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ABSTRACT 

 
Helicopter blades bending out of the rotating plane, due to the long, narrow geometry and 

aerodynamic forces, cause undesirable vibration to be transmitted through the hub and into 
the fuselage of the aircraft.  Current measurement techniques take data from accelerometers 
mounted in the fuselage.  The signals are effectively “filtered” from the source in the rotating 
frame and control inputs often do not accomplish vibration suppression as predicted.  With 
advances in the microcontroller design, miniature sensor fabrication, as well as low-power 
wireless transmission technology, a self-powered RF wireless sensor system can be realized 
and installed on a helicopter blade to provide measurements directly from the source. 

  
A proposed aeroelastic energy harvesting device is modeled at the trailing edge of the 

blade and initial attempts at relating its geometric parameters to vibratory frequency of the 
piezoelectric energy harvesters are reported.  In addition, a typical RF wireless sensor 
package is assumed and a power budget is analyzed in order to gauge the amount of power 
required from an energy harvesting design.  Lastly, flight conditions in hover and forward 
flight are examined for their effect on power extraction. 
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INTRODUCTION 
 

The motivation to attach a piezoelectric energy harvesting device to the trailing edge of a 
helicopter blade comes from the desire to power embedded systems locally on the helicopter 
blade instead of routing wires up from a fixed frame to the rotating frame.  The exclusion of 
a slip ring greatly simplifies a system and reduces the amount of maintenance as slip rings 
require continual upkeep to avoid signal degradation of the rotating electrical connections 
caused by normal wear and debris contamination.  If a piezoelectric bimorph energy 
harvester with a flat plate component is mounted on a helicopter blade in the rotating frame, 
it can be a local power source for an embedded wireless sensor system; however, the energy 
from flow induced vibrations will require power management and switching techniques for 
intermittent operation of the load due to the relatively large power requirements.  This type of 
energy-autonomous battery-less sensor operation has been discuss in conjunction with a low-
power radio frequency (RF) transmitter for short-range links (M. Ferrari et al. 2009).  
Additionally, the electromechanical modeling of a piezoelectric bimorph has been in 
discussed in several papers (Sodano et al. 2004, Roundy et al. 2004) and is combined with an 
aeroelastic model for analyzing flutter frequency and flutter airspeeds (Peters et al. 1995, 
Hodges 2002) in order to relate induced velocity from the rotation of the blade to the 
frequency at which the energy harvester will oscillate at its first bending mode. 

 
This paper aims to look at the bending frequencies during the method of power 

harvesting for hover conditions as well as forward flight and discusses the power 
requirements of modern day RF wireless sensor nodes.  Naturally, the inclusion of wireless 
transceivers is favorable in order to avoid sending data through wires from the fuselage to the 
blades in the rotor system.  By introducing the concept of a self-powered wireless embedded 
system to a helicopter blade, data can be processed locally and sent at preset intervals to 
monitor the blades’ performance and health. 

   
 

ENERGY HARVESTING DEVICE MODELING 
 

A novel energy harvesting device has been researched at the Laboratory of Intelligent 
Machine Systems (LIMS) in Cornell University.  An elastic beam with piezoelectric 
bimorphs attached at the root was combined with a wing section such as a flat plate.  The 
connection is a revolute or flexural hinge joint.  Fig. 1 shows a side view of the device and its 
intended purpose at the trailing edge of a helicopter blade.  The length of the elastic beam 
element has been exaggerated to show the first bending mode of the proposed thin beam.  
Using Euler-Bernoulli beam theory and the Rayleigh Ritz method, an electromechanical 
model was developed (Sodano 2004) in conjunction with using a p-method flutter analysis in 
an unsteady aerodynamics model which accounts for circulatory and non-circulatory flow 
terms (Hodges 2002, Peters 1995).  The governing equations of the combined wing section 
and piezoelectric bimorphs were derived by applying Lagrange’s equations (Bryant et al. 
2009).   
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Fig. 1: Side view of aeroelastic energy harvesting device attached to trailing edge of 
helicopter blade.  The figure shows three different bending states of the elastic beam 

 
 
 

       
Fig. 2: Top view of aeroelastic energy harvester with flexural joints 

 
 

