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ABSTRACT—The research presented has been carried out by an interdisciplinary team from the University of
Southampton and addresses the little known effects of mechanical strain on historic tapestries. A three dimen-
sional photogrammetry technique known as Digital Image Correlation (DIC) is used to quantify deformations
from which strains can be derived. The aim is to define the relationship between tapestry materials, the woven
structure and the strain imposed due to self loading. DIC can record data over long periods of time, thus changes
associated with the onset of damage can be identified. Preliminary work has shown that DIC can identify ar-
eas of potential weakness within the weave structure and that damage can be detected before becoming visible
to the naked eye. DIC data collected from real tapestry specimens is used to obtain strains and to demonstrate
that DIC visualizations can be easily interpreted by non-specialists. In understanding the development of strain
within the weave structure and the influence of features such as slits, predictions about future behavior can be
made, thus aiding conservation decisions. An over arching objective is to use DIC strain data to develop a dam-
age and degradation model that can be used as a conservation tool.

APLICACION DE LA CORRELACION DE IMAGENES DIGITALES A LA EVALUACION DE LA
CONDICION TEXTIL Y DE TAPICERIA, POR H. R. WILLIAMS, F. LENNARD, D. EASTOP, J. M. DU-
LIEU-BARTON Y A. R. CHAMBERS: RESUMEN—La investigacion presentada ha sido llevada a cabo por
un equipo interdisciplinario de la Universidad de Southampton y trata sobre los pocos efectos conocidos de

la variedad mecénica en la tapiceria histdrica. Se utiliz6 una técnica de fotogrametria tridimensional conocida
como Correlacion de Imagen Digital (DIC, por sus siglas en inglés) para cuantificar las deformaciones de las
que pueden derivarse las variedades. El objetivo es definir la relacion entre los materiales para tapiceria, la
estructura tejida y la variedad impuesta debido a que la DIC de carga automatica puede registrar datos durante
periodos de tiempo prolongados, de modo de poder identificar los cambios relacionados con la aparicion de
dafios. El trabajo preliminar ha demostrado que la DIC puede identificar areas de debilidad potencial dentro de
la estructura del articulo textil y que el dano puede detectarse antes de que sea visible a simple vista.

Se utilizan datos de la DIC recolectados de muestras de tapiceria reales, para obtener variedades y demostrar
que las visualizaciones de la DIC pueden ser interpretadas facilmente por personas que no sean especialistas. Al
entender el desarrollo de las variedades dentro de la estructura del articulo textil y la influencia de caracteristicas
tales como las hendiduras, se pueden hacer predicciones sobre el comportamiento futuro, ayudando asi en las
decisiones de conservacion. El objetivo general es utilizar los datos de variedades de la DIC para desarrollar un
modelo de dafio y degradacion que pueda utilizarse como una herramienta de conservacion.

1. INTRODUCTION

The concept of using engineering techniques as a tool in the cultural heritage sector is not new (Young 1998 and
1999, Spagnolo et al. 2000, Falciai et al. 2003, Dulieu-Barton et al. 2005), however, their application to textiles
is uncommon, with a notable case being work carried out on the cloak of St. Francis of Assisi (Varoli-Piazza
and Rosicarello 1996). Although tapestries form an important part of the collections of many museums and
historic houses, the effects of mechanical strain on tapestries on display, and how this strain can be monitored
and quantified has not been widely studied (Howell 1996, Ballard 1996). Tapestries and large wall hangings

are generally hung along their top edge, making them vulnerable to stress imposed by their own weight during
prolonged periods of display. It is assumed that this self-induced loading is a significant cause of degradation to
the structure of a tapestry.

Currently tapestry and textile monitoring rely upon the experience of textile conservators, and their ability to
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evaluate by eye changes in a tapestry’s structure; visual inspection is a routine procedure (Lennard 2006). Al-
though areas of damage may be visible, it is not currently possible to identify the mechanism that is responsible
for the damage.

The primary aim of this research presented to the Textile Specialty Group in Los Angeles in 2009 is to develop
a non-destructive technique for quantifying the mechanical strain, and thus the precursors to visible damage in
tapestries hanging under their own weight. Although damage caused by long-term display is almost inevitable,
the development of a strain based monitoring system could aid decision-making about the nature and timing of
conservation interventions. Enhanced understanding of the physical responses of textile materials to environ-
mental changes also has impact beyond the conservation field.

