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Abstract. The development of a new type of flightworthy adaptive rotor system is 
presented. By building upon earlier adaptive rotor work, a new miniature solid state 
adaptive rotor (SSAR) was built using directionally attached piezoelectric (DAP) 
torque-plates controlling Hiller servopaddles. These servopaddles change the rotor 
disk tilt and thereby induce changes in forces and moments for flight controL To 
demonstrate the concept, a 23.5 in diameter helicopter rotor was built using DAP 
servopaddles at the hub. The servopaddles were constructed from PZT-5H 
piezoceramic actuator sheets bonded symmetrically a1 45<. An aluminum substrate 
and a high temperature cure was used to provide precompression. Analytical 
modeling was accomplished by laminated plate theory along with strip theory 
aerodynamics and inertial relations. Because propeller moments are proportional to 
servopaddle deflections at a fixed rotational speed, it was possible to cancel them 
out by balancing an aeroelaslic coupling between the center of mass, aerodynamic 
center and elastic axis. Bench testing of the SSAR showed that the rotor system 
could produce static servopaddle deflections in excess 01 ±5.8- with good 
agreement between theory and experiment. With th pinning rotor, the 
servopaddles demonstrated dynamic capability in excess of 2.5 rev- 1

. As the rotor 
speed was increased, deviations between linear theory and experiment also 
increased. Nonetheless, the rotor still demonstrated ±2.r servopaddle deflections 
at full rotor speed (1600 RPM). A detailed weight statement of the conventional and 
SSAR systems shows that the SSAR helicopter experienced a 40% reduction in 
flight control system weight, which resulted in an 8% cut in total aircraft gross 
weight, a 26% drop in parasite drag and a drop in flight control system part count 
from 94 components down to five. 
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Abbreviations 

CAP conventionally attached piezoelectric 
DAIDE directionally attached interdigital electrode 
DAP directionally attached piezoelectric 
PFC piezoelectric fiber composite 
SSAR solid state adaptive rotor 

1. Introduction and motivation 

The past decade has witnessed the growth of a 
unique branch of smart structures which is centered 
on enhancing aircraft perfonnance through the use of 
adaptive materials. This branch started in the late 1980s 
when the characteristics of aerodynamic beams and plates 
which could be moved with piezoelectric elements were 
examined [1-3]. In 1989 a new section of this adaptive 
aerostructures branch was fonned when a piezoelectric 
servofJap con figuration was first tested [4]. These devices 
used cantilevered piezoelectric benders which were attached 
to the leading edge of aerodynamic fJaps. As the beams 
bent, they would effectively pitch the flaps up and down. 
Following the invention of the piezoelectric servofJap by 
Spangler and Hall, numerous other technolooists followed 
their lead and pushed further in the area "'of helicopter 
vibration reduction [5,6]. At about the same time as 
the servoflap was being conceived, another novel method 
of helicopter blade manipulation was developed. By 
using newly invented directionally attached piezoelectric 
(DAP) elements bonded within a helicopter rotor blade, 
the twist could be actively manipulated [7-9]. Changes 
in the structural arrangements of the DAP elements, 
spars and skins led to the invention of numerous useful 
adaptive fJight control surfaces for missiles, munitions and 
remotely piloted vehicles [10--12]. Although the fixed-wing 
applications were well established and delivered defJections 
up to ±8° in pitch, at rates in excess of 30 Hz, the 
blade twist methods lagged far behind. They could only 
generate ±O.l° twist levels at 600 V mm- I

. Clearly, these 
microscopic twist changes were inadequate for meaningful 
vibration reduction applications. Fortunately, years of 
follow-on research paid off when these small twist levels 
were increased by nearly a factor of two in 1994 [13]. 

