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Abstract

The U.S Air Force and NASA recently concluded
a series of flight tests, including high speed
(M = 0.85) and acoustic tests of a Gulfstream III
business jet retrofitted with shape adaptive trail-
ing edge control surfaces under the Adaptive
Compliant Trailing Edge (ACTE) program. The
long-sought goal of practical, seamless, shape-
changing control surface technologies has been
realized by the ACTE program in which the high-
lift flaps of the Gulfstream III test aircraft were
replaced with 23 ft spanwise FlexFoilTM variable
geometry control surfaces on each wing. The
flight tests successfully demonstrated the flight-
worthiness of the variable geometry control sur-
faces. We provide an overview of structural and
systems design requirements, test flight envelope
(including critical design and test points), re-
sults from structural fatigue and acoustic testing,
and CFD estimates on drag reduction. We also
include a CFD-based aerostructural shape opti-
mization study to evaluate the application of this
technology to a twin-aisle commercial aircraft.

1 Introduction

The U.S Air Force and NASA concluded a se-
ries of flight tests on a Gulfstream III business
jet retrofitted with shape adaptive trailing edge
control surfaces under a program called Adap-
tive Compliant Trailing Edge (ACTE) [10, 4]
1. The long-sought goal of practical, seamless,

1https://www.nasa.gov/centers/
armstrong/feature/ACTE_30_percent_less_

shape-changing control surface technologies has
been realized by the ACTE program in which the
high-lift flaps of the Gulfstream III test aircraft
were replaced by a 19-foot spanwise FlexFoilTM

variable-geometry control surfaces on each wing,
including a 2 ft wide compliant fairings at each
end, developed by FlexSys Inc. The flight tests
successfully demonstrated the flight-worthiness
of the variable geometry control surfaces.

Modern aircraft wings and engines have
reached near-peak levels of efficiency, making
further improvements exceedingly difficult. The
next frontier in improving aircraft efficiency is to
change the shape of the aircraft wing in-flight to
maximize performance under all operating con-
ditions. Modern aircraft wing design is a com-
promise between several constraints and flight
conditions with best performance occurring very
rarely or purely by chance. Several studies have
also shown the benefits of a seamless variable
camber wing to optimize the performance across
various flight conditions and over a range of lift
coefficients [13]. The cited benefits include in-
creases in lift to drag ratio and better perfor-
mance throughout the flight envelope, resulting
in fuel savings and improvements in maneuver-
ability as well as operational flexibility. Ear-
lier attempts by the U.S. Air Force, via its Mis-
sion Adaptive Wing (MAW) technology in the
80s, demonstrated the aerodynamic gains of mor-
phing, but these were negated by increases in
structural weight, power, and complexity of the
mechanisms and actuators needed [12, 9]. Like-
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wise, other attempts by researchers to achieve
the same goal through use of “smart materials”
suffered from similar weight and power penal-
ties and also lacked scalability. The key inno-
vation that enabled the FlexFoilTM ACTE design
to reach this goal is through exploitation of natu-
ral elasticity of materials to create flexible struc-
tures that can bend and twist with uncompro-
mising strength [11]. This new design paradigm
combines the principles of computational me-
chanics and kinematics, and was based on ini-
tial basic research conducted at the University of
Michigan and 15 years of structural, wind tunnel,
and flight-testing conducted by FlexSys under
Air Force SBIR Phase II and III programs. The
ACTE is envisioned as a multifunctional aerody-
namic surface [3] that enables (1) airfoil shape
to be optimized for minimum drag over a broad
range of flight conditions including large deflec-
tions for use in high lift conditions and cruise trim
(2) actuation at high enough rates to enable load
alleviation during maneuvers and gusts, leading
to lighter weight wing structures (3) spanwise
twist to achieve optimal distributions and reduce
induced drag.

