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ABSTRACT

This paper presents two approaches to developing improved check valves for high frequency fluid rectification in
a smart material electro-hydraulic actuator: a single reed-type design and an array of miniaturized valves. The
multiphysics software COMSOL was used to study the 3-D fluid-structure interaction between the valve and
hydraulic fluid during pump operation, and the results were validated utilizing an instrumented valve to measure
in-situ tip displacement. The added mass effect of the fluid on the valve was experimentally characterized.
To improve the frequency response of the valves, an array of miniature reed valves were designed for the high
frequency and high pressure environment in the pump. A fabrication method was developed for the miniaturized
valves utilizing micromachining processes. The performance of the two types of valves was compared through
static and dynamic experiments.
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1. INTRODUCTION

Smart material electro-hydraulic actuators take advantage of the high force and fast frequency response of
smart materials such as piezoelectrics and magnetostrictives. Hydraulic rectification is used to create large
displacements from the relatively small, high-frequency displacements of a smart material pump. The rectification
of fluid pulses is done with check valves. Electro-hydrostatic actuators are attractive as a potential replacement
to hydraulic pistons in aerospace and automotive applications where size and weight are of concern.

Designing check valves to perform the fluid rectification at frequencies above 1 kHz has proven difficult. An
array of miniature valves can increase the frequency response of check valves by decreasing the size and mass of
each valve while maintaining the overall valve stiffness and flow rate. Previous attempts to develop miniature
valve arrays for hydraulic actuators include silicon valves developed by Lee et al.1 and nickel valves made by Li
and Chen.2 Both of these valve designs were manufactured using chemical etching processes and photolithography
to selectively remove material from the substrate to make the different valve layers. As reported by O’Neill and
Burchfield,3 the silicon valves failed when tested at pump pressures and the nickel valves produced unacceptably
high back flows because of fabrication defects (residual material from the fabrication process). Seong et al.4

also used Nitinol to design a valve array taking advantage of the high strains (up to 10%) available due to the
pseudoelastic effect. However, testing was limited to static flow conditions; fatigue life considerations may limit
the available strains for high frequency pump applications.5

Larger one-way valves consisting of a single thin metal reed covering an inlet hole have been studied for smart
material electro-hydraulic style pumps. Chaudhuri et al.6 considered the coupling between fluid flow and valve
displacement in a 2-D finite element analysis of reed valves. Walters7 presented flow resistance calculations based
on 3-D CFD model which considers a static reed geometry.

This paper studies both types of valves. A detailed 3-D CFD model is used to analyze the flow though
a single-reed valve, and these results are validated with testing on larger, conventional reeds. A design for a
miniaturized reed valve array is presented along with static and dynamic testing results.
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Figure 1. Electro-hydraulic actuator principle of operation, showing the flow of fluid corresponding to the compression (a)
and return (b) strokes of the smart material driver.

2. PUMP PRINCIPLE OF OPERATION

The principle of operation for a smart material electro-hydraulic actuator is shown in Fig. 1. The pump is driven
by a smart material rod, which could be either piezoelectric or magnetostrictive. A signal, typically sinusoidal,
is applied to the smart material driver, causing the rod to alternatively extend and contract. The extension part
of the stroke compresses hydraulic fluid in the pump chamber. Check valves direct the fluid flow causing fluid
at high pressure to flow into a hydraulic cylinder, causing it to move. As the piston retracts for the second half
of the stroke, the outlet check valve closes, holding the high-side hydraulic cylinder pressure. The inlet check
valve then opens to draw in fluid from the low-pressure side of the hydraulic cylinder into the pumping chamber
to refill it for the next compression stroke. An accumulator on the low pressure side of the hydraulic cylinder
maintains a bias pressure to keep the smart material driver in compression and prevent cavitation.

With appropriate valving, the concept could be used for bi-directional operation of the hydraulic cylinder.
However, for simplicity the tested pump was configured to actuate in one direction. A manual return valve was
used to reset the cylinder between runs.

3. CFD ANALYSIS

The multiphysics software COMSOL was used to study the 3-D fluid-structure interaction between the valve
and hydraulic fluid during pump operation. The single-reed valve and pump valve port geometry was chosen
for analysis to facilitate validation experiments. Figure 2 shows the 3-D geometry of the reed valves and fluid
passage used for finite element analysis. The deformation of the valve due to fluid pressure and the flow around
the deformed valve geometry were solved simultaneously.

