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Abstract 

Fabrics are frequently used in forensic examinations.  Without textile knowledge of fabrics it is easy 

to assume that all fabrics are the same when they in fact they are different.  The most frequent 

clothing damage in forensic investigations is caused by ripping/tearing; cutting with scissors; 

slashing, or stabbing with a knife; and from the discharge of a firearm.  Each mode of damage to 

fabric produces its own pattern, resulting from the manner in which the damage was inflicted and 

the properties of the fabric involved.  Very few investigations of tearing damage have been 

identified, and those which have been published, lack details of test methods or conditions, 

therefore do not consider the highly variable nature of apparel fabrics.  Apparel evidence collected 

at crime scenes is likely to have been worn and laundered multiple times prior to the event.  Hence, 

from a forensic perspective it is important to understand how laundering affects the behaviour of 

fabrics and any damage produced in the commission of a crime (e.g. tearing, stabbing).  This study 

compares selected fabric and tear-related properties of three knicker fabrics and investigates the 

effect of laundering on tearing behaviour. 

A factorial experimental design and standard test methods relevant to apparel were used to control 

as many variables as possible.  Three knit fabrics, typical of those used to manufacture knickers sold 

in New Zealand, were selected to be as similar as possible with the exception of fibre content.  Three 

levels of laundering were selected (0, 6 and 60 cycles); fabrics were laundered prior to testing.  A 

standard test method for woven fabrics was adapted as no standard method for tearing knitted 

fabrics was identified.   

Fibre content was the most influential factor.  Cotton and cotton rich fabrics have a greater tear 

force, therefore, they are more difficult to tear.  Adding elastane to fabrics increases the time it takes 

for the tear to initiate as the elastane fibres allow the fabric to extend more before breaking.  

Specimens behaved differently depending on which direction they were being torn.  Tearing 

behaviour was affected by fibre content and the level of laundering prior to tearing.  Tearing can 

occur in both the wale and course direction but only under given circumstances.  Fabrics which 

have been laundered require less force to tear than new fabrics due to fibre/yarn/fabric damage.   

SEM provided a useful visual tool for fabrics and fibres subjected to tearing.  The torn cotton fabric 

had fibres with ends similar to those damaged by a screwdriver and torn elastane fibres had clean 

cut fibre ends which could be mistaken for knife damage.  No features visible under SEM could be 

attributed solely to tearing damage in the fabrics studied.   

Caution should be exercised when using fibre end morphology to identify tearing damage.  Tests in 

this study were conducted on fabrics not garments.  Thus, results from this study may not be 

appropriate to apply to garments, particularly if a garment fails at the seams rather than any other 

way.  
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The current work is intended to establish a base line, which may be applied to knicker fabrics as 

forensic textile evidence and provide a reference for further study.  

Keywords: forensic, laundering, single jersey, tear strength, underwear 
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2002). 

 

warp-knitted fabric: “fabric composed of knitted loops in which the yarns forming the 

loops travel in a warp-wise direction down the length of the fabric 

generally parallel to the selvedge” (Denton and Daniels, 2002). 

  

 

wear and tear: “damage caused to garments in the course of everyday wear, such 
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Chapter 1 

Introduction 

In New Zealand sexual offences (including but not limited to rape, attempted rape, indecent assault, 

obscene exposure) accounted for 1% of crime between 1994 and 2005 (Statistics New Zealand, 2006).  

However, such crimes are believed to be the most under-reported offences, with fewer than one in 

ten sexual assaults reported (Statistics New Zealand, 2006).  In Dunedin (South Island, New 

Zealand), a sexual assault is reported to police approximately once every two to three weeks.  A 

recent study of 153 cases conducted by Doctors for Sexual Abuse Care (DSAC) in Dunedin 

established that 99% of reported cases involved female victims with ages ranging from 8 – 85 years 

and male attackers.  A typical attack in Dunedin occurs between midnight and 8 am (56%), involves 

alcohol (60%) and the victim has some acquaintance with the assailant (80%)1. 

False criminal reports are a reality for law enforcement officials, and waste police, forensic and 

judicial resources (Taupin, 2000).  These resources are diverted from genuine victims and lead to 

possible miscarriage of justice (Rumney, 2006).   Incidences of false theft and burglary claims are 

higher than false rape or abuse claims, however, the later may have more serious consequences 

(Taupin, 2000).  Identifying a fictitious sexual assault claim is difficult, and often damage to apparel 

is the only form of forensic evidence (Taupin, 2000).  Damage to underwear in alleged sexual 

assault cases, including knickers, is often observed.  Knickers can be defined as “a woman‟s or girl‟s 

undergarments covering the body from the waist or hips to the top of the thighs and having leg-

holes or separate legs” (Allen, 1990). 

The most frequent clothing damage in forensic investigations is caused by ripping/tearing; cutting 

with scissors; slashing, or stabbing with a knife; and from the discharge of a firearm (Jackson and 

Jackson, 2000).  Each mode of damage to fabric produces its own pattern, resulting from the manner 

in which the damage was inflicted and the properties of the fabric involved (Jackson and Jackson, 

2000).  Very few published investigations of tearing damage have been identified, and those which 

have been (e.g. Monahan and Harding, 1990; Stowell and Card, 1990), lack details of test methods 

or conditions, and therefore, do not consider the highly variable nature of apparel fabrics. 

Apparel worn during an alleged assault will usually have been laundered before wearing.  

Additionally, that apparel may be laundered in an attempt to remove evidence, or the experience 

(in the case of sexual assault, the latter is more likely) (Daroux, Carr, Kieser, Niven and Taylor, 

2010).  Understanding the effect of laundering on fabrics and fabric damage (e.g. cuts, tears) is 

therefore critical in the forensic science context. 

                                                           

1 McIlraith, J. (2009). Report of sexual assaults in Dunedin. T. Dann: Personal communication. 
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In New Zealand, Environmental Science and Research (ESR) undertake forensic case work and 

crime scene investigation (Environmental Science and Research, 2009).  ESR has noted  

1 a need to identify the causative agent resulting in damage to knickers e.g. to be able to 

distinguish among cutting using knives and / or scissors and tearing; 

2 to distinguish between knickers damaged whilst still on the alleged victim and those 

damaged when removed from the alleged victim; 

3 whether laundering affects any such evidence2. 

The aim of this research is to investigate the following using a standard test method: whether 

knicker fabrics can be torn and if so, if knicker fabrics tear in the same way in different directions 

(wales and courses); the effect of laundering on the fabrics and damage to these; and to visually 

examine the damage caused by tearing. 

 

 

                                                           

2 Cordiner, S. (2008). Research project of interest to ESR: knicker ripping. D. J. Carr: Personal communication. 
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Chapter 2  

Review of literature 

2.1 Knickers 

2.1.1 Definition  

Knickers are undergarments, worn by women or girls, which cover the area of the body from the 

waist or hips to the top of the thighs and having leg-holes or separate legs (Allen, 1990).  Knickers 

may also be known as panties, and includes styles such as briefs, bikini bottoms, hipsters, boy 

shorts and thongs (Appendix A).  In this document the male equivalent garment has been referred 

to as underpants. 

2.1.2 Fibre content 

Fibres commonly in knicker fabrics include (but are not limited to)  cotton, elastane, modal, nylon, 

polyester, rayon, silk and viscose (Carter, 1992; Denton and Daniels, 2002; Rogers, Hays and Brown, 

1942).  These fibres are often used in combination with one another in varying percentages in 

knicker fabrics3.  Properties of the fibres can contribute to the performance and fit of the garment.  

A typical example includes use of elastane (spandex, Lycra®) often added to fabrics to ensure 

garments conform to the body shape of the wearer.  Elastane provides a high degree of extension 

and recovery.   

2.1.3  Fibre identification 

Fibres differ in chemical structure, cross sectional shape, surface contour, colour, length, width etc; 

(Houck, 2009).  Forensic examination of apparel requires knowledge about fibre identification and 

classification (Roux and Robertson, 2000).  Fibre classification is shown in Figure 2.1.  Natural fibres 

are easier to identify than man-made fibres as they have visual characteristics which can be seen 

under magnification (e.g. cotton appears as a flattened ribbon-like structure), whereas man-made 

fibres can vary due to manufacturing specifications (Taylor, 1990).  Fibre type affects severance 

morphology e.g. tensile breaks in natural fibres are influenced by the internal morphologies 

(Choudhry, 1987; Morton and Hearle, 2008).   

2.1.4 Fabric construction 

Due to their interlocking loop structures, knitted fabrics and particularly weft knits (e.g. single 

(plain) jersey, rib and double jersey/interlock), extend under low tension, return approximately to 

their original shape and are commonly used to manufacture knickers (Anand, 2000; Farmer and 

Gotwals, 1982; Hansen and Fletcher, 1946; Sharma, Ghosh and Gupta, 1985; Taylor, 1990).  Knickers  

                                                           

3 Grant, C. Fibre and fabric structure of women's knickers. 'Personal communication.' 6 August 2009. 
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Classification of textile fibres 
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are rarely manufactured from woven, non-woven or warp knit fabrics hence; they will not be 

discussed further4.  

2.1.5 Ease 

Ease is the difference in dimensions between the body and the garment at specific body sites 

(Denton and Daniels, 2002; Farmer and Gotwals, 1982; Laing and Sleivert, 2002).  Ease may be 

positive, negative or zero, where garment dimensions are larger, smaller or equal to body 

dimension, respectively (Farmer and Gotwals, 1982; Laing and Sleivert, 2002).  The amount of ease 

in a garment is influenced by intended use, style, and properties of the fabrics used for that garment 

(Denton and Daniels, 2002).  Design ease is used to create a desired visual effect, silhouette or style 

such as gathers, folds and pleats.  Knickers are usually void of this type of ease.  Wearing ease 

allows for body movement and thus is relevant in knicker design (Farmer and Gotwals, 1982).  

Without sufficient wearing ease clothing will strain or compress against the body, unless the fabric 

from which the garment is made has good elastic properties (Branson and Nam, 2007).  Knickers 

have negative ease and rely on fabric extensibility to provide a firm fit. 

