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Abstract
In this study a novel aircraft trailing edge flap actuation system was developed and tested.
Pneumatic artificial muscles (PAMs) were used as the driving elements of this system to
demonstrate their feasibility and utility as an alternative aerospace actuation technology. A
prototype flap/actuator system was integrated into a model wing section and tested on the
bench-top under simulated airloads for flight at 100 m s−1 (M = 0.3) and in an open-jet wind
tunnel at free stream velocities ranging up to 45 m s−1 (M = 0.13). Testing was performed for
actuator pressures ranging from 0.069 to 0.62 MPa (10–90 psi) and actuation frequencies from
0.1 to 31 Hz. Results show that the PAM-driven trailing edge flap system can generate
substantial and sustainable dynamic deflections, thereby proving the feasibility of using
pneumatic artificial muscle actuators in a trailing edge flap system. Key issues limiting system
performance are identified, that should be resolved in future research.

S Online supplementary data available from stacks.iop.org/SMS/20/105021/mmedia

(Some figures in this article are in colour only in the electronic version)

Nomenclature

OD outer diameter
k linear spring constant
L uninflated actuator length
M Mach number
p actuator internal air pressure
R actuator radius
Sf planform area of flap
v free stream velocity
α angle of attack
δ flap deflection angle, positive downwards
�L change in actuator length
�R change in actuator radius
θ deflection angle of moment arm for

spring loading setup
λ contraction ratio
ρ density of air
cf flap chord
ch total hinge moment coefficient
chα

hinge moment coefficient due to angle of attack

chδ
hinge moment coefficient due to flap deflection

λ0 actuator free contraction ratio
Fbl actuator blocked force

1. Introduction

The design and optimization of aircraft control surfaces has
long been an important area of research in the aerospace
community. Obtaining effective aircraft control authority has
required the development of powerful actuator technologies.
However the need for powerful actuators must be balanced
by stringent weight and reliability requirements. These
design constraints have led to the widespread adoption of
two primary technologies, hydraulic actuation systems and
electric motors. Operating under high pressure, hydraulic
actuators are capable of producing large, sustainable control
forces, but their disadvantages include the weight penalty
associated with bulky actuator components, dense operating
fluid, and extensive high pressure plumbing and fittings that
are prone to leakage. Electric motors are also capable of
generating large control forces at high actuation rates, but
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often their size, power requirements, and weight limit their
utility. The drawbacks of these existing actuation schemes
has in recent years led to consideration of alternative actuators
with potentially improved performance characteristics. This
technology push was largely due to the development of
active (smart) materials, such as piezoelectric ceramics [1–5],
shape memory alloys [6–9] and magnetostrictives [10, 11].
Accordingly, significant effort has been put into actuation
schemes that employ active materials, but these have so far
proven to be limited in output performance for full-scale
vehicles. For instance, piezoelectric materials have high
force, but low stroke, and shape memory alloys have a
dynamic barrier in actuation bandwidth. These limitations are
also present even when mechanisms designed for mechanical
advantage [12], and for frequency rectification, are employed.

Thus, new types of actuators should be developed to
overcome the issues outlined above. Pneumatics represent
an actuation technology that may be able to overcome the
noted limitations of other actuation devices. Specifically for
unmanned aerial vehicles (UAVs), conventional pneumatic
piston actuators can successfully actuate a variety of control
surfaces [13], including camber augmentation [14], changes
in sweep [15], and telescopic changes to span [16, 17]. A
second class of pneumatic actuators referred to as pneumatic
artificial muscles (PAMs) [18] has also shown great promise.
Most notable in this category is the McKibben actuator, which
has been well studied for low bandwidth (<1 Hz) robotics
applications, but has not been considered for aerospace
applications requiring higher bandwidth. McKibben actuators
consist of an elastomeric bladder (most commonly silicone
or latex rubber) encased in a helically braided sleeve and
sealed at both ends. One end has an air fitting attached to
allow for pressurization (inflation) and exhaustion (deflation)
of the actuator. As such, they are relatively simple light
weight devices. Furthermore, they can generate significant
levels of force (6000 N) [19] and contraction (30% or more of
original length) at modest actuation pressures (0.69 MPa) [20].
High force and low weight also result in impressive energy
densities [19, 21]. For example, actuator specific energy ratios
of nominally 300 J kg−1 can be achieved with commercially
available PAM actuators [19], which is significantly better than
energy densities of 1–10 J kg−1 typical of piezoelectrics and
3 J kg−1 typical of magnetostrictive actuators [22]. Although
PAMs do not have an energy density as high as the 800 J kg−1

energy density typical of shape memory alloys (SMA), PAMs
have much faster response times and so are better suited to
dynamically driving control surfaces [22]. PAMs also have
excellent specific power, on the order of 0.5–2 kW kg−1 [23].

