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Application of fiber Bragg gratings
for strain measurement in historic textiles
and paintings on canvas
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The aim of this work was to evaluate the applicability of optical fiber Bragg grating (FBG) sensors
to the monitoring of deformation in historical textiles and paintings on canvas. Fibers with
a ceramic coating were selected for strain investigation in textiles due to both their almost
perfect strain transfer and much shorter relaxation times compared to fibers with an acrylate
coating. FBG sensors were attached to fabrics in a non-destructive manner using specially
designed magnetic clamps. Local strain measurements using these sensors were consistent with
general strains measured using either a universal testing machine (UTM) or a laser triangulator
when varying external load or relative humidity. However, strain magnitudes measured by
the different methods were comparable only after correction for the influence of the fiber on
the textile under study. Strain measurements in model paintings on canvas were carried out using
uncoated fibers embedded in the gesso layers on the canvas.

Despite some drawbacks, the FBG sensors were found to be useful in monitoring strain in
historic textiles and consequently, for the assessment of environmental risk of these works-of-art.
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1. Introduction

Historic textiles such as tapestries, carpets, kilims, banners and liturgical vestments,
and especially paintings on canvas are appreciable part of museum collections. During
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long periods of storage and exhibition they can be subjected to multiple environmental
agents/factors including temperature, humidity or light that bring about degradation
through chemical and physical processes. Moreover, since textiles are frequently large
and consequently, heavy, loading imposed by their own weight is considered a possible
factor responsible for their deterioration, as well. Their damage may be accelerated by
the simultaneous action and mutual interaction of several of the above-mentioned
factors.

Despite the existence of ample literature presenting research on textile degradation,
assessment and comparison of different methods and techniques of conservation and
exhibition of textiles and paintings on canvas have often been based on criteria
determined from long-term practical observations and experience acquired by curators
and conservators. Based on the common practice of museums, reflected in conser-
vation guidelines and loan policies, climate induced deformations in textiles are
perceived as one of the most important reasons for damage in textile collections. On
the other hand climate stabilisation of storage and exhibition rooms belongs to
the most energy consuming one’s. Therefore, expensive conservation strategies should
be avoided if not really necessary.

The application of fiber Bragg gratings (FBGs) for monitoring strain in woven
textiles has been investigated by YE et al. [1, 2]. Both silica and polymer optical
fiber (POF) gratings were evaluated, and two different adhesive systems (two-part
epoxy Araldite 2015 and polyvinyl acetate (PVA) based adhesive Mowilith DMC2)
were tested for attaching the FBG sensors to a tapestry. The performance of these
sensors was validated by comparison with the results of a non-contact digital image
correlation (DIC) study of the same textile. It has been demonstrated that POFs, which
are constructed of PMMA (polymethylmethacrylate), provide a better strain transfer
coefficient. Furthermore, when adhered with PVA, they produce less structural
reinforcement than silica fibers. This is readily explained by the much lower (1.3 GPa)
Young’s modulus of PMMA compared to silica (31.5 GPa). Unfortunately, the high
attenuation of PMMA in the visible and near-infrared makes the structure of the sensor
head more complex and much less robust. Moreover, high (up to 8 nm for RH change
of 100%) relative humidity sensitivity of polymer FBGs makes strain measurements
unreliable in variable ambient climatic conditions. Furthermore, since the technology
of FBG inscription in polymers is not yet fully developed, these gratings are
characterized by short-term stability, not longer than several months [3].

Another aspect of the application of FBGs to textiles and historic textiles in
particular, is related to their attachment. Bonding the fiber to the specimen is a com-
mon technique that produces excellent results in many fields of industry and
technology; however, such a technique is unacceptable in the case of museum objects.
Therefore, a different method of fiber—textile contact is needed.

In this work, a study was carried out of the performance of the standard silica FBG
to monitor strain variations in woolen textiles and paintings on canvas. Two types of
fibers: with acrylate and organic modulated ceramic (ORMOCER) coating, were
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investigated while incorporating the fiber with textile was achieved using specially
designed magnetic clamps. Investigation results of the effect of temperature, humidity,
load and the size of clamps on the sensor response are presented and compared with
the results of the laser triangulation method.