Fig. 1 High-lift flaps of a Gulfstream III busi-
ness jet (NASA–Air Force test aircraft) were re-
placed with 19 ft multi-functional variable geom-
etry control surfaces on each wing, including 2 ft
wide transition surfaces.

A shape-changing airfoil is required to sup-
port large air-loads while simultaneously adapt-
ing to different operating conditions. That is,
the design has to be both flexible and strong.
Flexibility and strength are usually considered
antithetical in conventional engineering design
where strength is usually achieved through rigid-
ity. The success of the FlexFoilTM shape chang-
ing control surface is directly related to the un-
derlying method of compliant design[8] of kine-
matic structures (or joint-less mechanisms) with
distributed compliance. The compliant design
method exploits the natural elasticity of common
materials, such as aluminum, steel, titanium, and
composites. By combining the principles of con-
tinuum mechanics and kinematics, we developed
algorithms for optimal arrangement of material
(skeletal configuration without joints) with built-
in mechanical advantage that enables desired
shape changes in a controlled fashion while sup-
porting significant external aerodynamic loads.
Each section of the compliant structural system
shares the load more or less equally and un-
dergoes the specified deformation without local
stress concentrations. The goal is to distribute
the strain energy more or less equally, while ac-
tively morphing the surface to desired contours
and supporting the external air loads. This dis-
tributed compliance enables large deformations
with low stresses so that the system can be de-
signed for high fatigue life.

2 FlexFoil Adaptive Complaint Trailing
Edge (ACTE)

As a part of Air Force SBIR Phase III program,
the Air Force Research Laboratory (AFRL) pro-
cured a Gulfstream III aircraft for flight-testing
FlexFoilTM variable geometry control surfaces.
AFRL and FlexSys teamed up with NASA’s En-
vironmentally Responsible Aviation (ERA) pro-
gram in 2009. Engineers at NASA’s Armstrong
Flight Research Center have successfully modi-
fied and instrumented the Gulfstream III and con-
ducted a series of flight tests between Novem-
ber 2014 and April 2015. The test aircraft was
named the SubsoniC Research Aircraft Testbed
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(SCRAT). During Phase II of testing (ACTE
II), NASA extended the flight envelope up to
M = 0.85, twisted the controls surfaces span-
wise, and conducted numerous acoustic flight
tests. The primary trailing edge wing flaps on
the Gulfstream III were replaced with 19 ft span-
wise FlexFoilTM aircraft control surfaces on each
wing, including 2 ft wide compliant fairings at
each end. The FlexFoilTM surface’s internal
mechanism had no joints to wear out, and the
profile was crafted directly to the fixed portion of
the wing. The shape morphing design distributes
compliance throughout the structure, changing
the wing camber from −9 to +40◦ on demand,
as well as being able to twist spanwise along
the trailing edge at up to 30 deg/second for gust-
load alleviation. The control surfaces are able
to generate over 11,500 lbs of lift and yet main-
tain their unique flexibility. The surfaces are
also rugged, able to withstand −650F to 1800F,
harsh chemicals, and tested without failure to last
five times the life cycles of a commercial air-
craft. Because of its underlying mechanics, the
FlexFoilTM control surface can be twisted span-
wise along its length, to tailor spanwise lift dis-
tribution. This capability offers two additional
benefits: (1) shifting aerodynamic loads closer
to the wing root thereby reducing wing stresses,
hence allowing for lighter wing structures and ad-
ditional fuel savings, and (2) reducing induced
drag saving even more fuel. Although Airbus
A350 and Boeing 787 already tailor the spanwise
lift distribution using ailerons and flaps to reduce
induced drag during cruise, FlexFoilTM control
surfaces offer a more refined and smooth span-
wise variation due to it ability to morph (chord-
wise and spanwise) seamless surfaces.

