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ABSTRACT

In order to reduce vibration, researchers have been exploring alternatives to conventional rigid pitch links. One
viable passive vibration reduction device is the fluidic pitch link. By replacing rigid pitch links on rotorcraft with
fluidic pitch links, changes can be made to the blade torsional impedance. At high frequencies, the pitch link
impedance can be tuned to change the blade pitching response to higher harmonic loads. Although all have
not been demonstrated simultaneously, fluidic pitch links have been shown to be able to reduce rotor power
and all six hub forces and moments. A positive impact on aeroelastic stability from several fluidic pitch link
designs has been shown for hover and forward flight. This paper will focus on validating the model that has
been used in previous research via matching experimental and simulation results. A prototype fluidic pitch link
has been designed, built, and tested at LORD Corporation. Displacement, load, and pressure were recorded
during testing. Frequency and time response results were compared between simulation and experiment to
validate the model. Three different fluid circuits were used, and the model was able to accurately predict
performance for each of them with the exception of inaccuracy at low frequency due, in part, to the frequency
dependence of the elastomer. An additional fourth circuit was tested that included a needle valve. The
model did not accurately predict results across the entire range of valve positions, but the model was able to
accurately match the dynamic stiffness amplitude using empirical parameters from a parameter study.

1. NOTATION

A Piston cross-sectional area
AFT Fluid track cross-sectional area
Cb Bottom fluid chamber capacitance
cd Elastomer damping
c f Equivalent fluid damping
Ct Top fluid chamber capacitance
D Fluid track inner diameter
F Axial force on pitch link
I Fluid inertance
Iu Uncorrected fluid inertance
L Fluid track length
Kb Stiffness due to the bottom fluid chamber ca-

pacitance
Kt Stiffness due to the top fluid chamber capac-

itance
K∗ Dynamic or complex stiffness
K′ Real part of the dynamic stiffness
K′′ Imaginary part of the dynamic stiffness

kd Elastomer stiffness
mc Mass of the pitch link body
m f Equivalent fluid mass
mp Mass of the piston
pb Pressure in the top fluid chamber
pt Pressure in the bottom fluid chamber
R Blade radius
R f Fluid resistance
R f u Uncorrected fluid resistance
r0 Fluid track inner radius
V Volume of fluid that enters the fluid track
x Piston displacement
z Displacement of fluid into the inertia track
α Non-dimensional correction factor for calcu-

lating fluid resistance and inertance
µ Dynamic viscosity
ν Kinematic viscosity
ρ Fluid density
ω Frequency of oscillation
Ω Rotor rotational speed
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( ) Non-dimensional parameter
∗
( ) Non-dimensional derivative

2. INTRODUCTION AND BACKGROUND

Researchers have been exploring alternatives to con-
ventional rigid pitch links in order to reduce rotorcraft
hub and pitch link vibration, increase pilot comfort,
and extend component life. A pitch link is a rigid rod
with spherical end bearings that connects the swash-
plate to the pitch horn, which is in turn connected to
the blade root. An example of a conventional pitch
link for a light duty helicopter with a hingeless rotor
and axial bearings for pitch motion is pictured in Fig-
ure 1 to illustrate these connections. When the pi-
lot moves the collective pitch lever, a static or 0/rev
event, the swashplate moves vertically thus pitching
all four blades equally and changing the thrust mag-
nitude. When the pilot moves the cyclic pitch stick,
a 1/rev event, the swashplate angles thus changing
the thrust direction. Additionally, there are higher
harmonic aerodynamic blade excitations at 2/rev and
higher frequencies that load the pitch link. These ex-
citations can lead to high pitch link loads, which can
limit maximum forward speed and may pose fatigue
and vibration challenges [1].

Fig. 1: MBB Bo105 main rotor head and swashplate
assembly. Adapted from c©1988 Burkhard Domke [2]

and used with permission.

