fabricated
for the test to match the geometry of the valve port in
the pump. A fluid reservoir supplied Mobil DTE 24
hydraulic fluid at a constant pressure, maintained by a

compressed nitrogen cylinder and regulator. The mass
flow rate of the fluid was measured with a precision
scale, and the pressure differential across the valve was
measured using two Sensotec 7351-02 pressure sensors.
Testing was conducted up to 900 kPa; the results are
compared with the COMSOL finite-element model pre-
dictions (Figure 9).

To test for the one-way flow control, a set of
tests was conducted with the direction of applied
pressure reversed. A small amount of leakage was
observed, measuring approximately 0.5 cm’/s over
the full range of pressures tested (0-1.4 MPa). The
leakage may be attributed to the valves not sealing
fully because of the oxidation remaining from the
laser-cutting process (Figure 7). Misalignment
between the valve flaps and inlet holes may be an
additional source of leakage.

Actuator testing

To assess the effect the valves have on overall perfor-
mance, both the miniature-reed valves and single-reed
valves were tested in the smart material actuator
(Figure 10). The actuator is driven by a 114-mm-long,
13-mm-diameter Terfenol-D rod with an 860 turn coil.
A constant sinusoidal current (3.5 A,,) was applied
over a range of frequencies; the resulting displacement
of the 13-mm bore, 6.4-mm rod hydraulic cylinder was
measured. A bias pressure of 2.6 MPa (375 psi) was
used for all tests, resulting in a preload of 10.3 MPa
(1.5 ksi) on the driver due to the area ratio between the
Terfenol-D rod and 25-mm-diameter pumping piston.

Figure 11 compares the unloaded velocity of the
smart material actuator with the two different valve
designs. The single-reed valve achieved a higher peak
velocity of 74 mm/s at 300 Hz, while the miniature
array achieved a peak velocity of 33 mm/s at 200 Hz.
The performance trends using the two types of valves
were similar, but the miniature-reed arrays restrict the
flow more than the single-reed valves, resulting in lower
velocity.

The blocked pressure, which is the amount of pres-
sure that the pump generates with the hydraulic cylin-
der fixed, depends less on the flow area than the
actuator velocity tests, since the pump can build up
pressure over many cycles (Oates and Lynch, 2001;
Rupinsky and Dapino, 2006). The blocked pressure
was measured up to 2 kHz for a constant 1.4-A,
applied sinusoidal current (Figure 12). The resulting
blocked pressure for the miniature reeds is approxi-
mately two-thirds of the single-reed result for a large
portion of the test. This decrease can be attributed to
the backflow noted in the miniature reeds during the
static tests. The difference is higher at low frequen-
cies, where there is more time for the pressure to bleed
off between pump cycles. It is emphasized that the
blocked pressure for both types of valves decreases



Larson and Dapino 811
80 800
o o
« 70 °6 o o ° ° 700 ¥
£ | : 2
= 60F o . - 2 600 . -
] . . ) x ¢
< 50f 5 . < 500 ’s« - -
. N 8 x
i . ‘0 % % Xy X X
é 40 & 400 : .
< RN - ot x x
5 30 . =N A TN == — < 300 : :
o 7/ g = . x
§ N bl a .' x
gap 7 2 2000 ;
z -0 - Single Reeds a : XXt
10 - —» — Miniature Reeds 100 ‘x\ ]
0 o N N N N N N N OE. N N N
0 100 200 300 400 500 600 700 800 0 500 1000 1500 2000

Frequency, Hz

Figure I 1. Unloaded test results for pump performance
comparing the miniature-reed array to the single-reed valves.
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Figure 12. Blocked pressure results from a low-current (1.4
A ms) sinusoidal frequency sweep of the pump input comparing
both types of valves.

rapidly at frequencies above 1000 Hz, indicating that
a common factor is attenuating the pressure at high
frequencies.

