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Abstract

This work presented an indirect method to monitor the deformation of the flexible variable camber wing using attached
fiber Bragg gratings. To measure the transverse strains resulting from deformation of flexible variable camber wing, two
groups of fiber Bragg grating sensors were attached on both upper and lower surfaces of the metal sheet, which was
used to replace the traditional hinges. When the flexible variable camber wing was actuated by the lower surface’s pneu-
matic artificial muscle actuators, the upper surface would undergo the tensile deformation. A redshift could be observed
from the reflective wavelength of the fiber Bragg grating sensors located on the upper surface. On the contrary, a blue-
shift could also be observed from the lower surface due to the compressive deformation. The comparison of the results
with those obtained from strain gauges demonstrated the reliability of fiber Bragg grating sensors. Then, the vertical dis-
placement and deflection angle of the flexible variable camber wing were obtained through the von Karman strain—
displacement relation. A finite element model of the flexible variable camber wing was developed to simulate the varia-
tion of strain and displacement, which is caused by deformation of the metal sheet. A good agreement could be seen
from the vertical displacements among the fiber Bragg grating strain sensors, finite element model, and direct measure-
ments with laser range-finders.
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Introduction the angle sensor. The rapid development of smart mate-
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(Barbarino et al., 2011) has shown the potential to
greatly improve flight performance by changing the
wing shape to adapt to the different flying situations
and environment. The wing camber is the critical ele-
ment comparing with other parameters for the wing to
generate lift. Based on different requirements in differ-
ent flight phases, states, and missions for aircraft’s wing
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overcome the hinge devices’ shortcomings, such as
being heavy, complex, and inefficient. Experiments
indicated that these new FVCWs (Barbarino et al.,
2011) can further increase the lift-drag ratio and
improve mobility, flight performance, and flow
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Figure I. Photograph of FVCW’s model without outer skin.
FVCW: flexible variable camber wing; PAM: pneumatic artificial muscle.

separation. However, the previous angle sensors could
not be applied to measurements during the operation
of the new FVCWs, which do not contain the rotating
structures.

When monitoring the shape deformation, the tradi-
tional direct measurement method generally used the
noncontact optic method, which could be realized in
the whole field structure measurement (Anand et al.,
2009; Babovsky et al., 2011; Chan et al., 2009). But
these methods are likely to be complicated and all have
their limitations in the measurement environment. A
possible approach is the measurement of other physical
properties such as accelerations or strains, which can be
measured using attachable sensors. The electrical resis-
tance strain gauges have been used to sense the shape
of the adaptive wing by Akl et al. (2007). Nishio et al.
(2010) used Brillouin scattering—based optical fiber sen-
sors for structural shape reconstruction. Rapp et al.
(2009) and Reich and Sanders (2003) investigated the
reconstruction method of structural deformation of
two-dimensional structures by using a displacement—
strain transformation matrix and Bragg grating sensors.
However, all these methods require complex algorithms
and models to measure the shape deformation and are
not suited to the FVCW’s situation in this work.

The objective of this work is to monitor the deflec-
tion angle and vertical displacement of an FVCW actu-
ated by the pneumatic artificial muscles (PAMs)
through strain measurement using attached strain sen-
sors. Because of the advantages of fiber Bragg grating
(FBG) sensors, such as nonvisual detection, small size,
real-time distributed, multitask/point measurements,
dynamic, antimagnetic, light, and other interference,
they are used in a growing range of structural health
monitoring applications (Fernando et al., 2003; Kiddy
et al., 2005; Lima et al., 2008; Wu et al., 2009), espe-
cially in aerospace strain measurement (Kahandawa
et al., 2012; Takeda et al., 2007; Wood et al., 2000; Yin
et al., 2009b). In this work, the vertical displacement of

the FVCW was monitored using a displacement—strain
transformation through strain measurements from two
couple-attached FBG sensors within one fiber optic
line. Several simulations were made to investigate the
sensor locations and to prove the correctness of the
indirect method in theory. Furthermore, the measured
structural displacements using laser range-finders
showed that the estimated displacements are feasible.

