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ABSTRACT

A new membrane actuator based on our previous diaphragm actuator was designed and constructed to improve the
dynamic performance.  The finite element analysis was used to estimate the frequency response of the composite
membrane which will be driven close to its resonance to obtain a large stroke.  The membrane is made of ferromagnetic
shape memory alloy (FSMA) composite including a ferromagnetic soft iron pad and a superelastic grade of NiTi shape
memory alloy (SMA).  The actuation mechanism for the FSMA composite membrane of the actuator is the hybrid
mechanism that we proposed previously.  This membrane actuator is designed for a new synthetic jet actuator package
that will be used for active flow control technology on airplane wings.  Based on the FEM results, the new membrane
actuator system was assembled and its static and dynamic performance was experimentally evaluated including the
dynamic magnetic response of the hybrid magnet.

Keywords: shape memory alloy, active flow control, ferromagnetic, synthetic jet, superelasticity, martensitic
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1. INTRODUCTION

The synthetic jet actuator is to help aircraft improve aerodynamic performance and stabilize flights at low Mach number
by injecting high momentum air into the airflow on aircraft wings [1-8].  The active flow control can be achieved by
injecting synthetic jets with high momentum air into the flow at the appropriate locations on aircraft wings.  For
example, the Boeing company has applied active flow control technology to rotorcraft, V22, focusing on alleviating
rotor download on tiltrotor aircraft, for increasing the V22 mission capability on both payload and range [7,8].
Currently, most of the synthetic jet actuators have been constructed based on piezoelectric materials as actuator materials
to produce synthetic jet flow [5-8].  However, piezoelectric materials may not produce large force to induce strong jet
flow.  Therefore, we are seeking another design approach of a synthetic jet actuator with a vibrating surface based on
ferromagnetic shape memory alloy composite and the hybrid mechanism.

Ferromagnetic shape memory alloys (FSMA) have been studied for possible applications of fast responsive and high
power, yet light weight actuators controlled by magnetic field [9-11].  However, it is disadvantageous to use uniform
(constant) magnetic field alone to drive FSMAs because it has been found to produce small force [12-14].  Therefore, we
proposed the hybrid mechanism that is adopted [14-16] in the present study of membrane actuators for the application to
the synthetic jet actuator. The hybrid mechanism is based on the stress-induced martensitic phase transformation
produced by applied magnetic field gradient, thus enhancing the displacement, as the stiffness of shape memory alloy
reduces due to the martensitic phase transformation.  We have designed the diaphragm actuator based on the composite
material made of superelastic grade of NiTi shape memory alloy and ferromagnetic soft iron as a composite diaphragm
driven by a hybrid magnet system [17,18].  The diaphragm actuator has been fabricated based on the hybrid mechanism
[18].  It was designed by both mechanical and ferromagnetic finite element analyses, followed by the assembly of the
actuator with one-side FSMA composite diaphragm (0.4 in thickness and 100mm in diameter).  The quasi-static
performance of the diaphragm actuator was measured experimentally about 3mm stroke with 3 Amp input current.
However the performance under dynamic loading was only 6Hz with 1.5mm peak to peak stroke on the composite
diaphragm.  This test was done under the AC signal which will waste half of the input power because due to the
character of the hybrid magnet system.  To increase the frequency response and conserve energy for the applications of

Smart Structures and Materials 2004: Smart Structures and Integrated Systems,
edited by Alison B. Flatau, Proc. of SPIE Vol. 5390 (SPIE, Bellingham, WA, 2004)

0277-786X/04/$15 · doi: 10.1117/12.540100

268



synthetic jet, it is necessary to optimize the membrane actuator design for dynamic loading including the mechanical
performance of the composite diaphragm and the driving units.  This paper will present the proposed synthetic jet
actuator package, dynamic finite element analysis of the new FSMA composite diaphragm as well as experimental
results of static and dynamic testing of the membrane actuator.  The goal of the membrane actuator is to produce
reasonable stroke with higher frequency, hence, can be applied to active flow control technology.