2. THE NON-CONTACT STRAIN MONITORING TECHNIQUE

In a pilot study, a woven wool repmaterial representative of tapestry was used to aid the understanding of

the causes of failure and the mechanisms of damage progression with several monitoring techniques being
considered (Sahin et al., 2006, Dulieu-Barton et al., 2007). Photogrammetry in the form of Digital Image
Correlation (DIC) was selected as the most appropriate full-field technique. DIC is a non-contact optical strain
measurement technique that simultaneously records images of the same area of an object using two digital
cameras. The cameras are positioned at approximately the same distance from the object as each other, but

at different angles to provide a slightly different viewpoint in each image (fig. 1). A calibration object is used
to allow the DIC software to determine the relative positions of the two cameras. Images are captured in the
deformed and un-deformed (reference) state, with the two camera set-up allowing both in-plane and out-of-
plane deformation to be monitored by creating a three-dimensional model of a given surface. The mechanical
strain can then be extractedfrom the deformation data (Li et al.,2008). It is important to note that in a structural
context the derivation of stresses is also important. However, it is strain (or rather displacement) that is
measured here; to deduce the stresses it would be necessary to define the material properties of the tapestry
material, not just the yarns but the entire woven fabric. These are currently not available; hence all data in the
paper will be presented in terms of strain.

Figure 1. Digital image correlation (DIC) equipment set-up.
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DIC obtains deformation data by tracking the random surface pattern of an object within the digital images
captured during deformation. The surface pattern is usually applied in the form of an artificial speckle produced
by spray paint. Features in the speckle are correlated between the un-deformed and deformed images to provide
displacement or deformation measurements. For historic tapestries the application of paint speckle is not feasi-
ble. Tests on representative wool textiles and real tapestry specimens have determined that the weave of a textile
provides sufficient contrast for the correlation (Khennoufet al.,2010). For long term monitoring it is not neces-
sary to leave the cameras in place in front of the tapestry. The DIC system has a software function that allows
the cameras to be moved and used periodically with the tapestry remaining in-situ. Thus there is no disturbance
to the visual impact of the display.

3. VALIDATION OF DIGITAL IMAGE CORRELATION

When applying a new technique to a structure it is desirable to use a more established technique as a reference;
this is called validation. Contact measurement techniques are often used for this, such as ‘strain gauges’ adhe-
sively bonded to the structure. The performance of these is well established and would provide a good basis for
validation. However, woven textile materials are highly flexible, with the warps and wefts having freedom of
movement past each other. Attachment of strain gauges to such materials results in local reinforcement and re-
striction of the natural movement of the material. A further difficulty is an inability to obtain good strain transfer
between the material and the gauges, compounded by challenges in finding adhesives compatible with conser-
vation requirements (Dulieu-Barton et al., 2008, Lennard et al., 2008).

To demonstrate that DIC can give accurate and precise readings, more traditional engineering materials were
first considered for validation purposes. Steel and single-ply woven glass epoxy composite test specimens had
strain gauges applied to one side, with the other side having a speckle pattern applied to allow data to be col-
lected using DIC. The primary DIC system used throughout this research is provided by LaVision, although a
secondary system from an alternative manufacturer, Limess, has also been employed for validation purposes

in some of the work. An extension of 0.5 millimeters was applied to each specimen, i.e. it was extended by 0.5
mm,using an Instron 5500 servo-mechanical test machine. Both DIC systems observed the deformation and the
strain gauge data was recorded.

Figure 2 shows strain derived from the two DIC systems and also from an attached strain gauge plotted against
time for each of the specimens used for validation. It can be seen that agreement between the three data sets is
good for the single ply woven glass composite (fig. 2a), with the difference in the DIC readings when compared
to the strain gauge data being 6.67% for the LaVision data and 4.67% for the Limess data. However, at very low
strains (as with the steel specimen in figure 2b) the accuracy is reduced due to the limitations of the software
used, with the difference between the DIC reading and the strain gauge being 15.37% (LaVision) and 0.83%
(Limess).Despite the seemingly large variation in strain for the steel specimen when considering the LaVi-

sion DIC system, this in reality equates to a strain variation from the locally measured strain of only 0.00516%
strain, which is exceptionally small, particularly when compared to those experienced by the tapestries. The use
of two DIC systems simultaneously has greatly added to the confidence in the capabilities of this technique, as
they yield very similar strain results despite major differences in the correlation algorithms used to obtain the
displacements (Hutt and Cawley, 2009). Since the results that the DIC gives have been verified, it is possible to
move onto more complex material structures without the need for local reference measurements, and so identi-
cal tests have been conducted on a representative textile specimen, again using both DIC systems. These results
again show that the two software outputs are remarkably similar (fig. 2c¢).

