Edouard Manet’s canvas A Bar at the Folies-Bergère and Richard Rogers’
design of the Millennium Dome. What do they have in common?

Though their function and aesthetic are completely different, they are both tensioned fabric structures and
both have emerged from the study of form.

Tensioned fabrics in art and architecture
Understanding fabric behaviour in tension is crucial to
two disciplines: the conservation of paintings, and the
design of architectural enclosures (roofing forms).
This exhibition presents a unique multi-disciplinary
study of fabrics used in these two applications. It is the
work of researchers from the School of Engineering
at the University of Warwick and the Department of
Conservation & Technology at The Courtauld Institute
of Art.
Optimality of FORM of fabric enclosures is shown with
an interesting analogy to nature. Innovative computer
modelling and experimental measurement give
remarkable images of strain maps in tensioned fabric.
In these vivid pictorial representations of stress and
deformation patterns art meets engineering science.

University of Warwick

The Courtauld Institute of Art

University of Warwick

Design of fabric enclosures

Measured strain map in canvas

Computational strain map - corner image

www.go.warwick.ac.uk/design21

www.courtauld.ac.uk/conservation-easel/canvas

www.go.warwick.ac.uk/design21

Fabrics in architectural enclosures: Form-finding
Fabric structures comprise a tensioned membrane and
supporting elements, such as beams, masts and cables.
They are used as temporary or permanent event venues,
seasonal shades, roofs over sports stadia, and malls.
They are a popular feature in contemporary architecture,
because they offer freedom of artistic expression.

Form-finding
As fabric under tension adopts a unique
form which cannot be described by a
simple mathematical function, the design
process has to include a stage known as
form-finding. This involves step-by-step
calculations, gradually altering the initially
assumed (or crude) surface geometry, until
the shape achieved corresponds to the
one in which all the tension forces are in
equilibrium.
Optimal form
An optimal membrane form is that of a
soap film surface, known as a minimal form.
It has constant surface tension, minimum
surface area, and zero mean curvature.
Although properties of architectural fabrics
make it difficult to reproduce soap film
- type structures, with careful analysis
and design, it is possible to get a good
approximation to them.

Walkway around the Millennium Dome

Parque Expo’98 in Lisbon. Photograph courtesy Canobbio

Soap film model

Minimal forms and nature
The two principal features of soap-film
surfaces can be seen in natural objects,
such as trees. Tree growth ensures a
constant surface stress on its trunk and
branches. If a branch gets broken, the
exposed area is “healed” in such a way as
to minimise surface area (see right).
Form-finding by computational modelling
Computational modelling is carried out
using smooth curves (splines) to represent
the surface. This provides a very accurate
surface description, facilitates the calculation
of slopes and curvatures at any point, and
helps to identify geodesic paths - lines of
minimum distance on the surface.
Initially, a cloud of points is generated to
represent the surface (see right).
Then, all points on the surface are
connected by splines. At this stage, the
shape of the surface is defined purely by
‘guessed’ geometry. Imposing tension on
the surface creates out-of-balance forces,
which have to be ‘removed’ through
further computation, so that the final shape
is in static equilibrium.

Point cloud

Surface defined by splines

Conceptual design: Fabric enclosures
Physical modelling is an essential part of conceptual
design. As the enclosed images show, boundary
configurations play a vital role in determining the shape
of a fabric enclosure (see exhibit 6).
Nature provides a good guide to efficient design.
However, it is the art of engineering that turns naturallyinspired concepts into functional structures.

‘Flower’ canopy. The fabric model has to be bound by rigid
edges to achieve the intended shape and aesthetics.

Portable fabric enclosure.

‘Kite’ canopy with 4 support points on 2 crossing bars,
bound by a flexible cable.

‘Maple Leaf ’ canopy. A careful selection of low and high
supporting points on the boundary of the fabric enclosure
ensures adequate surface curvatures.

Canopy with 7 support points and 5 masts, bound by a
flexible edge cable.

From concepts to reality: Design of the ‘umbrella’ canopy
Before a detailed design can commence, preliminary
calculations are made to size the structural members
supporting the membrane (see right). This is followed
by a more accurate computational analysis to check
the strength of every structural element. At this stage,
revision of the sizes of individual members is usually
needed.
The fabric membrane is designed separately. Its elastic
properties have been established from bi-axial and
uni-axial tests, carried out by The Courtauld Institute
of Art. These tests measure the response of the material
to loading, subject to differing air temperatures, humidity
and state of dryness of the fabric.
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Distributions of loading on the arches. Horizontal loading
acting normal to the arches is shown in blue, vertical
loading - in red, and horizontal loading along the arches
- in green. Dotted lines represent the effect of prestress,
and the full lines: pre-stress+snow+wind.