The operating principle of McKibben type pneumatic
artificial muscles, hereafter referred to simply as PAMs, is as
follows. When the bladder is pressurized with air, it expands
in the radial direction, pressing outward on the braided sleeve.
This forces the braided sleeve to also increase in diameter
through reorientation of the helical braid. However, the fixed
length of the braided sleeve fibers generates a contractile force
and causes a reduction in the overall length of the muscle.
Figure 1(a) shows a diagram of this process. The maximum
operating pressure, hence, the maximum actuation force, is

(a)

(b)

Figure 1. PAM actuation overview. (a) Operating principle.
(b) Antagonistic PAM pair driving flap.

often pressure limited: (1) high performance pneumatic control
valves are often limited to handling nominal pressures as high
as 1–1.4 MPa (150–200 psi), and (2) the risk of the bladder
squeezing through the braided sleeve and rupturing, although
at much higher nominal pressures of 7 MPa (1000 psi), in
our own tests not reported here. PAMs are intrinsically
a unidirectional actuator capable of producing significant
force levels only in contraction, so that PAMs are similar to
natural muscles [24]. If bi-directional motion is desired, two
pneumatic muscles can be configured as an antagonistic pair
and operated alternately to produce bi-directional rotational
motion about a hinge as in figure 1(b). Such a biomimetic
arrangement is capable of actuating aircraft control surfaces.

The objective of this study is to design and build a
prototype PAM-driven aerodynamic control surface, that is, a
trailing edge flap, and to evaluate its performance in terms of
the achievable flap deflection range and frequency response.
A 0.61 m (24 in) span of a 0.53 m (21 in) chord NACA-
0012 airfoil was chosen as a representative wing section.
A 15% chord flap with a span of 25.4 cm (10 in) was
installed at the center of the trailing edge of the wing section.
An antagonistically arranged pair of PAMs, having an outer
diameter of 1.27 cm (0.5 in) and an active length of 8 cm,
drove the flap. The active length here is defined as the length
of the PAM between its two end fittings. The system was
tested on the bench-top for aerodynamic loading, simulated by
a spring, associated with 100 m s−1 (M = 0.3) flight at 6◦
angle of attack. Additional testing was performed in a free-jet
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wind tunnel at wind speeds up to 45 m s−1 (M = 0.13). In
both cases the system was tested at actuator pressures ranging
from 0.069 to 0.62 MPa (10–90 psi) and flapping frequencies
ranging from 0.1 to 31 Hz. These test conditions were chosen
to be relevant to a range of potential applications, including
subsonic UAVs, helicopter rotor blades, and wind turbine
blades.

2. System design

2.1. Actuator development

2.1.1. PAM construction. To realize a trailing edge flap
actuation system, an appropriately sized PAM actuator was
developed and characterized. Actuator sizing was driven
primarily by geometric constraints. The system was designed
such that an antagonistic pair of PAMs was stacked vertically
(in the thickness direction of the airfoil), and enclosed within
the rear 65% of the airfoil section. This imposed several
design constraints on PAM diameter and length. The diameter
was limited by requirement that the inflated diameter of the
two PAMs fit within the airfoil thickness. The length was
constrained to be less than 65% of the airfoil section, however,
other constraints further reduced allowable PAM length: the
rear 15% of the airfoil was taken up by the flap itself and
allowances were made for PAM mounting hardware including
end fittings, turnbuckles, and a moment transfer mechanism.
To fulfil all of these constraints for the chosen 0.53 m (21 in)
chord NACA-0012 airfoil, the outer diameter was limited to
1.27 cm (0.5 in), and the maximum active length to 8 cm. In
order to maximize performance, both the diameter and length
of the actuator were selected to be these maximum values.

The PAMs built to fit within this envelope were made
from latex tubing having an outer diameter (OD) of 1.27 cm
(0.5 in) with a 0.16 cm (1/16 in) wall thickness surrounded by
a braided sleeve made from 0.25 mm filaments of PET plastic.
When pulled taught around the latex tubing, the filaments of
this sleeve form an angle of ±43◦ relative to the long axis of the
PAM. The open ends of the bladder/braided sleeve were sealed
around end fittings using a wire wrapping method adopted
from Images SI Inc. (www.imagesco.com). The PAMs were
attached to test equipment and the experimental model using
threads machined into the end fittings. Furthermore, one end
fitting on each PAM was hollow to enable pressurization of the
actuator.

2.1.2. Experimental characterization. To characterize the
performance of the PAMs, the specimens were tested on
an Instron 8841 servohydraulic table-top material testing
machine. This machine applied load to the PAM specimen
while recording force and displacement with a load cell and
LVDT, respectively. A load ramp profile was performed to
allow collection of force versus displacement data over the full
working range of the actuator. This test setup can be seen in
figure 2.

Using this setup, we generated quasi-static actuator load
lines for both PAMs. The force versus time and displacement
versus time data that was collected from the Instron was

(a)

(b)

Figure 2. PAM characterization setup. (a) Test area overview.
(b) PAM mounted on Instron testing machine.

combined to show force versus displacement in quasi-static
actuator load lines. PAM displacement data was non-
dimensionalized by defining a contraction ratio, λ, as below:

λ = (L − �L)/L . (1)

Quasi-static actuator load lines were measured for each
actuator at pressures ranging from 0.069 MPa (10 psi) to
0.62 MPa (90 psi) in 0.14 MPa (20 psi) increments. A typical
characterization of actuator force versus contraction ratio is
shown in figure 3 for the set of discrete values of pressure. Note
that for a given pressure, the maximum force occurs while the
PAM is constrained to not contract; hence, this force is known
as the blocked force, Fbl. Force decreases with increasing
contraction (decreasing λ). Force eventually reduces to a value
of zero, which is where the contraction reaches its maximum
value known as the free contraction, λ0. Also note that
increasing actuator pressure causes an increase in both blocked
force and free contraction. These performance traits are similar
to those reported elsewhere [20, 24–26]. Operational pressures
in this study were limited to 0.62 MPa (90 psi) in order to
increase fatigue life [27].