2.2 Apparel and textiles as forensic evidence 

Apparel is commonly examined by forensic scientists and can be an important evidentiary tool 

(Adolf and Hearle, 1998; Daroux, et al., 2010; Kemp, Carr, Kieser, Niven and Taylor, 2009; Taupin, 

et al., 1999).  Apparel or textile evidence is sometimes all that remains to assist forensic examiners.  

For example, in an Australian case, skeletal remains of a woman were found buried with several 

items of clothing.  The skeletal remains were useful only for identifying the woman: cuts and tears 

in the victim's bra and knickers provided evidence used to establish events that led to her death 

(Pailthorpe and Johnson, 1994). 

Several case studies considering apparel as forensic evidence have been published in the peer 

reviewed literature, although most work is undertaken only when a police investigation requires it 

(Table 2.1).  Apparel presented as evidence is usually examined macroscopically (with the naked 

eye) and/or microscopically (typically using a stereomicroscope).  The presence (or absence) of any 

relevant information (e.g. blood stains) and damage is recorded and assessed (Taupin, 2000).  

Absence of evidence may be as important as what is present.  For example, a female victim 

reportedly involved in two separate incidents of sexual assault, presented with an absence of 

physical injury to the body.  The evidence was inconsistent with damage to clothing and the 

victim‟s version of alleged events (Figure 2.2a) (Taupin, 2000).  However, forensic examination of 

the garments using simulation experiments (not described) was still required to ascertain how the 

damage was created.  In a second case, fabric from a t-shirt was allegedly ripped.  Severances were 

neat and lacked visible distortion, indicating the fabric had been cut rather than ripped (Figure  

                                                           

4 Grant, C. Fibre and fabric structure of women's knickers. 'Personal communication.' 6 August 2009. 
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Table 2.1 

Case studies - fabric evidence 

 
Scenario Evidence Experimentation Conclusions 

    
(Daly, Lee-
Gorman and 
Ryan, 2009)   
Case 1 
woman alleged 
acquaintance 
followed her 
home after night 
out, forced her to 
floor and raped 
her, clothing 
damaged during 
the event (bra 
ripped off, button 
ripped off 
trousers) 
male  claimed sex 
was consensual 
 

 bra (36DD, 3 hook / eye 
fastening, brand not reported): all 
hooks bent open, one displaced 
from normal position, tool marks 
observed on plastic coating at 
positions other than bend 

 no reported corresponding 
damage to eyes 

 no reported stretching of 
surrounding fabric or damage to 
stitching 

 button (submitted 4 month after 
thorough scene investigation) 
anchoring threads still attached 
with torn ends 

  trouser missing button, no 
damage to trouser fabric, no 
anchoring threads attached to 
trousers 

 

 4 new bras (3 hook / eye 
fastening, brand not reported) 

 2 used to attempt to physically 
reproduce damage in alleged 
way, 1 used to study design of 
bra and hook / eye fasteners, 1 
used to confirm damage from 
weapon testing 

 4 second hand bras (condition / 
age not recorded, 2 hook / eye 
fastening, brand not reported) 
hooks manipulated with 
tweezers, pliers, screwdriver 
and scissors (suggestion of 
other tools used but not listed) 

 

 considerable force needed 
to cause damage bra in 
alleged way 

 damage not caused by 
natural wear and tear 

 bra not in wearable 
condition 

 damage to bra most likely 
caused by scissors 

 button did not belong to 
trousers 

 

(Taupin, 2000)  
Case 1 
young woman 
claimed unknown 
male grabbed 
front of her t-shirt 
and ripped it 
open  
 

 plain knit cotton t-shirt with 
ribbed crew neck 

 severance extending from left 
side of collar to centre front 

 two distinct changes of direction 
to approximate Z shape 

 absence of visible fabric 
distortion or torn yarn ends 
reported 

 presence of 'stoppages' along 
length of severance 

 

 using t-shirt of similar 
construction (treatment and 
fibre type not reported) 

 attempted manual tearing  

 further testing implied but not 
described 

tearing was excluded as 
cause of damage 
presence of stoppages 
indicated use of scissors  

(Taupin, 2000)  
Case 2 a 
female lawyer 
alleged unknown 
male attacked her 
with knife (left at 
scene, picked up 
by complainant) 
 

 woven blouse and woven shirt 

 cuts on left side of both garments 

 absence of blood visible on 
garments 

 superficial injuries to 
complainants body 

 simulation experiments 
conducted using alleged 
weapon 

 experimental detail not 
described 

alleged weapon produced 
damage similar to that in 
evidence garments, 
therefore included as 
possible cause of damage 
absence of blood indicated 
garments not in contact with 
body when damage 
produced 
 

(Taupin, 2000)  
Case 2 b 
female lawyer  
knife (left at 
scene) thrust 
through boxer 
shorts into vagina 
multiple times, 
from squatting 
position, offender 
behind 
complainant 
 

 synthetic fibre, patterned weave 
boxer shorts 

 irregular and angled cuts centre 
crotch 

 absence of blood on shorts 

 absence of physical injuries on 
complainant 

 simulation experiments of 
alleged events conducted 
(details and materials not 
reported) 

 material (type / construction 
not reported) held away from 
body under tension, damage 
created using alleged weapon 
in controlled stab-type action 
(further details not reported) 

absence of physical injuries 
and blood indicated false 
claim 
simulation experiments 
produced only slash-type 
cuts or punctures (not 
consistent with evidence) 
damage produced in fabric 
held away from body was 
consistent with evidence 
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(Taupin, 2000)  
Case 3 
55 year old 
woman allegedly 
held at knife 
point, top ripped 
open 
horizontally, bra 
cut with knife, fly 
of jeans ripped 
open and object 
forced into vagina 
 

 long sleeve, plain knit top with 
ribbed neckband, bra and pair of 
jeans 

 top had three horizontal 
severances across stomach, breast 
and neck (including through 
neckband) 

 centrepiece of bra joining cups 
severed completely 

 jeans zipper missing teeth and 
tag, stitching severed, front 
crotch seam separated 
 

 simulation experiments 
conducted but not described 

normal manual force alone 
could not produce damage 
evidence 
severances on top and bra 
showed stoppages and 
tongues consistent with 
scissor damage  
 

(Taupin, et al., 
1999)  
Case  1 
female student 
alleged rape by 2 
male 
acquaintances in 
school toilets, 
knickers torn in 
struggle, knickers 
laundered by 
complainant 
 

 two L shaped severances in 
crotch area 

 one irregular shaped severance in 
crotch area with narrow strips of 
material protruding from 
severance edge 

 seven small holes adjacent to 
larger severances 

 no experimentation described 

 

curled edges of severance 
caused by laundering post 
damage 
shape of cuts and presence 
of protrusions consistent 
with scissor cuts 
small holes described as 
punctures  
tearing excluded as cause of 
damage 

(Taupin, et al., 
1999)  
Case 2 
American soldier 
in Germany 
murdered, 
crowbar found 
close to body 
 

 'bomber jacket', multiple layers of 
fabric (fabric type and 
construction not described) 

 single severance located on back 
of jacket between shoulder blades 

 simulation experiments using 
crowbar conducted but not 
described 

simulation experiments 
excluded crowbar as 
possible weapon 
damage identified as 
coming from double edged 
weapon (reason and 
supporting evidence for that 
conclusion not explained) 
 

(Taupin, et al., 
1999)  
Case 3 
woman claimed 
intruder pulled 
jumper down 
exposing breast 
during rape  
defence claimed 
no visible damage 
to jumper did not 
support her claim 
 

 polo neck jumper 2 x 2 rib knit  

 no visible damage identified 

 recreation of events by female 
laboratory workers using actual 
garment  

recreation proved jumper 
could be stretched in manor 
claimed without causing 
visible damage 

(Taupin, et al., 
1999)  
Case 4 
elderly woman 
claimed intruder 
tore open 
nightgown 
 

 woven flannelette full length 
nightgown 

 severance following line of 
weave running full length down 
front of nightgown  

 edge of severance appeared 'neat' 
but yarn ends were torn  

 absence of visible distortion or 
stretching 
 

 simulation experiments 
conducted but not described 

simulation experiments 
confirmed tearing 
flannelette along line of 
warp could produce the 
damage evidence 
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(Taupin, 1999)  
bank teller stole 
money from an 
elderly woman, 
went to her house 
to gain and 
destroy evidence, 
later returned, 
stabbed her 18 
times in back and 
stomach with  
boning knife 

 long-sleeved cardigan, short-
sleeved cardigan, vest, spencer 
(long sleeved ladies 
undergarment), pants, tights and 
knickers  

 all garments knitted but varied 
according to looseness and type 
of knit (fabric type not reported) 

 knife, stainless steel, 'moderately 
sharp' curved blade 155 mm 
long, 23 mm wide 

 no blood or fibres detected on 
knife 

 Y shaped pattern to some cuts 
 

 microscopic examination 
(WILD M650 stereomicroscope, 
varying to x40 magnification) 

 simulation experiments, 
suspected weapon, undamaged 
areas of garments, piece of 
rolled pork covered with paper 
(type not reported) used as 
support 

simulated damage 
corresponded to evidence 
damage  
Y shaped patterns produced 
in certain orientations 
knife was sharp enough to 
penetrate all layers 
tighter fitting layers 
produced more distinctive 
cuts  

(Booth and Lott, 
1998)  
man accused of 
shoplifting 
underpants, who 
claims to have 
purchased them 
on earlier visit to 
store 
 

 underpants worn by accused, 
underpants from open packet in 
store 

 construction and fabric type not 
described 
 

 visual examination 

 laser illumination using long 
and short wave ultraviolet light 
(thin-layer chromatography 
illumination lamp) 

 green light wave length and 
plastic filter goggles used to 
identify biological stains 
(indicates other wavelengths 
used - no description provided) 

 stereomicroscopic examination 
of seams and fabric (Leitz 
"Aristophot" microscope 
camera  with 1.2x objective, 
6.5x photographic ocular with 
bellows extension for 25x 
magnification, top-light 
illumination with external light 
source) 
 

both underwear same brand 
suspects underwear had 
slightly grey tinge compared 
to new  
laser illumination identified 
spots on suspects underwear 
(possibly urine and semen) 
indicating being worn 
longer than suggested 
microscopy identified 
broken fibres and lint in 
seams of suspects 
underwear, not found in 
new underwear 

