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Various methods and the underlying principles to evaluate the bending characteristics of fabrics and fabric-like 

membranes are described. In comparing various methods, their limitations as well as utilities are also discussed. It has been 
observed that a number of relatively simpler methods produce a wealth of information useful in designing fabric structures 
and determining their appropriate applications. 
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1 Introduction 
The importance of characterization of fabric 

bending behavior is evidenced in the numerous 
measurement principles and instruments proposed in 
the literature. The complexities of these techniques or 
principles vary from simple cantilever tests to 
complex pure bending tests. Often the parameters 
used to characterize bending behavior indicate the 
nature of bending test employed. The term bending 
length suggests a simple cantilever test in which the 
material is allowed to bend under its own weight. On 
the other hand, the term crease resistance may suggest 
severe bending to a very high curvature. Bending 
hysteresis indicates the use of an instrument that is 
able to apply cycle of increasing and decreasing 
curvature. Obviously, the choice of these instruments 
is primarily dictated by the need and access to an 
instrument. It is important to note that most of the 
tests accepted as standard in the industry cannot be 
used for absolute characterization of bending 
characteristic. In other words, the same characteristic 
of bending behavior may have different values when 
measured with different instruments using different 
principles. Some techniques have stronger correlation 
with .the performance of fabrics in actual use. 
Therefore, it is imperative to understand the principles 
of measurement as well as the interpretation of data. 
Another important factor is the level of deformation 
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or stress applied in measurement. In most 
applications, the suitability of a textile structure is 
often determined by its low-stress bending behavior. 
The relationship between low-stress deformation 
behavior of fabrics and some important subjective 
characteristics of fabrics (hand, drape, etc.) is we)) 
known. Therefore, many of the instruments and 
techniques proposed in the literature also deal with 
low-stress behavior of fabrics. 

The objective of this study is to elucidate the 
difference between measurement techniques from 
both theoretical and practical points of view. 

2 Characterization of Fabric Bending 
It is well known that the fabric bending rigidity, 

along with its shear rigidity, largely determines the 
ability of a fabric to drape. In addition, the fabric 
bending rigidity also significantly influences its 
formability, handle, buckling behavior, wrinkle 
resistance and crease resistance. In the case of 
functional fabrics, such as air-supported structures 
and fabric-reinforced flexible-composite conveyor 
belts, the bending behavior of the fabrics is critically  
important. While low bending rigidity is desirable in 
most cases of apparel, the higher bending rigidity is 
desirable for the fabrics used in air-supported 
structures. 

Fabric bending behavior is generally characterized 
by its bending or flexural rigidity and hysteresis. 
Bending rigidity is a characteristic of ease or 
difficulty encountered in bending a fabric while 
bending hysteresis is a measure of fabric's ability to 
recover from bending. For common engineering 
materials, the bending behavior is assumed to be 
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linear and the bending rigidity is defined as the 
constant of proportionality between applied moment 
and curvature. Bending of fabrics, however, is 
generally non-linear. The non-linearity is a 
manifestation of structural as well as fiber 
characteristics. Woven fabrics are made of a large 
number of fibers that have considerable freedom of 
motion relative to each other within the fabric 
structure. As a result, the fiber strains which develop 
during bending are considerably lower than those 
which develop in bending of corresponding solid 
sheet materials. With this mobility, the potential 
flexibility of the fibers can be realized and the fabric 
structure will, in tum, have a low bending rigidity. 
The inter-fiber friction associated with the fiber 
movement is believed to be the major cause of fabric 
non-linear bending behavior. A typical fabric moment 
curvature relationship is shown in Fig. 1 .  

The bending moment-curvature relationship 
(Fig. 1) can be explained in the context of 
deformation experienced by the constituent elements, 
i.e. yams and fibers. In bending a fabric, the fibers are 
under pressure and cannot slip past each other without 
setting up a frictional resistance. When the bending 
moment is sufficient to overcome the frictional 
resistance then the actual bending of the fabric occurs. 
The presence of frictional resistance in bending 
implies the hysteresis when the fabric is allowed to 
recover to its original unbent configuration. 