FYCW

The FVCW analyzed in this work was proposed by Yin
et al. (2009a, 2010), which consists of the leading edge, the
metal sheet, the flexible skin, and the trailing edge. When
the FVCW is working, the leading edge is fixed and pro-
vides the necessary boundary conditions, and the other
parts are linked together and deformed. The metal sheet
was used to replace the traditional hinges and achieve
smooth and continuous deformation process. The actua-
tion is a pure bending produced by compression strain of
the two attached PAMs. The photograph of FVCW
model without outer skin is shown in Figure 1.

The deformation process of the FVCW can be
described as follows: when the PAMs located in the
lower surface of the metal sheet are pressurized with
air, their contraction deformation will result in down-
ward bending of the wing. On the contrary, when the
PAMs located in the upper surface are pressurized with
air, the trailing edge would bend upward with contrac-
tion deformation. In this work, only the first case was
studied as shown in Figure 2. The deformation degree
of the FVCW changed with the different output con-
traction forces. The maximum contraction ratio of the
PAM could reach up to 20%. Output force of every
PAM can be measured by load transducer when air is
applied. Then, the output pressure on the metal sheet
could also be derived in different conditions, as listed
in Table 1. The deformation of FVCW can be mea-
sured by the equivalent deflection angle. Generally, the
traditional flap’s length is about 15% of the wing
chord, so the FVCW’s equivalent deflection angle
could be given as equation (1)

[ h
P = sin 1<o.1T5c) M

where 47 and ¢ are vertical displacement of the edge
and chord, respectively. Therefore, the deformation
process could be predicted through monitoring the ver-
tical displacement of the edge.

The lengths of chord and trailing edge of the FVCW
model are 500 and 230 mm, respectively. The metal
sheet (aluminum alloy) with dimensions 300 mm X
120 mm X 1 mm, elastic modulus of 70 GPa, Poisson’s
ratio of 0.33, and tensile strength of 80 MPa was used
at room temperature in this work. The wood with the
elastic modulus of 0.98 GPa and Poisson’s ratio of 0.49
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Figure 2. Schematic diagram of FVCW actuated by PAMs: (a) before deformation and (b) after deformation.

FVCW: flexible variable camber wing; PAMs: pneumatic artificial muscles.

Table I. The average output pressure of PAM.

Input air Average output Average output

pressure (MPa) force (N) pressure (MPa)
0.05 30 0.38
0.1 60 0.76
0.15 90 I.15
0.2 120 1.53
0.25 150 1.91
0.3 180 2.29
0.35 210 2.68
0.4 240 3.06

PAM: pneumatic artificial muscle.

was chosen as the material of the leading edge and trail-
ing edge.

A three-dimensional finite element model (FEM) of
the FVCW is shown in Figure 3. The FEM was con-
ducted using ABAQUS. The FEM applied pressure
and mesh of the FVCW are shown in Figure 3(a) and
(b), respectively. The leading edge was constrained, and
then, the metal sheet was applied in two pressures
which are the same load to the PAMSs’ output force,
thus the trailing edge created a vertical displacement.
By applying different output pressures, the FEM chan-
ged the shape and performed some action, and then the
displacement and strain field distributions of the
FVCW were obtained. Taking a 0.2-MPa output pres-
sure applied in PAM as an example, the specific vertical
displacement and strain field distribution can be seen in
Figure 3(c) and (d).The FEM predictions were corre-
lated with strain/displacement measurement after
applying air pressure loads to the FVCW.

In the measurement system, the number of sensors
and their distribution should be optimized to minimize

system complexity and cost based on the theoretical
analysis while ensuring high measurement accuracy.
Then, the trailing edge vertical displacement can be
deduced by strain changes in the metal sheet.
Therefore, the FBG sensors were only located on the
metal sheet surfaces.