(Taupin, 1998)  
Case 1 
fight between two 
men  
complainant 
alleged he was 
stabbed 18 times  
accused alleged 
he stabbed 
complainant 
twice,  other 
wounds caused 
by rolling on 
broken glass 
 

 jeans, singlet (rib knit) and t-shirt 
(knit) (fabric type not described) 

 curved, single edged knife blade, 
28 mm wide 

 2 large pieces of broken glass 
wine bottle 

 four stab-type cuts in upper 
jeans, ten stab-type and 1 
puncture in singlet 

 damage to t-shirt not considered 
due to nature of fabric 

 microscopic examination 
(WILD M650 stereomicroscope, 
varying to x40 magnification) 

 knife and glass thrust into loose 
and tensioned jeans and singlet 

 plastic bag of sand weighing 
approx 50 kg (simulating 
human body) dressed in new 
singlet pushed and rolled on 
broken wine bottle 

manual thrusts using glass 
produced irregular cuts 
manual thrusts using knife 
produced regular and 
irregular cuts and punctures 
sand experiment produced 
slash-type cuts or irregular 
puncture-like damage 
3 evidence cuts were 
consistent with the knife 
cuts while cause of 
remaining cuts inconclusive 
neither scenario could be 
ruled out 

(Taupin, 1998)  
Case 2 
knife embedded 
in victims 
shoulder after 
blacking out, 
events disputed, 
defendant 
claimed to throw 
knife at dog but 
hit victim instead 

 knitted cardigan, shirt, t-shirt 
(construction and fabric type not 
described) 

 kitchen knife, stainless steel 
blade, 'moderately sharp', 
serrated, single cutting edge 

 blade bent approximately 10 
degrees from plane of handle 

 microscopic examination 
(WILD M650 stereomicroscope, 
varying to x40 magnification) 

 knife similar to weapon used, 
pork leg strapped to 
mannequin covered by t-shirt 
(construction and fabric type 
not described) 

 scenario investigated using 
varying distances and methods 
of throwing (not described) by 
two volunteers  

throwing by handle or blade 
penetrated t-shirt, pork and 
mannequin body, remaining 
embedded therefore 
throwing  hypothesis 
feasible 
throwing experiments did 
not bend blade, considered 
unlikely to occur  
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(Taupin, 2000)  

 

Figure 2.2 

Forensic evidence of damage to apparel  

a stab cut in centre crotch area of pyjama shorts, b cut/tear in front of T-shirt 
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2.2b) (Taupin, 2000).  Simulation experiments are often conducted to identify probable or possible 

scenarios, but again only usually in response to police investigations (Taupin, 1998).     

References to knickers as forensic evidence in the peer reviewed literature are sparse.  In one case 

(unrelated to sexual assault) underpants were used as forensic evidence.  A man suspected of 

shoplifting underpants was apprehended leaving a store and the underpants he was wearing were 

seized to determine if they were new or had been previously worn (Booth and Lott, 1998).  When 

examined microscopically, the new underpants contained long, intact fibres, whereas fibres 

removed from the suspect's underpants contained frayed fibres protruding from the surface of the 

fabric (Figure 2.3a).  This damage was believed to be caused by abrasion typical of wear and use.  

Lint in the seams of the underpants was consistent with prior wear and laundering (Booth and Lott, 

1998).  In another case study, examination of a pair of knickers damaged during an alleged rape 

was reported (Taupin, et al., 1999).  Damage included irregular severances with protruding narrow 

strips, L-shaped severances, and curled edges on the severances (Figure 2.3b).  Severances were 

consistent with scissor cuts, and laundering of the knickers prior to examination accounted for the 

curling.  That a knife had caused the damage was considered implausible (Taupin, et al., 1999).  

Ripping could not have produced the damage and the woman‟s claims were refuted.  The 

description of this case was brief and lacked detail about the key features used to identify with 

certainty the cause of the damage to the knickers.  No testing (e.g. simulation experiments) was 

discussed in this case study.   

2.3 Damage to apparel due to normal use 

2.3.1  Overview 

Damage to apparel due to normal use is caused by a number of mechanical (e.g. abrasion, extension 

and recovery), environmental (e.g. light, relative humidity, temperature, chemical) and biological 

factors (e.g. microorganisms) (Bishop, 1995; Slater, 1991; Taylor, 1990).  Damage can be visible 

change of colour (e.g. fading, running), or changes in surface features (e.g. pilling, loss of finish), 

mechanical properties (e.g. tensile or tearing strength, abrasion resistance, elasticity, dimensional 

constancy), or tactile sensations (e.g. handle, softness, scratchiness) (Slater, 1991).  Effects due to 

laundering are the focus of the following review with other degradative mechanism outside the 

scope. 

2.3.2 Laundering 

Laundering leads to dimensional changes in new fabrics which alter the properties of the fabric 

such as mass per unit area and thickness (Gore, Laing, Wilson, Carr and Niven, 2006; Taylor, 1990).  

Dimensional change is due to relaxation of the yarns and swelling of the fibres (Taylor, 1978).  Thus 

testing in forensic experiments should not be carried out on new fabrics because apparel evidence 

submitted for examination is not likely to be new (Carr, Kemp, Kieser, Niven and Taylor, 2010).  

The greatest change in the fabric occurs during the first laundering cycle; further changes at a lesser  
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(Taupin, et al., 1999)  

 

 

Figure 2.3 

Damage to underwear and knickers 

a photomicrographs of underwear, i new, ii worn,  
b damage to the front of a pair of knickers from a false sexual assault claim 
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level are possible with subsequent laundering (Figure 2.4) (Bishop, 1995; Daroux, et al., 2010; Gore, 

et al., 2006; Kemp, et al., 2009; Taylor, 1978; Taylor, 1990).  New fabrics have been shown to require 

pre-treatment to achieve stabilisation by carrying out six consecutive cleaning cycles, then drying 

the fabric flat in accordance with procedures 8A and C of BS EN ISO 6330:2000 Textiles - Domestic 

washing and drying procedures for textile testing (British Standards Institution, 2009; Gore, et al., 

2006).  Fibres from fabrics that have been worn seldom showed similar patterns to those from new 

fabrics due to the breaking down of the fibre over time (Hearle, Lomas and Cooke, 1998).  

Severances in fabric degraded by laundering ('old') will display different fibre end morphologies 

than severances in fabric which is unwashed ('new') (Daroux, et al., 2010; Kemp, et al., 2009). 

A single laundering cycle (using an automatic washing machine and tumble dryer, water 

temperature and use of detergent not reported) distorted severances created by various agents, in 

four fabrics causing fibres to become matted together (Monahan and Harding, 1990).  A second 

laundering cycle did not result in further observable changes (Monahan and Harding, 1990).  With 

respect to blunt force impact (BMI), laundering prior to impact had little effect on the resulting 

damage, however laundering after BMI altered the damage due to the relaxation, swelling and 

rearrangement of the fibres (Daroux, et al., 2010).  After laundering, BMI damage was not visible to 

the naked eye and at magnification up to x 35, but was identifiable at higher magnification (x 500).  

The formation of holes in a single jersey 100 % cotton fabric occurred in some specimens after 

multiple laundering cycles post impact.  No identifying features specific to this type of damage 

were identified, therefore, attributing this type of damage definitively to a BMI event is likely to be 

difficult (Daroux, et al., 2010). 

2.4 Deliberate damage 

2.4.1 Overview 

Deliberate damage causes harm, injury, or impairment to the value, integrity or usefulness of an 

object, or the health or normal function of a person (Allen, 1990).  Damage to apparel can result 

during the commission of an offence (e.g. physical or sexual assault), an accident (e.g. car accident, 

fall), self infliction (e.g. attempting to simulate the events of a crime) or laboratory testing.  

Literature on laboratory damage to fibres, yarns and fabrics has been summarised in Table 2.2.  No 

literature in which deliberate damage to knicker fabrics was investigated was identified.   

A number of factors have been shown to affect severance morphology in damaged fabrics.  For 

example, fibre content (e.g. natural fibres such as wool, cotton, or synthetic fibres such as polyester, 

nylon, Lycra®), fabric structure (e.g. knitted, woven), agent used (e.g. knife, scissors, hammer, 

screwdriver; in the case of knives blade shape, size, sharpness), number of layers of apparel or 

fabric, level of degradation or laundering, and the presence of blood (Costello and Lawton, 1990; 

Daeid, Cassidy and McHugh, 2008; Daroux, et al., 2010; Kemp, et al., 2009; Monahan and Harding, 

1990; Pelton, 1995; Stowell and Card, 1990).   
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Figure 2.4 

Cotton fibres in new and laundered fabrics 

a new,  b after six machine laundering cycles,  c after eleven machine laundering cycles,  
d after fifty machine laundering cycles 
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Table 2.2 

Laboratory damage to fibres, yarns and fabrics 

a agents and materials 

 

Agents Materials Observations  

    
impactor 
representing 
hammer / flat 
instruments 

test specimens (after 0, 6, 12, 18, 
24, 30 laundering cycles)  
100% cotton drill, 390 g/m² 
100% cotton single jersey, 230 
g/m² 
support   
steel plate 
 
2 fabrics, 5 specimens, 6 
laundering cycles (after 
impact), single and double 
layers (drill over knit) 
 

 fibres at impact sites flattened 

 damage patterns affected by age of fabric 
prior to impact, type of fabric and number 
of layers 

 after laundering impact areas damage not 
visible at low magnification but was using 
SEM  

 holes formed in some specimens and grew 
in size with repeated laundering, produced 
fibre ends that were rough and jagged 

(Daroux, et al., 
2010)  

kitchen knife  
hunting knife  
screwdriver 
 

test specimens (after 0, 6, 60 
laundering cycles)  
100% cotton drill, 383.92 ± 
5.93 g/m² 
100% cotton single jersey, 
254.62 ± 2.41 g/m² 
support 
1.5 mm thick silicone 
30 mm thick closed cell 
polyethylene foam 
150 mm block open cell foam 
 