Milgram et al. [3] analyzed replacing conventional
pitch links with a spring and damper element. The
spring and damper element showed moderate im-
provements in hub loads. Han et al., [4] inspired by
the work of McGuire [5] that introduced Fluidlastic R©

dampers and isolators for vibration control in heli-
copters, explored using a Fluidlastic R© isolator to re-
duce pitch link loads and were able to show a sig-
nificant reduction in higher harmonic pitch link loads.
Scarborough et al. [6] examined impedance tailoring
fluidic pitch links (FPLs) for reduction of hub loads in
high speed flight conditions. Using a rotor aeroelastic
simulation, FPLs demonstrated the ability to influence
all hub forces and moments as well as moderately de-
creasing rotor power required. Zhang et al. [7]added

a free wake model to the simulation in order to ex-
plore low forward speed. The results continue to show
the potential for vibratory control. Treacy et al. [8] ex-
plored the aeroelastic stability of an articulated rotor
with FPLs in hover and forward flight, which demon-
strated the ability of FPLs to provide a stabilizing ef-
fect for the pitch mode in cases with high fluid resis-
tance. Up to this point, research into FPLs had been
purely simulation. This work focuses on experimen-
tally validating a FPL model.

The prior FPL work examined a single pumper
design. However, as noted by Vahdati [9], double
pumpers are more commonly used in aerospace ap-
plications due to their increased safety and reduced
risk of fluid cavitation. If the top elastomer fails in a
double pumper design, the top and bottom plates will
still remain rigidly connected as opposed to the single
pumper design, which will separate, thus increasing
the safety of the part. Additionally, since stiff elas-
tomers are typically used in the top and bottom sec-
tions, double pumpers are more easily pressurized
than single pumpers, which use a soft diaphragm in
the lower chamber. This reduces the risk of cavitation
in double pumper designs. Accordingly, the objective
of this paper is to experimentally validate a double
pumper FPL model.

3. FLUIDIC PITCH LINK MODELING

A schematic of a FPL is illustrated in Figure 2. There
are two degrees of freedom: piston displacement, x,
and volume of fluid displaced into the fluid track from
equilibrium, V . The volume is not deterministic from
the piston displacement due to the compressibility in
the fluid and bulging of the elastomer. The elastomer
sections act as parallel springs and dampers with ax-
ial stiffnesses, kd/2, and damping coefficients, cd/2,
respectively. The top and bottom fluid chambers have
capacitances Ct and Cb, respectively. The fluid track
has cross-sectional area, AFT ; fluid resistance, R f ;
and inertance, I. The inertance is defined as

(1) I =
ρL
AFT

,

where ρ is the fluid density and L is the fluid track
length. The pitch link body has mass, mc. The equa-
tions for the mechanical-fluidic coupling are

(2) pt =
1
Ct

[Ax−V ]

and

(3) pb =
1

Cb
[V −Ax] .

A is the cross-sectional area of the piston. The equa-
tion for the fluid flow through the fluid track is

(4) pt − pb = IV̈ +R f V̇.
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Eqs. (2–3) can then be substituted into Eq. (4) in
order to determine the first equation of motion,

(5) IV̈ +R f V̇ +

(
1
Ct

+
1

Cb

)
V −A

(
1
Ct

+
1

Cb

)
x = 0.

The second equation of motion can be found by sum-
ming the forces on the piston,
(6)

mpẍ+cd ẋ+
[

A2
(

1
Ct

+
1

Cb

)
+ kd

]
x−A

(
1
Ct

+
1

Cb

)
V =F.

Fig. 2: Model of a double pumper fluidic pitch link.

Additionally, the equivalent mechanical model of
this system can be derived and is illustrated in Fig-
ure 3. The vertical displacement of the fluid in the
fluid track, z, is related to the volume of fluid displaced
from equilibrium, V , by

(7) z =
V

AFT
.

The fluid resistance, R f , can be represented by a
damper, c f , where

(8) c f = R f A2
FT .

The inertance, I, can be represented by a mass, m f ,
where

(9) m f = IA2
FT .

The capacitances in the top and bottom chambers, Ct
and Cb, respectively, can be treated as springs related
to the piston area by

(10) Kt =
A2

Ct

Fig. 3: Mechanical model of a double pumper fluidic
pitch link.

and

(11) Kb =
A2

Cb
.