Another characteristic of PAMs is that the blocked force
generated at a given pressure can be increased by inducing a
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Figure 3. Typical PAM force–contraction characteristics (1.27 cm
OD, 10.2 cm length).

tensile pre-strain on the actuator. For instance, a 150% increase
in the force available was observed for the PAM having an
outer diameter (OD) of 1.27 cm (0.5 in) and length of 10.2 cm
(4 in). Figure 3 shows that the blocked force generated at
0.62 MPa (90 psi) by this actuator was approximately 107 N,
while adding a 12% pre-strain increased the blocked force to
almost 267 N. Adding pre-strain increases the force because
of the intrinsic stiffness of the actuator. Because both PAMs
are initially pre-strained the same amount in the antagonistic
actuator configuration, these force augmentations balance,
retaining the desirable zero degree flap deflection neutral point.

2.2. Flap sizing and design

The 15% chord flap size was chosen as representative of
a trailing edge flap that might be employed as an aileron,
elevator, elevon, rudder, rotor blade trailing edge flap, or wind
turbine trailing edge flap. The flap span of 25.4 cm (10 in) was
chosen to scale aerodynamic loads so that a single antagonistic
PAM pair could be used. Additionally, the width of the air flow
from the free-jet wind tunnel in which our experiments were
conducted was approximately 50.8 cm (20 in) wide, so limiting
the flap span to 25.4 cm (10 in) helped ensure a uniform flow
in the region of interest.

Predictions of the quasi-static hinge moments were made
for a design condition of M = 0.3, α = 6◦, and δ = ±10◦.
This design condition was chosen as being representative of a
mid-span active flap on a helicopter rotor blade, a UAV control
surface, or a trailing edge flap at the tip of a large horizontal
axis wind turbine. The required hinge moment under these
flow conditions was desired to allow for estimates of system
performance. A quasi-static, incompressible analysis was
used. The total aerodynamic hinge moment can be determined
as a combination of hinge moment due to angle of attack and
hinge moment due to flap deflection as below:

ch = chαα + chδδ. (2)

Values for these coefficients were determined from tabulated
experimental data [28, 29]. The hinge moment was determined

Figure 4. PAMs fabricated for the wind tunnel test article.

as below:
H = 1

2ρv2Sfcfch. (3)

Using this method, it was predicted that a hinge moment of
1.9 N m would be required to sustain a positive 10◦ deflection
at the design condition. To deduce the required actuator force,
the moment arm between the actuator and flap hinge was
needed. The moment arm is dependent on the actual design of
the force transfer mechanism. Due to the thinness of the airfoil
at the 85% chord location (22 mm) and the desire to incorporate
ball bearings into the rotating components of this mechanism,
the moment arm was limited to a maximum of 6.9 mm. With
this moment arm, an actuator force of approximately 276 N
is required to generate a 1.9 N m hinge moment. It was
expected that this actuator force level could be achieved by
incorporating a 12% pre-strain in the PAMs having an OD of
1.27 cm (0.5 in). One advantage of the small moment arm used
was that the PAM contraction required to deflect the flap 10◦
was very small. Using the arc length equation with the small
angle assumption (�L = rθ ), the required contraction was
only 2.1 mm, or 2.6% of the PAM active length. Although
actuator force decreases with contraction, the small required
deflection implied that a large majority of the force would still
be available at 10◦ deflection (90% for a PAM with an active
length of 8 cm and 12% pre-strain). The PAMs used in this
experiment have an overall length of 10.2 cm, but have an
active length of only 8 cm. Recall that the actuation force of
the PAM is determined by its active length, not overall length.
The active length is defined as the distance between the inner
faces of the end fittings of the PAM. This is the only portion
of the actuator that inflates and contributes to the generation of
force. These PAMs, shown in figure 4, each having a mass of
37 g with air fittings and mounting brackets installed.

Once the actuator size was chosen, then the flap
mechanism was designed. The two PAMs were mounted one
above the other on the inside face of the wing spar. This
arrangement, seen in figure 5, ensures that the actuation forces
cause a pure rotational moment about the flap spar. A moment
block was mounted directly to the flap spar. The actuator forces
were transferred to this moment block via pivot bars connected
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Figure 5. Flap/actuator system design.

to the contracting ends of the PAMs. Force transfer occurs via
a 3.2 mm steel shaft embedded in the pivot bars that rotates
in stainless steel ball bearings embedded in the moment block.
This provided a rotating interface capable of handling the static
and dynamic forces of the system.