2 fabrics, 5 specimens, 3 
weapons, 3 laundering cycles 
prior to damage 
 

 blunt edge of knives distorted fabric, 
creating frayed and disorganised fibre ends 

 serrated edge of kitchen knife produced 
little distortion to fabric 

 straight sharp knife edge produced little 
distortion and clean cut fibre ends with or 
without lips 

 screwdriver severances roughly spherical 
and highly frayed and distorted 

 fabric construction affected severance 
morphology 

 pre-impact laundering increased variability 
of severance characteristics, decreased 
ability to identify weapon 

(Kemp, et al., 
2009)  

small hunting knife 
pen knife 
steak knife 
single-edged bread 
knife  
 

test specimens (pre-treatment 
conditions and fabric structure 
not reported) 
polyester/viscose/Lycra®  
cotton/nylon/Spandex 
wool/Lycra® 
cotton/nylon/Lycra® 
nylon/Lycra® 
cotton/Lycra® 
wool 
support 
pig skin sitting on top 155 mm 
polystyrene 
 
7 fabrics, 2 different fabric 
arrangements (fitted and 
loose), 4 knives, 20 stab events 
 

 cut marks in both pig skin and fabric less 
than the maximum width of weapon blade 

 fibre type affected length of cuts (natural 
fibre fabrics more variable) 

 knife shape affected length of cuts (serrated 
blades produced more variation than flat 
edged blades) 

 fit of fabric did not affect cuts 
 

(Daeid, et al., 
2008)  
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kitchen knife 
fruit knife 
pocket knife 
bayonet 
notch blade knife 
Phillips head 
screwdriver 
slotted head 
screwdriver 
round file 
flat file 
bottle opener 
waiter‟s friend 
scissors 
chisel 
 

test specimens (pre-treatment 
conditions not reported) 
woven fabric (cotton) 
knitted fabric (fibre type not 
reported) 
blue jean (fibre type and fabric 
structure not reported) 
support 
2 L stainless steel beaker 
containing 15 % set gelatine 
 
3 fabrics, 13 agents, 3 
replicates 

 knitted or woven fabric is penetrated easier 
than jean material 

 7 damage patterns were identified (not 
described, photographic evidence only) 
o straight line, neat edge 
o straight line, frayed edge 
o longitudinal hole, frayed edge 
o circular hole, frayed edge 
o horizontal hole, neat edge 
o horizontal hole, frayed edge 
o longitudinal groove 

 

(Sirimongkol, 
2008)  

scissors (Gingher) 
carving knife 
(Wiltshire) 
Elmendorf tear 
tester 

test specimens (conditions not 
reported) 
nylon 6.6 [sic] (plain weave) 
support 
fabric held by hand under 
minimal tension, no support 
under cutting surface 
 
n=322 (individual fibre 
micrographs examined over 
all damage types) 
 

 16% of fibre ends did not fit any category 

 clean cuts (with or without striations) 
present in all forms of damage 

 compression on either or both sides of fibre 
found in fibres damaged by scissors and 
knife 

 'mushroom cap' appearance associated with 
tearing also found on small number of knife 
cuts 

(Pelton, 1995)  

vegetable knife 
boning knife 
bayonet 
 

test specimens (pre-treatment 
conditions not reported)  
blue shirt (polyester / cotton, 
woven) 
brown shirt (polyester / 
cotton, knitted) 
jeans (stretch denim) 
T-shirt (cotton, knitted) 
underpants (cotton, knitted) 
sweat shirt (cotton, knitted) 
jersey (wool, knitted) 
trousers (polyester, woven) 
support 
pieces of pork 
 
n=219 (total number of stab 
cuts made over all fabrics and 
knife types) 
 

 directionality (parallel to warp, parallel to 
weft or diagonal to grain) has no influence 
on length of a stab cut as a percentage of 
width of weapon blade 

 93 % of cuts narrower than blade of weapon 
 

(Costello and 

Lawton, 1990)  



  

16 

 
cook's knife 
bread knife 
utility knife 
bowie knife 
pocket knife 
table knife 
household scissors 
razor blade 
broken glass 
screwdriver 
diver's knife 
tearing 

test specimens (pre-treatment 
conditions not reported) 
 2 x T-shirt (polyester / cotton, 
double knit) 
 2 x sweat shirt (polyester / 
cotton, double knit) 
2 x business shirt (polyester / 
cotton, plain weave) 
2 x jeans (cotton, uneven twill 
weave) 
support (for stabbing events) 
50 mm thick pork flank 
covered with greaseproof 
paper 
support for non-stabbing 
events not reported 
 
number of damage events not 
reported 
 

 sharp knives with flat blades, and glass 
produced clean cut yarns with little fraying 
of the fibre ends 

 serrated blade edge produced frayed and 
distorted fibres/yarns 

 blunt edge produced highly frayed and 
distorted fibres/yarns 

 not all stabbing events produced damage 
characteristic of weapon used 

 slash cuts produced V shaped ends,  not 
always well defined, sometimes non-
continuous 

 scissor cuts produced clean cuts, stabbing 
with scissors produced wider holes with 
jagged edges 

 tearing fabric produced severances with 
frayed yarns of varying lengths 

 fabric construction influenced severance 
characteristics 

(Monahan and 
Harding, 1990)  

scissors 
scalpel 
hand tearing 

test specimens (pre-treatment 
conditions and fabric structure 
not reported) 
nightgown (nylon) 
support 
fabric supported by hand 
above cut 
 
n=67 (individual fibre 
micrographs examined over 
all damage types) 
 

 fibre ends from scissor damage were 
squeezed inward on both sides and 
flattened 

 tearing resulted in fibre ends with bulbous 
protrusions 

 scalpel  cuts produced most variation 
including clean cuts, bulbous and 
fractured/elongated 

(Stowell and 
Card, 1990)  
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Table 2.2 cont. 

Laboratory damage to fibres, yarns and fabrics 

 
b methods 

 
Agents Laboratory set up Experimental design   

    
impactor representing 
hammer / flat instruments 
(5 kg, 30 mm diameter, free-
fall impact energy 1.5 J) 

 specimens (190 x 190 mm) 
conditioned (20 ± 2 ˚C, 65 ± 4% RH) 
24 hours prior to testing 

 impact rig: steel impactor and steel 
specimen plate mounted on quartz 
force sensor (Kistler) 

 specimens impacted, laundered 6 
cycles, impacted (different area), 
laundered 6 cycles - repeated until 5 
impacts and 30 laundering cycles 
completed 

 lab washing machine (Electrolux 
Wascator FOM71MP), laundering 
as per section 8A BS EN ISO 
6330:2001 and flat dry (after 6 
laundering cycles), procedure C  

 examination using stereo-
microscope (after each impact / 
laundering cycle) and SEM (after 
testing complete) 

 

 2 fabrics, single and double 
(drill over knit) layers, 5 
replicates, randomised order 

 all specimens impacted / 
laundered identically 

 5 reference specimens tested 
before and after each test 
session 

 

(Daroux, et al., 
2010)  

kitchen knife (upper edge 
blunt, lower edge scalloped, 
length 150 mm, height 31.5 
mm, thickness 2 mm) 
hunting knife  (upper edge 
clip shaped, lower edge 
sharp, length 150 mm, clip 
length 85 mm, height 34 
mm, thickness 4mm)  
screwdriver (Phillips head, 
length 150 mm, tip 
diameter 6 mm) 
 

 specimens (100 x 100 mm) 
conditioned (20 ± 2 ˚C, 65 ± 4% RH) 
24 hours prior to testing 

 specimens laundered prior to 
stabbing 

 lab washing machine (Electrolux 
Wascator FOM71MP), laundering 
as per section 8A BS EN ISO 
6330:2001 and flat dry (after 6 
laundering cycles), procedure C  

 impact rig: blades attached to mass 
(3.86 kg), guided free-fall from 200 
mm. specimen mounted in front of 
silicone (1.5 mm), closed cell 
polyethylene foam (30 mm), open 
cell foam (150 mm) (foam density 
28 - 30 kg/m³).  

 human trial:  participants (n = 10, 
male, 20–25 years) stabbed 
specimens with underarm motion 
using dominant hand 

 quartz force sensor (Kistler)  

 examination using stereo-
microscope (reflected light) and 
SEM  

 fabric severance measured (method 
not reported)  

 

 impact rig:  2 fabrics (single 
layer), 3 agents, 3 levels of 
laundering (new, 6 cycles, 60 
cycles), 5 replicates 

 all variable combinations 
tested 

 human participant trial:  n = 
18; 2 fabrics (single layer), 3 
agents, 3 levels of 
laundering(new, 6 cycles, 60 
cycles); 200 mm x 200 mm 

 testing blocked by blade type, 
other variables randomised 

 

(Kemp, et al., 
2009)  
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small hunting knife (flat 
edge, length 83 mm, width 
17.5 mm , thickness 1 mm) 
pen knife (flat edge, length 
76 mm, width 13 mm, 
thickness 1 mm) 
steak knife (serrated edge, 
length102 mm, width 18 
mm, thickness 2 mm) 
single-edged bread knife 
(serrated edge, length 202 
mm, width, 30 mm, 
thickness 1 mm) 
 

 grid (4 rows, 5 columns) marked on 
fabric specimens 

 fabric placed (fitted or loose) over 
polystyrene filled, wooden box (260 
x 230 x 155 mm) with pork skin 
attached to surface 

 fitted fabric stapled to pork skin in 
grid corners  

 knife clamped in spring loaded 
holder 90 ˚ to fabric stabbed each 
grid square on each fabric once (20 
squares per specimen) 

 cuts made parallel to cleavage lines 
of skin (no consideration of fabric 
orientation reported) 

 length and width of each cut 
measured (method not reported) in 
fabric and pig skin 

 