The wing section shown in Fig. 3 can be modeled as a simple 2 degree of freedom (DOF) 
lumped mass from (Hodges et al. 2002) with springs and dampers acting in both the i2 
direction called “heaving” and in the i1 and i2 plane called “pitching”.  The variables h and θ  
are used to respectively as coordinate variables.  b is the airfoil semichord, a is the 
dimensionless parameter for identifying the elastic axis point, P, and e is the dimensionless 
parameter for identifying point C, the center of gravity position.  Equations of motion can 
then be formulated as Langrange equations to capture the kinetic and potential energies of the 
entire energy harvester electrical and mechanical system.   
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Fig. 3: Simple 2 DOF lumped mass model for aeroelastic analysis of a wing section 

 
 
Standard aeroelastic analytical equations are paired with Euler-Bernoulli piezoelectric 
bimorph equations (Hodges et al. 2002, Sodano et al. 2004) to produce: 
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where T and V are the kinetic and potential energies of the entire system.  mw is the mass of 
the wing section while mw represents the total mass of the flat plate and flexural hinge 
structure.  Ip is the mass moment of inertia of the wing section about point P.  ρs and ρp are 
elastic beam and piezo film densities while Vs and Vp are elastic beam and piezo film 
volumes.  Beam displacement is the variable u while S and E are elastic beam strain and 
electric field respectively.  The term cS is the substrate elastic modulus, cE is the piezo elastic 
modulus at short circuit, eP is the piezo coupling coefficient, εS is the piezo dielectric or 
permittivity constant at constant strain.  The parameter is the airfoil static unbalance given 
by: 

θx

 aex −=θ  (3)  

Next, we express the first bending mode of the elastic beam as a Rayleigh-Ritz modal 
summation 
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where r(t) is the beam deflection coordinate and )(xφ is the first beam mode shape.  The 
wing section heave coordinate h(t) can be assumed to be equivalent to beam deflection at the 
hinge.  Therefore, h(t) can be expressed in terms of the beam deflection coordinate and the 
mode shape evaluated at the beam tip as: 
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The generalized forces acting on the system in the heave and pitch directions can be 
expressed as: 
 )()( tLQh lφ−=  (6) 
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where L(t) is the total lift force and M1/4(t) is the total pitching moment about the ¼ chord of 
the airfoil.  Lagrange’s equation is then applied to Equations (1) and (2) with the variable 
transformations given by (4) and (5) and the generalized forces given by (6) and (7).  After 
grouping terms, the governing equations for the electromechanical system can be written as: 
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where the generalized coordinates are beam deflection r(t), wing pitch deflection θ(t), and 
charge q(t).  The reader is referred to (Bryant et al. 2009) for further derivation of the 
aeroelastic modeling for L(t) and M1/4(t) and (Peters et al. 1995) for the calculation of 
induced flow states and induced velocities using unsteady aerodynamic modeling. 
 

 
Fig. 4: Plot of predicted airspeed at onset of flutter and bending frequency of elastic beam 

 
With an electromechanical and aerodynamic model in place, simulations were run to 

approximate frequencies of the elastic beam’s first bending mode at the onset of flutter as 
shown in Fig. 4. The geometric parameters of the energy harvester were set to approximate 
the dimensions of a prototype that’s yet to be tested.  Additionally, the length of the beam 
was varied in order to get a qualitative understanding of the relationship between oscillating 
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frequency and airspeed at the onset of flutter.  We assumed the induced airspeed at the 
trailing edge of a helicopter blade will exceed critical flutter airspeed and excite the elastic 
beam due to a placement of the device approximately 3.0m from the center of rotation.  The 
energy harvesting device will experience induced airspeeds of approximately 80 m/s in 
steady hover and vary sinusoidally between 0 m/s and 160 m/s at 80 m/s (155 knots) forward 
flight as seen in Fig. 5 and Fig. 6.  The piezoelectric films attached at the base of the elastic 
beam, convert mechanical to electrical energy where strain levels are the highest.  Results 
show that the elastic beam bending frequency at the onset of flutter is approximately linear 
with induced flow airspeed.  In hover, we can expect oscillations around 120 Hz while in 
forward flight, we can expect a range from 0 Hz to approximately 242 Hz. 

