
ABSTRACT
The paper presents the numerical and experimental validation of a hybrid actuation control
concept – fuzzy logic proportional-integral-derivative (PID) plus conventional on-off – for a new
morphing wing mechanism, using smart materials made of shape memory alloy (SMA) as
actuators. After a presentation of the hybrid controller architecture that was adopted in the Part
1, this paper focuses on its implementation, simulation and validation.

The PID on-off controller was numerically and experimentally implemented using the
Matlab/Simulink software. Following preliminary numerical simulations which were conducted
to tune the controller, an experimental validation was performed. To implement the controller
on the physical model, two programmable switching power supplies (AMREL SPS100-33) and
a Quanser Q8 data acquisition card were used. The data acquisition inputs were two signals from
linear variable differential transformer potentiometers, indicating the positions of the actuators,
and six signals from thermocouples installed on the SMA wires. The acquisition board’s output
channels were used to control power supplies in order to obtain the desired skin deflections. The
experimental validation utilised an experimental bench test in laboratory conditions in the
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absence of aerodynamic forces, and a wind-tunnel test for different actuation commands.
Simultaneously, the optimised aerofoils were experimentally validated with the theoretically-
determined aerofoils obtained earlier. Both the transition point real time position detection and
visualisation were realised in wind tunnel tests.

NOMENCLATURE
dY1, dY2 displacements of the two control points of the flexible skin
e actuation loop error
FFT fast Fourier transforms
Faero aerodynamic force
i(t) command variable (electrical current in our case)
KD derivative gain
KI integral gain
KO change in output gain
KP proportional gain
LVDT linear variable differential transducer
M Mach number
N perturbation global amplification factor
PID proportional-integral-derivative
RMS root mean square
Re Reynolds number
SMA shape memory alloy
t time
Δe actuation loop change in error
α angle-of-attack

1.0 INTRODUCTION
Nowadays, aeronautical transport is evolving at a very fast pace, especially when compared to
the beginning of the aviation era. Aeronautical traffic has tripled over the past 15 years, and by
2025, it is projected to double today’s traffic volume. This traffic is expected to see an estimated
+3.0% increase in the number of passengers per year, to approximately 1bn by 2016; and by
2025 the passenger increase will be accompanied by a load factor increase of 81.7% as
compared to today’s values(1). This evolution will require new technological developments in
the design and building of modern aircraft equipped with active control systems.

Over the same time period, fuel cost increases will lead to a slowdown in the aerospace
industry, which in turn will stimulate research to find technological solutions; almost certainly
in designing new fuel economy consumption methods. A new green trend has indeed started to
spread out from the automobile into the aircraft industry, in which research is being carried out
to reduce fuel consumption by reducing drag, which is directly related to the airflow type around
the aerodynamic aircraft body design. The drag reduction concept is connected to the laminar
flow and to the displacement of the transition point between laminar and turbulent flows
towards the trailing edge.

Numerous studies show that the transition between laminar and turbulent flows is influenced
by the shape of the wing aerofoil(2-14). Aerodynamic studies from the beginning of aviation history
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show that for flight conditions characterised by given Mach number (M) and Reynolds number
(Re), the airflow around a wing aerofoil is laminar at the leading edge but becomes turbulent
at a certain point. Turbulent flow is not desirable because it causes drag to increase, which, over
time, leads to higher fuel consumption, and consequently, increased operating costs.

This research has been realised as part of a major project initiated and financially supported
by industries and academia: the Consortium for Research and Innovation in Aerospace in Quebec
(CRIAQ), the National Sciences and Engineering Research Council of Canada (NSERC),
Bombardier Aerospace, Thales Avionics and the National Research Council Canada (NRC-IAR).
The project’s goal is to realise a theoretical and experimental aerodynamic wind tunnel study
of a rectangular wing equipped with a flexible skin, smart actuators and optical sensors, which
can change its shape, using an active controller, to move the position of the transition towards
the wing trailing edge.