 7 fabrics, 2 fabric 
arrangements (fitted and 
loose) and 4 knives 

 all fabric type, arrangement 
and knife combinations tested 

 20 replicate stabs  made in 
each fabric specimen 

 optical examination, no 
magnification 

 test conditions and fabric pre-
treatment not reported 

 

(Daeid, et al., 
2008)  

kitchen knife 
fruit knife 
pocket knife 
bayonet 
notch blade knife 
Phillips head screwdriver 
slotted head screwdriver 
round file 
flat file 
bottle opener 
waiter‟s friend 
scissors 
chisel 
 

 samples held in place over beaker 
containing gelatine by hand 

 stabbing events conducted by a 
“healthy man” (age, height or build 
not reported) 

 depth of penetration of agent 
marked before removal  

 microscopic examination of 
specimens (SZ-PT Olympus 
stereomicroscope, 26.8 x 
magnification) 

 3 fabrics, 13 agents 

 tested all fabric / agent 
combinations 

 3 replicates of each fabric / 
agent combination 

 test conditions and fabric pre-
treatment not reported 

 macroscopic and microscopic 
examination  

(Sirimongkol, 
2008)  

scissors (Gingher) 
carving knife (Wiltshire) 
Elmendorf tear tester 
 
descriptions not provided 

 number and size specimens not 
reported 

 knife and scissor cuts: 1 person held 
fabric under minimal tension, 
second person created damage 

 scissor damage shearing action 

 knife damage slashing action 

 no supporting substrate 

 no description of tearing method 

 examine and compare individual 
fibres using SEM images 

 

 1 fabric and 3 modes of 
damage 

 damage in weft direction  

 test conditions, number of 
replicate damage events and 
fabric pre-treatment not 
reported 

 randomised  fibre selection 

 test conditions and fabric pre-
treatment not reported 

 

(Pelton, 1995)  

vegetable knife (width 15.1 
mm) 
boning knife (width 25.8 
mm) 
bayonet (width 24.6 mm) 
 

 'second hand' garments selected, 
origin, condition and pre- treatment 
details not described 

 pieces of pork (qualities e.g. age, 
size etc, not described) draped or 
wrapped in garment placed on 
board (type not described) 

 stab quickly, perpendicular to pork 
surface (assume this done by hand) 

 measure length of cut using 
callipers and stereo microscope 

 8 garments (single layer), 2 
arrangements (stretched or 
draped), 3 agents, 3 
orientations (parallel to warp, 
parallel to weft, 90 ˚ to grain)  

 not all combinations 
compared, number of cuts per 
combination varied 

 triple layer (top - bottom: 
jersey, jeans, T-shirt) for all 
knives and fabric orientations 
(arrangement and number of 
cuts not described) 

 measurements in triplicate 

 test conditions and fabric pre-
treatment not reported 

 optical examination, no 
magnification 

 

(Costello and 
Lawton, 1990)  
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cook's knife (single, sharp, 
smooth blade, pointed tip) 
bread knife (single, sharp, 
serrated blade, semicircular 
tip) 
utility knife (single, sharp, 
scalloped blade, pointed 
tip) 
bowie knife (double, 
reasonably sharp, smooth 
blades, slightly rounded 
tip) 
pocket knife (single, sharp, 
smooth blade, slightly 
rounded tip) 
table knife (single, blunt, 
scalloped blade, rounded 
tip) 
household scissors 
(reasonably sharp, square 
tip) 
razor blade (sharp blade) 
broken glass (sharp, thick 
edge, pointed tip) 
screwdriver (square, flat tip, 
blunt edge) 
diver's knife (double, 1 
serrated, 1 smooth, blunt 
blades, pointed tip) 
tearing (assumed by hand) 
 

 stabbing events: clothing placed 
over pork flank (50 mm thick) 
covered in greaseproof paper 
resting on board 

 damage made using stab (except 
for razor) and slash motions  

 cut/tear: scalpel made 10 mm cut 
then fabric pulled apart 
extending both ends of cut 
(method and plane not 
described)  

 blood (freshly drawn, human) 
applied on inside clothing, 
allowed to soak through 
(location, amount and time of 
application after damage event 
not recorded) 

 clothing items worn (undisclosed 
number of wearers) full working 
day as outer layer or under lab 
coat (number of layers and 
conditions not reported) 

 clothing laundered, automatic 
washing machine and dryer 
(type not recorded). 

 optical examination and 
magnification 'approximately' x 
50 before and after wearing and 
washing procedures (Wild 
Makroskop M420) 

 

 2 sets of clothing, 1 
damaged warp direction, 1 
damaged weft direction 

 large number of variables 

 number of replicates, test 
conditions and fabric pre-
treatment not reported 
 

 

(Monahan and 
Harding, 1990)  

scissors 
scalpel (new) 
hand tearing 
 
descriptions not provided 

 fabric construction, orientation 
and specimen size  not recorded 

 scissor cut method not described 

 scalpel cut: fabric supported by 
hand above cut, further 
description not provided 

 tearing completed by hand, 
further details (e.g. plane, force 
etc) not provided 

 fibres examined with SEM 
(Cambridge Stereoscan 250 Mark 
II at 20 kV) 

 

 1 fabric type, 3 damage 
agents 

 number of replicates, test 
conditions and fabric pre-
treatment not reported 

 

(Stowell and 
Card, 1990)  
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2.4.2 Agents causing damage 

Numerous different agents cause damage.  Most studies identified in Table 2.2 use agents 

considered by investigators to reflect typical events.  Typical events could be influenced by 

geographic location, time period, technologies and weapons available, subsequently the range of 

agents varies considerably.  This variation in agents makes it difficult to compare studies.   

Glass fragments, knives, scissors, scalpels, screwdrivers, blunt instruments, tearing, and animal 

bites and claws have been identified as causes of fabric damage (Daroux, et al., 2010; Kemp, et al., 

2009; Pelton, 1998; Stowell and Card, 1990).  Characteristics of the damage may, or may not, 

indicate the type of weapon used (Daroux, et al., 2010; Kemp, et al., 2009; Pelton, 1995; Taupin, 

1999).  Severances can be made between a known weapon and an unknown weapon if the same (or 

very similar) fabric is used in simulation tests (Johnson, 1991; Stowell and Card, 1990).  Cuts and 

tears can often be distinguished at a macroscopic level (Table 2.3).  Damage that provides few 

outstanding characteristics may be difficult to interpret (Taupin, 2000).  For example, Pelton (1995) , 

could not distinguish between cuts made by scissors and knives in SEM images of nylon fibre ends. 

Two types of cuts produced by knives are described in the literature i slash cuts and ii stab cuts.  

Most of the literature pertains to stab cuts (Figure 2.5a) (e.g. Adolf and Hearle, 1998; Costello and 

Lawton, 1990; Johnson and Stacy, 1991; Kemp, et al., 2009; Taupin, 1999).  Slash cuts are produced 

by the sharp edge of the knife or other sharp edges objects (e.g. scalpel, razor blade) moving in a 

slashing motion across the surface of the fabric (Taupin, et al., 1999).  Slash cuts usually end with a 

‟v„ shape, may not be well defined or continuous, or may not completely penetrate the fabric e.g. 

(Causin, Marega and Schiavone, 2005; Monahan and Harding, 1990; Taupin, 1999).  Stab cuts are 

initiated by the tip of the knife, the sharper the knife the easier the fabric is penetrated; blunt knives 

increase yarn fraying and fabric distortion (Johnson and Stacy, 1991).  Features associated with stab 

cuts are dependent on the type of knife used, how the knife is angled as it penetrates the fabric and 

if it is twisted (Figure 2.6) (Adolf and Hearle, 1998; Johnson and Stacy, 1991; Kemp, et al., 2009).  

Stab cuts are less likely to occur in knickers than slash cuts during a sexual assault (when knickers 

are cut off the body), although they may possibly occur in cases of false sexual assault (where the 

alleged victim is not aware of the evidence severance morphology can provide) or in sexual 

homicides (where the victim is stabbed repeatedly).   

The cutting action of scissors (i.e. the opening and closing of the blades) produces small steps or 

stoppages along the severance (Figure 2.5b) (Taupin, 2000).  On inspection of nylon fibres (n=67 

fibre ends from an unknown number of cuts) using SEM, fibre ends in severances caused by scissor 

cuts were compressed inwards on both sides and flattened (Stowell and Card, 1990).  A more 

comprehensive study (n = 322 fibres randomly selected from 3 sites from 3 different methods of 

damage) also using nylon fabric was not as definitive; finding that 89 (of 103) scissor cuts produced 

„clean cut‟ fibre ends, only 6 fibre ends showed signs of lateral compression (closing of the blades of  
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Table 2.3 

Differentiating indicators of a tear and a cut in knitted fabrics 

 

Tear Cut 

  

Damage follows preferred direction of tear No preferred direction – an ability to track in 

any direction 

Associated stretching Change in direction 

Distortion of fabric along severance line Discontinuities typical of scissor cut stoppages 

Noticeable curling of fabric along severance line Presence of tightly bound „tufts/snippets‟ along 

severed edge 

Generally ragged and discontinuous edges Fibre ends line up in plane along severance 

  

 

(Based on Taupin, et al., 1999) 
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(Taupin, 2000)  

 

 

Figure 2.5 

Damage to woven fabric 

a knife stab, b scissors, c tearing 
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(Kemp, et al., 2009)  

 

 

 

 

 

Figure 2.6 

Damage to 100% cotton drill (i) and knit (ii) fabrics using a kitchen knife 

a macroscopic, b-c light microscopy (x12) (upper and lower edge),   
d-e SEM individual fibre ends upper edge (x2000),  
f-g SEM individual fibre ends lower edge (x2000) 



  

24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Kemp, et al., 2009)  

 

 

 

 

 

 

Figure 2.6 cont. 

Damage to 100% cotton drill (i) and knit (ii) fabrics using a hunting knife 

a macroscopic, b-c light microscopy (x12) (upper and lower edge),   
d-e SEM individual fibre ends upper edge (x2000),  
f-g SEM individual fibre ends lower edge (x2000) 
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the scissors causes the upper and under sides of the fibre to be pinched together before being 

severed), while the remaining 8 fibres were indefinable (Hearle, et al., 1998; Pelton, 1995; Pelton and 

Ukpabi, 1995).   