Fabric bending rigidity is defined as the couple 
required to bend a fabric strip of unit width to unit 
radius of curvature under pure bending conditionl . 
The underlying assumption is that the fabric moment­
curvature relationship is linear. If not, it is defined as 
the rate of change of bending moment with respect to 
the curvature and, therefore, it is considered as a 
function of curvature. The bending rigidity is 

Moment 
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Fig. I-Typical bending hysteresis curve of a woven fabric 

relatively high during the initial bending of a straight 
fabric and at the onset of unbending process but 
remains approximately unchanged in between. For the 
sake of simplicity, the fabric bending rigidity is 
traditionally represented by a single constant with 
certain assumptions attached to each specific testing 
method. The prior assumptions and measurement 
techniques have already produced considerable 
inconsistency among the bending rigidity values 
measured by different methods and thus created 
problem in interpreting those values2. 3. Therefore, it is 
important to understand the measurement principles 
to ensure proper interpretation and use of the data. 

3 Principles of Various Measurement Systems 

A number of instruments to measure fabric bending 
behavior based on, seemingly, a variety of principles 
have been proposed and are commercially available. 
Nevertheless, these systems can be placed into two 
broad categories based on their basic principles of 
working. The first group consists of instruments that 
measure forces, moments or energy while applying a 
prescribed bending deformation. Instruments in this 
group are generally designed to produce the moment­
curvature relationship of fabrics. The second group of 
instrument involves the measurement of fabric 
deformation under its own weight. Commercial 
developments in these two groups are represented by 
the bending testers in the Kawabata's Evaluation 
System (KES)4 and Fabric Assurance through Simple 
Testing (FASTi systems respectively. 

3.1 Instruments for Measuring the Moment-Curvature 
Relationship 

The importance of measuring the moment­
curvature relationship of a fabric was recognized as 
early as 1930' s (ref. 1). However, it was not until late 
1950' s that the requirement for the pure bending of a 
fabric sample during the measurement process was 
finally realized6• Measurement of the moment­
curvature relationship requires application of pure 
bending to a fabric sample. In pure bending, the 
curvature along the fabric is maintained constant 
while it changes as a function of time. The bending 
rigidity of the fabric is then obtained directly from the 
recorded moment-curvature relationship. 

The orbital motion of the moving clamp necessary 
for applying constant curvature deformation was the 
main impediment in developing this system. Improper 
clamping of the two ends of · a fabric sample by 
traditional grips renders pure bending of the fabric 
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impossible. To apply pure bending, at least one of the 
clamps has to rotate about its own axis in addition to 
the movement along a prescribed arc in order to 
maintain uniform curvature all over the sample. Eeg­
Olofsson6 proposed a mechanism to achieve this 
(Fig. 2). In this mechanism, the test specimen is held 
by two vertical clamps C( and C2, of which C( is fixed 
and C2 floats on mercury. The floating clamp carries 
an electrical coil which can rotate about a vertical axis 
in a magnetic field. When current flows, the coil 
rotates and a moment is applied to the fabric by clamp 
C2• In order to apply only bending moment to the 
sample, the float with clamp C2 must be able to move 
sideways. The radius of curvature of the sample 
depends on the bending moment, which can be 
changed by varying the current through the coil. As 
the moment is proportional to the current, it is easily 
determined by means of an ordinary milli-ammeter. 
The curvature is indicated by the angle of deflection 
of the coil. As a result, first time in the history, a 
complete curve of fabric bending moment-curvature 
relationship was recorded. 

A relatively simple mechanism to apply near 
constant curvature deformation was proposed by 
Livesey and Owen7• In this instrument, the fabric 
specimen AB is held at one end in a revolvable clamp 
C which is pivoted at 0 and carries an index reading 
against a scale of degrees (D) (Fig. 3). The other end 

'Test specimen 

Glass bowl with mercury 

Fig. 2-Diagram of Eeg-O!ofsson's tester (pian view) 
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F ig. 3--Schematic diagram of Livesey and Owen tester 

of the specimen is clamped to a long and light-weight 
pendulous arm (P) which under the action of gravity 
provides a couple in the specimen. If the specimen is 
sufficiently short (normally 0.5 cm) relative to the 
diameter of the scale and the distance from the 
specimen to the center of gravity of pointer (P), the 
curvature is proportional to the angle a. and the c�)Uple 
to sinO. By moving clamp C clockwise and anti­
clockwise in steps, a complete cycle of fabric 
bending-hysteresis curve can be recorded. While the 
instrument is quite simple in principle, the 
experimental process is tedious and time consuming. 
Owens, and Abbott and Grosberg9 independently 
adapted Livesey and Owen' s tester to a tensile tester. 
Hence, a direct plot of the bending-hysteresis curves 
became possible. Subsequently, OwenIO improved his 
tester by providing two scales for direct reading of 
bending moment and curvature. 