Figure 2 shows the geometry for modeling the reed valve flow. A constant pressure differential was applied
between the inlet and outlet, and the resulting flow rate and valve displacement were calculated. A fixed boundary
condition was applied at the base of the valve, and a no-slip condition was applied to the walls.

To 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. Several levels of mesh refinement were used to improve the correlation of the model results with
experimental data. An issue that arises as the size of the mesh elements decreases is that with the initial model,
the mesh deformation in the fluid region is confined to only the elements nearest the valve. To improve the
quality of the mesh, several prescribed displacement surfaces were added between the valve and the valve seat
to evenly distribute the deformation (Fig. 3).
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Figure 2. 3-D geometry used for COMSOL Multiphysics modeling of the conventional reed valve.

Figure 3. Two-dimensional representation of the reed valve solution geometry demonstrating improvement in element
quality using a prescribed mesh displacement. (Deformations are exaggerated for illustration.)

4. VALVE DESIGN

An array of 21 miniature reed valves was developed for testing within an existing electro-hydrostatic actuator
(Fig. 4). Stainless steel was chosen as the valve material due to its corrosion resistance and well-known fatigue
behavior. The valve design consists of four layers: inlet, valve, spacer, and outlet. 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 could open is determined by the thickness
of a spacer layer between the valve layer and the outlet layer. The overall size of the valve array was limited to
a diameter of 6.4 mm (0.25 in) by the valve port in the pump.

Design for infinite fatigue life was considered for the high-frequency, high-pressure environment in the pump.
An allowable stress of 390 MPa (56 ksi) was calculated for the 301 fully hardened stainless steel used in the
design.8,9 Two extreme cases were considered for the analysis: full valve displacement and blocked pump
pressure. The displacement is limited by the designed thickness of the spacer layer (25 μm), and the maximum
blocked pressure capability of the pump was determined in previous experiments to be approximately 10 MPa
(1500 psi). ANSYS was used to analyze the stress in each of these cases and the design was iterated to reduce
the stress below allowable levels. The maximum stress was calculated to be 360 MPa for the fully open valve
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Figure 4. Design of the miniature reed valve array layers: outlet layer, spacer layer, valve layer, and inlet layer (left to
right). Two large holes are provided on each part for alignment pins.

Figure 5. Stress distribution calculated with ANSYS of the miniature reed at maximum valve opening of 25 µm (left) and
at zero opening with maximum pump blocked pressure of 10 MPa (right).

and 280 MPa for the maximum pump pressure level (Fig. 5).

As designed, the reed valves consist of 500 μm square flaps with four spring arms (Fig. 6). These flaps each
cover a 360 μm diameter hole in the inlet valve layer, which is 700 μm thick. The maximum stress on the inlet
layer with a 10 MPa blocked pressure was calculated to be 300 MPa, within acceptable levels. The outlet layer
is 300 μm thick.

For adequate operation in the EHA pump at frequencies over 1 kHz, it is desired for the valve natural
frequency to be well above this value. The first natural frequency of the valve design was calculated as 20.7
kHz using ANSYS. The design of the four valve layers is shown in Fig. 4; alignment holes are provided to keep
the different layers aligned with pins. The valve and spacer layers were laser cut from 25 μm thick stock. The
thicker inlet and outlet layers were fabricated with micromachining processes.

The performance of the miniature valve array was compared to the existing single reed valves.10 These valves
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Figure 6. Close up of a single miniature reed valve.

Figure 7. Miniature reed valve array (left) and conven-
tional reed valve (right).

are made from 0.127 mm (0.005”) thick stainless steel (Fig. 7). To calculate the frequency response of the
single-reed valves, the curved geometry of the valve was approximated by a 7 mm x 5 mm rectangular plate.11

The effect of the added mass of the hydraulic fluid was calculated as described in the appendix.

The relationship between volumetric flow Q and pressure differential ΔP for both sets of valves can be
described by the general form of the orifice flow equations

ΔP =
ρ

2

1

(CdA0)
nQ

n, (1)

where A0 is the flow area, Cd and n are flow coefficients.12 For a sharp-edged orifice, these coefficients are
typically assumed to be Cd = 0.61 and n = 2, but they may need to be experimentally determined for the
complex geometries in the valves. The flow can also be described as a hydraulic resistance R = ΔP

Q , which is a
function of the valve displacement.