Screwdrivers have been identified as dangerous weapons because they are easy to conceal, readily 

available and not illegal to carry (Croft and Ferllini, 2007; Kemp, et al., 2009).  Screwdriver damage 

to 100% cotton fabrics (drill and single jersey) produced roughly spherical shaped holes with 

disorganised severances (Figure 2.7) (Kemp, et al., 2009).  Fibre ends displayed features more 

characteristic of a tear than a cut.  Damage to knicker fabrics using weapons is beyond the scope of 

this investigation. 

2.4.3 Tearing 

Tearing, caused by the pulling apart of a fabric, typically produces a ragged, irregular severance 

(Figure 2.5c) (Taupin, et al., 1999).  Tearing can result in markedly differing fibre end features, and 

is affected by fibre type and fabric construction (Monahan and Harding, 1990; Stowell and Card, 

1990).  Few studies have been located that assess tearing in knitted fabrics.  Of the studies listed in 

Table 2.2, three involved tearing as a damage agent.  One investigated woven nylon fabric (Pelton, 

1995) , one investigated two knitted and two woven apparel garments (fibre type not reported) 

(Monahan and Harding, 1990), and the third used nylon fabric but did not report the fabric 

construction (Stowell and Card, 1990).   

Knitted fabrics may tear according to the direction of the worked yarn (e.g. warp or weft knit).  

Monahan and Harding (1990) identify difficulties tearing knitted fabrics.  When tears along the 

'warp direction' (which is assumed to be the wales direction as knitted fabrics contain wales and 

courses not warp and weft) were attempted they resulted in 'right-angled tears' where the tear 

would not proceed along the intended direction but would start tearing along the 'weft' (assume 

course).  It is not known if this occurs in knitted fabrics of all fibre/yarn types.   

2.4.4 Fabrics 

Different fabrics were used in most of the studies identified in Table 2.2a.  Under the same test 

conditions, different results can be observed for the same fibre type.  For example, Kemp et al (2009)  

investigated severances in typical apparel fabrics (100 % cotton drill; 100 % cotton single jersey) 

caused by stabbing events.  Severances of the knit fabric displayed irregular fibre ends due to the 

unravelling of the loop structure disrupting the fibre end alignment, and the edges of the severance 

curled towards the technical rear of the fabric.  In contrast, the fibre ends of the drill fabric were 

neatly aligned in planar array and the severance edges overlapped.  The introduction of standard 

fabrics for testing or reference fabrics for comparison may reduce variations between studies and 

allow for comparisons to be made. 
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(Kemp, et al., 2009)  

 

 

 

 

 

 

Figure 2.7 

Damage to 100% cotton drill (i) and knit (ii) fabrics using a Phillips head screwdriver (6mm 

diameter)  

a macroscopic, b light microscopy (x12), c-d SEM individual fibre ends (x2000) 
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2.4.5 Methods 

Key features of methods used to damage fibres, yarns, and fabrics in a laboratory setting has been 

summarised in Table 2.2b.  Highly variable test methods exist within the studies identified, making 

comparison among studies difficult.  With the exception of Daroux et al (2010) and Kemp et al 

(2009), application of textile standards for fabric conditioning and testing appear to have been 

disregarded.  The use of standard conditions reduces the number of variables affecting fabric 

samples of garments, allowing for comparisons among studies.  Appropriate experimental designs 

seem rare.  In factorial experimental designs all combinations of all variables are examined (e.g. 

Cochran and Cox, 1992; Daroux, et al., 2010; Kemp, et al., 2009).  Randomisation is used to prevent 

bias, with testing completed in blocks and with the use of a control fabric to prevent instrumental 

error (Cochran and Cox, 1992).  For example, Monahan and Harding (1990)  had a high number of 

variables which did not seem to have been considered (e.g. age of garments, pre-treatment of fabric, 

environmental conditions, the angle of blade to the fabric, tension of fabric).  Two sets of clothing 

were used for testing (one damaged in the warp direction, the other in the weft).  How many 

damage events were created on each set of clothing is not clear, nor was it evident if any repetition 

occurred.  Based on the description provided of the test methods, this experiment could not be 

replicated to confirm or dispute their results.  The creation and introduction of relevant 

internationally recognised standards may help address issues of poor design and allow for greater 

comparison between studies. 

2.5 Test methods 

2.5.1 Fabric properties 

Physical properties of interest to apparel include mass per unit area, thickness and density (Bishop, 

1995; Daroux, et al., 2010; Kemp, et al., 2009; Slater, 1991; Taylor, 1990).  Dimensional stability is also 

of interest as many fabrics are sensitive to mechanical stresses and the effects of laundering (Gore, et 

al., 2006; Taylor, 1990).  Air temperature and relative humidity, can affect physical and mechanical 

properties of fabrics, particularly those containing natural fibres (Taylor, 1990).  Testing in a 

controlled environment is required, such as that set out in BS EN ISO 139:2005 Textiles - Standard 

atmospheres for conditioning and testing (British Standards Institution, 2005). 

2.5.2 Tearing  

No forensics based literature using a tensile tester or standard test methods to investigate torn 

forensic apparel evidence has been identified.  Studies that investigate the tearing of apparel or 

apparel fabrics have (or are assumed to have) torn specimens by hand (Monahan and Harding, 

1990; Pelton, 1995; Stowell and Card, 1990).  Tensile testers apply a constant amount of force 

creating consistency between samples, whereas tearing by hand is unlikely to produce the same 

level of consistency due to human variation.  Tensile testers are expensive pieces of equipment 

which forensics laboratories are not likely to be equipped with, which accounts for why they are not 

used to examine evidence.  Tensile testers will not recreate a realistic scenario of how damage was 
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created.  However, forensic scientists need to know how apparel behaves under known conditions 

and variables before being able to interpret textile evidence. 

Standard test methods for tearing apparel fabric are provided in Table 2.4.  The International and 

Australian standards are not recommended for use on knitted or elastic woven fabrics, while ASTM 

standards have no fabric restrictions.  The standards presented refer to two types of testing 

machine; a tensile tester, which applies a constant force to the fabric or a pendulum tester which 

applied a sudden force.  Differences between standards include sample preparation, specimen 

shape and size, length of tear, extension rate, gauge length and units of measurement. 

Witkowska and Frydrych (2004) compared four of the international standards listed in Table 2.4a as 

well as two Polish standards (which may be similar to the other standards listed).  The article does 

not report how many specimens it tested or if the tests were repeated a number of times.  Testing 

was only carried out on woven fabrics, as not all of the test methods allowed for testing non-woven 

or knitted fabrics.   

The test method adopted by Monahan and Harding (1990), is so poorly described, it is impossible 

for any of the tests to be reproduced to confirm results.  No indication is given as to how the tearing 

was conducted (e.g. by hand, how many times each fabric or direction was torn, if the tear was 

propagated from a cut etc).  

2.6 Examination and analysis of textile evidence 

2.6.1  Examination levels 

Visual assessment of severance morphology in forensic investigations occurs at varying levels of 

magnification, including viewing with the eye, stereomicroscope (20 x to 100 x magnification) and 

scanning electron microscope (SEM) (magnification up to 10 000 x) (Johnson, 1991).  Forensic 

evidence should be viewed from fibre, yarn and fabric levels to provide a complete insight into the 

damage (Jackson and Jackson, 2000).  Features at the fibre level include fibre ends which may show 

characteristic features of the mode of damage (e.g. torn fibres may have a 'mushroom cap' 

appearance) (Johnson, 1991; Pelton, 1995; Pelton, 1998).  At the yarn level, the relative positions of 

fibre ends within each yarn may be examined (e.g. a „clean‟ cut made on un-tensioned fabric will 

leave all the fibre ends ending in the same plane, while tearing will cause the fibres to break at 

different positions along the yarn, leaving a less well-ordered yarn end), as well as short segments 

of yarn which may be created by cutting actions, particularly in knitted fabrics (Johnson, 1991).  At 

the fabric level, features of interest are fabric distortion surrounding the severance; changes to the 

yarn directions in the fabric (for example, tears usually propagate parallel to one of the yarn 

directions); and the relative positions of the severed yarn ends (Johnson, 1991). 
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Table 2.4 

Standard test methods for tearing fabrics 

a International 

 

Standard Scope Specimens Procedure 
Fabric 

restrictions 

     

ISO 9073-4:19975 
Textiles - Test 
methods for 
nonwovens - 
Determination of 
tear resistance 

determination of 
tear resistance of 
nonwoven fabrics 
by the trapezoid 
method 

 sampling according to ISO 

186:19946 Paper and board 

 n = 5 in machine, n = 5 in 
cross direction 

 75 ± 1  x 150 ± 2 mm, cut to 
trapezoid shape using 
template 

 conditioning according to 

ISO 139:20057  

 tensile tester 

 non-parallel sides of 
trapezoid clamped in 
jaws with 15 mm cut half 
way between clamps 

 tearing length 60 ± 1 mm 

 extension 100 mm / min 

 gauge length 25 ± 1 mm 

 force measured in 
Newtons 
 

may not be 
applicable to 
nonwovens 
above a 
certain (not 
given) mass 
per unit area 
and stiffness 

ISO 13937-1:20008 
Textiles - Tear 
properties of 
fabrics - 
Determination of 
tear force using 
ballistic 
pendulum 
method 
(Elmendorf) 

force required to 
propagate a 
single-rip tear of 
defined length 
from a cut in a 
fabric when a 
sudden force is 
applied 

 specimens cut minimum  
150 mm from fabric edge, 
avoiding same 
longitudinal / transverse 
yarns, creases or faults 

 n = 5 in warp, n = 5 in 
weft   

 100 ± 2 x 75  ± 2 mm.  