3.1. Nondimensionalization

The non-dimensionalization scheme follows from the
work completed in Treacy et al. [8] Multiply Eq. 5 by
R2 where R is a rotor radius. Then divide the resulting
equation and Eq. 6 by mbΩ2R2 to obtain

(12)

[
I 0
0 mp

][∗∗
V∗∗
x

]
+

[
R f 0

0 cd

][ ∗
V∗
x

]

+

[
k1 −k12

− k12 k2

][
V
x

]
=

[
0

F

]
.

The bars indicate a non-dimensionalized parameter.
The mass per unit span of a rotor blade is mb while Ω

is the blade rotation frequency. Note that mp is a mass
while mb is a mass per unit length. The piston dis-
placement, x, and volume of fluid displaced from equi-
librium in the fluid track, V , are non-dimensionalized
by R and R3, respectively, such that

(13) x =
x
R
,

(14) V =
V
R3 .

The non-dimensional derivatives are given by

(15)
∗
( ) =

˙( )
Ω

.

All of the non-dimensional parameters are given in the
Appendix as Eqs. (A.1–A.12).
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4. TEST SETUP

A FPL was designed, manufactured, and tested at
LORD Corporation in order to obtain the veracity of
the FPL model. In particular, a new swappable fluid
track design has been created to allow multiple track
lengths to be tested. Please keep in mind that the ex-
ternal fluid track is for prototype purposes to enable
flexibility in circuit design for interchanging the fluid
track. A typical production level design makes use of
an internal fluid track. However, an external fluid track
has been demonstrated in a LIVE pylon mount for
the Bell 505 Jet Ranger X [10] and could be integrated
into a production level design if it were beneficial to
the performance or design of a FPL. Four circuits
were tested and CAD models of each are illustrated
in Figures 4–5. An additional feature of this model,
two pressure transducers are attached to obtain the
pressure difference between the top and bottom fluid
chambers. A cross-section of the CAD model with
components labeled is illustrated in Figure 6.

Fig. 4: CAD models of fluidic pitch links with circuit 1
(left) and circuit 2 (right).

A CAD model of the fluid track design with circuit
1 attached is illustrated in Figure 7. The top and bot-
tom faces of this part contact the fluid in the top and
bottom chambers of the fludic pitch link. Large slots
on the top and bottom faces have been milled to min-
imize the resistance of the fluid flow through the fluid
track. SAE o-ring bosses enable fluid to flow radially
into and out of the part. These features are illustrated
in the CAD models shown in Figures 8–9. A Parker
Ferulok R© adapter is used to connect the SAE port to
the tubing via compression fitting. An adapter con-
nects the pressure transducers to the machined slots
in order to record the pressure in the two fluid cham-
bers. After a 90◦ bend, a union with compression fit-
tings on both ends enables swapping of the tubing to

Fig. 5: CAD models of fluidic pitch links with circuit 3
(left) and circuit 4 (right).

Fig. 6: CAD model of a fluidic pitch link cross-section.

test the varying tubing lengths.

Fig. 7: CAD model of the fluid track with circuit 1.

Systematic tubing length changes between circuits
1-3 provide three different inertance values, which
shift the natural frequencies of the system. The fourth
circuit (Figure 5b) has an additional needle valve com-
ponent. The needle valve was used to increase the
resistance, which reduces the amplitudes at the notch
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Fig. 8: CAD model of fluid track without circuitry at-
tached.

Fig. 9: CAD model of fluid track cross-section without
circuitry attached.

and peak frequencies.

Each of the four circuit designs was tested at
LORD Corporation in an MTS single-axis test ma-
chine as pictured in Figure 10. The bottom of the
fluidic pitch link is fixed while the top can be hydrauli-
cally displaced to meet given force or displacement
criteria. For a dynamic stiffness test, the fluidic pitch
link is cycled for ten seconds at a given frequency and
displacement amplitude and data is recorded during
the final four seconds. The recorded force amplitude
and displacement amplitude are then used to calcu-
late the dynamic stiffness. During testing, in addi-
tion to recording force, displacement, and stiffness,
the pressures in each chamber were recorded. The
frequency sweep for each circuit was conducted by
successively increasing frequency until the notch was
captured.