A rectangular wing model (0.54m × 0.9m) with a reference aerofoil WTEA-TE1 was
manufactured. The lower part of the mechanical model is an aluminium block designed to allow
space for the wiring, while the upper part has an aluminum structure equipped with a flexible
skin made of composite materials (layers of carbon and Kevlar fibres in a resin matrix) and an
actuation system (shape memory actuators (Ni-Ti)). A number of 35 flow conditions were
established as combinations of five Mach numbers (0.2, 0.225, 0.25, 0.275, 0.3) and seven flow
incidence angles (–1˚, –0.5˚, 0˚, 0.5˚, 1˚, 1.5˚, 2˚) to test the morphed structure. Starting from
the reference aerofoil, 35 optimised aerofoils were designed for the airflow case combinations
of Mach number and angle-of-attack.

Part I of this paper established the architecture for a hybrid fuzzy logic proportional-integral-
derivative (PID) plus conventional on-off controller for the actuation lines of this morphing wing
system (Fig. 1). The hybrid controller behaves as a switch between the SMA cooling and heating
phases, in situations where the output current was 0A, or it is controlled by the fuzzy logic
controller. The shapes chosen for the input membership functions were s-function, π-function,
and z-function, and product fuzzy inference and the Sugeno center average defuzzifier were
applied.

The following paragraphs present the controller implementation and its numerical and experi-
mental validation. 
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2.0 HYBRID CONTROLLER IMPLEMENTATION AND 
NUMERICAL SIMULATION

Introducing the controller in a block scheme, the Simulink model shown in Fig. 2 was obtained
for the SMA actuators’ control. The input variable of this scheme is the desired skin deflection,
while the output is the real skin deflection.

The ‘Hybrid controller’ block in Fig. 2 implements the controller presented in Fig. 2, but also
considers some aspects related to the SMA actuators’ physical limitations in terms of temperature
and supplying currents. The detailed Simulink scheme of this block is shown in Fig. 3. The block
has as inputs the control error (the difference between the desired and the obtained
displacements) and the SMA wire temperatures, and its output is the controlled electrical
current applied on the SMA actuators. There are two switches in the scheme; the first switch
chooses one of the two options shown in Fig. 1 (error is positive or not) and the second one
switches the electrical current value to 0A when the SMA temperature value is over the
imposed limit. In addition, a current saturation block is used to prevent the current from going
over the physical limit supported by the SMA wires.

By estimating the aerodynamic forces for all 35 studied flight conditions and optimised
aerofoils, it was possible to achieve a balance between the aerodynamic forces and the preloaded
forces of the gas spring. The preloaded forces on the gas springs in the two actuation lines must
be valid for all the cases studied. Loading the simulated model with an aerodynamic force Faero
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Figure 2. The simulation model for the controlled SMA actuator.
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= 1,150N, and considering a value of 1,250N for the pretension force of the gas springs in
‘Mechanical system’ Simulink block (see Fig. 2), for a successive steps signal applied to the input
of the controlled actuator results in the characteristics shown in Fig. 4.

The numerical simulation results shown in Fig. 4 confirm that the designed hybrid controller
works very well; the variant of on-off controller combined with a fuzzy PID controller gives
very good results in both phases (heating and cooling) of the SMA actuators. A few seconds of
easier latency in the time of the cooling phase with respect to the heating phase can be seen. 

In addition, it is clear that the temperature oscillations amplitude is higher with the increase in
the level of the actuation temperature and that this amplitude depends on the loading SMA force.

To see how the controller works, some screenshots were taken at different times of the
numerical simulation presented in Fig. 4. The screenshots (Fig. 5) highlight the fuzzy model
input-output mapping of the six analysed points (P1-P6) vis-à-vis of the SMA temperature-
elongation envelope. The chosen time values, shown in Fig. 4, are: 3.42s (P1), 38.82s (P2),
48.02s (P3), 56.63s (P4), 58.92s (P5), and 68.71s (P6). Figure 5 shows that the correspondence
between the membership functions of the inputs and the membership functions of the output
through the inference engine of the designed fuzzy model was correctly established. The same
observation can be found by correlating Fig. 5 with the position of the analysed points in Fig.
4 and with the error e and change in error Δe sign and trend. A very interesting observation in
correlating the same figures is that the SMA temperature-elongation envelope evolution (Fig.
5) is a function of the SMA loading forces (Fig. 4). When the elongation of the SMA is
maintained constant by our controller, a constant value for the SMA loading force is obtained
(the horizontal segments in the force diagram in Fig. 4), while the temperature oscillates within
a few degrees about the equilibrium point (the horizontal segments in the SMA temperature-
elongation envelope in Fig. 5).