2.1 Design Loads and Validation

Based on CFD analysis using TRANAIR and
Star-CCM CFD codes on full 3D aircraft geom-
etry at various flap positions and flight config-
urations, a comprehensive list of lift and hinge-
moments was generated by NASA (Fig. 2). The
resulting load-limit cases were used to design the
FlexFoilTM ACTE system. Figure ?? shows the

aircraft flight envelope, where the red dots cor-
respond to the design limit load cases for which
the ACTE system was designed and validated
through physical testing.

Fig. 2 Design loads were derived via Tranair and
Star-CCM+ CFD codes.

Fig. 3 Gulfstream III flight envelope and final de-
sign limit load cases used for ACTE system de-
sign (red dots).

2.2 Structural Tests and Model Validations

A building block approach was adopted in se-
quentially validating, through material character-
ization, computational analysis and physical test-
ing, every component, sub-assembly and final as-
sembly of the ACTE flight articles. This enabled
us to gain insights and identify potential failures
early in the design and development process to
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avoid delays and cost increases. Nonlinear fi-
nite element models of the flight article were de-
veloped incorporating material characterization
test data and validated with data from structural
tests conducted on various components and sub-
assemblies. Operational tests showed that the
actuation force and strain gauge measurements
were, on average, within 8% of the values pre-
dicted from the model. The tests proved the
model accurately predicted the shape of the mor-
phed control surfaces. The external load tests
proved that the flight articles could handle at least
the aerodynamic loads with a 50% margin, and
all the tested coupons survived at least 2.18 times
the design limit load. On average, the actuation
force was within 9% of the model predictions,
and the strains were within 10% of the model pre-
dictions. Fatigue tests validated the composite
material’s S-N curve and ensured the reliability
of the flight articles for all flight tests. Fatigue
tests on all shape adaptive control surfaces were
successfully carried out, exceeding the 80,000
cycles of high lift deployment (−2◦ to +30◦ cam-
ber change) and 500,000 cycles of deflections
needed for cruise trim and gust-load alleviation.

A ground vibrations test (GVT) was con-
ducted on the right section of the flight article
with shape-adaptive trailing edge control surface
along with the two transition surfaces (compliant
fairings). This “free-free” GVT was conducted
at NASA, for the purpose of validating analyti-
cal models. These dynamic tests are critical be-
cause they identify structural dynamic behaviors
that could be excited in flight. Detailed analysis
confirmed that the ACTE system has little impact
on the flutter characteristics and that the flutter
margin is significant and of no concern.

2.3 Weight and Power

The 19 ft FlexFoilTM ACTE flap weighs approx-
imately 4% more than the weight of the base-
line Gulfstream III flaps and tracks that it re-
placed. However, retrofitting the ACTE system
involved use of miscellaneous hardware for adap-
tation into existing wing structure, which would
not be needed in a clean sheet design. The

flight article does not have any actuators, and
therefore there is no in-flight actuation of the
ACTE control surfaces. However, the ground
article (the Iron Wing) was equipped with over-
sized industrial off-the-shelf actuators (weighing
110 lbs.) operating at much lower hydraulic pres-
sure. The use of higher-pressure aerospace-grade
actuators would reduce the size, and hence the
weight, of the actuators needed. Using certifiable
aerospace-grade actuators, the weight penalty of
FlexFoilTM control surfaces would likely be less
than 10%.

The power required to driving the ACTE
control surface at similar rate as a conventional
flap is comparable to a conventional flap. De-
pending on the application, the power required
to drive FlexFoilTM control surfaces will be
10–20% more compared to conventional hinged
flaps. However, the power required for gust load
alleviation is significantly higher. The ACTE sys-
tem is capable of spanwise twist of 5◦ at rates of
300◦ per second.

3 Flight Testing on the Gulfstream III

The procedure for flight-testing included Tech
Briefs by NASA, which were grouped by test
type (taxi or flight) and flap deflection. In total,
there were five Tech Briefs conducted through the
flight phase. Figure 4 shows the flight card pro-
cedure within a flight: increase in altitude with
minimal increase in dynamic pressure, followed
by increases in dynamic pressure at higher alti-
tudes and as the vehicle descends at higher Mach
numbers.