Theoretical approach
FBG sensing principle

FBG sensors’ measurement principle is based on the
detection of the back-reflected wavelength shift pro-
duced in an optical fiber whose core refraction index
had been modulated permanently. According to grat-
ing theory, the Bragg wavelength or resonance condi-
tion of a grating is given by the expression (Kersey
et al., 1997)

)\B = Zl’leﬁfA (2)

where n.y is the effective index of the core and A is the
grating pitch.

The strain response arises due to both the physical
elongation of the sensor (corresponding fractional
change in grating pitch) and the change in fiber index
due to photoelastic effects. The shift Alp in Bragg
wavelength with strain Ae can be expressed using
(Grattan and Meggitt, 1999)

AA n?
/\—B =<1- Tﬁ/h?lz — (P —Plz)v]}AS
B
= (1 — p.)Ae = S;A¢ (3)
ny
Pe = 2 [Plz - (pu —Plz)v] (4)
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Figure 3. The finite element model of the FVCW: (a) the applied pressure, (b) the mesh model, (c) strain field distributions by 0.2
MPa pressure, and (d) displacement field distributions by 0.2 MPa pressure.
FVCW: flexible variable camber wing.
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where p, is the effective photoelastic constant, p;; and
p12 are Pockle’s (piezo) coefficients of the stress-optic
tensor, and v is Poisson’s ratio

2
n
Se=1—-p. =1 —;—ﬂbﬂlz — (P —pn)v (5)

where S, is the strain sensitivity coefficient of the FBG
sensor.

Since the temperature change is neglected in the
experiment process under laboratory conditions, the
equation simplifies to

1 AXg
8: —
1 — PDe )‘B

(6)

It is easy to calculate the strain from the measured
wavelength shift, and the value for a silica fiber
responds linearly.

Displacement estimation method

The deformation of the FVCW was assumed under a
vertical bending condition caused by PAM actuating.
The objective of this study was to monitor the vertical
displacement of the trailing edge in different air pres-
sures by using FBG sensors as strain sensors. The von
Karman equation could be used to describe strain—
displacement relation. It is defined by

1
e=u,+ 5(W,X)2 — MW (7)

where u and w are the axial and transverse displace-
ments and 7 is the sectional vertical coordinate (positive
downward). The length of the sensor i can be defined as
L;, and the strain measured by sensor i is the average
range of the length and can be expressed as follows

A (o + L)
L; 1
g = — = — edx

Ll Li

x;
(x; + L)
o I T @ (8)
L Uy 7 Wy NW, xx | dx

Xi

The strain in the upper/lower surface of the metal
sheet is expressed as

1 t
SU = Uy + E(W’X)z + EW,XX (9)

1 t
L_, 4+ 1 2 1 10
ot S0 =T W (10)
where superscripts U and L indicate upper and lower
surfaces, respectively, and 7 is the thickness of the metal
sheet.

Two sensors are located at the point ‘x;” on the upper
and lower surfaces of the metal sheet, and the strain
measured by sensor i can be expressed as

(i + Ly)
AL; 1
el = L,~l 7 edx
(x; + L) "
1 1 t
= I J u,+ E(W,x)z + Ew,xx]dx (11)
A (i + L)
L; 1
ek = L = L J edx
(o + L) "
1 1 t
-7 J U, + E(W,x)z wax]dx (12)

Xi

The difference in the above two equations can be
expressed as

(13)

Xi

Equation (13) shows that this method eliminated the
influences of the axial deformation and von Karman
upon strain and avoided the iteration in solving pro-
cess. It is supposed that the deflection curve of the sheet
is polynomial of degree n. The deflection, rotation, and
curvature can be expressed as follows

w=agtax+ - +ax" (14)
we=a + - + nax""! (15)
W =2ay + -+ + n(n — a,x"> (16)

Substituting equation (15) into equation (13) and inte-
grating, the following can be obtained
U _ el

&

(i + L) —x!
ap

=2a,+ - +n 7 L—(n>2)

(17)

Based on the polynomial of degree 3 of the deflection
curve, the strain expression is simplified as
U _ L

& — &

= 2(12 + 3(2)6[ + L,-)a; (18)
There are two groups of the sensors at different loca-
tions at least because a, and a3 are unknown. The reso-
lution a; and a3 can be given as follows
2 32 tL)|fax ) _ 1 [ef —& (19)
2 3(2)62 + Lz) as t Séj — 8%




Li et al.