From the results of our actuator characterization it was
determined that the ability to pre-strain the actuators in tension
was needed. To allow this, a turnbuckle was placed between
the pivot bars and the actuator end fittings. These turnbuckles
are right hand threaded on one end and left hand threaded on
the other. This allows for the nominal distance between the
pivot bars and actuators to be changed. This is useful both for
adding tensile pre-strain to the system and for compensating
for slight differences in the length of the two PAMs.

The flap itself consisted of two plies of 0.38 mm pre-
impregnated fiberglass/epoxy around an extruded polystyrene
foam core. A 1.27 cm outer diameter aluminum tube formed
the flap spar. A flanged ball bearing at either end of this tube
allowed the flap to rotate freely around a 6.4 mm steel rod that
runs through the entire test section. The flap was reinforced
with two 6.4 mm thick aluminum end plates mounted onto the
flap.

2.3. Test article development

A wing model was designed around the actuator/flap assembly
to show how such a system could be integrated into an aircraft.
The wing model was designed so that it could be tested in the
free-jet wind tunnel. Sensors were incorporated into this test
article to measure pressure inputs, PAM actuation forces, and
flap angle.

2.3.1. Wing model construction. The wing structure was
composed of six primary components: two end plates, one
mounting spar, two flap support ribs, and one flap pivot
rod. These components, with the exception of the flap pivot
rod, were 6061-T6 aluminum and were CNC machined from
6.4 mm plate. The flap pivot rod was a length of precision
ground 6.4 mm steel rod. A fiberglass/epoxy skin was
built around this frame to create a smooth outer surface for
aerodynamic testing. Figure 6(a) shows the basic frame with

(a)

(b)

Figure 6. Wind tunnel test section construction. (a) Internal view of
aluminum frame. (b) Frame with skin in place.

the skin lifted up to expose the individual components and
figure 6(b) shows the skin encasing the frame.

As on the flap, the wing section skin consisted of two
plies of 0.38 mm pre-impregnated fiberglass/epoxy. The skin
in front of the mounting spar was reinforced with a sandwich
structure consisting of two 0.76 mm fiberglass layers separated
by 3.2 mm of foam. This greatly increased the stiffness of the
leading edge to allow it to withstand pressures generated during
aerodynamic testing. Foam inserts were placed between the
upper and lower skin surfaces at the rear of the wing, excluding
the central 25.4 cm (10 in) section that was occupied by the
flap/actuator assembly. These inserts were attached to the skin
to reduce panel vibration during testing. To allow easy access
to the PAM system, a hatch was cut into the upper surface of
the skin directly above the PAMs. The seams of the hatch were
taped down during the wind tunnel test.

2.3.2. Sensor integration. Several sensors were used to
monitor the performance and to track the response of the
trailing edge flap system. First, a non-contact rotary position
sensor (Midori Precisions Co. Model QP-2HC) was installed
to measure the flap deflection angle δ. Secondly, 0◦/90◦
tee-rosette strain gauges from Vishay Micro-Measurements
were incorporated into the pivot bars to provide a means of
measuring the forces generated by the PAMs. These were
mounted to the top and bottom of a necked down length of each
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Figure 7. The 80/20® test stand with assembled wing section.

pivot bar to create a complete full-bridge strain gauge circuit
to cancel out any bending moments. Necking down the pivot
bar increased local strains; thereby increasing measurement
sensitivity. Strain gauge output voltage was directly calibrated
to force in the pivot bars by mounting each bar in the
Instron material test machine and performing load ramps while
measuring gauge voltage. Finally, two pressure transducers
(Omegadyne Model PX209-200G5V) were integrated into the
pneumatic supply circuit. The internal pressure of each PAM
was the desired measurement for this testing, but it was not
possible to install transducers inside of the actuator body due
to the small size and design of the actuators. Therefore, the
transducers were installed just upstream of the PAMs, as close
as possible to the end fittings. Pressure measurement at this
location is a fairly accurate approximation of the actual internal
PAM pressure.

3. Test section development

3.1. Bench-top test setup

A test stand was developed for bench-top and free-jet wind
tunnel testing (figure 7). The frame of the test stand was built
from 80/20® aluminum extrusions that were bolted together.
The wing is mounted, and pivots, about its quarter chord
point via cylindrical extensions of the end plates supported
by needle bearings. These extensions are hollow to allow the
instrumentation wires and air tubes to be fed out of the test
section, while the bearings permitted the angle of attack of the
wing to be changed. A clamping mechanism was employed to
fix the airfoil section at each chosen angle of attack. Not shown
in the figure are the acrylic side walls used during wind tunnel
testing to produce as close to a 2D flow as was possible in this
situation.

For simulating aerodynamic loads during bench-top
testing, a suitable loading mechanism had to be implemented.
As mentioned above, the flap hinge moment was estimated
to be approximately 1.9 N m at 10◦ of flap deflection. To
create the desired torsional stiffness, linear tension springs

(a) (b)

Figure 8. Spring loading mechanism. (a) Schematic diagram.
(b) Partially assembled.

were mounted at a known moment arm from the center of flap
rotation.

The spring design is based on the diagram shown in
figure 8(a). For the design condition, the required torsional
spring constant is 0.19 N m/deg. The length of the moment
arm was fixed at 3.81 cm to limit the required spring
deflections. For 10◦ of rotation, it can be assumed that sin(θ) =
θ , and thus spring deflection y ≈ θ L.