Although the blade twist and servoflap blade manip
ulation techniques may be adequate for controlling some 
types of helicopter vibration, still larger def1ections are re
quired for other hel icopter applications. In 1991 a new 
type of helicopter rotor blade manipulation technique was 
invented [8]. This control technique employed a typical 
missile fin DAP torque-plate actuator which was mounted 
between the rotor hub and the root of the helicopter blade. 
In late 1991, it was shown that blade pitch deflections up 
to ±4.2° could be commanded at rates exceeding 68 Hz 
For a 3 ft diameter Froude-scaled rotor, this corresponds 
to more than 3.3 rev-I. Although the pitch defJections are 
extremely large for the adaptive aerostructures world, they 
are about half of that required for fuJI collective and cyclic 
control. Nonetheless, the mission of this prototype had 
been fulfilled: to demonstrate that adaptive materials could 
command large blade pitch angles at high speeds with low 
power consumption and low weight [14J. 

After several years of follow-on research, a rotating 
prototype was constructed and tested. This 4 ft diameter, 
1!l2th Froude-scaled solid state adaptive rotor (SSAR) used 
much longer torque plates than its earlier counterpart and 
achieved blade pitch deflections from _4'0 to + 12° which 

is in the range for full collective and cyclic control [15, 16]. 
Testing demonstrated that the pitch deflections held steady 
through 600 RPM as a function of actuation field. As 
the rotor speed was increased, dynamic excitation testing 

showed that the rotors could be pitched at speeds up to 
2.5 rev-I This deflection range and high speed is more 
than adequate for collective and longitudinal and lateral 
cyclic which requires only 1 rev- 1 pitch manipulation 
Indeed, at 2.5 rev-I, the rotor system performed at the 
lower range for higher hannonic control. By simply tripling 
the thickness of the piezoceramic torque-plates, speeds up 
to 4.3 rev-I could easily be achieved. 

Because the pitch deflections (and the corresponding 
changes in thrust coefficient) of the SSAR were so laroe'" ' 
the realm of possibilities opened up from simply achieving 
helicopter vibration reduction to full fJight control. 

Helicopter flight control systems have remained 
essentially unchanged since the early 1930s. Nearly all 
production helicopters still use swash-plates, push rods, 
linkages and a myriad of di fferent hinges and flexures. 
These assemblies are typically composed of hundreds to 
thousands of components, are frequently the cause of fatal 
accidents and induce about 30% of the parasite drag on 
the airframe. They also contribute up to 15% of the 
helicopter gross weight, and 17% of the maintenance and 
inspection loads. It is easy to see that replacement of these 
complicated assemblies with a simple, effective device 
like the SSAR could improve aerodynamic performance, 
cut weight, drag, radar cross-section, maintenance loads, 
increase reliability and enhance safety. 

Because fundamental feasibility of the SSAR was 
demonstrated between 1991 and 1995, the next stage is to 
prove the system on a flying aircraft. Initial development 
of a f1ightworthy SSAR took place during the first part 
of 1996 [17]. This initial study was centered on the 
development of a mini aerial rotorcraft (mAR) for use as 
a remotely piloted vehicle (RPV). Although the advantages 
of the SSAR had been demonstrated in terms of speed, 
deflection, power consumption and weight for the rotor 

itself, the most profound effects will be seen by examining 
the helicopter in its entirety. The systems-level nature of 
this study allows a quantitative examination of the positive 
impact which the SSAR will have on the helicopter in tenns 
of weight, drag and part count reduction. Accordingly, this 
study is centered on further demonstrating the capabilities 
of the SSAR as a device which is robust enough to control 
the helicopter in flight and capable of full longitudinal and 

lateral cyclic functions 

2. Actuator selection and modeling 

2.1. Actuator selection 

Several different studies have been centered on the 
selection of adaptive materials for flight control. By 
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Table 1. In-plane properties (ideal/actual) of typical conventionally attached piezoelectric (CAP), directionally attached 
piezoelectric (DAP) and iterdigitated electrode (IDE) actuators constructed from PSI-5A-S2 piezoceramic sheet at 
500 V mm- 1 [14]. 

Longitudinal strain, All 

(Ilstrain) 
Lateral strain, 
(Ilstrain) 

A22 Longitudinal stiffness, EL 
(GPa) 

Lateral stiffness, Er 
(GPa) 

CAP 
DAP 
IDE 
DAIDE 

-211/-211 
-211/-211 

423/324 
423 

-211/-211 
-211/-211 
-211/-90.8 
-211 

61/61 
61/60 
53/58 
53 

61/61 
0/3 
61/61 
0 

of rotor speed or ambient temperature. This is seen 
most clearly if one looks at the operational environment 
of typical helicopters which can range from 130 OF on 
a heat-soaked tarmac, to -50 of at high altitudes or in 
polar regions. Several other actuator configurations have 
used antisymmetric actuator layouts in rotors. Because 
of the orthotropy of the DAP elements, these rotors are 
both extension~twist coupled and sensitive to temperature 
changes [13]. 

