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ABSTRACT 
 
A full scale Smart Material Actuated Rotor Technology (SMART) system with piezoelectric actuated blade flaps 
was developed and whirl tower tested.  The development effort included design, fabrication, and component testing 
of rotor blades, trailing edge flaps, piezoelectric actuators, switching power amplifiers, and the data/power system.  
Simulations and model scale wind tunnel tests have shown that this system can provide 80% vibration reduction, 
10dB noise reduction for a helicopter passing overhead, and substantial aerodynamic performance gains.  Whirl 
tower testing of the 34-foot diameter rotor demonstrated the functionality, robustness, and required authority of the 
active flap system. 
 
The program involved extensive development work and risk reduction tests which resulted in a robust, high 
performance actuator and a tightly integrated actuator, flap, and blade system.  The actuator demonstrated excellent 
performance during bench testing and has accumulated over 60 million cycles under a spectrum of loading 
conditions.  The flight worthy active flap rotor blades were based on a modified design of the FAA certified MD900 
Explorer production rotor blade.  Whirl tower testing was conducted with full rotor instrumentation and a 5-
component balance.  The rotor was tested for 13 hours under a range of conditions, including 7 hours of flap 
operation.  Flap inputs included open loop static and dynamic commands.  The flaps showed excellent authority 
with oscillatory thrust greater than 10% of the steady baseline thrust.  Various flap actuation frequency sweeps were 
run to investigate the dynamics of the rotor and the flap system.  Limited closed loop tests used hub accelerations 
and hub loads for feedback. 
 
Proving the integration, robust operation, and authority of the flap system were the key objectives met by the whirl 
tower test.  This success depended on tailoring the piezoelectric materials and actuator to the application and 
meeting actuator/blade integration requirements.  Test results demonstrate the feasibility and practicality of applying 
smart materials for limited authority, active control on a helicopter rotor.  Follow-on forward flight demonstrations 
are needed to quantify the expected significant improvements in vibrations, noise, and aerodynamic performance.  
Extensions of this technology are a prime candidate for on-blade flight control, i.e. elimination of the swashplate. 
 
This program was performed as part of DARPA’s Smart Materials and Structures Demonstrations.  Funding was 
provided by DARPA, The Boeing Company, NASA, and the U.S. Army.  Additional cost share funds were provided 
by the University of Maryland, MIT, and UCLA. 
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1.  INTRODUCTION 
 
Vibration, noise, and aerodynamic design compromises continue as barriers to further improvements in effectiveness 
and public acceptance of the helicopter.  Blade trailing edge flaps actuated by in-blade smart material actuators have 
emerged as primary candidate to dynamically alter the blade structure and apply limited authority active control to 
achieve significant improvements in rotorcraft performance and mission capability [1-5].  Simulations and model 
scale wind tunnel tests have shown that this system can provide more than 80% vibration reduction, 10dB noise 
reduction for a helicopter passing overhead, and substantial aerodynamic performance gains.  Resulting benefits 
include a jet smooth ride, improved community acceptance, as well as significantly improved life cycle cost, 
productivity, and fleet readiness. 
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The overall program objective was to develop the technology and demonstrate that smart material actuated flaps are 
feasible and practical for high bandwidth, limited authority active control of a helicopter main rotor.  The MD900 
Explorer twin engine, light utility helicopter was selected as demonstration vehicle.  Its state-of-the-art 5-bladed 
composite, bearingless main rotor system was modified to include in-blade piezoelectric actuators and trailing edge 
flaps, Figure 1. 
 
Concept development and design support tests were conducted during Phase I of this program [6].  The current 
Phase II effort included design, fabrication, and component testing of flight worthy hardware and whirl tower testing 
of the integrated system.  Primary components of the system include the blades, flaps, piezoelectric stacks and 
actuators, switching power amplifiers, and data/power system.  Their development and results of the whirl tower test 
are presented here.  Additional details of the work performed under Phase II can be found in References 7-17. 
 
 

2.  ROTOR BLADE AND FLAP DEVELOPMENT 
 
The basic characteristics of the SMART rotor are shown in Table 1.  Primary design objectives for the modified 
blade and the flap were to minimize actuation requirements, match the baseline blade dynamics, and minimize 
weight.  A key constraint was to use the production blade tooling with only minor modifications.  Secondary design 
objectives were simplicity, modularity, and the flexibility of the blade to serve as a test bed for alternate actuators. 
 