Each degree of rotation then corresponds to 0.67 mm of
motion. The total required linear spring stiffness can then be
calculated according to:

0.19
N m

deg

1

38.1 mm

1 deg

0.67 mm
= 7443

N

m
. (4)

As shown in figure 8(a), the stiffness of the system is 2k
because the spring stiffnesses are additive in parallel. This
yielded a design spring constant of k = 3722 N m−1 for each
spring. Commercially available tension springs were found
that came within 3% of this stiffness. These can be seen in
figure 8(b), partially assembled with the mechanism. Note that
the spring tensioning screws were not yet incorporated into the
system shown in the figure, but when installed they rigidly
fixed the shown free ends of the springs to the frame of the
test stand.

The laboratory equipment used during both bench-top and
wind tunnel testing is shown in figure 9. In this arrangement,
a Jun-Air/Newport compressor supplied pressurized air to
the accumulator, whose built-in regulator could be adjusted
to the desired pressure setting prior to each experiment.
Pressurization of the actuators was regulated by the shown
control circuit that controlled the operation of two solenoids
linked to the PAMs. This circuit simultaneously pressurized
the active PAM while venting the passive PAM. This was
accomplished with two 50% duty cycle square waves 180◦
out of phase. The frequency of these square waves was
controllable via user input to a LabVIEW Data Acquisition
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Figure 9. Laboratory setup for system evaluations.

System. With input pressure and operating frequency set, the
flap system was actuated and data from all five sensors was
collected, with sampling performed at 1.0 kHz.

3.2. Wind tunnel test setup

The primary instruments and components of the free-jet wind
tunnel experiment were the same as those detailed for the
bench-top experiments. However, the loading springs used in
the bench-top experiments were eliminated. Figure 10 shows
the prototype system oriented in the test stand and bolted in
place in front of the free-jet. The angle of attack was set at 6◦
by bolts placed in holes drilled through the acrylic side walls.
The air line enters the left side of the prototype system through
a hole at the 1/4-chord position and the instrumentation wiring
enters through the right side.

4. Results and analysis

4.1. Performance measurements for the unloaded system

Using the above-mentioned testing equipment, the unloaded
(no springs or aerodynamic loading) system response was
experimentally characterized from 0.069 MPa (10 psi) to
0.62 MPa (90 psi) in 0.069 MPa (10 psi) increments (nine
total pressures) and over the frequency range of 0.1–31 Hz
with square wave inputs. Two frequencies below 1.0 Hz (0.1,
0.5 Hz) were tested first and then data was captured at all the
odd frequencies between, and including, 1.0–31 Hz (18 total
frequencies).

The effects of pre-straining the actuators were also
investigated. Due to our choice of sensors we could only
monitor the force in the actuators, but not their displacement.
This allowed application of a known pre-tension, but not a

known pre-strain. The force level required to cause a 12% pre-
strain in the PAMs was measured to be 100 N on the Instron,
which was used to calibrate the pre-tension in the wing model.
Two other values of pre-tension were tested to examine the
effect of pre-tension on flap/actuator system performance. The
three levels tested were 10, 60, and 100 N.

Figure 11 shows sample time responses for downward and
upward flap deflections at 10 N of pre-tension. The angle
sensor data is shown in the upper two plots, followed by the
pressure and force measured for the top actuator, and then the
pressure and force for the bottom actuator. Here FB is the force
in the bottom actuator, FT the force in the top. Similarly, PB

is the bottom PAM pressure and PT the pressure in the top.
This 0.1 Hz case effectively gives the system response to step
inputs, and is useful because it best corresponds to the quasi-
static deflection condition used in performance predictions and
system design.

The two different response characteristics for the system
as shown in figure 11, flap down and flap up, are essentially
mirror images of one another. The one exception to this
is the response for the bottom load cell, FB, which shows
significantly more noise than FT, in addition to an added
non-decaying frequency content. Both of these attributes are
believed to be a result of damage to the load cell and/or
some undiagnosed interference. The top and bottom actuators
trade antagonistic roles, yet comparison of either the active or
passive actuator data between cases shows a nearly identical
response. For instance, in the flap down case, the bottom
actuator is active, with actuator pressure shown as PB in the left
column. This shape is identical to the active actuator pressure
for the flap up case, given by PT on the right. Thus the data
for a single actuator can be used as a representative case. For
brevity and to remove the effect of the noise in the bottom load
cell, only the data for the upper PAM actuator will be discussed
for the remainder of this paper.
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(a)

(b)

Figure 10. Model wing section in free-jet wind tunnel. (a) Overview
of installed system. (b) Rear view. A video of the trailing edge flap in
operation during a free-jet wind tunnel test at the University of
Maryland, which was performed at a wind speed of 30 m s−1 is
provided in the supplementary data (available at stacks.iop.org/SMS/
20/105021/mmedia).