2.3. Servopaddle integration, modeling 

Several design principles were followed to assure 
aeromechanical stability and yet maintain divergence-free 
high control authority with the torque-plate servopaddles. 
The first design objective was to collocate the elastic 
axis of the torque-plates and the center of gravity 
of the servopaddles. This practice minimizes inertial 
coupling between servopaddle pitch deflections and 
flapping motions The second design objective was to 
place the counterbalance mass as close to the hub as 
possible on the servopaddles. This would minimize 
additional centrifugal loads and propeller moments which 
the servopaddle would experience. The final design 
objective was to use a symmetric servopaddle airfoil section 
with a tailored mismatch between the center of pressure 
location and the elastic axis. This mismatch induced a 
nose-up moment which was scheduled to exactly counter 
the propeller moment which was generated by the mass 
of the servopaddles and the torque-plates. A first-order 
analysis using strip aerodynamics, neglecting aerodynamic 
and inertial contributions from the torque-plate, yields a 
straightforward analysis method which is fairly accurate 
at low deflection levels. As will be seen later, however, 
the simplifying assumptions break down with higher pitch 
levels and servopaddle loading. The geometry of the 

servopaddle rotor is shown in figure 1. 
The basic model of the system can be expressed as 

a simple balance of moments at a representative section 
on the servopaddle, including: actuator, a, laminate, L, 
aerodynamic, aero, propeller, prop, inertial and damping 

moments: 

M a + lvI, + M auo + M prop + Millerria + MdanrpinR = O. (5) 

As assumed earlier, the torque-plate is composed 
of DAP elements and a substrate (with a high coeffi
cient of thermal expansion) [+45DAP(+A)/bond/isotropic 
sUbstrate/bond/+45°DAP( - A)]. For modeling purposes, it 

can be assumed that DAP elements are mechanically 01'

thotropic, but piezoelectrically isotropic, such that the lon
gitudinal DAP element strain A I and the lateral strain A 2 

are equal. It can also be assumed that the bond line is 
infinitely thin. Accordingly, the actuator moment may be 
expressed as: 

(6) 

The passive laminate contributes a moment In the 
opposite direction to the DAP elements. Again, if the 
assumptions behind equation (6) are used, the laminate 
may be modeled similarly, assuming that the torque
plate experiences negligible contributions in torsional 
stiffness from protective sealants, electrical leads and tapes. 
(Later examination will indeed show that these factors do 
contribute slightly to the total torsional stiffness of the 
actuator.) The restoring, passive moment may be expressed 
as: 

EstJ EL + ET - 2EL lin 
M, =' + -------[ 12(1 + v,) 2(1 - liLT liT d 

t}ta 2 2t;)]Wa¢x -+tt +- --. (7)( 2 s a 3 La 

Because the Hiller servopaddle system is designed only 
to provide only longitudinal and lateral cyclic control (no 
collective), the steady aerodynamic moments due to a finite 
pitch angle may be trimmed so that the local steady angle 
of attack is nearly zero. Also, use of symmetric airfoil 
sections on the servopaddles further eliminates steady 
pitching moments. Another simplifying assumption for 
purposes of this first-order analysis is that the servopaddle 
flies as an independent aerodynamic surface with negligible 
aerodynamic influence from the torque-plate. Further, it 
is assumed that the span is short enough that the flow is 
attached and that the conditions at the mean aerodynamic 
chord are representative of the conditions over the entire 
servopaddle. Accordingly, the aerodynamic moment is 
given as an effective spring which can be tailored through 
a mismatch between the aerodynamic center and center of 

pressure. 