Textile Specialty Group Postprints Volume 19, 2009 3
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Figure 2. DIC and strain gauge comparison for a) single ply woven glass composite,
b) steel & c) representative textile.
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4. MONITORING OF TAPESTRY SPECIMENS

To provide insight into the way in which a tapestry fails, it is necessary to gather data throughout the life-cycle
of a tapestry, from it first being hung through to failure. Therefore, three specially commissioned tapestry panels
have been woven that contain many of the common features of an historic tapestry and have been manufactured
using traditional wool yarns and weaving techniques. Diagrams of the panels are shown in figure 3, with each
panel containing woven features of increasing complexity, starting with two woven slits in panel 1 through to a
more representative selection of features commonly found in an historic tapestry in panels 2 and 3.

03im 03im 03im

1.0 m

Figure 3. Tapestry test panels 1 — 3.

To accelerate the naturally occurring degradation due to the strain imposed by self loading, the first panel was
mounted in a specially designed loading frame shown in figure 4. Channels were stitched into the top and
bottom of the panel. A metal bar was inserted into the upper channel and fixed in position in the rig. The load
was applied to a bar inserted into the lower channel using a ‘whippletree’ arrangement that ensures the load is
equally distributed across the width of the panels. Therefore the tapestry was fixed along its upper edge, but
free to move on the other three sides, simulating a realistic hanging environment as far as possible. The load-
ing device was mounted on a wall in the laboratory and was isolated from any vibrations from the surrounding
environment. The laboratory was not climate controlled hence a data logger installed adjacent to the loading
device was used to allow continual monitoring of the temperature and humidity. This data will be used in future
analysis where the intention is to use the loading frame to monitor each of the tapestry panels over an extended
period of time whilst subject to load.

Textile Specialty Group Postprints Volume 19, 2009 5
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Figure 4. Long-term tapestry test rig.

This paper describes initial tests conducted using tapestry panel 1 which contains two features referred to as
slits, which are formed during the weaving process. Both slits were initially stitched together, as is common in
historic tapestries. The upper slit was more tightly and securely stitched than the lower slit.

In each test, the panel was subjected to a load cycle where the panel was loaded in increments of 0.5 kg up to

a maximum of approximately 13 kg and then unloaded. The LaVision DIC system was used to collect a set of
reference images at the start of the test. At each load increment the panel was allowed to settle for a short period
of time after which a set of images was captured, before the next weight was applied. Once the final weight had
been applied, data was captured at regular intervals for a set period of time before unloading. The tapestry was
then allowed to recover to its natural state before the application of the next loading cycle.

5. TAPESTRY PANEL TEST RESULTS

The overall dimensions of the tapestry panel were recorded before and after each test. Table 1 shows the per-
manent lengthwise deformations after 14, 28, 56 and 84 days of exposure to load. After each time period it can
be seen that the panel has been permanently extended. The prolonged application of the load has caused dimen-
sional changes in the panel. If the extension is recovered once all of the weight is removed, it is known as an
elastic extension; this does not cause damage. If the dimensional change is not recovered,as in this case, then it
is a phenomenon known as creep, which is a permanent deformation due to the long term application of a load.
On removing the load from the panel and leaving it for a period of fourteen days, the dimensional changes in the
panel indicate that creep is in fact taking place.

Textile Specialty Group Postprints Volume 19, 2009 6
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Panel Original Original Cycle 1 Cycle 2 Cycle 3 Cycle 4
Dimensions (on Loading) | (After 14 days)| (After 28 days)(After 56 days)|(After 84 days)
Length (cm) 65.5 66.8 67.4 67.9 68.3 68.8

Table 1. Panel deformation under load.

Figure 5 shows a full-field displacement image of the panel subjected to a load of 13 kg. Figure 6 shows cor-
responding images where the computer software has converted the displacement into longitudinal strain. This
demonstrates that DIC provides clear visual information indicating areas of high strain, which can be interpreted
easily by non-specialists. Areas of high strain and thus damage, or likely initiation points of damage, are indicat-
ed by red hues, with areas of lower strain indicated by blue (fig. 6a). Arrows overlaid on the strain data indicate
the displacement of the panel.