2. SYNTHETIC JET ACTUATOR PACKAGE

The membrane actuators mainly consist of hybrid magnet systems and FSMA composite diaphragms [18] as shown in
Fig. 1(a).  The hybrid magnet includes yoke, magnet coil and permanent magnet, which can drive two composite
diaphragm on both sides.  It has been shown that the hybrid magnet system is more efficient and produces much larger
force than a traditional solenoid magnet [17,18].  The FSMA composite diaphragm is composed of a superelastic grade
NiTi SMA thin plate and a ferromagnetic soft iron pad.  Therefore, the synthetic jet actuator package can be built
including several membrane actuators with multiple chambers as shown in Fig. 1(b).  This FSMA composite diaphragm
will be driven by the hybrid magnet system based on the hybrid mechanism; the stress-induced martensitic phase
transformation produced by applied magnetic field gradient, thus enhancing the displacement, as the stiffness of shape
memory alloy reduces due to the martensitic phase transformation.  The hybrid magnet will create a very high gradient
of magnetic field and induce a large force on the soft iron pad.  Therefore, the diaphragm will vibrate and create a jet
flow, as shown in Fig. 1(b).  To increase the stroke of the composite diaphragm, it will be designed to oscillate close to
its resonance frequency.  The closer to the resonance frequency, the larger stroke of the vibration which can create larger
volume change in each membrane chamber and induce higher momentum of the jet flow.  However, the larger stroke
will also induce larger stress on the diaphragm.  The merit of using superelastic NiTi plate as the diaphragm is because it
can sustain high stress level without permanent deformation as well as we can obtain larger stroke when the stress level
on the diaphragm is over the pseudo-yield stress of the superelasticity.  In the future, the synthetic jet actuator package
will be mounted into the envelope of the wind box (Fig. 1(c)) for the wind tunnel testing.  The jet flow will be controlled
by the orifices on the wing surface to increase the cruse lift and the angle of attack.

3. DYNAMIC ANALYSIS of COMPOSITE DIAPHRAGM

The estimation of the dynamic analysis of the composite diaphragm is based on the finite element analysis.  Figure 2 (a)
and (b) shows the dimensions of the composite diaphragm used for the membrane actuator and the quarter diaphragm as
the FEM model, respectively.  Because of the limitation of the FEM program which can not perform the frequency
response calculation with non-linear stress-strain relationship of superelasitcity, this estimation is only valid before the
stress-induced martensitic transformation (at 380 MPa) on the NiTi plate.  The Young’s modulus of 70GPa, poisson
ratio of 0.33 and density of 6500 Kg/m3 are used as the input data for the NiTi plate.  The Young’s modulus of 210GPa,

jet flow

hybrid magnet Composite
diaphragm

NiTi (SE grade)
plate

Hybrid Magnet
System

Soft Iron Pad

(a) (b)

(c)

Figure 1 (a) the membrane actuator, (b) the cross section view
of synthetic jet actuator package, (c) the wind box
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poisson ratio of 0.33 and density of 7850 Kg/m3 are used for the soft iron pad.  The boundary condition at the gripping
potion is assumed without slipping and rotation.  Figure 3 (a) shows the resonance frequency as a function of NiTi plate
thickness where the composite diaphragm has the same dimensions as Fig. 2(a) except the plate thickness.  It clearly
shows that the thicker the plate, the higher the resonance frequency becomes.  The thickness of the soft iron pad also can
change the resonance frequency of the composite diaphragm.  Figure 3(b) shows that use of the thicker soft iron pad,
results in lowering the resonance frequency of the composite diaphragm.  Since the designated frequency of driving the
diaphragm is around 100 Hz, the plate thickness of 0.3mm and the pad thickness of 5mm are used.  This means that we
would like to drive the composite diaphragm close to the resonance frequency of 151Hz to obtain a larger stroke on the
diaphragm.

Figure 2 (a) the dimensions of the composite diaphragm, (b) the quarter composite diaphragm as the FEM model.

Figure 3 (a) the NiTi plate thickness and (b) the soft iron pad thickness estimated by FEM as a function of resonance frequency