5. ANALYSIS METHODOLOGY

Two analysis methods were used for successfully val-
idating the FPL model. The first method applied
FPL design parameters to a simulation for compari-
son of our model with recorded experimental data in
the time-domain and frequency-domain. This method
was conducted when simulating circuits 1-3. The ob-
jective of this method was to evaluate the validity of
the model to predict the experimental results. The
second method utilized an empirical parameter study

to match the time-domain and frequency-domain data
from testing via simulation results. This method was
employed for the valve closing study using circuit 4.
The objective of this method was to evaluate the va-
lidity of the model to match the experimental results if
the first method failed and to make note of any miss-
ing dynamics.

Fig. 10: MTS single axis test at LORD Corp.

The empirical FPL parameters were obtained by
performing a brute force parameter study and mini-
mizing the l2-norm [11] of the error between the simu-
lation and experimental results, which is equal to

(16) ‖e‖l2 =

√
n

∑
k=1

(
us

k−ut
k

)2
,

where u represents a vector of any frequency-
dependent or time-dependent variable. The super-
scripts s and t denote simulation and experiment, re-
spectively. A parameter study was initiated by alter-
ing six FPL parameters and then calculating the l2-
norm of the error for the frequency response of the
dynamic stiffness amplitude at the discrete test fre-
quencies. The piston area, A; capacitance in the top
chamber, Ct ; capacitance in the bottom chamber, Cb;
fluid resistance, R f ; elastomer stiffness, kd ; and iner-
tance, I, were varied in order to obtain the minimum
error. It was assumed that the two capacitances are
equal since they derive from the same component.
However, due to allowable tolerances, they are slightly
different from their nominal design value, which is ex-
pounded in the results section.

In order to simulate the model, a standard state-
space respresentation is created in MATLAB using
the function “ss.m” and the equations of motion in
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first order form. There is zero feedforward. The out-
puts are pressure in the top chamber, pt ; pressure in
the bottom chamber, pb; and displacement of the pis-
ton, x. The recorded force data from the experiment
was used as an input to the MATLAB function “lsim.m”
to calculate the time response. The frequency re-
sponse was calculated by using the MATLAB function
“bode.m” with the specified frequency vector from the
corresponding circuit. To obtain the dynamic stiffness
results, the amplitude from the transfer function with
an input of F and output of x was inverted and the
phase angle was negated. Thus the dynamic stiffness
is defined as

(17) K∗ =
x
F

= K′+ jK′′,

where j =
√
−1 is the imaginary unit. K′ is the real

part of the dynamic stiffness and is a measure of the
FPL’s stiffness. K′′ is the imaginary part of the dy-
namic stiffness and is a measure of the FPL’s damp-
ing.

Two of the FPL parameters are frequency depen-
dent: fluid resistance, R f , and inertance, I. These
parameters are calculated at each frequency using
the manner recommended by Donovan et al [12]. The
equation for fluid resistance is a modification to the
resistance from Poiseuille flow and, in the frequency
range of interest, is equal to

(18) R f =
128µL
πD4 0.166α

1.49,α > 10,

where µ is the fluid dynamic viscosity and D is the
tube inner diameter. α is a non-dimensional parame-
ter that is a function of the frequency of oscillation, ω.
The equation for α is

(19) α = r0

√
ω

ν
,

where r0 is the tube inner radius and ν is the fluid
kinematic viscosity. Inertance is modified by multiply-
ing Eq. 1 by a correction factor that is obtained from
a look-up table when α is an input.

Frequency responses from the experimental re-
sults were generated by applying a discrete Fourier
transform (DFT) to the time response data at each
frequency using the MATLAB function “fft.m” to ob-
tain the complex Fourier coefficients. The magnitude
and phase can then be obtained from these coeffi-
cients by taking the absolute value and finding the
angle between the real and imaginary parts, respec-
tively. In order to obtain the correct magnitude ampli-
tudes for a single-sided amplitude spectrum, the co-
efficients were normalized by the length of the signal
and then non-zero frequency components were mul-
tiplied by two.