In accordance with NASA safety require-
ments, a chase aircraft accompanied the test air-
craft for all flights. Table 1 lists 24 flight tests
from the first phase (over 70 total) that were con-
ducted, including the maximum altitude and dy-
namic pressure cleared with each flight.

During each flight, specific maneuvers were
used to generate different types of data for each
discipline. The configuration of these maneuvers
was such that aircraft controllability, airworthi-
ness, and high load conditions were generated
from their compilation.

4
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Fig. 4 Flight test procedure for stepping through
test points; (top) −2 to +5 degrees and (bottom)
+15 to +30 deg.

3.1 Instrumentation

The ACTE system and the test aircraft were fully
instrumented to obtain data from over 5800 sen-
sors in order to monitor structural performance
and aerodynamic data to validate loads and flight
conditions. The sensor array included accelerom-
eters, fiber optic strain sensors (FOSS), hot films,
pressure sensors, strain gages, and thermocou-
ples. Nearly 1200 of these sensors were incor-
porated during baseline flights (SCRAT 0B) and
remained on the unmodified-side of the aircraft.

Table 1 Overview of ACTE flights conducted by
NASA.

The ACTE system alone was instrumented to
gather over 4300 FOSS data points, 112 strain
gages, 60 accelerometers and hot film sensors
(Fig. 5). Data from these sensors were used
to monitor loads in real-time and also provide
post-processed views of the distributed structural
strains under load. Particular loads being moni-
tored include hinge-line shear and bending loads
(flap lift and hinge-moment) and actuation force
(load on ACTE structure).

3.2 Structural and Aerodynamic Data

While some of the aerodynamic data was evalu-
ated during flights, the primary objective was to
validate loads and flight conditions for the ACTE
system. Pressure data was acquired on the up-
per and lower surfaces via strip-a-tube. The flap
mid-span section had electronic tufts for monitor-
ing flow separation. A hot film sensory array on
the leading edge measured the stagnation point
(Fig. 6).
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Table 2 Summary of the flights that resulted in notable load cases.

Fig. 5 Structural health monitoring with fiber op-
tic sensors and strain gauges on ACTE system.

Figure 7 show aerodynamic coefficients of
lift and moment variations as functions of flap
angle and Mach number. This data shows in-
crease in lift and moment with increase in “flap
angle” or deflection of the variable geometry

control surface. However, the slope of the lift
curve decreases slightly beyond 15◦ of flap de-
flection, highlighting onset of flow separation.
The aerodynamic model using Cmarc panel code
and TRANAIR code produced identical results
for flap positions up to 15◦, where flow separa-
tion was observed. The flow separation at flap
positions above 15◦ suggests the need to use of
a full Navier–Stokes CFD code [14] in the future
to minimize discrepancies between experimental
(flight) data and model predictions.

3.3 Noise Reduction

In 2017, NASA’s Langley Research Center in
Virginia conducted a series of flight tests on

6
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Fig. 6 The left wing was instrumented with an
extensive suite of aerodynamic sensors, including
pressure ports, dynamic pressure sensors, elec-
tronic tufts, and hot film sensors.

Gulfstream III aircraft: a baseline configuration
and another one with ACTE. The a microphone
array with 185 hardened microphones was ar-
ranged in a pattern of 12 spiral arms on the
Rogers Dry Lakebed. This acoustic array was
designed to identify those components of the air-
craft that produce the highest levels of airframe
noise, including elements that are deployed dur-
ing the aircraft’s approach and landing, such as
the wing flaps, main landing gear, and nose land-
ing gear. Additionally, four certification micro-
phones were installed around the perimeter of
the array to measure the total amount of noise
the aircraft makes as it flies over. Researchers
compared data collected from the baseline Gulf-
stream III aircraft with the ACTE configuration
to calculate the exact amount of total noise reduc-
tion resulting from ACTE technology. These sets
of data will help NASA closely follow guidelines
for certification by the Federal Aviation Admin-
istration. NASA reported that ACTE can reduce
aircraft noise by as much as 30 percent on take-

Fig. 7 Delta Cl and Cm versus flap deflection.

off and landing2. Details of the test results will
be released in the near future.