Analysis by computer calculates the
membrane’s load on the supporting arches.

Model of the ‘umbrella’ canopy (see exhibits 6 and 9).

Computational stress analysis
Computed stresses in the membrane
are based on the most onerous load
combination, such as prestress + snow, or
prestress + wind. Maximum tensions are
compared with the material strength using
the appropriate safety factors. Minimum
tensions can indicate that fabric has
become slack.

Back to the drawing board
Load analysis by computer showed
unacceptably large displacements of the
arches tensioning the membrane. This led
to two revisions.
Revision 1: additional supporting arms
need to be placed at the top of the arches
to prevent them moving inwards and
causing a potential loss of pre-stress in the
membrane. This produced six supporting
arms.
Revision 2: arms supporting the corners
of the membrane were removed, as
they did not contribute significantly to
the stiffness of the surface. Design of the
corner connection had to ensure sufficient
strength and stiffness to prevent inward
movement of the arches.

Contours of maximum stress

Contours of minimum stress

Patterning
The process of patterning involves cutting a 3D surface
into panels and then projecting (or flattening) them into
2D cutting patterns. This process is necessary, because
architectural fabrics are manufactured in strips of 2-3m
width. As the cutting pattern panels are unstrained, they
have to be sewn together and tensioned to give the
intended 3D form.

Mathematically, ‘patterning’ is a challenging problem, because a doubly curved surface cannot
be flattened without some distortion. The figure below shows a doubly curved surface with
two high and two low points from which a panel is cut out.

Geodesic cutting pattern

Skill is needed to produce an aesthetically pleasing
cutting pattern, which combines a minimum distortion
of the original 3D form, aesthetics, and economy of
material. To minimise wrinkling, seam lines have to follow
geodesic paths (see exhibit 8).

Plan view of warped surface in unstrained state

Membrane manufacture from cutting pattern panels
(Picture courtesy of Canobbio S.p.A.)

Elevation view of warped surface in strained state

A rectangular strip selected from the unstrained surface (above left) transforms into
non-rectangular strip in the strained surface (above right). To calculate this transformation,
the elastic properties of the fabric need to be known, or established from tests.

Design and manufacture: The ‘umbrella’ canopy
The design has to make it possible to build the
structure. The exploded view shows how the structure
is subdivided into parts for ease of assembly. The
arches and the supporting arms are welded together.
The arms are inserted into sleeves springing from the
centre column. The corners of the arches binding the
membrane are connected by especially machined u-bars
(see exhibit 9).

Disassembled structure showing its components

Assembled structure

The final stages of the design involve the creation of
production drawings, in which every part of the structure
is detailed.

Arch corner:
view from below

Base

Arch corner and fabric:
view from above

Fabric construction: Weaving and fabric preparation
Fabric is a woven structure made from interlaced yarns.
Simple weaves have one set of warp yarns and one set
of weft yarns. The two weaves most commonly found in
canvas paintings and architectural enclosures are plain
and twill.

Spun and continuous yarns
Spinning is the process of twisting together
and drawing out massed short fibres into
a yarn.

Spun yarns have a matt
appearance - they have
lots of surface hair, which
give them their unique
feel.
Spun yarns

			Twill weave

Fabric preparation
Artists canvas is traditionally prepared by
first stretching a linen or cotton fabric onto
a stretcher. A thin layer of glue, then white
paint is applied. This prevents absorption of
subsequent paint layers into the fabric and
provides a uniform background on which to
paint (see exhibit 2).
Stretcher/strainer

Plain weave

Weaving looms have warp yarns running the length of
the fabric and weft yarns running across at right angles.
The warp yarns are separated by frames, through
which the shuttle passes. The shuttle, carrying the weft
yarns, is propelled across the loom (see exhibit 1).

All natural fabrics, such as linen, cotton and
jute, are made from spun yarns. Techniques
have been developed to produce spun
synthetic materials and also to texture
continuous yarns to imitate the look and
feel of natural fabrics. This opens up a
world of possibilities for synthetic fabrics in
the conservation and art communities.