The blade design was modified to carry the actuator inside the spar cavity and to add provisions for mounting the 
flap.  A short link connects the actuator and flap.  Details of the blade, flap, and actuator integration are shown in 
Figures 2-4.  The overall layout of the hardware components is shown in Figure 5.  Several changes were made to 
the blade construction, including replacement of three glass plys with two graphite plys in the spar, elimination of 
the outer veil ply, and use of light weight honeycomb core in the mid-section of the blade.  Reinforcements were 
added to provide attachments for the actuator cavity access cover, Figure 6, the actuator mounts, and the flap 
supports, Figure 7.  Leading edge weight was added to maintain chordwise balance, Figure 8.  Blade internal wiring 
was provided for actuator data and power.   
 
The flap parameters, Table 2, were chosen to minimize actuation requirements. Because of the flap length, three 
intermediate flap supports are required to carry the flap loads.  The flap is aerodynamically balanced in order to 
lower the aerodynamic hinge moment and thus the actuator force required.  The flap is also mass balanced.  For 
maximum torsional stiffness the flap is constructed using ±45deg graphite plys.  The radial location was chosen to 
provide both vibration and noise reduction.  Centrifugal loads are transmitted to the blade using a tension-torsion 
rod.  A flexible link and a rod end bearing transmit the actuator output to the flap horn.  A series of tests were 
conducted on the flap, flap link, and tension-torsion rod to confirm properties and to provide qualification data.   
 
A prototype blade, flap, and actuator were fabricated and used to confirm fit and function.  Integrated testing of the 
assembly together with a switching amplifier prototype established the validity of the design.  Actuator/flap 
performance under a range of blade deformations showed no degradation.  Blade stiffness and free-free frequency 
tests confirmed that the complete blade assembly, including flap and actuator, closely matched the baseline blade. 
 
 

3.  PIEZOELECTRIC ACTUATOR AND AMPLIFIER DEVELOPMEN T 
 
Actuator design considerations include a high energy density, high bandwidth smart material to meet actuation 
requirements, an efficient mechanism to provide stroke amplification and minimize losses, and low volume.  In 
particular the actuator height must be small to fit inside the blade spar.  Furthermore, the actuator must be robust and 
withstand the blade elastic deformations and dynamic loading of 650g steady and ±30g cyclic.  Model scale rotor 
tests were conducted and established the feasibility and benefits of using piezoelectric actuated blade flaps [7,8].  
Aeroelastic simulations showed that ±2deg flap deflection are sufficient for vibration reduction at high speed and for 
noise reduction [6,9,10].  This corresponds to an actuator output of ±43lb and ±0.032in, including some allowance 
for losses.  For design purposes a nominal flap deflection of ±4deg with an actuator output of ±63lb and ±0.062in 
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were used.  Maximum operating frequency was chosen as the rotor (N+1)/rev, i.e. 6/rev or 40Hz for this 5-bladed 
rotor, as required for vibration reduction. 
 
Piezoelectric stack actuators were selected as the driving element.  Several low and high voltage stacks were tested 
[11-15].  The latter provided better performance and more flexibility with respect to fabrication of different 
geometries.  A custom made, high voltage stack was selected.  A number of these stacks were extensively tested 
under a range of electrical, mechanical, and thermal conditions.  Both performance and fatigue tests up to 150 
million cycles were conducted.  Fatigue tests were run at elevated field levels (2.9kV/mm) and mechanical preloads 
(6ksi) with outputs 75% larger than commercially available.  These tests demonstrated that domain wall movement 
within the piezoelectric ceramics can be used without any significant degradation over 150 million cycles of 
operation. 
 
The actuator mechanism was based on the x-frame concept [7] with two actuators working in parallel, thus the 2x-
frame actuator.  The two x-frames are actuated 180deg out-of-phase in a push-pull mode.  The actuator structure 
provides stroke amplification, a means for preloading the piezo-ceramic stacks, and provisions for mounting in the 
blade.  Three prototypes were fabricated and tested to optimize performance and durability.  The first prototype used 
low voltage stacks and validated the concept [17].  It had marginal performance but showed excellent robustness 
during spin testing.  The second prototype was scaled up by 15% and used custom high voltage stacks, Figure 9.  
Several features were added to facilitate assembly, enhance wear characteristics, and improve mounting in the blade.  
A third prototype with improved structural characteristics was developed, Figure 10.  It demonstrated excellent 
performance during bench testing, Table 3, and accumulated 66 million cycles under representative electrical and 
mechanical load conditions.  This corresponds to 560 hours of operation at 5/rev.  The actuator and bench test rig are 
shown in Figure 11. 
 