5. EXPERIMENTAL METHODS

The valves were tested statically to determine their flow resistance characteristics, and their performance in the
smart material actuator was established. To create conditions matching the CFD results, a valve holder was
created to match the inlet and outlet channels and the valve port geometry of 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 scale and the pressure differential across the valve
was measured using two Sensotec 7351-02 pressure sensors. These tests were conducted on both the miniature
valve array and the single-reed valves over a range of pressures. The inlet and outlet layers of the miniature
valve array were tested separately to measure their effects on the flow as well.

An additional test measurement of the valve displacement was taken for the single-reed valves. These valves
were large enough that a strain gage could be affixed to the valve base. The amount of strain was measured
during the flow tests, and this was correlated to the valve displacement with a separate experiment comparing
the strain to displacements measured with a laser displacement sensor.

To better assess the dynamic response of the single-reed valves, these valves were tested to determine their
frequency response characteristics. The valves were clamped in a test holder, and then manually displaced a small
amount. This displacement was then released, and the valve oscillations returning back to zero displacement were
measured using both a non-contact laser displacement sensor and a strain gage. The damped natural frequency
of oscillation was measured and the damping ratio was calculated from the log decrement. Comparison of the
test results before and after adding the strain gage to the valve demonstrates that the strain gage had a negligible
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effect on the valve response. The valve was then tested submerged in hydraulic fluid to determine the added
mass and damping of the fluid. Strain measurements were used to determine the damped natural frequency and
damping. The results were compared to analytic predictions of the valve response.

Each set of valves was then tested in the pump to determine their effect on overall pump performance. A
constant sinusoidal current of 3.5 Arms was applied at each frequency for all tests. A bias pressure of 2.6 MPa
(375 psi) was used for testing, resulting in a pre-load of 10.3 MPa (1.5 ksi) on the Terfenol-D driver. Further
testing on the pump included a blocked pressure sweep. A lower sinusoidal current of 1.4 Arms was applied over
a broader frequency range and the blocked pressure generated by the pump was measured at each frequency. For
comparison, the same test was also conducted without valves installed, measuring the amplitude of the pressure
wave generated.

6. RESULTS AND DISCUSSION

Using the COMSOL fluid-structure interaction model, the flow resistance of the single-reed valve was calculated
as a function of tip displacement (Fig. 8). The results demonstrate a fairly good correlation with experimental
data from static testing on the instrumented valve. The use of two prescribed mesh displacement surfaces
improved the results by distributing the mesh deformation to track the valve motion evenly across the mesh
elements.

Dynamic test results for the single-reed valve are summarized in Table 1. The effect of adding the strain
gage to the valve was found to be small; there is only a 3% variation in the measured natural frequency in air.
This difference could be attributed to a slight variation (less than 0.1 mm) in the clamped length of the valve
between tests. The results demonstrate that the added mass factor from (3) accounts for the effect of the fluid
on the reed valve dynamic response. The damping ratio was calculated using the log decrement of the response
as 0.0036 for the reed in air and 0.076 for the reed in fluid.

Figure 9 shows the results of static testing on the miniature valve array. The valves were tested for both
forward and reverse (leakage) flow. A small amount of back flow (approximately 0.5 cm3/s) was measured over
the full range of pressures tested (0 - 1.4 MPa). This back flow is likely a result of oxidation remaining from the
laser cutting process. A polishing step was used to remove much of the oxidation but not all, which may have
lowered the sealing ability of the valves (Fig. 10).
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Figure 8. Reed valve flow resistance compared to tip displacement comparing experimental results with COMSOL cal-
culations. The default “fine” mesh is compared with a higher mesh resolution, with and without the prescribed mesh
displacement surfaces.
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Table 1. Results of reed natural frequency testing comparing the analytical calculations of the damped natural frequency
of the reeds in air and hydraulic fluid with measured values.

f1 (Air) f1 (Fluid)
Calculated 2155 1190

Laser Sensor Only 2100 N/A
Strain Gage & Laser 2160 1170

0 200 400 600 800 1000 1200 1400
0

2

4

6

8

10

12

Pressure Differential, kPa

F
lo

w
 R

at
e,

 c
m

3 /s

 

 
Forward Flow
Backflow

Figure 9. Measured flow rate vs. differential input pressure measured for the miniature reed array. The pressure was
applied in the forward (valve opening) and reverse (valve leakage) directions.