Canvas tensioned
over stretcher
Continuous yarns look
glossy and are silky to
the touch.
Continuous yarns

Man-made continuous yarns are made by
combining monofilaments, with or without
twisting them together.

Infra-red image showing preparation stages

VARNISH
PAINT
GROUND
SIZE
CANVAS

The structure of a canvas painting

Canvas

Architectural fabrics, such as acrylics are
treated with fire retardant. Polyester, the
most commonly used architectural fabric,
is given a waterproof coating of PVC.
Colour is introduced by dyeing or coating
the fabric.

Fabric degradation and conservation
The majority of natural and synthetic fabrics e.g.,
linen, jute, hemp, cotton, silk, and polyester are woven
materials. Natural materials are particularly prone to
damage from environmental factors.

Physical damage

Full lining
New fabric is adhered to
the original canvas

Architectural fabrics are protected from deterioration
by the application of coatings, such as Teflon - for glass
fibre, and PVC - for polyester fabric.
Painting protection requires control of the local
environment, which involves no UV light, steady air
temperature and moisture levels, filtered air, and no
direct contact.
The lifetime of the Millennium Dome fabric
(teflon-coated glass fibre) is approximately 50 years
The oldest surviving canvas painting in Western art is
approximately 600 years old

Structural conservation- lining

“Portrait of Harry Soning”
C20th. Reynolds.
Tears in the body of canvas (front and reverse)
Strip lining
- using linen that is visible

Structural conservation
Paintings on fabric from over 100 years
ago will have had some form of structural
conservation in their lifetime.
When physical damage has occurred to a
painting, it can be repaired and protected
from future damage by:
		

No tacking edges

re-attaching paint
repairing tears
reinforcing the canvas with
another fabric - “lining”

The lining fabric affects the physical and
aesthetic nature of the painting - choosing
the best fabric is a crucial step (see exhibit 3).

“San Isidro”
C19th. Mestizo
Strip lining
- with new polyester
fabric adhered around
the edges only

Tears along tacks only

“St Augustine”
C18th. Attrib. Tresham

Fabric design: Aesthetic properties of fabric
Drape

Measuring drape
A drape tester holds the fabric in between
two supporting plates allowing gravity to
act. Using light, a footprint of the fabric
is cast on to a window. The footprint is
digitally imaged and turned into quantitative
data (see Figures below and exhibit 4).

Drape is a property associated with the aesthetic
appearance of fabric. It can be defined as the effect
of gravity upon fabric which is directly supported at
some point.

Drape values for some of the lining fabrics
are shown below; they provide conservators
with a reference for comparison against
other fabrics.

The cloak in the “Portrait of Sir Thomas Thynne” depicts
a fabric which drapes well: it falls gracefully with smooth
folds around the figure.
A lining fabric must have the ability to fold well: it should
conform closely to the outline of the stretcher and wrap
smoothly at the corners.

Low lustre

Dull

Less dull

Slightly glossy

Glossy 		
The cloak elegantly drapes over Sir Thomas Thynne in
the “Portrait of Sir Thomas Thynne, later 1st Viscount
Weymouth” by Peter Lely, 17th Century.

High lustre

Close up images of the weave and lustre of lining fabrics
Drape = 10 RIGID

Drape = 8.5

Drape property can be used to help conservators in
their choice of fabric.

Lustre of fabric
Lustre depends on fabric properties such as:
fibre, yarn and weave types, as well as viewing
conditions. It is measured by the amount of
light a fabric reflects.
Understanding lustre is key to designing
synthetic fabrics that will closely resemble
traditional cotton or linen canvas.

Drape = 5.3

Drape = 1 FLOPPY

Fabric design: Physical properties
Stress is the property that tells us how much tension is
required to stretch a piece of fabric e.g. over a canopy
frame or over a stretcher.

Elastic modulus is the property that tells us how much
stress is needed to produce the required strain. Modulus
is closely related to fabric stiffness.
Strength is the property that tells us how much tension
can be applied before damage to the fabric occurs.
The amount of contraction of the material in the
direction perpendicular to the applied tension is the
Poisson’s ratio.

The two graphs below show biaxial test results for our lining and architectural fabrics
(see exhibit 3).
Bias

Warp direction

Strain is the property that tells us how much the fabric
has stretched relative to its original size.