3.0 BENCH TEST AND WIND-TUNNEL EXPERIMENTAL 
VALIDATION

Based on the theoretical and numerical simulations of the morphing wing system, we estimated
the limits for the electrical current used to drive the actuators, correlated with the SMA
temperature and SMA loading force. With this information, the project team decided to use two
programmable switching power supplies AMREL SPS100-33, controlled by Matlab/Simulink
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through a Quanser Q8 data acquisition card (Fig. 6) to implement the controller model(15-17). The
chosen power supplies have RS-232 and GPIB IEEE-488 as standard features. Among their
technical characteristics are: Power 3.3kW, Voltage (dc) 0-100V, and Current (dc) 0-33A.

The Quanser data acquisition card has eight single-ended analog inputs with 14-bit resolution,
which can be sampled simultaneously at 100kHz, with A/D conversion times of 2.4 μs/channel.
The card is equipped with eight analog outputs, software programmable voltage ranges, which
allow the control of the SMA actuators. A picture of the morphing wing system during the bench
test runs is given in Fig. 7, where the actuators movement is visualised on the computer (the
flexible skin was removed).

The Q8 data acquisition card was connected to a PC and programmed via Matlab/Simulink
R2006b and WinCon 5.2 (Fig. 8). Two signals, from linear variable differential transformer
(LVDT) potentiometers, indicating the vertical displacements dY1 and dY2 of the SMA actuators,
and six signals from thermocouples installed on each of the SMA wires’ components, were
applied on the analog inputs in a single ended configuration. Two of the card output channels

456 THE AERONAUTICAL JOURNAL MAY 2012
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Figure 5. Fuzzy model input-output mapping of the analysed 
points and the SMA temperature-elongation envelope.



were used to control each power supply through analog/external control by means of a DB-15
I/O connector. As shown on the right hand side of Fig. 8, modeling the ‘SMA1’ block, the current
supplied to the actuator was limited to 10A and the control signal was set to 0-0.606V (maximum
voltage for the power supply is 2V for a 33A electrical current supply). The gas springs that
maintain the SMA wires in tension have a preloaded value of 225lb (~1,000N), as in the bench
test the aerodynamic force is absent. The upper limit of the SMA wires’ temperature in the
‘Temperature limiter’ block (see Fig. 3) was established to 130˚C.

The Matlab/Simulink implemented controller was used in the same way for both actuation
lines of the morphing wing system. The bench test validation of the controller started with the
independent control in time for each of the two actuation lines.  The desired displacements (dY1

and dY2), in the form of successive steps signals, were applied at the input of the actuation lines.
The obtained results presented in Fig. 9 show that the controllers, in the two actuation lines,
function even at zero values of the desired signal owing to the pre-tensioned gas springs. Also,
small oscillations of the obtained displacements are observed around their desired values. The
amplitude of the oscillations in this phase is due to the LVDT potentiometers’ mechanical links
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Figure 6. Bench test physical model operating scheme. 
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(which were not fixed as the model was not equipped with the flexible skin in this test) and to
the SMA wires’ thermal inertia; the smallest amplitude is less than 0.06mm. The heating phase
is more rapid than the cooling phase; heating time is of the order of a few seconds, while the
cooling time is around one minute.

In the next phase of the controller bench tests validation, all pairs of the desired displacements
characterising the 35 optimised aerofoil cases were imposed as input signals on the two
actuation lines, while the skin was provisionally mounted on the model. The results are
presented in Fig. 10 for flight conditions α = –0.5°, Mach = 0.225 (dY1 = 4.06mm and dY2 =
4.58mm) and α = 0.5°, Mach = 0.275 (dY1 = 4.03mm and dY2 = 3.76mm).