2. Fiber Bragg grating sensor

A fiber Bragg grating is a special optical fiber whose refractive index of the core varies
periodically. Such periodicity is usually obtained by irradiating the UV-sensitive fiber
with a spatially modulated intense UV laser beam [4]. When spectrally broad light is
injected into the fiber and interacts with the Bragg grating, the wavelength is reflected
in a narrow band (~0.1 nm). If the grating pitch is A, the resonance condition for
the reflected wavelength is given by:

Ag = 2n 4 A (D

where A is the so-called Bragg wavelength and n is the effective refractive index
of the fiber core. Any physical parameter that changes the grating pitch or the fiber
core refractive index can produce a shift in the Bragg wavelength which can be
measured by different optical intensity-based or interferometric methods. The two
main parameters affecting A are strain and temperature and the change of the Bragg
wavelength Ay is

Ady
/18

= (I-pe+(o,—-a,) (2)

The first term on the right-hand-side describes contribution of the elongation
with € being the applied strain and p, the photoelastic coefficient. The second term is
the thermal contribution, where ¢, is the thermal expansion coefficient of the fiber
while ¢, is the thermal modulation coefficient of its refractive index. The information
about strain or temperature change is measured by the change in wavelength and not
in the light intensity. The wavelength is independent of losses in the fiber, connections
between optical components of the fiber sensor and of fluctuations of intensity in
the light source. Moreover, a number of gratings — with different Bragg wave-
lengths — can be inscribed on the same fiber, thus facilitating simultaneous strain
detection in different parts of the object under investigation using one and the same
system.

3. Experiment

Silica FBGs with acrylate (aFBG) and ceramic (cFBG) coatings were investigated as
strain sensors; their specifications are presented in Table 1. In spite of similarities
in the fiber core diameter and cladding as well as grating length, aFBG and cFBG
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Table 1. Specifications of uncoated fibers with FBGs used in this work.

aFBG" cFBG"

Core diameter [um] 9 6
Cladding diameter [pum] 125 125
Buffer diameter [um] 250 195
FBG length [mm] 10 8
Reflectivity [%] 80 17
FWHM [nm] 0.3 0.1
Max strain [%] 0.9 5
Temp. sens. [pm/°C] 11 10
Humid. sens. [pm/% RH] 0.28 1.3
Young’s modulus [GPa] 31.5 31.5

"FBGs provided by SmartFibres (acrylate) and FBGS Technologies (ceramic).

differ significantly in their reflectivities and strain-sensing range. The maximum
strain-sensing value of cFBG is 5% (compared to 0.9% of aFBG) which is not much
less than 13% achievable with POFs [5, 6].

Figure 1 shows the sensing arrangement for the fiber Bragg grating system. It
consists of a 50 nm broad superluminescent diode (SLED) with the central wavelength
around 1540 nm. The light beam from the SLED passes through an optical isolator
and is introduced into a 3-port optical circulator with an FBG attached to a single end.
The reflected spectrum from the FBG is monitored using a grating spectrometer
equipped with a photodiode array (I-MON interrogator by Ibsen Photonics). The spec-
tral resolution of the measured wavelengths was better than 1 pm corresponding
approximately to 1 ue, i.e., 0.0001%. In the present study, several FBGs with acrylate
and ceramic coatings were tested with nominal Bragg wavelengths in the spectral range
between 1539 nm and 1556 nm.

The experimental test textile was a 1 mm thick woolen tapestry from the first half
of the 20th century constructed of weft yarns made from wool and warp yarns made

Optical isolator Circulator
SLED { —> || > A

Y
I-MON

FBG

Fig. 1. Experimental arrangement for the fiber Bragg gratings system (detailed description in the text).
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Fig. 2. System to attach the fiber Bragg grating sensor to the test textile using magnetic clamps: scheme
of the magnetic clamp (a). Front (b) and side (¢) views of the clamp fastened to the textile.

of flax. The textile had 20 yarns/cm and 12 yarns/cm along the weft and warp
directions, respectively, and its weight was 0.5 kg/m?>.

The FBG sensor head was attached to the test fabric by means of specially
developed magnetic clamps shown in Figs. 2. At two sides of the FBG, and 21 mm
away from its center, the fiber was bonded into 10 mm-long stainless steel tubes with
0.6 mm outer diameter using cyanoacrylate. These tubes were placed in the groove
between two 1-mm thick steel plates (see Fig. 2b) which were then tightly bolted
together. The size of the plates varied from 20x80 mm? to 20x150 mm? in order to
minimize the influence of the clamps on the strain in the textile sample. Finally,
the fiber with metal grips was attached by magnets to the selected part of the textile
asillustrated in Figs. 2a and 2¢. The quality of such attachment was verified by periodic
stretching the textile under study. No variations of the strain measured by FBG sensor
were found from cycle to cycle, which indicated no sliding of the magnetic clamps
over the textile surface. All mechanical tests were carried out using a universal testing
machine (UTM). A climate chamber was used to study the response of the FBG sensor
to variations of microclimate parameters: temperature and relative humidity.