Weft direction

Lining fabrics

Architectural fabrics

Fine Linen (Ulster)
255gm
Cotton Duck
340gm

Fabric D,
407gm, Polyester and cotton

Plastok 33/51gm
Polyester Monofilament
Heathcoat Sailcloth
147gm, Polyester

Fabric C
420gm, Polyester and cotton

Stern & Stern 16221
82gm, Polyester
Lascaux P110
215gm, Polyester

Fabric B
400gm, Cotton and modified
Acrylic

Fredrix Polyflax 1008
474gm, Polyester
Heathcoat Clipper
258gm, Polyester
Sefar Peektex 17-220/56
37gm, PEEK

The relationship between warp and weft,
shear, and Poisson’s ratio are important
factors determining the general pattern of
the mapped strain.
Elastic properties of fabrics are measured
using a Biaxial Tensile Tester (see exhibit 5).
They provide information about the
relationship between stress and strain
in tensioned fabric, subject to variations
in environmental factors such as air
temperature and humidity, and the state
of dryness of the fabric.

Fabric A
650gm, Polyester fabric with a
PVC coat

Sefar Carbotex 03-82CF)
37gm, Carbon

Least stiff

Stiffest

The Polyester Heathcoat Sailcloth and
Fredrix Polyflax have similar properties
in the weft and warp, compared to the
traditional cotton and linen fabrics. This
information combined with their minimal
response to environmental changes makes
them good candidates for full lining. The
other fabrics are suitable for strip lining.

Least stiff

Stiffest

Fabric C is a 50/50 blend of cotton and
polyester while fabric D is a 48/52 blend.
Both contain rot-resistant coating, but
fabric C is also sun-resistant.
Fabric A has the lowest stiffness, but
exhibits a similar behaviour in warp
and weft directions. The results for the
remaining fabrics show markedly different
warp and weft stiffness, characteristic of
the woven fabric behaviour.

Mapping strain in tensioned canvas
Warwick’s innovative computer model of the behaviour
of fabric can be used to improve upon the present
methods of tensioning canvas. It is the first model to
include the combined effect of the folding of canvas and
corner constraints, including friction forces and staples.

Key is knocked into joint

Bars move apart

The canvas shown is stapled to the stretcher at regular
intervals and then tensioned uniformly in both directions.
The staples are placed on the sides of the stretcher.
If the canvas becomes slack it is often re-tensioned by
“keying out” the mortise and tenon joint of the stretcher.
Key

How strain is measured and mapped
experimentally
The Courtauld use an optical instrument
called a 3D Electronic Speckle Pattern
Interferometer (ESPI) to measure
deformations of the canvas surface.

The two strain maps (see right) show the
measured and computer simulated weft
strains developing in the canvas (weft
direction along the vertical axes).

Measured (weft) strain in bottom left-hand corner

ESPI works by shining laser light at the
surface and recording, with a digital
camera, a scattered light image. When
the surface deforms, images are taken and
compared with one another, to find out
the deformation. If the dimensions of the
surface are known, a contour strain map
can then be calculated and displayed.

Corner fold and staple on the side of bottom
left-hand corner. (Staple aligned with the weft direction).

Areas of highest strain concentration
are shown in red; lower strain in blue.
The areas of highest strain relate to the
stretcher joint and staples.

Computer simulated (weft) strain in bottom left-hand
corner

3D ESPI system

Simulating “stress at work”
Computer simulations allow us to examine different
combinations of factors that are known to influence the
fabric behaviour. This helps conservators to determine
ways of reducing strain concentrations in a painting.
The images included here are rare amongst those
generated computationally. They present a continuous
(smooth) idealisation of the strain field and include
details, such as the corner fold, fabric elasticity, and the
edge constraints.
Images such as these provide an important
communication tool, which helps to turn fundamental
research into practical solutions to fabric conservation
and design.

A quarter-size picture of the weft strain in canvas with
the fabric stapled to the sides of the stretcher. All staples
provide the same amount of restraint.

The conditions here are the same as in the left-hand
picture, but the corner staple is less effective in restraining
the fabric.

The conditions here are the same as in the central
picture, but the shear stiffness (on the bias) is halved.

It can be seen that, here, the influence of the elastic properties (last image) is less important than that of the edge constraints.
Digital art/imagery
The two images on the right illustrate the
distribution of strain in a homogeneous
material, i.e., a material which, unlike fabric,
exhibits the same physical properties in
every direction. The material is attached to
a frame at regular intervals and uniformly
stretched.
The image on the far right shows a pattern
of stress that develops in a square plate
made of a homogeneous material, which is
subjected to tension in two directions and
a slight shear force applied to the whole
square.