4 Optimization of an Airliner with ACTE

To evaluate the potential benefits on both the
aerodynamic and structural performance of a
commercial transport aircraft, we now present the
aerostructural design optimization of a twin-aisle
airliner, represented by the undeflected Com-
mon Research Model (uCRM) [1]. In this sec-
tion, we merely summarize the approach and re-
sults. A much more detailed description of the
approach can be found in previously published
work [7, 6, 5]. More results and insights on the

2https://www.nasa.gov/centers/
armstrong/feature/ACTE_30_percent_less_
noise.html
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benefits of morphing this configuration can be
found in our previous work [2].

The aerodynamics are modeled using
Reynolds-averaged Navier–Stokes CFD, while
the structures is analyzed using a detailed
finite-element structural model of the wing.
The aerodynamics and structures are coupled to
compute the wing deflections and performance
at the given flight conditions.

The first step in this study is the definition
of a non-morphed baseline wing design. We
obtain this baseline by performing a multipoint
aerostructural optimization where we optimize
structural sizing and aerodynamic shape vari-
ables simultaneously to minimize the fuel burn.
Angle of attack and tail rotation design variables
are included for each flight condition. The base-
line shape of the wing at the nominal flight con-
dition is defined with 192 shape variables and
8 twist variables. 854 structural variables in-
cluding panel thicknesses, panel lengths, stiff-
ener heights, stiffener thicknesses, and stiffener
pitches control the wing box definition. 32 mor-
phing variables are added for each non-nominal
flight condition to control the shape of the trail-
ing 10% of the wing.

The lift and pitching moment are constrained
at each flight condition. The geometric volume of
the wing cannot be decreased, to provide space
for fuel in the wing. Geometric thickness con-
straints provide low speed performance, manu-
facturability, and sufficient space for actuators
at the leading edge, trailing edge, and aft spar,
respectively. Linear shape constraints prevent
shearing twist and maintain constant thickness in
the morphing region. The failure of all structural
members at the pull up condition are aggregated.
The buckling of all non-rib structural members is
constrained at the pull up and push over condi-
tions, with aggregated constraints. In total, the
optimization problem includes 1046 constraints.

The results of the initial multipoint optimiza-
tion are shown in Fig. 8. Note that this multi-
point optimization was run twice, once with mor-
phing and a second time without morphing, for
comparison. The non-morphing optimized wing
is shown on the left of Figure 8, while the mor-

phing result is to the right. The green lines cor-
respond to the non-morphing case and blue lines
are for the morphing configuration. Additionally,
the solid lines represent the nominal cruise con-
dition, while the dashed lines are for the 2.5g ma-
neuver.

The morphing wing reduced the average fuel
burn by 2.05% compared with the non-morphing
optimized wing. This fuel burn reduction is
largely enabled by the 12.4% reduction in wing
mass provided by active load alleviation at ma-
neuver. As shown in the airfoil slice data of
Fig. 8, this mass reduction is provided by reflex
camber in the outboard regions of the wing dur-
ing the 2.5g maneuver. The effects of the reflex
camber can be seen in the corresponding pressure
distributions (for maneuver, on slices C and D),
where regions of negative lift are produced near
the trailing edge. This morphing shifts the ma-
neuver load inboard, enabling the lighter struc-
ture shown in the thickness distributions. That
lighter structure is more flexible than its heav-
ier counterpart in the non-morphing wing, which
produces some aerodynamic penalties, but the
optimizer balances those competing effects, and
produces the optimal design.