While the representative 0.1 Hz case in figure 11 illustrates
a step response, figure 12 has been included to show how
the wave shape changes with frequency. Appearing in this
figure are two periods of time data for the flap deflection
angle (figure 12(a)) and the corresponding actuation force
(figure 12(b)) at frequencies that span the range tested for this
system. It can be seen that the square wave input is still closely
followed at 1.0 Hz, but as the frequency increases, the wave
shape becomes distorted. The deflection angle progresses from
a square wave to nearly a sinusoidal wave, while the force
measurement changes to a nearly triangular waveform. Also
seen is that the amplitude of the waves tends to decrease with
increasing frequency.

We will now investigate the effects of loading, pre-tension,
frequency and pressure on system performance. Figure 13
shows flap deflection angle versus solenoid driving frequency.
This set of results, along with the similar pressure and force

results to come, shows the maximum downward (positive)
deflections averaged over each period of collected data. The
system performance was symmetric about δ = 0◦ for nearly
all tested cases, so that only the positive deflections are
shown here for clarity. As actuation pressure increases, the
actuator force increases, and overall system stiffness also
increases. This causes a noticeable shift in resonance to higher
frequencies with increasing pressure in figure 13(a), eventually
peaking beyond the range of tested frequencies for pressures
above 0.35 MPa and 10 N pre-tension. PAM stiffness is
pressure dependent, so it stands to reason that the natural
frequency of the system would also increase with pressure.
Apparent around the 10–15 Hz range in all three pre-tension
cases is a reduction in achievable flap deflection angle. In the
10 N case, there is a slight reduction for all pressures that is
subsequently masked above 20 Hz by resonance. At 60 N and
0.62 MPa, the flap angle ranges ±15◦ (0.1 Hz) to ±10◦ (31 Hz)
and at 100 N, the angle ranges from ±10◦ (0.1 Hz) down to
±5◦ (31 Hz) in a similar manner. Comparing figures 13(a)–
(c), the most obvious difference is a substantial reduction in
overall deflection achieved with increasing pre-tension. This
investigation shows that, while applying pre-tension to the
PAMs does increase their active force, unfortunately, applying
pre-tension fails to increase flap deflection.

To further illustrate the effect of pre-tension on achievable
flap angle deflection, the measured actuation forces are
displayed in figure 14. The upper set of curves in each plot
represent the actuator force while active (pressurized), and
the lower curves represent the actuator force while passive
(exhausted). The higher pre-tension cases do generate higher
active PAM forces (the maximum force produced at 0.62 MPa
(90 psi) for each of the three increasing pre-tensions is
respectively 93.4, 156, and 218 N), but the passive force
also increased, as seen in the upward shift, which limits flap
deflections. Essentially, the active (pressurized) PAM must
overcome the force exerted by the passive (deflated) PAM.
Therefore, increasing the pre-tension on both PAMs does not
benefit the flap deflection.

Another noticeable trend at all pre-tension levels in
figure 14 is a decrease in active actuator force and a slight
increase in passive actuator force with increasing frequency.
Following the same pattern as was seen in the deflection angle
of figure 13, the trend begins at approximately 10–15 Hz for
each pre-tension case and pressure. Examining the actuator
pressures shown in figure 15, a parallel trend can be seen.

In figure 15, the upper curve for each pressure setting
is the maximum (pressurized) and the lower curve is the
minimum (exhausted). The pre-tension appears to have no
effect on the measured pressure. Internal PAM pressure is
dependent on the source of compressed air, properties and
geometry of the supply lines, and solenoid operating frequency.
These results not only show that the desired pressure level
cannot be attained as frequency increases (the lines would be
horizontal at each respective actuation pressure in that case),
but also that complete exhaustion of the passive PAM does
not occur at higher frequencies. For instance at 31 Hz, the
supposed 0.62 MPa pressure peaks only at 0.35 MPa and
exhausts to between 0.069 and 0.10 MPa. This reduced
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(a) (b)

Figure 11. Sample time responses of system measurements—(0.62 MPa, 0.1 Hz, 10 N). (a) Flap up. (b) Flap down.

pressure range is likely the main cause of drop off in the system
performance with increasing frequency shown in figures 13(a)–
(c); note that the frequencies of the declining pressure and
performance coincide (∼10 Hz). The decreased pressure range
also accounts for the decline in active actuator force and
increase in passive actuator force seen in figures 14(a)–(c).

As mentioned above, the pressure response in the PAM
actuators is dependent on the flow characteristics of all the
upstream hardware. The roll-off in pressure seen here at
high frequency identifies a performance limit of the pneumatic
system as configured, where flow rate has reached a maximum
and continuing to increase the operational frequency causes the
noticed decrease in flap deflection. Hence, if the same large
deflections at low frequency were desired at higher frequency,
one method to improve system response would be to install
higher flow rate pneumatic components.

4.2. Performance measurements under simulated
aerodynamic loading

For the loaded bench-top experiments, the same laboratory
setup was used as in the unloaded tests (figure 7), except for the
addition of the loading springs emulating aerodynamic loads at
M = 0.3 and the associated attachment hardware. Testing was
performed at the same 18 frequencies, 9 pressures, and 3 pre-
tensions as the unloaded testing case.