4. Results and discussion
4.1. Strain transfer to the FBG sensor head

The response of the FBGs to an applied strain was studied by mounting each fiber,
bonded into a metallic tube, in the grips of the UTM. Figure 3 shows the results of
the quasi-static (slow strain variations compared to fiber relaxation) experiments in
which the Bragg wavelengths of the aFBG and the cFBG were measured in relation
to the strain applied to the fiber by the UTM. Although linear dependence was
observed for both sensors, the cFBG was characterized by a larger strain transfer
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Fig. 3. Variations of the Bragg wavelength during a quasi-static (Le/min) test in an UTM. Strain transfers
for the aFBG and the cFBG amount to 0.6 and 1.1 pm/ue, respectively.

from the coating to the fiber resulting in a strain sensitivity of 1.10(5) pm/ue
compared to 0.60(4) pm/ue for the aFBG. A sensitivity of the bare, uncoated fiber
was 1.2 pm/ue.

The dynamic response of fiber sensors was studied by means of the UTM quickly
stretching and releasing the FBGs at a rate of 1.0 mé/s. The results of this experiment,
shown in Fig. 4, indicate time-dependent fiber response with a relaxation time of about
1 min for the aFBG and almost instantaneous response for the cFBG. Based upon
the relatively small transfer coefficient of the strain and long relaxation time compared
to monitored phenomena, aFBGs were excluded from further investigation.

1 ---- aFBG cFBG
1200 =
T 800 o
5 i
= i
< i
< 400 -
0 —
T T T T
0 200 400 600
Time [s]

Fig. 4. Relative variations of the Bragg wavelength of the aFBG (dashed line) and the cFBG (solid line)
during a dynamic test in the UTM.
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4.2. Strain measurements in textile specimens

The performance of the cFBG sensor attached to the textile was evaluated on a series
of textile specimens using the UTM. For quasi-static tests, the fiber with the cFBG
was fixed to the specimen by means of 80-mm wide magnetic clamps. To study
deformation, the textile was then mounted in the UTM and periodically stretched and

32 b
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Fig. 5. Strain variations applied by the UTM (O) and recorded by the cFBG sensor (O) attached to
the test fabric by means of the magnetic clamps with surface area of 80x20 mm?. The total length of
the sensor was 80 mm and the strain was applied in the weft direction. The solid line represents the strain
recorded by the cFBG after correction for fiber interference. The shadowed area corresponds to un-
certainty limits including UTM and FBG sensor uncertainties as well as the uncertainty of the determined
Young’s moduli.
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Fig. 6. Strain variations applied by the UTM (O) and recorded by the cFBG sensor (O) attached to
the test fabric by means of the magnetic clamps with a surface area of 80x20 mm?. The total length
of the sensor was 80 mm and the strain was applied along the warp direction. The solid line indicates
the strain recorded by the cFBG after correction for fiber interference.
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released at a rate of 0.22 mm/s with a maximum strain of 22 me and 14 me in the weft
and the warp directions, respectively. Figures 5 and 6 present strain variations applied
by the UTM and measured by the cFBG.

It is apparent that the strain recorded by the cFBG follows the strain applied to
the specimen, but at significantly lower amplitude. This effect is repeatable from cycle
to cycle, indicating an influence of the sensor head, in particular the fiber, on the textile
during testing.

In order to explain the observed discrepancies the system was modeled as
consisting of two parts (see Fig. 7) connected in series and loaded with force F.
The upper part includes the piece of the textile specimen of the length L, equal to
the length of the cFBG sensor integrated in parallel. The lower part corresponds to
the rest of the textile specimen with the length L,. The specimen and the cFBG are
characterized by the Young’s moduli £, and E, and the cross-sectional areas 4,
and A, respectively. Although in general Young’s modulus is a quantity varying with
strain, in the range of strains being studied (up to 10 me) it is assumed constant.

: Wi :
' . h
+— cFBG
L

Eq A 0
Eo Ao v
A

Eq, A L,
Textile specimen v

vF

Fig. 7. Model configuration of the specimen and the cFBG loaded by F.