(8) 

The servopaddle will fly with a mass balance ahead 
of the elastic axis of the torque-plate so that the center 
of mass of the servopaddle lies on the elastic axis of the 
torque-plate. However, the very mass of the counterbalance 
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Figure 2. Solid state adaptive rotor (SSAR) geometry. 
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Figure 3. SSAR helicopter characteristics 

were attached along the spanwise axis of the torque-plates 
to form an upper electrical lead. Another layer of style 
120 fiberglass was laid up with Master Bond EP2lTDC 
epoxy In a room-temperature wet layup. This outermost 
strip formed a protective layer to help maintain a positive 
electrical connection between the outer faces of the DAP 
elements and the brass lead 

After the DAP elements were precompressed. the leads 
were routed around the fiberglass root fixture and down to 
the rotor hub. At the rotor hub, a pair of brass contacts 
spanning approximately 85° of azimuth were attached to 
elements from the two different torque-plates Additionally, 
a pair of 0.762 mm (30 mil) thick, 3.81 cm (1.5 in) x 
7.62 cm (3 in) span graphite-epoxy servopaddles were 
bonded to the outermost edges of the torque-plates. A 
pair of 5.7 g (0.20 oz) leading-edge counterbalances were 
mounted to the innermost leading edge of the servopaddles 
with cyanoacrylate resin. These counterbalances placed the 
servopaddle center of gravity to within 0.2 mm (8 mil) of 
the elastic aXIs of the DAP torque-plates. 

The aircraft fuselage was modified to cut the parasite 
drag and reduce unnecessary weight. The removal of the 
conventional flight control servos, swash plates, push rods 
and hinges left a large area on lOp of the fuselage which 
formed an open cavity. (Cavity flow generally induces 

high dlag increments in aircraft.) This cavity was closed 
and molded into an aerodynamic shape that joined the 
EM! shield at the base. This closure and removal of 
the complicated flight control 
reductions in parasite drag. 
Hyperfly helicopter geometry. 

A pulsewidth modulated 
used to control the aircraft 

linkages is responsible for 
Figure 3 shows the SSAR 

radio control network was 
A Futaba R-112JE two 

channel radio was used to receive the 72 MHz radio 
signals to provide cyclic contro!' Pulsewidth modulated 
control signals were transferred from the receiver to a 
pair of Mitsubishi M51660L servo control chips. These 
c11ips were integrated into a small demodulator network 
which converted the pulsewidth modulated control inputs 
to voltage outputs which varied between ±4.2 V. The 
proportional control outputs were then fed to a pair of 
switching amplifiers, which operated on ±65 V DC power 
supplied by a pair of Pico 5SM48D DC-DC converters 
Signals from the amplifiers were then used to supply the 
brushes on the main shaft as shown in flgure 4. 

Substitution of the SSAR flight control system for 
the conventional mechanical system resulted in significant 
weight (and weight fraction) savings. These weight 
reductions came primarily from the removal of the 
conventional Hiller servopaddle system, swash plates, 
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Table 2. Weight statement for the conventional and SSAR Hyperfly helicopters. 

Conventional SSAR Conventional SSAR Conventional SSAR 

Fuselage group 159.9 9 159.9 9 5.640z 5.640z 22.6% 24.6% 
shell 38.5 9 38.5 9 1.360z 1.360z 5.4% 5.9% 
canopy 11.6 9 11.6 9 0.41 oz 0.41 oz 1.6% 1.8% 
landing gear 26.8 9 26.8 9 0.940z 0.940z 3.8% 4.1% 
aft fuselage brace 5.0 9 5.0 9 0.18 oz 0.18 oz 0.7% 0.8% 
landing squat switch assembly 22.7 9 22.7 9 0.800z 0.800z 3.2% 3.5% 
tail assembly 51.8 9 51.8 9 1.830z 1.830z 7.3% 8.0% 
fuselage fasteners 2.4 9 2.4 9 0.080z 0.080z 0.3% 0.4% 
paint 1.1 9 1.1 9 0.040z 0.040z 0.2% 0.2% 

Powerplant group 303.3 9 303.3 9 10.690z 10.690z 42.9% 46.6% 
motor and electrical harness 118.1 9 118.1 9 4.16 oz 4.160z 16.7% 18.1% 
battery and electrical harness 180.3 9 180.3 9 6.350z 6.35 oz 25.5% 27.7% 
battery tie-down assembly 4.9 9 4.9 9 0.170z 0.170z 0.7% 0.8% 