While the loaded frequency response for force and
pressure are very similar to those for unloaded operation, as

shown in figures 14 and 15, the response for flap deflection
versus frequency exhibits quite different characteristics.
Figure 16 shows the dependence of flap deflection on pressure
and frequency for increasing levels of pre-tension while
operating at the simulated design load. It is interesting to
note the pre-tension seems to have little influence on the
achievable flap deflection for the loaded case, while it was
shown to decrease with increasing pre-tension in the unloaded
condition. At the maximum pressure of 0.62 MPa and the
lowest frequency of 0.1 Hz, an approximation of the static
condition, about ±4.5◦ deflection is achieved for all three pre-
tension settings. Then there is a gradual drop off up to 20 Hz,
where a more noticeable reduction occurs, after which the flap
is able to operate between approximately ±2◦.

The data of figure 16 is shown in a different form in
figure 17, where results at 0.62 MPa are compared for all
three pre-tensions. These results highlight the trends discussed
previously. That is, for the full load case, the level of
pre-tension has little effect on the attainable flap deflections
since measurements from all three test cases are shown to
overlay each other. Also as discussed previously, the decreased
performance with increasing frequency is attributable to flow
rate limitations in the pneumatic components. These bench-
top results establish the relative independence of actuator force
and pressure responses from the loading condition. This is
expected since actuator force is driven primarily by internal
pressure; and pressure is determined by the pneumatic supply
system.

9



Smart Mater. Struct. 20 (2011) 105021 B K S Woods et al

(a)

(b)

Figure 12. Evolution of waveform shapes at 0.62 MPa and 100 N
pre-tension. (a) Flap deflection angle. (b) Top actuator force.

4.3. Discussion of bench-top measurements

One important result of the bench-top testing was the
observation that the system performance was less than
originally predicted because of the increased antagonistic
hinge force resulting for PAM pre-tension. As discussed above,
our ability to meet the desired deflection levels was based on
the force levels of a single PAM actuator under 0.62 MPa and
12% pre-strain, or 100 N pre-tension. This original design
analysis neglected the opposing actuator force because small
deflections were assumed. However, for the chosen actuator
size to produce the required force, a significant amount of
pre-tension was actually needed. According to the bench-
top results of figure 14(c), pre-strain significantly increases
the opposing force on the hinge, making the impact of the
opposing actuator non-negligible.

The initial analysis states that the system needs 276 N
of unopposed force to deflect the flap to +10◦ at a simulated

(a)

(b)

(c)

Figure 13. Maximum unloaded flap deflection as a function of
frequency and pressure. (a) 10 N pre-tension. (b) 60 N pre-tension.
(c) 100 N pre-tension.

hinge moment corresponding to Mach 0.3, but as configured at
a pre-tension of 100 N, the active PAM generates a maximum
of 218 N, while the passive PAM sees nearly 111 N. Under-
performance in the active PAM combined with a substantial
force required to deflect the passive PAM results in a net hinge
moment substantially less than 1.9 N m.

In addition, the design of the moment block created
moment arms for the active and passive PAM that changed
with flap deflection in a manner that degraded performance.
The active actuator’s moment arm decreases with increasing

10
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(a)

(b)

(c)

Figure 14. Unloaded actuation force range as a function of
frequency and pressure for upper actuator. (a) 10 N pre-tension.
(b) 60 N pre-tension. (c) 100 N pre-tension.

flap deflections, while the passive actuator’s moment arm
increases. This progressively reduces the effectiveness of the
active PAM while increasing the counteracting moment of the
passive PAM.

These two factors contributed to produce (quasi-static)
flap deflections under load that were about half the expected
values. The deflections seen (±5◦) are still significant,
especially in comparison to those obtainable with other smart
material systems [30]. Additionally, the actuators used were
relatively small in comparison to the flap itself, implying that
larger PAMs and/or additional antagonistic pairs could be used

(a)

(b)

(c)

Figure 15. Unloaded actuation pressure range as a function of
frequency and pressure for upper actuator. (a) 10 N pre-tension.
(b) 60 N pre-tension. (c) 100 N pre-tension.

to drive the flap with only a modest increase in weight if better
performance was desired.

The reduction in flap output with frequency is believed to
be the direct result of air flow rate restrictions in the pneumatic
supply system. The relevance of this trend is dependent on
the intended operating frequency range needed for a given
application. Some potential applications, such as helicopter
trailing edge flaps, will operate at frequencies on the order
of 30 Hz or more. In this case further development of
the pneumatic supply system would be desirable to maintain
performance. However, for many other applications such

11
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(a)

(b)

(c)

Figure 16. Maximum loaded flap deflection as a function of
frequency and pressure. (a) 10 N pre-tension. (b) 60 N pre-tension.
(c) 100 N pre-tension.

as UAV control surfaces or wind turbine flaps the operating
frequencies will be much lower; making the design of the
pneumatic supply system less critical. The importance of
properly matching the pneumatic supply system to the PAMs
used and the bandwidth desired is clear.