 20 ± 0.5 mm longitudinal 
cut  along centre of long 
side, 15  ± 0.5 x 12 ± 0.5 
mm notch cut from centre 
of opposite side 

 conditioning according to 
ISO 139:2005  
 

 Elmendorf pendulum 
tester 

 long side of specimen 
parallel to upper edge of 
jaws. 

 cut located midway 
between two jaws  

 raised pendulum 
released, specimen torn 
completely 

 gauge length 3.0 ± 0.5 mm 

 force measured in 
Newtons 

not applicable 
to knitted or 
woven elastic 
fabrics 

                                                           

5 International Organization for Standardization (1997). ISO 9073-4:1997 Textiles - Test methods for nonwoves - Part 4: 

Determination of tear resistance. Geneva, International Organization for Standardization. 

6 International Organization for Standardization (1994). ISO 186:1994 Paper and board – Sampling to determine average 

quality. Geneva, International Organization for Standardization. 

7 International Organization for Standardization (2005). ISO 139:2005 Textiles - Standard atmospheres for conditioning and 

testing. Geneva, International Organization for Standardization. 

8 International Organization for Standardization (2000). ISO 13937-1:2000 Textiles - Tear properties of fabrics - Part 1: 

Determination of tear force using ballistic pendulum method (Elmendorf). Geneva, International Organization for 

Standardization. 
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ISO 13937-2:20009 
Textiles - Tear 
properties of 
fabrics - 
Determination of 
tear force of 
trouser-shaped 
test specimens 
(single tear 
method) 

force required to 
propagate 
previously started 
single tear when 
force is applied 
parallel to cut 

 specimens cut minimum  
150 mm from fabric edge, 
avoiding same 
longitudinal / transverse 
yarns, creases or faults 

 n = 5 in warp, n = 5 in weft  

 200 ± 2 x 50 ± 1 mm wide  

 100 ± 1 mm longitudinal 
cut along centre of width 

 conditioning according to  
ISO 139:2005 

 CRE tensile tester 

 one leg of specimen 
clamped in each jaw with 
cut aligned along 
centrelines of jaw  

 test completed when tear 
reaches marked point 

 tearing length 75 mm ± 2 
mm 

 extension 100  mm / min 

 gauge length 100  mm  

 force measured in 
Newtons 
 

not generally 
applied to 
knitted or 
woven elastic 
fabrics, nor 
suitable for 
highly 
anisotropic or 
loose fabrics 

ISO 13937-

3:200010 Textiles - 
Tear properties of 
fabrics - 
Determination of 
tear force of wing-
shaped test 
specimens (Single 
tear method) 

force required to 
propagate a 
previously started 
tear in a specimen 
cut to form two 
wings for 
clamping inclined 
at a defined angle 
to the thread 
direction 

 specimens cut minimum  
150 mm from fabric edge, 
avoiding same 
longitudinal / transverse 
yarns, creases or faults 

 n = 5 in warp , n = 5 in 
weft  

 200 ± 2 x 100 ± 1 mm wide, 
with point (110˚ angle) at 
one end  

 100 ± 1 mm longitudinal 
cut from centre of point 

 conditioning according to 
ISO 139:2005  

 CRE tensile tester 

 one leg of specimen 
clamped centrally  in each 
jaw at an angle of 55˚  

 test completed when tear 
reaches marked point 

 tearing length 75 mm ± 2 
mm 

 extension 100  mm / min 

 gauge length 100  mm± 1 
mm  

 force measured in 
Newtons 
 

not applicable 
to knitted, 
woven elastic 
or nonwoven 
fabrics 

ISO 13937-

4:200011 Textiles - 
Tear properties of 
fabrics - 
Determination of 
tear force of 
tongue-shaped 
test specimens 
(Double tear test) 

force required to 
propagate 
previously started 
double tears when 
applied parallel to 
cut 

 specimens cut minimum  
150 mm from fabric edge, 
avoiding same 
longitudinal / transverse 
yarns, creases or faults 

 n = 5 in warp direction, n = 
5 in weft  

 220 ± 2 x 150 ± 2 mm wide 
with a tongue 100 ± 1 x 50 
± 1 mm 20 mm from one 
short end 

 conditioning according to 
ISO 139:2005  
 

 CRE tensile tester 

 tongue and legs clamped 
in separate jaws  

 test completed when tear 
reaches marked point 

 tearing length 75 ± 1 mm 
x 2 

 extension 100 ± 10 mm / 
min 

 gauge length 100 ± 1 mm 

 force measured in 
Newtons 

not applicable 
to knitted or 
woven elastic 
fabrics 

     

                                                           

9 International Organization for Standardization (2000). ISO 13937-2:2000 Textiles - Tear properties of fabrics - Part 2: 

Determination of tear force of trouser-shaped test specimens (Single tear method). Geneva, International Organization for 

Standardization. 

10 International Organization for Standardization (2000). ISO 13937-3:2000 Textiles - Tear properties of fabrics - Part 3: 

Determination of tear force of wing-shaped test specimens (Single tear method). Geneva, International Organization for 

Standardization. 

11 International Organization for Standardization (2000). ISO 13937-4:2000 Textiles - Tear properties of fabrics - Part 4: 

Determination of tear force of tongue-shaped test specimens (Double tear test). Geneva, International Organization for 

Standardization. 
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Table 2.4 cont. 

Standard test methods for tearing fabric 

b de facto international 

Standard Scope Specimens Procedure 
Fabric 
restrictions 

     

ASTM D 1424-

0912 Standard test 
method for 
tearing strength 
of fabrics by 
falling-pendulum 
(Elmendorf-type) 
apparatus 

as for ISO 13937-
1:2000 

 cut specimens on diagonal 
across sample, no closer to 
edge than one tenth fabric 
width, exclude areas 
containing creases / marks 

 n = 5 in machine, n = 5 in 
cross direction, cut to 
shape using template 

 conditioning according to 

ASTM D 177613 
 

 Elmendorf falling 
pendulum tester 

 method as for ISO 13937-
1:2000 

 tearing length 43.00 ± 0.15 
mm 

 gauge length 2.50 ± 0.25   

 force measured in 
centinewtons (cN) 

not suitable 
for fabrics 
which tear in a 
direction 
crosswise to 
the direction 
of applied 
force 

ASTM D 2261-

07a14 Standard 
test method for 
tearing strength 
of fabrics by the 
tongue (single 
rip) procedure 
(constant-rate-of-
extension tensile 
testing machine) 

measurement of 
the tearing 
strength of fabric 
by the tongue 
(single rip) 
procedure  

 cut specimens on diagonal 
across sample, no closer to 
edge than one tenth fabric 
width, exclude areas 
containing creases / marks 

 n = 5 in machine, n = 5 in 
cross direction  

 200 x 75 mm, 75 mm 
longitudinal cut along 
centre of width 

 conditioning according to 
ASTM D 1776 
 

 CRE tensile tester 

 one leg of specimen 
clamped in each jaw with 
cut aligned along 
centrelines of jaw. Test 
run until tear reaches tear 
length or torn completely 

 tearing length 75 mm 

 extension 50 ± 2 mm/min 

 gauge length 75 ± 1 mm 

 force measured in 
millinewtons (mN) 

no restrictions 
identified 

ASTM D 5587-

0815 Standard test 
method for 
tearing strength 
of fabrics by 
trapezoid 
procedure 

measurement of 
tearing strength of 
textile fabrics by 
the trapezoid 
method 

 cut specimens on diagonal 
across sample, no closer to 
edge than one tenth fabric 
width, exclude areas 
containing creases / marks 

 specimens as for ISO 9073-
4:1997 

 conditioning according to 
ASTM D 1776 
 

 CRE tensile tester 

 fabric set up as for ISO 
9073-4:1997 

 tearing length 75 mm 

 extension 300 ± 10 
mm/min 

 gauge length 25 ± 1 mm 

 force measured in 
millinewtons (mN) 

no restrictions 
identified 

     

                                                           

12 American Society for Testing and Materials (2009). ASTM D 1424-09 Standared test method for tearing strength of fabrics 

by falling-pendulum (Elmendorf-type) apparatus. Philadelphia, American Society for Testing and Materials. 

13 American Society for Testing and Materials (2008). ASTM D 1776-08e1 Standard practice for conditioning and testing 

textiles. Philadelphia, American Society for Testing and Materials. 

14 American Society for Testing and Materials (2007). ASTM D 2261-07a Standard test method for tearing strength of fabrics 

by the tongue (single rip) procedure (constant-rate-of-extension tensile testing machine). Philadelphia, American Society for 

Testing and Materials. 

15 American Society for Testing and Materials (2008). ASTM D 5587-08 Standard test method for tearing strength of fabrics 

by trapezoid procedure. Philadelphia, American Society for Testing and Materials. 
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Table 2.4 cont. 

Standard test methods for tearing fabric 

c National 

Standard Scope Specimens Procedure 
Fabric 
restrictions 

     

AS 2001.2.8-

200116 Methods 
of test for textiles 
- Physical tests - 
Determination of 
tear force of 
fabrics using the 
ballistic 
pendulum 
method 
(Elmendorf) 
 

identical to ISO 
13937-1:2000 

identical to ISO 13937-1:2000 identical to ISO 13937-1:2000 not generally 
applied to 
knitted or 
woven elastic 
fabrics  
not suitable 
for highly 
anisotropic or 
loose fabrics 

AS 2001.2.10-

198617 Methods 
of test for textiles 
- Physical tests - 
Determination of 
the tear resistance 
of woven textile 
fabrics by the 
wing-rip method 

determining the 
tear resistance of 
woven textile 
fabrics by the 
wing-rip method 

 samples must be cut 
avoiding same warp / 
weft yarns 

 n = 5 in warp direction, n = 
5 in weft  

 130  x  200 mm, 
preparations as per 
template 

 conditioning according to 

AS 2001.1-199518 
 

 testing machine (type not 
described) 

 one leg of specimen 
clamped centrally  in each 
jaw at an angle of 65˚  

 tearing length 60 mm 

 extension 100 mm / min 

 gauge length 150 ± 5 mm 

 force measured in 
Newtons 

applicable to 
woven fabrics 
provided that 
the yarns in 
the fabric do 
not withdraw 
from the 
specimen 
during the test 

AS 3706.3-200019 
Geotextiles - 
Methods of test - 
Determination of 
tearing strength - 
Trapezoidal 
method 

determining the 
tearing strength of 
geotextiles under 
in-plane loading, 
using the 
trapezoidal 
method 

 sampling and conditioning 
according to AS 

3706.1:200320  

 cut to shape using 
template 

 n = 10 

 CRE tensile tester 

 non-parallel sides of 
trapezoid clamped in 
jaws, 15 mm cut half way 
between clamps 

 tearing length 60 ± 1 mm 

 extension 300 mm / min 

 gauge length 25 ± 1 mm 

 force measured in 
kilonewtons (kN) 

applicable to 
all types of 
geotextiles, 
but has 
limitations for 
high-strength 
materials 

     

 

                                                           

16 Standards Australia (2001). AS 2001.2.8-2001 Methods of test for textiles - Physical tests - Determination of tear force of 
fabrics using the ballistic pendulum method (Elmendorf). Homebush, NSW, Standards Association of Australia. 