A switching power amplifier was developed to drive the piezoelectric actuator.  IGBT (Insulated-Gate Bipolar 
Transistor) switching at 20kHz and capacitive energy storage [18] provided the efficiency required to meet the 
volume and weight constraints for flight testing.  In terms of power density it represents a four-fold increase 
compared to previous models.  The amplifier maximum output was -300/+1200V and 3A for capacitive loads of 
4�F.  A prototype amplifier was developed and used to drive the flap system.  Based on test results, the design was 
enhanced by adding noise suppression filters, providing better thermal protection for flight testing on hot days, and 
improving modularity. 
 
 

4.  FLIGHT HARDWARE FABRICATION AND TESTING 
 
A complete set of 5 flight worthy blades, flaps, actuators, and amplifiers was fabricated for whirl testing.  In addition 
a spare actuator and a spare blade for future pressure instrumentation were fabricated.  Five actuators were tested on 
the bench to establish performance, stiffness, and natural frequencies.  In addition they were  run for one hour to seat 
the components, let the preload settle, and break in the flap link rod end bearing.  After installation in the blade, the 
actuator/flap system was run to establish baseline performance, natural frequencies, and to break in the flap bearing 
surfaces.  The blade installed actuator/flap system natural frequency was 98Hz.  The pitch inertias of all flaps and 
the free-free frequencies and pitch inertias of the mass balanced blade assemblies were also determined.  The overall 
blade weight increased by 5lb, an increase of 9% in weight and 15% in spanwise moment compared to the baseline 
blade.  The chordwise CG remained unchanged at 27.4%.  The completed blade assembly is shown in Figure 12. 
 
 

5.  WHIRL TOWER TEST 
 
Whirl tests were conducted at Mesa in a whirl cage using the Large Rotor Test Stand (LRTS).  The LRTS includes a 
1500HP motor, transmission, strut assembly, a 5-component rotor balance, and the rotor flight controls, Figure 13.  
This test stand has been used in a number of whirl tower and wind tunnel tests of several different rotors. 
 
Test setup started with installation of the test stand, motor, rotor balance, and rotor hub in the whirl cage.  For the 
SMART rotor test a hub mounted data acquisition and multiplexing system, Figure 14, and a slip ring for rotor data 



 
 

4 

and actuator power transfer were developed.  For whirl tower testing the slip ring was mounted below the 
transmission.  A total of 45 rotating system parameters were monitored, including 23 blade bending and torsion 
loads, pitch link loads, flap loads, flap actuator displacements and loads, and piezo stack temperatures.  Sixty fixed 
system parameters included 5 balance loads, mast bending, control system loads and displacements, test stand 
accelerometers, and flap actuator electrical data.  In addition, the test stand health monitoring system tracked 25 
parameters.  A total of 130 parameters were recorded.  Setup and calibration of the instrumentation systems and 
programming of the data acquisition and display systems represented a significant effort. 
 
All flap inputs were made as direct voltage commands using a dSpace controller card in a ruggedized PC.  Software 
for processing of feedback signals, limit monitoring, automated shutoff, and the various open and closed loop 
control modes was programmed in Simulink.  Amplifier interface electronics were custom designed and built to 
distribute and filter input commands, filter the high voltage actuator command outputs, and provide control, sensor, 
and shutdown circuits for the 28V power supplies. 
 
The rotor was tested for 13 hours, including 7 hours of flap operation, under a range of conditions.  Figures 15 and 
16 show the rotor installed on the test stand.  Initial runs were made for rotor tracking and balancing.  Baseline rotor 
data was acquired for collective control sweeps up to 9 degrees, cyclic control sweeps up to ±2 degrees, and rotor 
speed sweeps up to 107% overspeed.  The flaps were operated open loop with static and dynamic commands up to 
±500V and 6/rev (6P).  The flap phasing was also varied.  The flaps showed excellent authority with oscillatory 
rotor thrust greater than 10% of the steady baseline thrust.  Various flap actuation frequency sweeps were run to 
investigate the dynamics of the rotor (up to 80Hz) and the flap system (up to 400Hz).  Static operation of all flaps or 
one flap only were run to investigate the possibility of using the flaps for blade tracking.  Tests with static 
commands to one flap and dynamic commands to the other four flaps were run to simulate the case where one flap 
actuator was inoperative or experienced a hard-over.  A few cases were run to explore closed loop commands, using 
either hub accelerations or balance loads for feedback.  Last but not least, the active flap system was run 
continuously for over two hours without any performance or thermal issues. 
 