6. RESULTS

Results are presented in a unique manner for each
circuit to best demonstrate the multitude of compar-
isons that can be made. For each of circuits 1-3, fre-
quency spectrums are reported for dynamic stiffness
amplitude and the amplitude of the pressure divided
by force. The results for circuit 1 additionally contain
phase phase data for the frequency spectrums, the
real part of the dynamic stiffness, and the complex
part of the dynamic stiffness. The results for circuit 2
additionally includes time-responses of displacement
and the pressure in each chamber at a given fre-
quency. The results for circuit 3 additionally incorpo-
rate displacement and pressure plotted against force
at various frequencies. These plots are similar to
Lissajous figures [13]. Lissajous figures are a special
case of parametric equations where x- and y- coordi-
nates are written as

(20) x = x0 sin(ωxt +φx) ,

and

(21) y = y0 sin(ωyt +φy) .

DFTs were then applied to the force, displacement,
and pressure at the individual test frequencies to eval-
uate the effects of the magnitudes and phases from
the first three harmonics. The dynamic stiffness am-
plitude is presented for the valve closing study at nu-
merous valve positions to explore the effect of closing
the valve on the dynamic stiffness amplitude.

The FPL parameters that were unaffected by cir-
cuit alterations and used in the simulations for circuits
1-3 are enumerated in Table 1

Table 1: Fluidic Pitch Link Properties for
Circuits 1-3

Property Value

kd 66.95
A 5.103×10−5

cd 8.048×10−2

Ct 5.267×10−13

Cb 5.267×10−13

mp 5.814×10−3

k1 1.151×1011

k2 366.6
k12 5.872×106

6.1. Circuit 1

The non-dimensional uncorrected fluid resistance,
R f u, is 4.237×106. For the remainder of the paper,
all parameters are assumed to be non-dimensional
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unless otherwise stated. The uncorrected inertance,
Iu, is 4.555×108 as defined in dimensional form in Eq.
1. The equation for the dimensional uncorrected fluid
resistance is

(22) R f u =
128µL
πD4 .

The dynamic stiffness amplitude and phase fre-
quency spectra for circuit 1 are presented in Figure
11. For all of the frequency responses, the solid red
line is the simulation result while the blue triangles
denote discrete test points. The simulation result ac-
curately replicates the depth and location of the notch
frequency. In the simulation, the notch frequency oc-
curs at 6.8/rev while the experimental results repre-
sent the notch at approximately 6.67/rev, which is less
than 2% error. However, the model break downs at
low frequency due in part to a frequency dependence
of the elastomer that is unmodeled. This frequency
dependence can further be observed in the real and
imaginary parts of the dynamic stiffness, which are il-
lustrated in Figure 12 and Figure 13, respectively. The
real part of the dynamic stiffness shows the frequency
dependence of the stiffness at low frequency. Addi-
tionally, negative stiffness that is obserbed in the real
part of the dynamic stiffness after the notch frequency
can be attributed to the phase shift that is illustrated
in Figure 11b as the frequency increases. The imag-
inary part of the dynamic stiffness, which is a mea-
surement of the damping in the system, reveals an
even greater dependence on frequency both at low
frequency due to the elastomer and throughout the
frequency range due to the frequency dependence of
the fluid resistance. The correction to the resistance
formula is able to capture the curvature of the line,
which would be straight for a constant coefficient re-
sistance. However, the low frequency elastomer de-
pendence is even more apparent as there is a large
shift in the damping that gives the appearance of non-
zero static damping even though the curve for the ex-
periment will tend to zero if tested at small enough
frequencies.

The pressure divided by force amplitude and
phase frequency spectra are reported in Figure 14
and Figure 15 for the top and bottom fluid chambers,
respectively. The phase has been wrapped to ±180◦

for clarity. The amplitudes in both chambers match
well; however, the amplitude of the pressure in each
chamber differs slightly due to the variability of the
capacitances in each tubeform from acceptable com-
ponent tolerances that can be accounted for in the
model by enabling Ct 6= Cb. However, this was not
accounted for in this simulation since the tubeform
nominal values are the same. While the amplitudes
of the pressures in each chamber nearly match, the
phase between each chamber varies by 180◦ as is
expected from Eqs. 2–3, which shows that the pres-
sures should be equal and opposite for Ct =Cb.