Figure 11 makes the quality of the experimental reproducibility of the theoretical reference and
optimised aerofoils visible by showing the un-morphed and morphed aerofoils obtained in the two
previous controlled cases; it shows the reference aerofoil, the optimised aerofoil, the un-morphed
measured aerofoil and the morphed aerofoil. The characteristics on the left hand side of the figure
show the entire aerofoil, while the characteristics on the right hand side present a zoom of the
aerofoil between 30mm and 240mm. The experimental aerofoil co-ordinates were measured using
a laser beam that scanned the center line of the wing model. The global deviation obtained for the
optimised aerofoil is under 0.4mm, while in the actuation points it is under 0.05mm. 

From the numerical values obtained for all 35 optimised aerofoil cases, it was observed that
the position control error due to the heating-cooling cycles when the actuator maintains a desired
position was less than 0.05 mm.
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The bench test results confirmed that the experimental version of the designed hybrid
controller works well in bench test conditions, where no aerodynamic forces are loaded and the
preloaded gas spring’s force is 1,000N.

The next step in our morphing wing project was to validate the obtained hybrid controller in
a wind tunnel test. Also, by the transition point real time position detection and visualisation,
in this test were validated the 35 optimised aerofoils.

A typical test for one of the 35 flight conditions consisted of a wind tunnel tare run, followed
by a run for the reference (un-morphed) aerofoil, and finally a run for morphed aerofoil,
reproducing the corresponding optimised aerofoil.

The controller morphed the reference aerofoil by acting on the two SMA actuation lines until the
optimised aerofoil was achieved. For both test runs (un-morphed and morphed aerofoils), the
transition real time location and its visualisation demonstrated the validity of all of the optimised
aerofoils that had been obtained theoretically. This mechanism corresponds to the open loop
architecture of the morphing wing system, when no feedback for the pressure sensors is used.

The experimental model was tested in the test section of the 2m × 3m (2m high by 3m wide)
NRC atmospheric closed-circuit wind tunnel. The model setup is shown in Fig. 12(a). The wing
model was mounted vertically in the wind tunnel-test section, between two circular end plates. To
promote 2D-flow over the wing span, fences were incorporated at both ends of the wing, inboard
of the circular end plates. A wake rake was mounted at the wing mid-span, and at a distance of
0.53m behind the model trailing edge, to measure total pressure losses, as shown in Fig. 12(b).
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Figure 12. Wing model installed in the NRC 2m×3m wind tunnel: 
(a) upper surface side view, (b) view of the model trailing edge looking upstream.



The wake rake consisted of 38 pitot probes and four static pressure probes, regularly spaced at
6.35mm. In most of the wind tunnel runs, 10 to 12 pitot probes were found to be located within
the wing wake, and this number was judged sufficient for accurate wake drag computation. 

For transition detection, 12 Kulite pressure sensors provided real-time signals, with the
sensors aligned on the flexible skin along the wing chord. In this way, the IAR-NRC analog data
acquisition system was connected to the pressure sensors and the acquired data were processed
and visualised in real time using Matlab/Simulink software. To detect the magnitude of the noise
in the surface air flow, fast Fourier transform (FFT) decomposition was used. A high-pass
filtering was performed and, following the calculation of the root mean square (RMS) of the
signal, the RMS was plotted to obtain the surface flow noise diagram.

In support of the discrete pressure instrumentation, infrared thermography (IR) visualisation
was used to detect the transition location on the morphing wing upper surface. The transition
detection method using IR is based on the differences in laminar and turbulent convective heat
transfer coefficients. In the resulting images, the sharp temperature gradient separating high
temperature regions and low temperature regions is an indication of the transition location. The
infrared camera used was an Agema SC3000 camera, equipped with a cooled 240 × 320 pixels
QWIP detector, operating in the long infrared wavelength region. The camera provided a
resolution of 0.02°C and a maximum frame rate of 60Hz. It was equipped with the default lens
(FOV = 20° × 15°). Optical access was provided through an opening on the side wall of the test
section opposite to the upper surface(18,19).