5 Conclusions and Future Work

The primary purpose of the flight tests carried
out by NASA and AFRL was to demonstrate
the structural feasibility and robustness of the
FlexFoilTM ACTE technology. The FlexFoilTM

variable geometry technology on the experimen-
tal Gulfstream III aircraft was not optimized
for maximum aerodynamic load benefit, but fu-
ture clean sheet optimized designs will tailor the
structure for maximum aerodynamic load advan-
tage. For instance, using multidisciplinary de-
sign optimization codes to perform RANS-based
aerodynamic analysis/shape optimization for var-
ious combinations of Mach-CL and construct the
drag polar of the morphing FlexFoilTM, allows
us to identify trailing edge shapes that yield min-
imum drag throughout the flight profile [14].
The variable geometry control surfaces on all the
flight tests worked flawlessly. The test aircraft fit-
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Fig. 8 Comparison of the aerostructural multipoint optimization results with and without a morphing
trailing edge on the aft 10% of the wing. The maneuver load alleviation enabled by the morphing trailing
edge leads to a 12.4% reduction in the wing mass and a 2.72% reduction in the average fuel burn.

ted with ACTE control surfaces was flown in the
initial phase at M = 0.75, at a maximum altitude
of 40,000 ft and was subjected to 2g maneuvers
and a maximum dynamic pressure of 384 psf.
Overall, the ACTE structure survived the rigors
of over 70 hours of flight tests without any struc-
tural failures a loads exceeding the maximum de-
sign loads for commercial aircraft.

During the second phase of flight tests,
through a new program entitled Flight Demon-
strations and Capabilities (FDC), NASA success-
fully completed a series of flight tests at M =
0.85. Additional flight tests were carried out with
control surfaces subjected to a spanwise of ±5◦

to assess the shift in center of lift. A series of

acoustic flight tests were also carried out NASA
Langley. NASA reported that ACTE can reduce
aircraft noise by as much as 30 percent on takeoff
and landing.

As anticipated, a seamless trailing edge sur-
face, such as FlexFoilTM ACTE, experiences loss
of high-lift capability at low speeds due to (1)
absence of slots to direct high pressure air over
Fowler/hinged flap and (2) lack of increase in
wing area afforded by a conventional flap. There-
fore, flow augmentation devices for maintaining
flow attachment at flap positions above 15◦ are
needed to attain lift closer to that generated by
conventional flaps. Active flow control meth-
ods, such as “blown slot” with sweeping jets,

9
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successfully tested under another NASA ERA
program, are capable of adding momentum to
the flow on the airfoil upper surface, thereby
keeping the boundary layer attached over highly-
deflected surfaces of ACTE. uch flow augmenta-
tion methods will be explored in the future. Hav-
ing demonstrated the structural feasibility and ro-
bustness of shape adaptive seamless control sur-
faces through a series of rigorous and success-
ful flight tests, several applications of FlexFoilTM

variable geometry technology will be explored in
the near future for other control surfaces includ-
ing trailing edge trim tabs, leading edge, engine
inlets, winglets, stabilizers, rudders and ailerons.

The numerical design optimization study in
this article considered a clean sheet redesign of
a twin-aisle commercial transport aircraft with
a small morphing trailing edge device. The
clean sheet configuration was designed with an
aerostructural multipoint optimization. This op-
timization included morphing capabilities and
structural sizing design variables, and thus took
advantage of the active load alleviation enabled
by the morphing trailing edge. Compared with
a clean sheet design optimized without a mor-
phing trailing edge, the weight of the ACTE
wing is 12.4% lower. The multipoint opti-
mized morphing wing was used as the baseline
for 65 aerostructural morphing shape optimiza-
tions. The optimized performance of the mor-
phing wing at a variety of flight conditions was
aggregated into a performance surrogate that was
used for mission analysis. Over the course of a
full mission, the clean sheet morphing design re-
quired 2.72% less fuel than the baseline.
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