 

 
Fig. 5: Induced airspeed as a function of azimuth angle during blade rotation 

 
Currently, power required for each individual helicopter blade is passed from the fuselage 

up to the rotor head and through a slip ring to the blades.  While the use of batteries can be 
employed, performance in the cold environments experienced by helicopter blades and the 
maintenance issue of replacing the batteries decreases their appeal.   By applying the 
piezoelectric energy harvesting device to the trailing edge of helicopter blades, strain energy 
can provide power to on-blade embedded systems. 
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Fig. 6: Top view of blade path showing induced velocities in forward flight. The blade 

experiences a higher airspeed in the advancing side compared to the retreating side.  
 A region of reverse flow is encountered if the tab is placed too close to the hub. 

 
RF WIRELESS SENSOR NODE POWER BUDGET 

 
RF wireless development boards are now readily available commercially and some offer 

extremely low power consumption to the point where one can take into account alternate 
ways to power them that was previously impossible.  As an example, an embedded wireless 
sensor system comprising of a Texas Instruments (TI) MSP430F2274 microcontroller chip, a 
TI RF2500 2.4 GHz radio frequency antenna, and a MEMS manufactured triaxial digital 
output accelerometer is considered.  For the purposes of monitoring acceleration at certain 
intervals, we do not task the microcontroller with heavy processing.  In such a case, the 
MSP430F2274 processing frequency was lowered to 1MHz and current consumption 
subsequently decreased.  In addition, the radio chip transceiver transmits signals at 250 
Kbytes per second so transmission for a 32 Kbyte packet takes approximately 100-300 
milliseconds.  Setting the communication rate to transmit and receive a packet every 5 
seconds allows monitoring of the condition and performance of the blades.  Unfortunately, 
the radio chip demands quite a lot of energy during active operations and contributes most to 
the total system cost of 57.44 mW to 64.64 mW depending on transmitting or receiving.  
When the system is in standby mode, the microprocessor is in the quiescent mode and the 
radio chip is in low-power mode.  The power requirement drops to a modest 8.4 μW.  Table 
1 shows a summary of the system in active and standby power savings mode and duty cycles 
based on a 4 hour flight as most commercial and military helicopters have endurance limits 
of less than 4 hours.  Future tests are planned to validate the power budget with experimental 
results and compare them with energy harvesting findings at the trailing edge of a helicopter 
blade. 
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Component Operation Mode Power 
(μwatts) 

Minutes 
(per 4 hour 

flight) 

Duty Cycle 
(% minutes) 

Energy 
(Joules) 

MSP430F2274 Processor Active 440 14.4 6.00 -0.380 

MSP430F2274 Clock Timer 
& RAM Standby 2.7 225.6 94.00 -0.037 

CC2500 Radio Chip Transmit 63,600 14.4 6.00 -54.950 
CC2500 Radio Chip Receive 56,400 14.4 6.00 -48.730 
CC2500 Radio Chip Standby 2.7 211.2 88.00 -0.034 

Accelerometer Sensor Active 600 14.4 6.00 -0.518 
Accelerometer Sensor Standby 3 225.6 94.00 -0.041 

Table 1: Power Budget for RF Wireless Embedded Accelerometer System 
 

CONCLUSIONS 
This paper described the concept of incorporating a self-powered embedded wireless 

sensor system on a helicopter blade.  The idea of using a novel aeroelastic piezoelectric 
energy harvester as a means to generate power has been presented.  Simulations using a 
combination of electromechanical and aeroelastic modeling techniques resulted in 
predictions for bending frequencies of the elastic bender.  We predict that given the 
placement of an energy harvester on the blade, beam bending frequencies of approximately 
120 Hz can be realized.  In forward flight, due to varying induced velocities as a function of 
azimuth angle of the blade rotation, bending frequencies will vary approximately between 0 
Hz and 242 Hz.  Additionally, a discussion on an example RF wireless sensor system was 
introduced with an estimated power budget.  The transmission of data using the radio chip is 
shown to be responsible for the majority of the power required for such a system. 
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