The sampling rate of each channel of the data acquisition system was 15kS/s, which allowed a
boundary layer pressure fluctuation FFT spectral decomposition of up to 7.5kHz for all channels.
Following an analysis of the wind-tunnel test results, it was concluded that for the controlled
morphed aerofoils the transition appeared at frequencies between 3-5kHz and the magnitudes of
the pressure variations in the laminar flow boundary layer were on the order of 5e-4Pa (7.25e-8psi).
The transition between laminar and turbulent flows was shown by an increase in the pressure
variations, and further indicated by a strong variation of the pressure signal RMS.

For the wind tunnel tests, the preloaded forces of the gas springs were reconsidered as 1,500N
because of the presence of the aerodynamic forces on the flexible skin of the wing. The control
results for test run α = 1° and Mach = 0.225 (dY1 = 4.92mm, dY2 = 7.24mm) are shown in Fig.
13. The results obtained by the transition monitoring for this test run are shown in Fig. 14.

The FFT of the pressure signals obtained from the 12 pressure sensors are indicated in the
upper plot area of Fig. 14, while the lower plot area of Fig. 14 shows the N factor (perturbation
global amplification factor) for both aerofoils (reference and optimised), respectively the
normalised RMS for 12 pressure sensors. N factor is derived from eN criterion used in XFoil

software, which is a much simplified way to predict the transition from laminar to turbulent
boundary layer flow.

From the experimental results, a high-frequency noise appears to be influencing the LVDT
sensors and the thermocouple’s instrumentation amplifiers. The noise sources are the wind tunnel
vibrations and the instrumentation electrical fields. Even with this noise, the amplitudes of the
actuation errors (the difference between the experimental and the desired deflections) are less
than 0.05mm, which does not affect the transition location – which is stable on a sensor with a
high RMS spike. The left column of Fig. 14 presents the results for the reference aerofoil, and
the column on the right shows the results for the optimised aerofoil. The spike of the RMS
suggests that there is turbulence on sensor no. 10, near the wing trailing edge. The same result
can be observed by a comparative study of the FFT curves for un-morphed and morphed
aerofoils.
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As can be seen in Fig. 13, the designed controller works very well in the wind tunnel, being
positively influenced by the aerodynamic forces presence. A positive impact of the aerodynamic
forces presence was also observed in the reduced values of the SMA wires’ work temperatures
with respect to those for the numerically simulated and bench tested cases. The decrease of these
temperatures is beneficial, considering the negative impact of a strong thermal field on the other
system components, especially on the flexible skin and on the pressure sensors.

The infrared measurements were used to support the transition prediction obtained from the
Kulite pressure transducers and to visualise the extent of the laminar flow on the wing upper
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Figure 13. Wind-tunnel test for α = 1° and Mach = 0.225.

=1o, Mach=0.225

-1

0

1

2

3

4

5

6

7

8

D
is

pl
ac

em
en

ts
 d
Y 1

 a
nd

 d
Y 2

 [m
m

]

Temperature [oC]
20 25 30 35 40 45 50 55 60 65 70

act #1
act #2

act #1

act #2

-1

0

1

2

3

4

5

6

7

8

D
is

pl
ac

em
en

ts
 d
Y 1

 a
nd

 d
Y 2

 [m
m

]

Time [s]
0 50 100 150 200 250

act #1 desired
act #1 obtained
act #2 desired
act #2 obtained

act #1

act #2

Figure 14. Transition point real-time position detection and visualisation.

un-morphed airfoil morphed airfoil 

turbulence 

Channel 10 



surface for the various control configurations. Figure 15 shows typical infrared results obtained
at M = 0.275 and α = 0.5° for various control methods. The white spots on the wing are the
electronically heated Kulite pressure transducers. The two lines of SMA actuators, hotter or
colder than the model surface, are also visible at quarter chord and near mid-chord. The
locations of the transition in the images have been highlighted using a white dashed line: it
corresponds to the location of a sudden surface temperature gradient, the laminar region being
generally 2°C hotter than the turbulent region. The reference aerofoil configuration (Fig. 15(a))
showed a transition location at x/c = 27%. The open loop control (Fig. 15(b)) allowed a
transition location at x/c = 58%. In the case of the closed loop control using fuzzy logic,
(Fig.15(c)), the transition location was x/c = 59%, which is sensibly equivalent to the open loop
control, considering the error on the infrared transition detection (1% x/c at 2s).