The overall strain applied by the UTM can be written as:

ALy+AL, L,
Ep = ———— = g, — (& - &) ——
r Ly+1L, 1 (& °)L0+Ll

3)
where £ = AL,/L, and g = AL,/L, represent the strains of the lower and upper parts,
respectively. Using the relation between strain and stress, the lower and upper
subsystems can be written as follows:

F
E = 4a
! A,E, (4a)

F
£ = — 4b
0 AE, +AyE, (45)
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Equations (3) and (4) can be used to relate & measured by the FBG sensor and
applied strains £ as

er
4 E, L
wd, E;, Ly+1L,

80:

)

1+

where w,d; = 4, (w; and d, denote the width of the magnetic clamp and the thickness
of the textile). It is clear that by minimizing the second term in the denominator of
Eq. (5) the influence of the sensor head on textile deformation as the result of the cFBG
is negligible. Since usually L,>L,, the latter condition is fulfilled only if
A,E, > AyE,. Under the experimental conditions E, = 31.5 GPa, 4, = 3.0x10~* cm?,
Ly=4cm, L{=12cm, w; =8 cm and d, =1.0 mm. The most uncertain quantity
in the calculations is Young’s modulus of the textile. Figure 8 shows a typical
stress—strain dependence for the test specimens fixed and then stretched along the weft
(warp) direction in the UTM. The calculated Young’s modulus for the textile is
presented in the same figure. The slope of the stress—strain curve increases with applied
strain by one order of magnitude as a result of yarn decrimping at low load. In effect,
the overall disturbance of the fabric by the fiber sensor is significantly reduced. It is
also evident that the lower the strain the larger the uncertainty of Young’s modulus.
In the range of textile deformations under investigation, i.e., between 1 and 10 me,
E, =357 N/cm and 60.5 N/cm (per unit width of the textile) were evaluated with
uncertainties as high as 50%. Substituting all quantities in Eq. (5), we obtain &, values
which are consistent with £, within the uncertainty limits (see Figs. 5 and 6).

The performance of the FBG sensor was also investigated using magnetic clamps
of different sizes, i.e., of different widths w,. As was expected, the wider the clamps,
the lower the discrepancy between the applied £, and measured strains &,,.

E = peifp= \Narp —D—.— Weft

Stress [N/m], E [N/cm]

1 10 100
Strain [me]

Fig. 8. Measured stress (open symbols) and calculated Young’s modulus (full symbols) depending on
applied strain for the test fabric stretched in the weft and the warp directions in the UTM.
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4.3. Strain measurements in the test textile
at variable microclimatic conditions

Relative humidity (RH) is the most important microclimatic parameter that directly
impacts the weight of a textile object and its deformation. Studies of RH influence on
textile strain were carried out by placing the textile in the climate chamber and by
varying the relative humidity in the range between 25% and 70% at constant temper-
ature of 20 °C.

As is shown in Fig. 9, the specimen was mounted vertically and pre-stretched in
the weft direction by loading bar of the weight of 633 g. Strain variations in the textile

~FBG
_ _ sensor

C laser
—~——"""""triangulator . . .
4 . s <« Fig. 9. Experimental setup for strain measurements by FBG

sensor and laser triangulator in the climatic chamber.
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Fig. 10. Temporal evolution of relative humidity (a) in the climate chamber and the strain of the test
textile fixed along the weft as measured by the cFBG sensor (b). The temperature was maintained at 20 °C.
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were monitored simultaneously by the cFBG sensor attached with magnetic clamps
and by a laser triangulation sensor fixed below the textile.

A laser displacement sensor (Micro-Epsilon LD1605-2) was attached to a bottom
part of a metal frame with mounted textile and it was positioned at the center of
the loading bar (see Fig. 9). The distance between the sensor and the loading bar was
about 24 mm. During experiment triangulation sensor performed the non-contact
measurements of the displacement of loading bar with accuracy of 5 um at the rate
of 1 kHz.

Figure 10 shows the strain in the test textile as measured by the cFBG signals
(corrected for the fiber interference assuming constant Young’s modulus of the textile)
while varying the RH. The measurements were taken over a period of 18 hours in
2-hour cycles. Any change of RH in the chamber results in a change of the strain
in the textile due to the water vapor adsorption or desorption. The strain measured
with the cFBG correlates well with the laser triangulator measurements (see Fig. 11)
with a correlation factor of 0.78. This discrepancy can be explained mostly by
large uncertainties in Young’s modulus of the textile, which depends on the sample

4 Fig. 11. The model painting on canvas with embedded cFBG
Sensors.

Strain from cFBG [mg]

0 i T T 1 T L]
0 1 2 3 4 5 6
Strain from laser triangulator [me]

Fig. 12. Strain variations of the test textile as registered by the cFBG sensor versus strain measured by
the laser triangulator. The straight line is a linear fit with a slope of 0.78.
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and varies with relative humidity [7]. In the RH range studied, Young’s modulus
for wool decreases with humidity (by about 10%); therefore, corrections to strain
measurements by the cFBG are the larger the higher RH. This may explain the slightly
nonlinear character of the dependence presented in Fig. 12.