Figure 17 shows the change in flap deflection with rotor speed and collective when no voltage is applied to the 
actuators.  At zero speed and collective the flap deflection is zero;  small differences due to flap rigging are not 
shown.  It is seen that the aerodynamic loading on the flap due to increasing rotor speed and due to increasing 
collective compensate such that the flap deflection is zero at 100% Rpm and 8deg collective.  Taken individually, 
changing rotor speed from 0 to 100% displaces the flaps 0.75deg trailing edge down.  Changing collective from 0 to 
8deg displaces the flaps about 0.75deg up. 
 
Static flap inputs were made at 0, 4, and 8 degrees collective.  Figure 18 shows the flap deflection versus applied 
static voltage at 0 and 8 degrees.  Applying 400 Volts deflects the flaps about 3 degrees.  The data also show a 
certain amount of hysteresis in the flap deflection.  The effect of static flap deflections was most prominent in the 
pitch link and blade torsion loads.  It was also present in the blade flap bending loads, whereas the chord bending 
loads were largely unaffected.  The change in blade torsion loads at four radial stations (51 to 165in), Figure 19, 
shows significant flap authority even for the static case and indicates the possibility of using the flaps for in-flight 
blade tracking. 
 
Dynamic flap inputs were made at rotor speed multiple frequencies of 1/rev through 6/rev at a range of collective 
settings.  Initial runs were made in the ‘sine’ or collective mode with all flaps receiving the same command at a 
given time.  The majority of runs were made in the ‘harmonic’ mode with flap inputs phased azimuthally such that 
each flap receives the same command at a given azimuth.  Figures 20-22 show the cyclic flap deflection and 
harmonic component of blade torsion moment at station 71in and balance normal force at the excitation frequency 
for 8deg collective and three voltage levels.  Flap deflection amplitudes at ±450V are about 3deg and approach 
3.5deg at 5P as a result of flap/torsion coupling, Figure 20.  The flap inputs result in significant blade torsion cyclic 
loads, Figure 21.  With loads at 5P about twice the loads at 1P and 2P, the effect of the fundamental torsion mode is 
evident. 
 
The best indicator of flap authority in hover are changes in rotor thrust.  Oscillatory thrust provides a direct 
assessment of changes in the blade aerodynamic loading due to blade geometry changes from flap inputs.  Balance 
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normal force results, Figure 22, show that with harmonic flap inputs the rotor acts as a filter and only 5/rev balance 
loads are seen.  Applying ±450V at 5P results in a 5P normal force of 550lb, or about 10% of the nominal steady 
thrust.  This level of authority at a medium value of driving voltage exceeds requirements and indicates that the flap 
system should be able to provide the expected vibration, noise, and aerodynamic improvements in forward flight. 
 
One advantage of the flap system is that it is completely independent of the primary control system and is not flight 
safety critical.  Various tests were run to investigate the system behavior with one flap inoperative or at full static 
deflection (hard over) with the other flaps operating normally.  No problems were observed, but airframe vibration 
levels would certainly increase should such an event occur on an aircraft.  To further demonstrate robustness, the 
flap system was run continuously for over two hours without any issues and no degradation in performance.  After 
completion of the whirl test the flap system was bench tested, disassembled, and inspected.  Performance matched 
data taken before the whirl test and no signs of any interference or undue wear were found. 
 
 

6.  SUMMARY 
 
A full scale rotor system with piezoelectric actuated blade flaps was developed and whirl tower tested.  The 
development effort included design, fabrication, and component testing of rotor blades, trailing edge flaps, 
piezoelectric actuators, switching power amplifiers, and the data/power system.  Whirl tower testing of the 34-foot 
diameter rotor demonstrated the functionality, robustness, and required authority of the flap system. 
 