4.0 CONCLUSIONS
The approaches for the validation of a hybrid fuzzy logic proportional-integral-derivative plus
conventional on-off controller used in the actuation of a morphing wing were presented.

The Matlab/Simulink numerical simulation results confirm that the obtained hybrid controller
works very well. A few seconds of easier time latency in the cooling phase vis-à-vis the heating
phase was noted. Also, the amplitude of temperature oscillations was observed to increase with
an increase in the actuation temperature level, and depending on the load SMA force.

The bench test validation of the controller started by considering the independent control in
time for each of the two actuation lines. In this way, the two desired displacements (dY1 and dY2)
in the form of successive step signals were applied at the inputs of the actuation lines. The results
obtained during this validation phase showed that the controllers in the two actuation lines
functioned even at zero values of the desired signal because of the gas springs’ pre-tension. Small
oscillations of the obtained displacements were observed around their desired values. The
amplitude of the oscillations in this phase have as principal explanations the LVDT
potentiometers’ mechanical links (which were not completely fixed because the model was not
equipped with the flexible skin during this test) and the thermal inertia of the SMA wires.

In the next phase of the controller bench test validation, all pairs of the desired displacements
characterising the 35 optimised aerofoil cases were imposed, such as input signals on the two
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Figure 15. Infrared measurements of the transition location on the flexible portion of the wing upper
surface for M = 0.275, α = 0.5°, various control methods: (a) no control, (b) open-loop, (c) close-loop.

Transition location (x/cTR) highlighted with dotted line and given in images (in %). Flow is from left to right.
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actuation lines, while the skin was mounted on the model. For each of the experimentally
obtained aerofoils, the co-ordinates were measured using a laser beam that scanned the center
line of the wing model. The global deviation obtained for the optimised aerofoil was found to
be under 0.4 mm. From the numerical values obtained for all 35 optimised aerofoil cases, we
observed that the position control error due to the heating-cooling cycles when the actuator
maintains a desired position was less than 0.05 mm.

In the next validation step, a wind tunnel test was performed. Simultaneously, using the hybrid
controller, the 35 theoretically obtained optimised aerofoils were experimentally validated,
making it possible to detect and visualise the transition point real-time position. The experimental
results indicated a high-frequency noise that was influencing the LVDT sensors and the thermo-
couple’s instrumentation amplifiers. Wind tunnel vibrations and the instrumentation’s electrical
fields were identified as the sources. Even with these noises, the amplitudes of the actuation error
(the difference between the realised deflections and desired deflections) were less than 0.05mm,
and do not affect the transition, which is stable on a sensor with a high RMS spike. Also, a
positive influence of the aerodynamic forces’ presence on the designed controller was observed
in the reduced values of the SMA wires’ work temperatures compared to those for the
numerically simulated and bench tested cases. The decrease of these temperatures is beneficial
considering the negative impact of a strong thermal field on the other system components,
especially on the flexible skin and the pressure sensors.

The infrared measurements were used to validate the pressure sensor – based transition
detection method. Comparisons of the open loop and closed loop controls using the infrared
results have shown that both approaches were very effective in delaying the transition location,
thus reducing the skin friction drag, as confirmed by the wake rake drag measurements.

As a general conclusion, the designed hybrid controller fully satisfied the requirements
imposed to achieve the purpose of our morphing wing project.

Future work on this project will focus on developing a closed loop control, based on the
pressure information received from the sensors and on the transition point position estimation.
Closed loop control will certainly include, as an internal loop, the actuation lines’ controller
presented here.
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