The instrument that could be considered as the 
earliest predecessor of today's only commercially 
available pure bending tester, i .e. Kawabata's 
Evaluation System (KES)4, is the one proposed by 
Isshi ll. Isshi' s bending tester was the first design in 
which the two clamped ends of a fabric sample were 
positively controlled so that the whole specimen 
could be bent in an arc of constant curvature K, 
while the curvature was changed continuously. In 
Isshi's design (Fig. 4), one end of the sample is fixed 
in clamp at 0 and the other end Q is driven to 
execute a translation as well as rotation so that the 
sample is always in a uniform circular arc . The 
curvature of the sample is then obtained from the 
angle indicated by a pointer fixed on the moving 
clamp. The fixed clamp is mounted on a shaft 
prevented from rotation by a torsion spring. As the 
sample is bent, the fixed clamp will cause a slight 
rotation of the torsion spring. This rotation is then 
reversed by another spring through a linkage system 
until it is nullified. The deflection of the second 
spring for nullification can be recorded and is 
directly related to the bending moment on the clamp. 

Fig. 4-Principie of Isshi's tester 
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Popper and Backer12 proposed a modification in 
Isshi ' s  tester. In this modified tester, the fabric sample 
is bent about a vertical axis in order to avoid the 
influence of its weight. A synchronous motor was 
used to drive the moving clamp to enable continuous 
measurement. The moment exerted on the sample was 
measured by a transducer, and the output signal of the 
transducer was fed directly into a recording unit. 

Today, the well-known KES pure bending tester 
developed by Kawabata4 could be considered as a 
further modification of Isshi' s  and Popper and 
Backer' s work. In the KES bending tester, a complete 
cycle of fabric bending-hysteresis curve can be 
recorded automatically on an X-Y recorder. Although, 
it' s  electronic signal processing system is much more 
sophisticated than the earlier designs l l , 1 2, its 
fundamental measurement principle remains virtually 
unchanged. 

3.2 Instrument for Measuring Fabric Deformation under its 
Own Weight 

Research in this area was initiated by Peirce'. In his 
attempt to evaluate fabric hand, Peirce introduced the 
principle of cantilever deformation in textiles to 
characterize fabric bending. In this method, the fabric 
is made to deform under its own weight as a cantilever 
and the cantilever-length necessary to produce a pre­
determined deflection-angle is measured. The 
cantilever method uses the engineering principles of 
beam theory, while the fabric is assumed to be a 
linearly elastic. As shown in Fig. 5, a strip of fabric of 
unit width is moved forward to project as a cantilever 
from a horizontal platform. As soon as the straight line 
connecting the edge of the platform and the leading 
edge of the fabric makes an angle of 41.50 to the 
horizontal, the cantilever length (I) is recorded. The 
cantilever length is then used to calculate the bending 
length and/or bending rigidity of the fabric. Fabric 
bending length (c), a measure of the interaction 
between the fabric bending rigidity and weight, is 
defined as: c=z(COS«()/2)1/3 "".!. 

8 tan () 2 

The choice of deflection angle (8) as 41.50 is 
primarily based on the ease of calculation of bending 
length as half of the cantilever length. The equation 
for bending length was derived by Peirce based on the 
elastic theory and subsequently corrected by empirical 
data I. Finally, the fabric bending rigidity (B) is 

calculated from bending length (c) and fabric mass 
per unit area (w) by using the following equation: 

B=wc3 
Since the development of cantilever method by 

Peirce, it has been adapted by numerous researchers 
and a number of commercial testers have been 
developed based on this principle. The most recent 
development is by the Commonwealth Scientific and 
Industrial Research Organization (CSIRO) in 
Australia. CSIRO's Fabric Assurance through Simple 
Testing or FAST system5 includes a bending tester 
that is based on the principle of Peirce's cantilever 
test and uses an optical device to detect the deflection 
angle. 