1649

19.20

19.15

19.10

19.05

19.00

Vertical Displacement (mm)

18.95

18.90 " 1 " [ s [l "
0 2 4 6 8 10

Sensor's Length (mm)

Figure 4. The vertical displacement against the different
sensor’s lengths (0.2 MPa).

Once the deflection of the metal sheet is computed,
the vertical displacement of the edge can be easily deter-
mined using /7 as given by equation (20) and then the
angular deflection can be computed from equation (1)
(20)

hr =wly=1 + W|x=1)Lre

where L and L7z are the length of the metal sheet and
the length of edge, respectively.

Experimental details

Preparation of the FBG sensors

As shown in Figure 3(c), the strain distribution of the
metal sheet along the axial direction is changed with
large variation range. Therefore, it is necessary for
choosing an appropriate length of the sensor for avoid-
ing the spectra’s split due to the nonuniform strain. In
addition, the vertical displacement of the FVCW
mainly depends on the strain of the metal sheet and
almost has no relation to the sensor, but it can be seen
that the parameter as’s proof contains the length of the
strain sensor from equation (18). If the length of the
strain sensor is chosen appropriately, the obtained
results could be more accurate for a given condition. In
order to determine a reasonable sensor’s length, an
approximate method is used to estimate the minimum

Table 2. Selected properties of the FBG sensors.

fiber length. For example, considering a given output
air pressure (0.2 MPa), the vertical displacements were
analyzed in terms of different sensor’s lengths under
certain conditions, as shown in Figure 4. The results
indicated that the displacement was increased with the
increasing sensor length. The measured vertical displa-
cement would be more similar to the real vector as the
length of the sensors is shortened. The reflection spec-
tra of the short length grating will affect strain’s mea-
surement accuracy due to its broad bandwidth. Thus, 3
mm has been chosen as the attached FBG strain sen-
sor’s length.

The FBG sensors were ultraviolet (UV) inscribed in
hydrogen-loaded standard fiber (SM-28) using a
frequency-doubled Ar ion laser with the different stan-
dard phase mask scanning technique. Four FBG sen-
sors were fabricated with almost 3 mm grating length
using four kinds of phase masks along one optical fiber
line, and their Bragg wavelengths are 1540.006nm,
1556.505nm, 1532.200nm, and 1535.300nm respec-
tively. After the UV inscription, the FBGs were
annealed at 80 °C for 48 h to stabilize their property at
high working temperature. Finally, in order to main-
tain the durability, the stripped grating areas were
recoated using acrylic resin. The FBGs’ strain sensitiv-
ities were calibrated separately by tensile experiments.
Their selected properties are presented in Table 2.

Experimental setup

According to the strain field distribution of the metal
surface by FEM, the FBG sensors were distributed on
the locations of movement with maximum amplitude
for measuring strain accurately. Four different FBGs
(1540.006, 1556.505, 1532.200, and 1535.300 nm) in a
fiber line were divided into two groups, which were
attached on the upper/lower surface of the metal sheet
as shown in Figure 5.

External strain gauges were attached near the FBG
sensors for comparing the results from the FBG sensors
and the laser range-finder system for reference mea-
surement to prove the method’s feasibility. The whole
experimental setup can be seen in Figure 6. The laser
range-finders consisted of one laser sensor, controller
unit, and a computer for data processing. The laser sen-
sor was fixed above the trailing edge using a holder.

Sensor Wavelength (nm) Length (mm) Strain limit (ue) Sensitivity (Z—":)
FBG, 1540.006 3 3000 1.098
FBG, 1556.505 3 3000 1.106
FBG; 1532.200 3 3000 1.121
FBG,4 1535.300 3 3000 1.099

FBG: fiber Bragg grating.
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Figure 5. FBG strain sensors’ arrangement diagram.
FBG: fiber Bragg grating.