(a) Amplitude

(b) Phase

Fig. 11: Dynamic stiffness (a) amplitude and (b)
phase of circuit 1. The simulation result is the red
line while the experimental results are blue triangles.

6.2. Circuit 2

The uncorrected fluid resistance, R f u, is 8.901×106

and the uncorrected inertance, Iu, is 9.570×108. The
frequency spectrum for the dynamic stiffness ampli-
tude is illustrated in Figure 16. With the longer fluid
track, both resistance and inertance increase. Ac-
cordingly, the notch frequency shifts left and contains
a slightly shallower valley than in circuit 1. The ex-
perimental notch frequency is approximately 4.85/rev
while the simulation predicts that the notch frequency
will occur at 4.68/rev. The error in the notch frequency
location is slightly greater than in circuit 1, but it is still
very good at 3.5%. Frequency spectra for the ampli-
tudes of the pressures divided by force are illustrated
in Figure 17 and Figure 18 for the top and bottom fluid
chambers, respectively. The amplitude is predicted
very well when accounting for the inaccuracy in the
notch frequency.
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Fig. 12: Real component of the dynamic stiffness of
circuit 1. The simulation result is the red line while the
experimental results are blue triangles.

Fig. 13: Imaginary component of the dynamic stiff-
ness of circuit 1. The simulation result is the red line
while the experimental results are blue triangles.

As expected from the dynamic stiffness frequency
response, the simulation and experimental results of
the time response of the position at 0.95/rev, which
is presented in Figure 19, match exceptionally well.
The time response of the pressure in the top cham-
ber at 3.81/rev is illustrated in Figure 20. The simula-
tion overpredicts the peak pressure by 26%, which is
to be expected from viewing the corresponding ampli-
tude in the frequency spectrum from Figure 17. The
time response of the pressure in the bottom chamber
at 5.52/rev is illustrated in Figure 21. The simulation
underpredicts the peak pressure by 8% and can sim-
ilarly be expected by viewing the corresponding fre-
quency spectrum.

(a) Amplitude

(b) Phase

Fig. 14: (a) Amplitude and (b) phase frequency re-
sponse of pressure in the top chamber divided by
force for circuit 1. The simulation result is the red line
while the experimental results are the blue triangles.

6.3. Circuit 3

The uncorrected fluid resistance, R f u, is 1.357×107

and the uncorrected inertance, Iu, is 1.459×109. The
frequency spectrum for the dynamic stiffness ampli-
tude is illustrated in Figure 22. The longer fluid track
will again cause both resistance and inertance to in-
crease and thus the notch frequency further shifts left
and contains a slightly shallower valley in compari-
son with the previous two circuits. The experimen-
tal notch frequency is approximately 4.1/rev while the
simulation predicts that the notch frequency will occur
at 3.78/rev. The error in the notch frequency seems
to be trending up with the longer fluid tracks as it
reaches 7.8% for circuit 3. The frequency spectrum
for the amplitude of the pressure in the top chamber
divided by force is illustrated in Figure 23. The ampli-
tude is again predicted very well when accounting for
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(a) Amplitude

(b) Phase

Fig. 15: (a) Amplitude and (b) phase frequency re-
sponse of pressure in the bottom chamber divided by
force for circuit 1. The simulation result is the red line
while the experimental results are the blue triangles.

the inaccuracy in the notch frequency.

Force versus position at 3.62/rev is illustrated in
Figure 24. The simulation is able to accurately pre-
dict the shape of the curve, but it overpredicts the dis-
placement amplitude. The bow tie shape occurs when
the vertical axis frequency is double the frequency of
the horizontal axis and the phase difference is a mul-
tiple of 90◦. The amplitudes and phases for the first
three harmonics of the input frequency are illustrated
in Figure 25 and Figure 26 for the force input and dis-
placement results, respectively. The force input has
the largest amplitude at the second harmonic, but it
also has signficant amplitudes at the first and third
harmonics. The displacement results show a domi-
nating peak in the amplitude at the input frequency.
The phases at the second harmonic of the force input
and the first harmonic of the displacement are both
close to -90◦. Thus Figure 24 has the bow tie shape

Fig. 16: Dynamic stiffness amplitude of circuit 2. The
simulation result is the red line while the experimental
results are blue triangles.