In addition to the cantilever method, the so called 
folded loop method1 3, 14 has also been used to evaluate 
fabric bending behavior (Fig 6). The method involves 
folding a strip of fabric back on itself and measuring 
the height of the loop. Stuart and Baird1 3  are among 
the first to use this method in measuring fabric 
bending length. They found that the bending length, 
as defined by Peirce 1 , is proportional to the height of 
the folded loop as expressed by the fol lowing 
relationship: 

Bending length=1 . l0 (Loop height) 

Stiff fabrics obviously produce larger loop heights 
than limp fabrics and thus show greater bending 
length. Stuart and Bairdl3  reported results of folded 
loop and cantilever tests on number of woven fabrics. 
The average difference between the values given by 
the two methods was as l ittle as 0.06 cm. Therefore, 
they suggested that the folded loop test could be used 
as an alternative to the cantilever method for 
measuring fabric bending length. More recently, this 
method was employed by Cassidy et aZ.14 in 
developing their Bending Box in order to measure the 
bending property of knitted fabrics which is usually 

Fig. 5--Peirce's cantilever tester 
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Fig. 6--Folded fabric loop 
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Loop Height 

Fig. 7---Heart loop and pear loop methods 

difficult to measure by cantilever method due to the 
tendency of knitted fabric to curl. They measured loop 
height as an indicator of fabric bending behavior. The 
test results show that for knitted fabrics, the 
reproducibility of the results is significantly better for 
the folded loop method than that for the cantilever 
method. But the physical meaning of the loop height, 
as they admitted, was not quite clear. Hence, they 
could not use the method to obtain values for the 
fabric bending length. 

The cantilever method does not work well with the 
fabrics that are very limp or very stiff or tend to curl 
and twist. For these fabrics, Peirce' recommended 
additional methods known as hanging loop methods, 
e.g. heart loop and pear loop methods. As shown in 
Fig. 7, a fabric specimen of known width and length 
is formed into a heart-shaped or pear-shaped loop by 
placing two ends together and suspended from a 
horizontal bar. The bending length was obtained by 
measuring the loop height (the distance from the point 
of suspension to the bottom of the loop) and then 
substituting into Peirce's equations derived from his 
elastic model. Peirce suggested that the heart loop 
method was probably more satisfactory for the 
materials which were very flexible. On the other 
hand, the pear loop method was found to be more 
satisfactory for stiffer fabrics. However, according to 
Winn and Schwarz'S, for wide range of materials with 
respect to thickness, hardness and stiffness, the heart 
loop method could be used satisfactorily throughout. 
They also indicated that the values obtained for 
bending length, as measured by hanging loop 
methods, were dependent on the lengths of the fabric 
strips tested. In other words, the measured values of 
bending length and thereby the calculated bending 
rigidity values depend on sample lengths. This 
undesirable variability is obviously due to the 
assumption of l inear bending behavior. In addition, 
Winn and Schwarz'S reported that for heart loop 
method, once a specimen length of certain magnitude 
has been reached, any increase in specimen length 
beyond that magnitude does not involve a change in 

bending length. This is a further advantage of heart 
loop method. Pear loop method was found to be 
relatively less sensitive to fabric bending behavior'. It 
is probably due to the higher level of bending in 
fabrics in heart loop than that in the pear loop. 
Intuitively, the higher the extent of bending of a 
fabric, the more sensitive is the loop shape to the 
fabric bending behavior. 

Finally, it must be pointed out that the cantilever 
and all other test methods in this category measure 
fabric bending length but not the bending rigidity. 
Since the bending rigidity values obtained from these 
systems using the equation proposed by Peirce is 
based on the linear elastic assumption, the calculated 
bending rigidity (B) is an overall indicator of its 
bending behavior. Substantial errors in measurement 
could be produced due to the neglect of significant 
effects of frictional resistance to bending that exists in 
most fabrics. Nevertheless, the bending rigidity 
obtained by FAST system turns out, in practice, to be 
satisfactory and correlates well with the KES values'6. 
Experimental results also indicate that FAST bending 
tester can give excellent correlation with a subjective 
evaluation of fabric hand or feee. 

4 Conclusion 

Various principles of measuring fabric bending 
behavior, reported in the literature, have been 
reviewed. The choice of a method should depend 
primarily on the accuracy and depth of information 
needed to characterize a fabric and that, in turn, 
depends on the intended use of the fabric. If the linear 
elastic assumption is acceptable and measurement of 
hysteresis is not important then either of the 
cantilever, folded loop, pear loop or heart loop should 
suffice. However, if characterization of non-linear 
bending behavior as a function of strain (or curvature) 
is important then the only choice is the pure bending 
tester of the KES system. 
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