Figure 5. Full field displacement of panel 1.

Figure 6. a) Longitudinal strain map of tapestry panel 1 & b) discontinuity locations for panel.

Textile Specialty Group Postprints Volume 19, 2009 7
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Several interesting conclusions can be drawn from the plot of the longitudinal strain,i.e. in the top to bottom
direction (fig. 6). Firstly, the DIC is working as expected, and has detected that the displacement due to loading
is greater at the bottom of the panel than at the top. This is because the top edge is constrained, while the lower
edge is free to move. Secondly, the DIC is capable of picking up the slit features within a tapestry. The panel
contains two slits, which cause local increases in strain, which can be clearly seen in the strain plot (fig. 6a).
The more tightly stitched upper slit results in an elongated area of elevated strain, indicated with yellow to
orange hues to show intermediate strain. The lower slit, that is subjected to a higher displacement and is less
securely stitched, shows up as a large patch of red, indicating that it is under greater strain and failure here is
more likely. Finally, patches of higher and lower strain can be seen (yellow and darker blue) which appear to
coincide with known discontinuities of the weft threads, the locations of which have been marked by the dots in
figure 6b. This indicates that detail not necessarily apparent from the front of the tapestry can be detected by the
DIC.

When considering the behavior of slits, the strain plot varies considerably from that which engineers might
expect — mainly in that a high localized strain would be expected either side of the slit. A decision was made
to remove the stitching from the lower slit to help determine the influence of the stitching on the behavior of
the structure. It can be seen that the stitching has a significant effect on the strain experienced at a slit, with
indications that an unstitched slit influences a much larger area of the surrounding tapestry than a stitched slit
(fig. 7a). The strain plots so far have all shown the longitudinal strain, but this is not the only measure of the
strain. The transverse strain, which is effectively a measure of the expansion or contraction in the horizontal
direction as a result of a load being applied, could also be considered, reducing the area under inspection;

this is shown in figure 7b. The transverse strain plot does not reveal any more detailed information about the
behavior immediately around the slits. However, the large difference in the influence of stitching upon the strain
in the surrounding weave structure can be seen. Also of interest are the vertical bands of positive and negative
transverse strains, which are believed to be a result of undulations in the hanging panel becoming flattened as
the weave structure responds to the applied load.
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Figure 7. a) Longitudinal strain for stitched and unstitched slits & b) transverse strain for stitched and unstitched slits.
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To determine in more detail the influence of the slits on the mechanical behavior of tapestry, it is necessary to
examine them more closely with the DIC system. This is done by moving the cameras closer to the tapestry, re-
ducing the area under inspection, and hence increasing the spatial detail in the data. The loading and unloading
cycle is then repeated to reveal information local to the slits. It can be seen that at a slit without stitching (fig. 8),
the strain immediately around the slit is dramatically different to that in the rest of the panel, with noticeable dif-
ferences in the strain above and below the slit. To quantify these differences a function within the DIC software
allows “virtual strain gauges” to be placed onto the image. The software then determines local displacements,
thus local strain readings can be derived.

Plotting the longitudinal strains against time at specific points using the virtual strain gauge feature (fig. 9) gives
a clearer indication of the behavior. The strain immediately below the slit is in the region of ten times greater
than the global, or average, strain for the entire area, with the strain above being approximately six times lower
than the average. The expected strain distribution from experience with engineering materials (high strain to the
immediate left and right of the slit) does not appear to be true for a woven structure. Further investigations are
required, but it is likely that movement in the warp and weft yarns within the woven structure allows for a dif-
ferent distribution of the stress and strain.

Figure 8. Longitudinal strain immediately around slit.

An additional potential benefit of the use of DIC is the application of the technique to the assessment and com-
parison of conservation treatments. This has been demonstrated initially here with DIC data showing the influ-
ence of stitching a slit on the surrounding tapestry. Even a cursory inspection of the local strain data above and
below the slits makes the effect of stitching clear — with higher strains being the most likely precursors to dam-
age evolution (fig. 10). This type of analysis and comparison is easily transferable to other forms of treatment
and could be used to determine the type and distribution of support stitching, aid the selection of backing fabrics
(Collins et al., 1995) and could be applied to other materials and artefacts. Therefore DIC offers the ability to
quantify the effect of conservation support, which has been identified previously as a key concern (Bilson et al.,
1997).