4.4. Free-jet wind tunnel measurements

For the final phase of this experiment, the prototype system
was tested in a low speed free-jet wind tunnel. The maximum

Figure 17. Loaded flap deflections at 0.62 MPa (90 psi).

wind speed of the tunnel used is 45 m s−1. At standard
atmospheric conditions, this corresponds to Mach 0.13. While
this is substantially slower than the design point for the bench-
top testing, it provides a useful demonstration of performance
for another potential application: this airspeed is representative
of cruising flight (86 knots) for a Predator class UAV [31].
For this evaluation, experiments at three different speeds
were conducted: 0 m s−1, 30 m s−1(M = 0.085), and
45 m s−1(M = 0.13). The M = 0 case gives an unloaded
baseline of the prototype performance with the proper mass
and rotational inertia associated with the structure of the
flap foam and skin, which was not present in the bench-top
experiments. The other two speeds will help illustrate how
the system performs under increasing aerodynamic loading.
For this testing, a pre-tension of 10 N was chosen based
off the bench-top results. The same experimental set-up as
shown in figure 10 was used for these experiments, and the
interested reader can view a video of some sample tests in
the supplementary data. The tests shown in the video are for
a wind speed of 30 m s−1 and for a set of discrete actuation
frequencies: 0.5, 5, 11, 15, 19, 25 and 31 Hz (see stacks.iop.
org/SMS/20/105021/mmedia).

The flap deflection results for all three test conditions are
presented in figure 18. Here, the maximum positive angle
the flap can attain is displayed over the tested frequency and
pressure range.

Related results are provided in figure 19, where the
actuator forces that correspond to the flap deflections of
figure 18 are shown. For off-resonance frequencies, the forces
generated by the actuator are similar for all three speeds. As
was the case in the bench-top experiments, this is because
actuation force is related primarily to applied pressure, whereas
the flap deflection is dependent on both the applied PAM force
and external aerodynamic loading. These results show that
at 0.62 MPa, 111 N of force can be generated in quasi-static
conditions and approximately 90 N can be generated at 25 Hz.

To highlight the effects that wind speed has on the
prototype system performance, figure 20 has been included to
show results from a single representative pressure for all three
wind speeds. The pressure of 0.62 MPa (90 psi) was chosen
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(a)

(b)

(c)

Figure 18. Free-jet wind tunnel results for flap deflection at 6◦ angle
of attack and 10 N pre-tension. (a) 0 m s−1. (b) 30 m s−1.
(c) 45 m s−1.

because the maximum performance was achieved. Figure 20
shows that the frequency of the peak angular deflection shifts
from roughly 19 to 22 Hz from the baseline unloaded case
to the full speed condition, while the maximum deflection (at
resonance) drops from ±55◦ to ±31◦.

The flap deflections obtained in the wind tunnel fell as
expected between the unloaded and simulated M = 0.3
bench-top cases, and exhibited similar dynamic characteristics.
The same gradual reduction in performance with increasing
actuation frequency is visible in the wind tunnel data and again
is attributed to a decrease in active PAM pressure coupled with

(a)

(b)

(c)

Figure 19. Free-jet wind tunnel results for force in upper actuator at
6◦ angle of attack and 10 N pre-tension. (a) 0 m s−1. (b) 30 m s−1.
(c) 45 m s−1.

an increase in passive PAM pressure. These wind tunnel results
demonstrate that the PAM-driven trailing edge flap system
implemented here can produce at least ±20◦ in control surface
deflections at frequencies up to 24 Hz under aerodynamic
loading representative of a medium scale UAV.

5. Conclusions

Pneumatic artificial muscles (PAMs) are a promising
alternative to both conventional hydraulic and electric motor
actuators, as well as smart material-based technologies, for
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Figure 20. Free-jet wind tunnel deflection angle results at 0.62 MPa
(90 psi) for different wind speeds.

control surface actuation. This study produced a first
generation prototype proving the feasibility of a trailing edge
flap system actuated by antagonistic PAMs.

It was shown that PAMs with an active length of 8 cm
and an outer diameter of 1.27 cm (0.5 in) were capable of
producing 110 N of blocked force at an operational pressure of
0.62 MPa (90 psi), which was sufficient to actuate the trailing
edge flap system examined in this study. These PAMs were
then integrated into bench-top and wind tunnel test articles for
system evaluations.

(1) In the bench-top testing, springs were used to simulate
aerodynamic loads equivalent to M = 0.3 flight, and
results showed that ±4◦ flap deflection could be achieved
for actuation frequencies up to 15 Hz.

(2) Wind tunnel experiments were conducted at M =
0.13 wind speed conditions, and the PAM-based trailing
edge flap system deflected the flap ±20◦ for actuation
frequencies up to 24 Hz.

(3) It was shown that pre-tension greatly increased the PAM
actuator block force. However, because both PAMs
in an antagonistic configuration would have the same
pre-tension in order to maintain the zero angle, the
antagonistic force increases as well, thereby negating any
potential benefit.

(4) System resonance behavior had a significant effect on flap
deflections and was observed to be actuation pressure and
pre-tension dependent.

(5) Pneumatic supply system limitations were identified as the
key limiter of high frequency performance. In order to
maximize the operating bandwidth of future PAM-driven
trailing edge flap systems, the maximum available flow
rate of the pneumatic supply must meet or exceed the flow
rate requirements of the actuators.

In summation, this investigation demonstrates that PAM-
driven flap devices produce appropriate levels of block
force and free contraction (or free strain) without resorting
to dynamic amplification, are lightweight, and are a
feasible alternative to conventional control surface actuation
technologies.
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