The estimated frequency response of the FSMA composite diaphragm with the configuration in Fig.2(a) has been done
by FEM.  The results of the stroke on the center of the diaphragm as a function of frequency are shown in Fig. 4(a).  The
stroke will significantly increase as the frequency close to 150 Hz where the resonance frequency of the diaphragm is
around 151Hz.  As we mentioned previously, the finite element analysis is limited by its input data.  It can not carry the
analysis with a non-linear stress-strain curve of the material such as the superelastic NiTi SMA.  Therefore, this analysis
result only gives us a designing guidance of the composite diaphragm frequency we can drive.  However, the analysis
results are still valid before the stress-induced martensitic transformation.  Figure 4(b) shows the stress level on several
locations of the diaphragm as a function of frequency.  The highest stress level occurs on both locations of gripping
potion and the interface between the NiTi plate and the soft iron pad as shown in Fig.2 (b).  The arrow indicates the
onset of the stress induced martensitic transformation where the calculation is still valid.  It is about 380 MPa when the
frequency is 145 Hz and the stroke of the diaphragm is about 4mm (about 8mm peak to peak stroke).  This also means
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that when the stress-induced martensitic transformation occurs, more stroke we can obtain from the composite
diaphragm because the stiffness of the NiTi plate decreases due to the transformation.  Further, the synthetic jet flow
velocity can be estimated by the mass rate conservation:

LW

fV
v

×
×∇= (1)

where v is the jet velocity,  f is the vibrating frequency of the diaphragm and  W is the width and L is the length of flow
entrance/exit slot.  The deformation of the diaphragm is like a corn shape as shown in Fig. 7 where r1 and r2 are the
radius of NiTi plate and soft iron pad, respectively and h is the stroke of the diaphragm.  For the current membrane
actuator design (r1 = 32 mm, r2 = 16.5 mm, h = 4 mm, f = 145 Hz), if the slot has W = 1 mm, L = 40 mm, the jet
velocity is estimated about 30 m/s.

Figure 4 Finite element results of frequency response of the composite diaphragm (a) stroke and (b) stress level as the function of
frequency

4. PERFORMANCE OF THE ACTUATOR SYSTEM

4.1 Testing system and components of the actuator
The testing system includes two function generators, a power supply, an amplifier and a laser displacement measurement
system.  The amplifier can provide two square wave signals for 2 hybrid magnet systems.  The magnitude of the square
wave signal is between 0 and 20V.  This can save more energy because the hybrid magnet can only operate for one
direction of the electrical current flow.  Function generators control the frequency of signals and their signal phases are
adjustable between these two function generators.  The laser displacement measurement system can control the position
of the laser device along the diameter of the diaphragm so the profile of the diaphragm is detected.  This information can
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help us to calculate how much volume changes during the deformation of the FSMA composite diaphragm.  Both quasi-
static and dynamic tests of the membrane actuator system will be performed.

The final assembly of the membrane actuator system is shown in Fig. 6(a).  The composite diaphragm will be placed at
the center between two hybrid magnets (Fig. 6(b)) where each hybrid magnet can drive 2 diaphragm for the future
synthetic jet actuator package as shown in Fig. 1(b).  The FSMA composite diaphragm has been made of a superelastic
NiTi plate and a soft iron pad as shown in Figure 2(a).  The NiTi plate is about 0.33mm in thickness and 64mm in
diameter.  The soft iron pad is about 33mm in outer diameter, 3mm in inner diameter and 6mm in thickness.  The
connection between the NiTi plate and the soft iron pad is established by several screws with reinforcement of an
aluminum ring on the opposite side of the plate.  A driving unit, the hybrid magnet system, was assembled and each is
about 50mm in height and 72mm in diameter.  Both pad and yoke are made of low carbon steel.

Figure 6 (a) the membrane actuator and (b) its cross section view

Figure 7  Profile of the deformed composite diaphragm under a quasi-static loading

4.2 Performance of the actuator
The quasi-static test of the membrane actuator is performed with one hybrid magnet and a maximum input current about
3 Amp for the system.  The profile across the diameter of the FSMA composite diaphragm was then detected by the laser
measurement system as shown in Fig. 7, where the black and gray filled symbols represent cases of with and without
input current, respectively.  This test result indicates that the hybrid magnet system with 3 Amp is powerful enough to
deform the FSMA composite diaphragm.  The composite diaphragm has a 2mm displacement when the hybrid magnet
system is active.  When the power is off, the FSMA composite diaphragm will spring back due to the superelastic
property of the NiTi shape memory alloy plate.  If a larger current input is available, larger force can be induced by the
hybrid magnet system and more deformation of the composite diaphragm will occur.
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The dynamic performance on the diaphragm actuator was tested as well.  Due to the structure of the membrane actuator,
the stroke of the composite diaphragm can not be detected by the laser measurement.  Nevertheless, the stroke still can
be detected by a CCD camera.  Two square wave signals of 20V are generated from the function generators and the
amplifier.  When the signal frequency is 20Hz, 4mm peak to peak stroke of the composite diaphragm is detected.
However, the composite diaphragm inclined to one side of the hybrid magnet and the stroke did not increase when we
increase both the signal frequency and the voltage.  This is due to a large amount of eddy currents induced in the yoke of
the hybrid magnet system which will cause energy loss and reduce the actuator efficiency.  The further examination of
eddy currents will be discussed in the next section.