Figure 11 compares the static test results from the miniature reed valve array to the single-reed valve. The
miniature reed valve array exhibits a significantly higher resistance to flow than the single-reeds with an applied
pressure of 1200 kPa required to achieve 12 cm3/s flow compared to 47 kPa for the single-reed. This increase
in flow resistance was expected because the miniature reed valve array design was constrained to fit within the
existing valve port used by the single-reed valve, limiting the available flow area.

The miniature reed valve design successfully rectified flow and withstood high pressure pump operation
(Fig. 12). A peak unloaded velocity of 33 mm/s was measured at a pumping frequency of 200 Hz. The perfor-
mance leveled off at higher frequencies with 29 mm/s measured at 650 Hz. This velocity was lower than the peak
velocity of 74 mm/s achieved at 300 Hz using single-reed valves, as expected due to the higher flow resistance of
the miniature reed array.

The blocked pressure, which is the amount of pressure that the pump generates with the actuator fixed,
depends less on the flow area since the pump can build up pressure over many cycles. To compare the two
types of valves, this pressure was measured up to 1300 Hz for a constant sinusoidal current applied (Fig. 13).
The resulting blocked pressure for the miniature reeds is approximately two-thirds of the single-reed result for
a large portion of the test. This decrease can attributed to the back flow noted in the miniature reeds during
the static tests. The results are worse at low frequencies, 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 rapidly at
frequencies above 1000 Hz, indicating that a common factor may be attenuating the pressure at high frequencies.
To isolate the effect of the pump and manifold from the valves, the same frequency sweep was performed without
the valves installed, measuring the magnitude of the pressure output instead of the blocked pressure. There is
one peak at 1825 Hz, which can be attributed to the transducer resonance.13 The results below 1000 Hz show
a double-peaked response, at frequencies similar to the peaks in the unloaded actuator velocity tests. After the
second peak, there is a sharp decrease in the measurement which matches the reduction in response of the valves
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Figure 10. 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 but a some amount remained (right).
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Figure 11. Comparison of static tests results measuring the flow rate vs. the applied pressure differential for the miniature
reed valve array (left) and the single-reed valve (right). Model results using (1), and assuming Cd = 0.61 and n = 2 for
the miniature reeds and Cd = 0.21 and n = 1.35 for the single-reed are shown in red.

from the blocked pressure test. This indicates that the manifold and pump, rather than the valves, may have
been limiting the overall actuator bandwidth.

7. CONCLUSIONS

This paper demonstrated that the novel design for miniature reed valves, with each layer machined separately
using micromachining processes, successfully rectified fluid flow. The design was proven to be robust, successfully
surviving the high-pressure and high frequency operation of the pump. 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 mini-reed array design utilizes the existing valve ports at a penalty of greatly reduced available flow area.
Experimental results show that the flow resistance measured from the miniature reed array correlates well with
expected results based on the valve design geometry. To improve pump performance with the mini-reeds, the
flow could be enhanced by redesigning the pump head with room for a larger valve array. Further testing
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Figure 12. Unloaded test results for pump performance comparing the miniature reed array to the single-reed valves.
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Figure 13. Blocked pressure results from a low current (1.4 Arms) sinusoidal frequency sweep of the pump input comparing
both types of valves (left). The same test was preformed with no valves installed, measuring the magnitude of the pressure
wave generated (right).

demonstrated that the frequency bandwidth of the valve response may have been limited by the manifold and
pump used for testing.

A 3-D fluid-structure interaction finite element model of a single-reed valve has been established and the
results verified using in-situ measurements of the reed displacement. This model will now be used as a tool to
evaluate future valve designs to enhance electro-hydrostatic actuator performance. The dynamic behavior of the
single-reed valves was characterized, and compared to analytic predictions. The displacement dependent flow
resistance and reed valve dynamic response were then represented with simplified equations which can be used
to improve overall system models to better understand and improve actuator performance.
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APPENDIX A. ADDED MASS OF VIBRATING PLATE

The effect on the first natural frequency of submerging a vibrating plate in fluid can be calculated by adding an
added mass term, Ap, equal to the mass of fluid enclosed by rotating the plate about its longer axis; hence,

Ap = ρlw2, (2)

where ρ is the density of the fluid, l and w are the length and width of the plate.11 The decreased first natural
frequency in the fluid, ffluid, compared to the natural frequency in vacuum, fvacuum, is then

ffluid
fvacuum

=

(
1 +

Ap

Mp

)−1/2

, (3)

where Mp is the mass of the plate.
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