Proving the integration, robust operation, and authority of the flap system were the key objectives met by the whirl 
tower test.  This success depended on tailoring the piezoelectric materials and actuator to the application and 
meeting actuator/blade integration requirements.  Test results demonstrate the feasibility and practicality of applying 
smart materials for limited authority, active control on a helicopter rotor.  Follow-on forward flight demonstrations 
are needed to quantify the expected significant improvements in vibrations, noise, and aerodynamic performance.  
Extensions of this technology are a prime candidate for on-blade flight control, i.e. elimination of the swashplate. 
 
Specific conclusions are: 
1. Model scale rotor tests demonstrated the feasibility and benefits of piezoelectric actuated trailing edge flaps. 
2. High voltage custom piezo stacks can be driven at high field levels and mechanical preload with outputs 75% 

larger than commercially available without affecting durability. 
3. A high energy, compact piezoelectric actuator for operation in the rugged rotor blade environment was 

developed.  Performance and durability were demonstrated in extensive bench tests. 
4. A high efficiency switching power amplifier was developed.  Power density was increased four-fold compared 

to previous models. 
5. Aeroelastic simulation models for the flap system were developed.  Results showed that 2 degrees of flap 

deflection are sufficient for vibration reduction at high speed. 
6. The actuator/flap integration into the blade was optimized for performance, weight, matching baseline blade 

dynamics, and using production blade tooling.  Fabrication methods were developed to embed actuator and flap 
supporting structures as well as data/power wiring in the blade. 

7. The robustness and control authority of the flap system was demonstrated in whirl tower tests.  The rotor was 
fully instrumented and an extensive data set of actuator performance and rotor loads was obtained. 

8. Actuator authority exceeded requirements.  Flap induced oscillatory rotor thrust was greater than 10% of 
baseline thrust. 

9. The SMART rotor system is ready for forward flight demonstrations. 
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Table 1:  Rotor characteristics 
      
Rotor blade  modified MD900 
Hub type  bearingless 
No. of blades  5 
Radius   203.1 in 
Rotor Speed  392 rpm 
Chord   10 in 
Airfoil   HH-10, HH-06 
Twist   10 deg 
Torsion frequency 5.7/rev   
 
 
Table 2:  Flap data 
      
Radial station  150 – 186 in 
Length   36 in 
Chord   3.5 in 
Hinge location  75% of chord 
Horn length  0.75 in 
Max. flap angle  ± 6 deg   
 
 
Table 3:  2x-Frame actuator characteristics 
      
Blocked force  113 lb 
Free stroke  0.081 in 
Maximum work  2.28 in-lb 
Voltage   475 ± 725V 
Weight   2.16 lb 
Specific work  1.1 in-lb/lb  
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Figure 1:  MD900 blade with embedded piezoelectric 
actuator and trailing edge flap 
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Figure 2:  Blade, flap, actuator design integration 
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Figure 3:  Actuator, flap link, tension-torsion rod 
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Figure 4:  Blade, flap, actuator cross-section (A-A) 
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Figure 5:  Flap system components 
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Figure 6:  Blade spar fabrication 
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Figure 7:  Blade spar and flap support detail layup 
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Figure 8:  Leading edge wrap closure and balance 
weight 
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Figure 9:  2x-frame actuator 
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Figure 10:  2x-frame actuator details 
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Figure 11:  Actuator on bench test rig 
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Figure 12:  Smart rotor blade assembly 
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Figure 13:  Large rotor test stand (LRTS) 
 
 
 
 

 
 
Figure 14:  Rotor hub with data/power transfer unit 
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Figure 15:  Smart rotor blade on whirl tower 
 
 
 
 

 
 
Figure 16:  Smart rotor on whirl tower 
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Figure 17:  Flap deflection versus rotor speed (0deg 
collective) and collective pitch (100% Rpm) with no 
power applied. 
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Figure 18:  Static actuator deflection versus applied 
voltage, at 100% Rpm 
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Figure 19:  Blade torsion moment at four stations 
versus static flap deflection (8deg coll., 100% Rpm) 
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Figure 20:  Flap deflection versus excitation 
frequency for three voltage levels  (100% Rpm, 8deg 
collective, 1P = 6.53Hz) 
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Figure 21:  Blade torsion moment harmonics at 
station 71in at the excitation frequency for three 
voltage levels  (100% Rpm, 8deg collective, 1P = 
6.53Hz) 
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Figure 22:  Balance normal force (thrust) harmonics 
at the excitation frequency for three voltage levels  
(100% Rpm, 8deg collective, 1P = 6.53Hz) 