Fig. 17: Amplitude of the pressure in the top chamber
divided by force for circuit 2. The simulation result is
the red line while the experimental results are blue
triangles.

due to the dominant force amplitude having double
the frequency of the dominant displacement ampli-
tude and zero phase shift. The amplitudes from the
other harmonics cause skewing of the bow tie.

The corresponding pressure in the top chamber
versus force plot at 3.81/rev is illustrated in Figure 27.
Similar to the force versus displacement curve, the
simulation is able to accurately predict the shape of
the curve, but it overpredicts the pressure amplitude.
The amplitude and phase for the first three harmonics
of the pressure are illustrated in Figure 28. There are
large pressure amplitudes at the first two harmonics
that are equal in size. The phase is close to 90◦ for
the first harmonic and -90◦ for the second harmonic.
A 45◦ degree line occurs when the frequencies be-
tween the horizontal and vertical axes are equal and
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Fig. 18: Amplitude of the pressure in the bottom
chamber divided by force for circuit 2. The simulation
result is the red line while the experimental results are
blue triangles.

Fig. 19: Position versus time of circuit 2 at 0.95/rev for
two cycles. The simulation result is the red dashed
line while the experimental result is the blue dotted
line.

the phases are separated by a multiple of 180◦. Thus
the pressure in the top chamber versus force plot is
a combination of a 45◦ degree line due to amplitudes
from the pressure and force at the second harmonic
with zero phase shift and a vertical bow tie due to the
pressure amplitude at the first harmonic and the force
amplitude at the second harmonic with a 180◦ phase
shift.

6.4. Circuit 4 Valve Closing Study

The dynamic stiffness amplitudes for multiple valves
positions are illustrated in Figure 29. The model was
unable to accurately predict the response when the
FPL design parameters were input, so an empirical

parameter study with constant coefficients was used
to minimize the error in order to match the dynamic
stiffness at each of the valve positions. The model
predictions and experiment were set up with the ex-
pectation that the notch frequency for the fully open
valve would be similar to the notch frequency from
circuit 2 (∼4.8/rev). However, the figure shows that
the notch frequency is actually approximately 3.8/rev.
Using the method established in Section 5, the sim-
ulation is able to accurately match the experiment at
each valve position. The values of each parameter
that minimized the dynamic stiffness for each valve
position are enumerated in Table 2.

Fig. 20: Pressure in the top chamber versus time of
circuit 2 at 3.81/rev for two cycles. The simulation
result is the red dashed line while the experimental
result is the blue dotted line.

Fig. 21: Pressure in the bottom chamber versus time
of circuit 2 at 5.52/rev for two cycles. The simulation
result is the red dashed line while the experimental
result is the blue dotted line.
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Table 2: Fluidic Pitch Link Properties for Valve Closing Study

Property Fully Open 3 Turns Closed 5 Turns Closed 7 Turns Closed Fully Closed

I 1.301×109 1.858×109 1.858×109 1.858×109 1.114×109

R f 1.349×109 2.575×109 1.839×1011 7.970×1010 1.594×1011

kd 66.78 66.78 63.27 59.75 98.41
A 3.945×10−5 3.945×10−5 6.136×10−5 2.191×10−5 2.191×10−5

cd 8.048×10−2 8.048×10−2 8.048×10−2 8.048×10−2 8.048×10−2

Ct 1.483×10−12 1.483×10−12 1.032×10−8 5.547×10−13 5.547×10−13

Cb 1.483×10−12 1.483×10−12 1.032×10−8 5.547×10−13 5.547×10−13

mp 5.814×10−3 5.814×10−3 5.814×10−3 5.814×10−3 5.814×10−3

k1 4.088×1010 4.088×1010 5.872×106 1.093×1011 1.093×1011

k2 130.4 130.4 63.29 112.2 150.9
k12 1.613×106 1.613×106 360.3 2.394×106 2.394×106

Fig. 22: Dynamic stiffness amplitude of circuit 3. The
simulation result is the red line while the experimental
results are blue triangles.