Textile Specialty Group Postprints Volume 19, 2009 9



APPLICATION OF DIGITAL IMAGE CORRELATION TO TAPESTRY
& TEXTILE CONDITION ASSESSMENT

Strain (%)

—e— Longitudinal Strain - GLOBAL
Longitudinal Strain - Left of Siit
Longitudinal Strain - Right of Slit

—#— Longitudinal Strain - Above Slit

—s— Longitudinal Strain - Below Slit

—+— Langitudinal Strain - Far Left Siit

—— Longitudinal Strain - Far Right Slit
Longitudinal Strain - Lower

400 Longitudinal Strain - Upper

=10 A

Time (Seconds)

Figure 9. Longitudinal strain around slit feature using virtual strain gauges.
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Figure 10. Longitudinal strain comparison of stitched and unstitched slits.
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A further line of investigation that is still in the early stages is the effect of Relative Humidity (RH) on the mate-
rial behavior local to the slits. It is well known that textiles, including tapestries, respond relatively quickly and
sometimes dramatically to changes in the RH (Ashley-Smith, 1999, Ballard, 1996, Wyeth and Garside, 2004).
To begin to understand the material response to these environmental changes, the tapestry panel was loaded

and the material surrounding the stitched slit observed using the DIC system for a period of seventy-two hours.
Figure 11 shows a plot of the longitudinal strain against time.

— Strain (Global)
Strain Above Slit
Strain Below Slit

Humidity

Figure 11. Response of stitched slit to RH changes.

As the RH increases, so does the strain, when considering the panel as a whole. Interestingly, when looking at
the woven slit, the strains observed directly above and below the feature are seen to react conversely to each
other. As the strain above the slit increases with increasing RH, the strain below decreases and vice versa, with
a greater strain being observed below the slit (as in previous results). The strain above the slit rises and falls in
direct response to the RH level, with the strain below the slit acting in an inverse manner. More detailed work is
required to confirm the results over a range of RH values and to determine the range for which this conclusion is
valid.

6. NEW TAPESTRY

At present, very little is known about the ‘life-cycle’ of a tapestry, from the moment a new tapestry is hung until
deterioration is such that it can no longer be displayed. To start the process of understanding tapestry life-cycle,
a specially commissioned tapestry is being used to gather data from the first moment a tapestry is hung (fig.

12). This tapestry is on display at Intech, a science and technology centre close to the University of Southamp-
ton. The design references historic tapestries through the use of text to communicate meaning (in this case the
formula for stress). The colors also refer to those in historic tapestries, specifically the 14th Century Apocalypse
Tapestries (Chateau d’ Angers, France) and the 15th Century Devonshire Hunting Tapestry “The Boar and Bear
Hunt” (Victoria and Albert Museum, London).

Textile Specialty Group Postprints Volume 19, 2009 11
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Figure 12. Tapestry commissioned for research into new tapestry behavior.

The public display of the tapestry encourages public engagement with the research, but most importantly it
allows the development of the periodic DIC monitoring technique for use in the context of historic houses and
museums. The set up will enable an evaluation of the quality of the data obtained without moving the artefact
and with minimum interruption to the viewing public.

7. SUMMARY AND CONCLUSIONS

The research has shown that DIC can be used quantitatively to obtain strains from tapestries. Its potential as a
tool for detection of the precursors to damage in tapestries has been established. The visual accessibility of DIC
images has been highlighted and hence the potential effectiveness of the technique in conservation applications
has been demonstrated. The system is innovative, adaptable, portable, and is suited to in-situ monitoring. It is
possible to apply the technique to a wide variety of historic surfaces that are subject to distortions over time.
This type of monitoring system is capable of evaluating and quantifying the performance of conservation treat-
ments that a historical textile may undergo.
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EQUIPMENT SUPPLIERS

Primary Digital Image Correlation System and 3D DIC Strain Master Software:

LaVision GMBH
Anna-Vandenhoeck-Ring 19
D-37081

Goettingen

Germany
http://www.LaVision.com

Secondary Digital Image Correlation System and VIC 3D Software:
(via MD3D and EPSRC Instrument Loan Pool)

LIMESS Messtechnik& Software GmbH

Walther-Rathenau-Str. 13

75180

Pforzheim

Germany

http://www.limess.com
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