Rotor group 77.5 9 77.5 9 2.730z 2.730z 11.0% 11.9% 
rotor blades 20.0 9 20.0 9 0.700z 0.700z 2.8% 3.1% 
blade lag hinge and hub assembly 18.1 9 18.1 9 0.640z 0.640z 2.6% 2.8% 
rotor mast, and powerstrain assy 39.4 9 39.4 9 1.390z 1.390z 5.6% 6.1% 

Receiver group 25.3 9 25.3 9 0.890z 0.890z 3.6% 3.9% 
receiver and antenna 22.8 9 22.8 9 0.800z 0.800z 3.2% 3.5% 
receiver mount 0.5 9 0.5 9 0.020z 0.020z 0.1% 0.1% 
antenna mounts 2.0 9 2.0 9 0.070z 0.070z 0.3% 0.3% 

Flight control group 141.7g 85.0 9 4.990z 3.000z 20.0% 13.1% 
servos 91.5 9 3.220z 12.9% 
swash plates, linkages, push rods 50.2 9 1.77 oz 7.1% 
EMI shield 0.9 9 0.030z 0.1% 
DC-DC converters and harness 15.2 9 0.540z 2.3% 
switching amplifier assembly 29.1 9 1.030z 4.5% 
brush and contact assembly 8.1 9 0.290z 1.2% 
torque-plates and servopaddles 31.7 9 1.12 oz 4.9% 

Total 707.7 9 651.0 9 24.940z 22.940z 100% 100% 

unconstrained bending in the longitudinal direction. 
Figure 6 shows the participation of another structural 

mode below the main first natural frequency peak. By 
measuring root deflections, this is attributed to the presence 
of a low structural mode involving the fiberglass hub flexure 
which warped slightly under dynamic loading conditions. 
Also, the natural frequency of the system is lower than that 

predicted by equation (14). This is primarily due to the 
finite mass of the torque-plate which was not taken into 

account. Nonetheless, the predicted first natural frequency 
was reasonably close to the measured natural frequency of 
68 Hz. Considering the 1600 RPM full rotor speed, the 
rotor is capable of controlling servopaddle deflections in 
excess of 2.5 rev-I. 

3.3. Rotating deflection testing 

The rotating tests were conducted with the system spinning 

at 1600 RPM and the blades pitched to 5° collective (typical 
flight condition). Both longitudinal and lateral cyclic 
deflections were measured using laser reflection techniques. 
Testing was conducted by energizing opposite contacts to 
590 V mm- I (15 V mil-I) field levels, while the two 

orthogonal contacts were grounded (so as to bleed off 
charge as the servopaddles would pass through orthogonal 
azimuth angles). Deflections were measured with the rotor 
operating out of ground effect with initial servopaddle 
deflections set at 3°. Figure 7 shows the SSAR helicopter 

Figure 7. SSAR helicopter during servopaddle deflection 
testing, full speed (1600 RPM). 

during rotating deflection testing. Figure 8 shows the 
servopaddle deflection trend at 45° azimuth angle from the 

actuation point. 
Figure 8 shows that the exact balance between 

aeroelastic and propeller moments was almost achieved. 

The 28% difference between theory and experiment at 

higher actuation levels indicates that inclusion of propeller 
moments from the torque-plate will be necessary for 

accuracy. However, it should be noted that up through 
the 160 V mm- I (4 V mil-I) actuation fields, theory and 

experiment correlate to within 2%. This high degree of 
accuracy indicates a softening of the nose-up aeroelastic 
moments as deflections grow. This may point to strong 
tip-relieving and the influence of changing inflow angles. 
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deviations beyond 400 V mm -I (10 V mil-I) A final 

wind tunnel and flight test program on an SSAR equipped 

helicopter showed that the SSAR configuration cuts Aight 

control system weight by 40%, which lead to an 8% 

reduction in aircraft gross weight. Other benefits include 

a 26% drop in parasite drag. and a reduction in part count 

from 94 components to five. 
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