Fig. 23: Amplitude of the pressure in the top chamber
divided by force for circuit 3. The simulation result is
the red line while the experimental results are blue
triangles.

Fig. 24: Force versus position of circuit 3 at 3.62/rev
for one cycle. The simulation result is the red dashed
line while the experimental result is the blue dotted
line.

Fig. 25: Force magnitude and phase of circuit 3 at
3.62/rev. The black color indicates that force is the
input.
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Fig. 26: Position magnitude and phase of circuit 3 at
3.62/rev. The simulation result is the red dashed line
in the magnitude plot and a red x in the phase plot
while the experimental result is the blue dotted line in
the magnitude plot and a blue triangle in the phase
plot.

Fig. 27: Pressure in the upper chamber versus force
of circuit 3 at 3.62/rev for one cycle. The simulation
result is the red dashed line while the experimental
result is the blue dotted line.

Fig. 28: Pressure in the top chamber magnitude and
phase for circuit 3 at 3.62/rev. The simulation result
is the red dashed line in the magnitude plot and a red
x in the phase plot while the experimental result is
the blue dotted line in the magnitude plot and a blue
triangle in the phase plot.

Fig. 29: Dynamic stiffness amplitude for multiple valve
positions. The simulation results are dashed lines
while the experimental results are triangles. Blue is
fully open, green is three turns closed, red is five turns
closed, magenta is seven turns closed, and black is
fully closed.
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7. CONCLUSIONS

1. The fluidic pitch link model is able to accurately
capture the shape and depth of the notch for the
dynamic stiffness frequency response and for the
peak in the pressure frequency responses for cir-
cuits 1-3.

2. The location accuracy of the notch frequency
varies with increasing fluid track length. As fluid
track length increased, so did the error. For cir-
cuit 1, the shortest track length, the error in the
notch frequency was less than 2% (.13/rev). For
circuit 2, the medium track length, it was 3.5%
(.17/rev). For circuit 3, the longest track length, it
was 7.8% (0.32/rev). Local cavitation is a known
issue that is unmodeled and may be a primary
factor in altering the notch frequency from the
predicted value to the experimental value.

3. The impact of the correction factors for the fre-
quency dependent fluid resistance and inertia is
significant and important when predicting FPL
performance.

4. There are unmodeled dynamics at low frequen-
cies largely due to the frequency dependence of
the elastomer.

5. The model does not accurately predict the dy-
namic stiffness amplitude of the fluidic pitch link
when there is a valve introduced into the fluid
track as in the valve closing study performed us-
ing circuit 4. However, the model is capable of
matching the dynamic stiffness when tuned em-
pirically even when using constant coefficients for
the FPL parameters. The predicted model drasti-
cally overstates the notch frequency, even for the
fully open case, which was expected to be simi-
lar to the results of circuit 2. The softening may
be due to local cavitation or eddies that could be
forming near the valve.

6. Some of the errors in the model are likely to be at-
tributed to the simplicity of the model. To improve
the understanding of the flow through the iner-
tia track and near the needle valve and to model
those features better, a computational fluid dy-
namics analysis would be beneficial.
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APPENDIX

(A.1) I =
IR3

mb

(A.2) mp =
mp

mbR

(A.3) R f =
R3R f

mbΩ

(A.4) cd =
cd

mbΩR

(A.5) k1 =
R3
(

1
Ct
+ 1

Cb

)
mbΩ2

(A.6) k12 =
AR
(

1
Ct
+ 1

Cb

)
mbΩ2

(A.7) k2 =
A2
(

1
Ct
+ 1

Cb

)
+ kd

mbΩ2R

(A.8) F =
F

mbΩ2R2

(A.9) kd =
kd

mbΩ2R

(A.10) Ct =
CtmbΩ2

R3

(A.11) Cb =
CbmbΩ2

R3

(A.12) A =
A
R2
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