4.4. Application of FBG sensors for measurement
of strain in paintings on canvas

In order to demonstrate the usefulness of FBG sensors to monitor strains in paintings
on canvas, a model of acrylic painting was prepared by conservator using standard
techniques and materials. The selection of acrylic paint was based on general feature
that it can become very brittle below 10 °C and thus it is very susceptible even to very
small deformations [8]. The canvas was stretched on a wooden stretcher and pre-sized
with acrylic preparatory layer from Talens. After application of the first layer an optical
fiber was laid on the surface. When the surface was dry, the fiber was covered with
a second layer of the same preparatory layer. The object was cured in room
conditions for one month before testing. The surface was then painted using acrylic
paints. The model painting with two embedded uncoated FBGs sensors — one in
the upper-right corner and the other in the center is shown in Fig. 11.

The mechanical response of the painting was studied during normal road transport
between two museums maintaining standard precautions for such objects, as proper
packing, air suspension system of the track, efc. The results of this investigation are
shown in Fig. 13, where the upper and the lower curves correspond to strain variations
measured in the corner and in the center of the painting, respectively. Both curves
reveal rapid- and slow-varying components. The first one is directly related to

0.4

0.3 4

Strain [me]
o
N

0.1 4

0.0 |

0 5 10 15 20 25
Time [min]

Fig. 13. Strain measured in the corner (the upper curve) and in the center (the lower curve) of the model
painting on canvas during road transport.
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vibrations in the canvas due to transport; whereas the second is the result of strain
transfer from the wooden frame to the canvas. The strain in the canvas slowly increases
in response to the expansion of the frame, caused by slight difference in relative
humidity between the museum and the truck. It is evident that strain in the corner of
the canvas is larger than in the center, as explained in [9]. It is also worth noting that
strains associated with changes in the surrounding climate can exceed those induced
by shocks during transportation.

To confirm the results obtained with the cFBG sensors, another experiment was
performed during road transport. Strain variations in the test painting on canvas were
measured simultaneously by the cFBG sensor and by means of the laser triangulator.

Triangulator sensor (Micro-Epsilon ILD 1401-100) was attached to a light metal
mounting-system from Bosch clamped to a stretcher and positioned at the center of
the rear face of the painting. The laser-to-canvas distance was about 10 cm. The sensor
performed the non-contact measurements of the out-of-plane displacement of canvas
with accuracy of 200 um at the rate of 1 kHz. The strain variations were calculated
by comparison between length of canvas oscillating in My, mode of amplitude
measured by laser sensor with its initial length of 50 cm. The canvas was assumed to
oscillate in M, mode. Further details on measuring method and data analysis can be
found in [10].

A comparison of in-plane deformations measured directly by cFBG and defor-
mations calculated from out-of-plain distortions measured by laser triangulator is

104
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10° 4
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Number of events
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Fig. 14. Strain amplitudes detected by the FBG and the laser triangulator in the model painting on canvas
during road transport.
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presented in Fig. 14. The results of two independent measurements are in good
agreement, which proves that connection between optical fiber and painted canvas is
strong and fiber is not sliding during the measurement.

Although the method using FBGs is invasive to the paintings and cannot be applied
to real paintings on canvas, it is of great practical importance. The results for models
can help in risk assessment for real objects during transport and, since they are of local
character, they can identify the most endangered places in the canvas.

5. Conclusions

In this work, the performance of silica fiber Bragg gratings (FBGQ) as strain sensors in
historic textiles and paintings on canvas was studied. Fibers with a ceramic coating
were selected for strain investigations in textiles due to their almost perfect strain
transfer and much shorter relaxation times compared to acrylic-coated fibers. Fibers
were attached to the fabrics in a non-destructive manner using specially designed
magnetic clamps. The local strain measured by the cFBG sensors was always
consistent with global strains measured using either an UTM or the laser triangulator
under variable external force or microclimate conditions. However, strain magnitudes
measured by the different methods were comparable only after corrections were made
for the influence of fiber on the textile being studied. The fiber effect, directly related
to fiber rigidity compared to the individual threads of the textile, can be minimized by
using wider magnetic clamps. However, this will reduce the locality of measurements
by the FBG.

Strain measurements in model paintings on canvas were carried out using uncoated
fibers embedded into the canvas with acrylic preparatory layer from Talens. Although
the results given by the FBG directly correspond to deformations in the canvas, the use
of these sensors is rather limited to the model paintings due to the invasive manner of
their attachment.

Despite some drawbacks, FBG sensors were found very useful in monitoring strain
in historic textiles and for assessing environmental risks in these works-of-art.
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