To isolate the effect of the pump manifold on the
test results, the blocked test procedure was repeated
without any valves installed. The amplitude of the pres-
sure variation was measured since a differential pres-
sure is not generated without the valves (Figure 13).
The results below 1000 Hz show a double-peaked
response, with peaks in the measured pressure response
corresponding to the peaks in the unloaded actuator
velocity tests (225 Hz and 650 Hz). Above 1000 Hz,
there is a sharp decrease in the measurement, which
matches the reduction in response in the tests with the
valves installed. This indicates that the manifold and
pump, rather than the valves, limit the bandwidth of
this actuator design.

Frequency, Hz

Figure 13. Magnitude of the blocked pressure response for
the system without valves installed for a constant sinusoidal
current (1.4 Aqms)-

Conclusion

A new design for miniature-reed valves, with each layer
machined separately using micromachining processes,
successfully rectifies fluid flow in a smart material elec-
trohydraulic actuator. This has not been shown in other
miniature-reed designs that have been proposed, which
failed when tested in a smart material pump or were
designed and tested using only static considerations.
The design was proven to be robust, effectively surviv-
ing operation at high-pressure and high-frequency
inside the pump. The pump data shown represents a
large number of actuation cycles (Figure 11 alone rep-
resents over 30,000 cycles), consistent with the fact that
the valves were designed using a stainless steel that
allows for an infinite-life approach. The measured flow
rates from the miniature-reed valves are lower than the
flow rates for the single-reed valves, but this is expected
because the miniature-reed array design utilizes the
existing valve ports at a penalty of greatly reduced
available flow area. The flow restriction of the valves
could be reduced simply by using a larger number of
valves in the array (Lee et al., 2007; Li and Chen, 2005;
Seong et al., 2008). The area of the pump piston is
approximately eight times the area of the inlet and out-
let reeds combined (507 mm? vs. 63 mm?), so a pump
designed specifically for a miniature-reed array could
utilize significantly more valves without increasing the
overall size of the system.

A fluid-structure interaction finite-element model
for valve flow resistance has been established, and the
results verified using steady-state measurements of flow
through the valve array. Dynamic testing of the single-
reed valve design confirmed the analytical design calcu-
lations for the added-mass effect of the hydraulic fluid
on the frequency response of reed valves. These design
tools can be used to optimize future valve designs. It
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was determined that the pump and manifold used for
testing limited the frequency response of the system.
Optimizing the manifold passage geometry to support
high-frequency fluid flow will be necessary to fully uti-
lize the miniature-reed valve design and improve the
performance of the smart actuator.
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Appendix |

Allowable stress calculation

The endurance limit for the stainless steel used in the min-
iature-reed valve design was calculated using the method
outlined by Hamrock et al. (1999). It was noted that the
maximum stress in the reed occurs in torsion of the arms
that extend from the reed flap, so the uncorrected endur-
ance limit, Sé, was calculated for torsion loading based
on the ultimate strength of the material, S,

S, =0.295,. (2)

The endurance limit, S,, is then modified using cor-
rection factors for surface finish, kr; size, k,; reliability,
k,; and temperature, k&,

S, = kekk k.S, (3)

The allowable stress is then equal to twice the alter-
nating stress, calculated from the modified Goodman
criterion using a mean stress equal to the alternating
stress (Keller, 2004)

o\ !
allow =20, =28, (1 + Se> . (4)

To calculate the allowable stress for the valve design,
an ultimate strength of 1280 MPa was assumed for
fully hardened 301 stainless steel. The surface finish
factor was set to kr =0.75 based on the expected surface



Larson and Dapino

813

roughness from discussion with the supplier. The relia-
bility factor was set to &, =0.82 based on 99% reliabil-
ity. The size and temperature factors were set to 1
because the valves are small, and testing was conducted
at room temperature. This resulted in an allowable
stress of 390 MPa for the design of the miniature

valves. The allowable stress value is conservative since
the material actually used for fabrication was certified
to have a higher ultimate strength than used for design,
S,=1386 MPa (fully hardened 304 stainless steel from
Trinity Brand Industries).
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