Laser Range Finder:
(1) Laser sensor
(2) Controller Unit

(3) Computer device

Pressure Gauge

Figure 6. An FVCW model with four FBG sensors and kinds of measurement systems.

FVCWV: flexible variable camber wing; FBG: fiber Bragg grating.

Only one channel was used to collect the strain data of
four strain measurement points. First, the wavelengths
of the FBG sensors can be obtained by the demodula-
tion equipment. Second, the strain on the upper/lower
surface of the metal sheet could be calculated according
to the FBG’s strain sensitivity. Finally, the vertical dis-
placement of the trailing edge could be obtained using
the strain—displacement transformation in section
“Displacement estimation method” and the deforma-
tion of the trailing edge could be monitored.

Experimental results

The experimental and theoretical results for the strain
of the metal sheet from different air pressures are
plotted in Figure 7. Figure 7(a) and (c) represents the
tensile strain measured on the upper surface, while
Figure 7(b) and (d) shows the compressive strain mea-
sured on the lower surface of the sheet. From the curve
line, it can be seen that the strains measured by the
FBG sensors are in good agreement with those mea-
sured by the strain gauges. The theoretical predictions

reveal that the strains measured by both FBG sensors
and strain gauges are all lower than the numerical anal-
ysis results. Since the bonding method introduced a
shear layer and reduced the measured strain, it is diffi-
cult to achieve the theoretical maximum, especially
when bonding acrylate-coated fiber directly to a
surface.

Good agreement between the FEM results and
experimental response was observed for the four points
of the FBG sensors. The experimental and theoretical
investigation showed that the FBG sensors could be
confidently used for measuring the strain of the metal
sheet surface.

In order to achieve strain signal demodulation of the
sensor and to obtain the vertical displacement of the
FVCW, a simple computer program is designed for
real-time displacement measurement. The program
acquires the spectrum data from optical spectrum ana-
lyzer (OSA) or other spectrum analysis equipment first.
And then, the data are divided into different groups
according to the wavelength change trend. By choosing
one peak of the curve and calculating its shift, the strain
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FEM: finite element model; FBG: fiber Bragg grating.

change can be demodulated according to equation (5).
A series of the strain data at positions x; = 50 mm and
x> = 90 mm were measured by the FBG sensors. Then
substituting the strain data into equation (9), a> and a3
were calculated. Finally, the vertical displacement could
be obtained through equation (10), and the three group
vertical displacements such as the FEM results, the
direct measurements (using laser finder), and the
deduced results (using the FBG sensor) were plotted
and compared in Figure 8. The vertical displacement
results obtained from the FBG strain sensors dovetailed
well with FEM analysis results and the direct measure-
ments using laser range-finders.

To evaluate the indirect method’s feasibility and cor-
rectness using the quantitative results, where the results
are shown in increasing pressure, the determined
displacement errors are summarized in Figure 9.
Figure 9(a) shows the theoretical errors between the
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FBG-calculated results and FEM results. As the strains
of the metal measured by the FBG sensors are lower
than the numerical analysis results, the FBG-calculated
displacement results are smaller than the FEM results.
Figure 9(b) shows the experimental errors between the
FBG-calculated results and the direct measurements.
Under the influence of gravity, air pump, and other
actual practices, the FBG-calculated results are larger
than the direct measurements. However, the average
errors of the both average theoretical and experimental
results under different air pressures are lower than 5%,
which are all in the allowable range. They testify that
the method adopted in this article is theoretically and
experimentally feasible.

Conclusion

In this investigation, a new method for eliminating the
influence of the axial deformation and the von Karman
relation for monitoring the deformation are demon-
strated. The developed theoretical model is validated
experimentally using a flexible variable camber based on
the change in strain provided with FBG. In comparison
with the numerical results, the average errors are only
around 5% in experiment and 3.5% in theory under dif-
ferent air pressures. The presented theoretical and experi-
mental techniques have a significant impact on the safe
deployment and effective operation of FVCW.
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