Figure 8 (a) frequency response of the magnetic field produced by coil, coil with center yoke and hybrid magnet (b) the magnetic field
produced by the hybrid magnet is measured at 80 Hz

5. DISCUSSION

The dynamic performance of the membrane actuator improved from our previous diaphragm actuator [18].  A 4mm peak
to peak stroke of the membrane actuator was obtained with input signal of 20V and 20 Hz.  However, the stroke
decreases when the frequency increases as well as the input voltage increases.  This is due to the occurrence of eddy
currents which is evidenced by the center yoke of the hybrid magnet getting hot after several dynamic testing.  The
produced magnetic field from a coil, a coil with a center yoke and the hybrid magnet were measured by a teslameter as a
function of frequency.  The results are shown in Fig. 8(a).  The magnetic field magnitude on the vertical axis is the peak
to peak value of the measured magnetic field.  The results indicate that the magnetic field slightly drop in the coil when
the frequency is over 20 Hz while the magnetic fields of center yoke and the hybrid magnet decline significantly.  When
the frequency is 80Hz, the magnetic fields are almost the same for three cases.  This means the eddy-current effect is too
large to let the magnetic flux flowing through the yoke.  Figure 8(b) further shows the measurement on the hybrid
magnet at 80Hz near the location of the permanent magnet.  The magnetic field is not reset to zero when the signal is
zero.  This means the force will always generate on the composite diaphragm and the diaphragm will not spring back to
the neutral position.  This is why the diaphragm inclined to one of the hybrid magnets as described in section 4.2. Figure
8(a) also implies that the turns of the coil should be reduced to increase its efficiency because the magnetic field
produced by the coil slightly decreases when the signal frequency is 80 Hz.

To increase the efficient of the hybrid magnet for higher frequency, the eddy currents can be reduced by using laminated
yoke in a plane perpendicular to the direction of the eddy currents and small-distributed coils.  A simple setup of a
hybrid magnet has been made as shown in Fig. 9(a).  The yoke and the armature are laminated.  There are 5 coils,
electrically connected in parallel but magnetically connected in series along the yoke.  The hollow black circle is the
point of measuring magnetic field.  The input voltage (Peak to Peak) is about 34V.  Fig. 9(b) shows the experimental
results of the magnetic field magnitude as a function of frequency.  It shows the system has a great improvement on the
frequency response even up to 140 Hz.  The magnitude of magnetic field at low frequency in Fig. 9(b) is smaller than the
magnitude in Fig. 8(a) because the hybrid magnet as shown in Fig. 9(a) is not optimized yet.  However at higher
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frequency over 40 Hz, the hybrid magnet system with small-distributed coils and laminated yoke has better frequency
response and has larger magnetic field.  This means that the hybrid magnet can be improved for the usage of higher
frequency and the stroke of the membrane actuator can be increased, therefore, induce higher momentum of synthetic jet
flow.

Figure 9 (a) The setup of hybrid magnet with small-distributed coils and laminated yoke, (b) the magnetic field response at the hollow
black circle in (a).

6. CONCLUSION

A new membrane actuator system was built based on the hybrid mechanism to improved the previous version of the
diaphragm actuator made of ferromagnetic shape memory alloy (FSMA) composite, i.e. NiTi/soft iron.  The quasi-static
performance of the actuator was measured experimentally about 2mm stroke.  Its dynamic performance improved with a
4 mm peak to peak stroke under 20 Hz loading.  Because of eddy current effect, the efficiency of the hybrid magnet
decreases and the stroke of the membrane actuator become small.  However, we also showed that the hybrid magnet
system can be further improved by laminating the yoke and using distributed small coils.  We are currently working on
the revised design of the driving unit based on laminated yoke for a new SJA package, with which the magnetic
performance of the driving unit is expected to increase toward higher frequencies, hence, the stroke of the actuator
increases for higher signal frequency and voltage.  It is expected that a new synthetic jet actuator can be designed based
on the membrane actuator composed of FSMA composite and hybrid magnet system.
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