17 Standards Australia (1986). AS 2001.2.10-1986 Methods of test for textiles - Physical tests - Determination of the tear 
resistance of woven textile fabrics by the wing-rip method. Homebush, NSW, Standards Association of Australia. 

18 Standards Australia (1995). AS 2001.1-1995 Methods of test for textiles – Conditioning procedures. Homebush, NSW, 
Standards Association of Australia. 

19 Standards Australia (2000). AS 3706.3-2000 Geotextiles - Methods of test - Determination of tearing strength - 
Trapezoidal method. Homebush, NSW, Standards Association of Australia. 
20 Standards Australia (2003). AS 3706.1-2003 Geotextiles - Methods of test - General requirements, sampling, 
conditioning, basic physical properties and statistical analysis. Homebush, NSW, Standards Association of 

Australia. 
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2.6.2 Macroscopic examination 

Macroscopic examination with the naked eye is the primary technique for examining textiles.  

Where possible apparel should be examined and photographed with an ABFO photographic scale 

in situ before being moved and care should be taken to minimise the disturbance to fibres and 

evidence (Taupin, et al., 1999).  The position, extent and profile of any damage, including severance 

lengths, should be recorded. 

2.6.3 Optical microscopy 

Optical or light microscopy is frequently used in the evaluation of apparel as magnification of the 

specimen can provide detail that is not visible to the human eye alone (Bradbury, 1989).  Optical 

microscopy is often used for fibre identification, particularly natural fibres (Greaves and Saville, 

1995; Hearle, et al., 1998).  A record of all findings (including photographs, with a scale, where 

possible) should be made (Hearle, et al., 1998). 

2.6.4 Scanning electron microscopy (SEM) 

SEM can be used to examine fibres, yarns or fabrics.  High magnification and a large depth of field 

allows examiners to view fibre ends, surfaces, or cross-sectional area in great detail (Greaves and 

Saville, 1995; Roux, 1999).  SEM can therefore be a useful tool in analysing damage to fabrics.  In 

some instances however SEM may not be considered for use in forensic investigation as it is a 

destructive technique (samples need to be cut to fit onto the stubs which may destroy evidence), 

and is not guaranteed to provide any extra information to a case (Hearle, et al., 1998; Roux, 1999).   

A study of nylon using SEM linked fibre end deformation to the agent producing the damage 

(Stowell and Card, 1990).  Laterally compressed ends were attributed to scissor cuts, clean cuts 

attributed to knives and mushroom cap ends were caused by impact tears (Figure 2.8).  However, 

further study showed weapon types may produce more than one damage pattern (Figure 2.9) 

(Pelton, 1995).  For example scissors produced clean cut ends as well as laterally compressed ends 

and knife cuts produced all three types of damage.  Some fibre ends could not be classified as 

belonging to any category (Pelton, 1995).  Damage to cotton fibres produced more variable fibre end 

morphology due to the natural variation of the fibres and laundering, therefore the model in Figure 

2.8 may not be relevant for all fibre types (Kemp, et al., 2009).   

Hearle et al (1998) produced an atlas of over 1500 SEM images depicting different types of fibre 

damage from which they identified eighteen distinctly different categories of breaks and other fibre 

ends; some of the fracture patterns only occurred as a result of laboratory tensile tests (Figure 2.10).  

Examination using SEM is not quantitative as it is open to the subjective interpretation of the 

examiner.  Conclusions drawn from fibre end damage patterns should be considered in context of 

the larger pattern of damage (Taupin, et al., 1999).   



  

34 
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     Figure 2.8 

Classification of fibre breaks 

Scissor: a pinched lateral distortion, b pinched 
Knife (slash): c flat top with lip, d flat top 
Impact tear: e mushroom shaped, bulbous 

Low strain rate tear: f double ductile fracture, g single ductile fracture 
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Figure 2.9 

SEM images of fibre end damage 

a knife, b scissor, c tearing 
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(Hearle, et al., 1998)             

     

Figure 2.10 

Forms of fibre break and other fibre ends 

A Tensile failures: 1 brittle fracture, 2 ductile fracture, 2a variant, light-degraded nylon,  
3 high-speed, melt-spun fibre, 4 axial splits, 5 granular, 6 independent fibrillar,  

6a collapsed, 7 stake and socket 
B Fatigue: 8 tensile, 9 flex kinkband, 10 flex split, 11 biaxial rotation, bend and twist,  

12 surface wear, 13 peeling and splitting, alternative forms, 14 rounding 
C Other forms: 15 transverse pressure, 15a mangled, 15b localised, 16 sharp cut,  

17 melted, 18a natural fibre ends e.g. cotton fibre 
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2.7 Summary 

Damage to apparel is often encountered by forensic scientists when examining textile evidence. This 

review shows there are a number of gaps in the forensic literature, particularly pertaining to tearing 

damage.  Studies that have been presented in the literature tend to lack details about experimental 

design, methods and materials.  Laundering has an effect on the behaviour of fabrics and apparel 

although few studies consider this, even though it is likely that apparel examined in relation to a 

crime will have been laundered a number of time before the crime (and possibly afterwards).  It is 

critical for forensic scientists to understand the behaviour of fabrics before passing judgment on the 

cause of damage to apparel.  
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Chapter 3 

Methods 

 

3.1 Standard ambient conditions 

Fabrics were conditioned prior to specimen preparation and tested in standard conditions (20 ± 2˚C, 

65 ± 4% relative humidity; 24 hours) as described in BS EN ISO 139:2005 Textiles - Standard 

atmospheres for conditioning and testing (British Standards Institution, 2005).   

3.2 Fabrics, specimen preparation and conditioning 

3.2.1 Test fabrics 

Three fabrics commonly used in the production of knickers available in New Zealand were 

selected21.  Fabrics had the same structure (single jersey) and colour (white), and a similar mass per 

unit area (170 - 190g/m²).  Fibre content for test fabrics (as provided by the supplier22) were i 100% 

cotton, ii 92% cotton/8% elastane, and iii 92% modal/8% elastane (Figure 3.1). 

3.2.2 Control fabric 

Specimens cut from a control fabric (100% polyester, single jersey, 141g/m², 0.56mm thick) were 

tested to ensure experimental data were not affected by variations in environmental conditions, 

equipment or operator during the tear test procedure.  All control specimens were cut in the wales 

direction to allow for comparison within and among test blocks, the direction used having been 

determined during pre-testing (Appendix B). 

3.2.3 Laundering procedure 

Fabrics and dimensional stability specimens were washed using an Electrolux Wascator FOM71MP-

Lab washing machine23 (Figure 3.2a), in accordance with procedure 8A of BS EN ISO 6330:2001 + 

A1:2009 Textiles - Domestic washing and drying procedures for textile testing, then dried flat in 

accordance with procedure C of this standard (British Standards Institution, 2009).  Three levels of 

laundering were considered in this work 0 cycles, 6 cycles and 60 cycles.  Ballast (100% knitted 

polyester textured filament fabric; 310 ± 20g/m2) was added to laundering cycles to increase the 

load size to 2kg. 

3.2.4 Specimen preparation  

Specimens were cut from laundered and non-laundered fabrics according to BS EN 12751: 1999 

Textiles - Sampling of fibres, yarns and fabrics for testing (British Standards Institution, 1999).   

                                                           

21 Grant, C. Personal communication. 6 August 2009 

22 Levana Textiles Ltd, 14-20 Totara Street, Levin, New Zealand 

23 James Heal and Co Ltd., Richmond Works, Halifax HX3 6EP, England 
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Figure 3.1 

SEM images of fabric structure on technical face (i) and technical rear (ii) 

a 100 % cotton, b 92% cotton/8 % elastane, c 92% modal/8 % elastane 
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Figure 3.2 

Equipment for fabric preparation and testing 

a Electrolux Wascator FOM71MP-Lab washing machine,  
b SDL Atlas MO34A digital thickness gauge, c Instron Universal Testing Machine (Model 4464) 
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Where possible, no specimens were cut containing the same wale or course, nor were they cut 

within 50mm of the manufactured edge.   

3.3  Test procedures  

3.3.1 Fabric properties 

Mass per unit area, thickness and number of stitches per 10mm were measured on the same 

specimens, for all three fabrics at all levels of laundering.  Separate specimens were used to measure 

dimensional change.  Specimens were tested in a random order. 

Mass per unit area  

Mass per unit area (n = 5, 100 x 100mm) was calculated according to BS EN 12127: 1998 Textiles - 

Fabrics - Determination of mass per unit area using small samples (British Standards Institution, 

1998).  Mass was measured using a Mettler Toledo AT400 Balance24 accurate to 0.001 g. 

Thickness 

Thickness (n = 5, 100 x 100mm) was measured according to ISO 5084: 1996 Textiles - Determination 

of thickness of textiles and textile products using a SDL Atlas MO34A digital thickness gauge (foot 

area = 200mm2, applied pressure = 1000Pa)25 (International Organization for Standardization, 1996)  

(Figure 3.2b). 

Number of stitches per 10mm 

Number of stitches per 10mm (n = 5, 100 x 100mm) were determined according to procedure 8, 

section 2 of  BS 5441: 1988 Methods of test for knitted fabrics (British Standards Institution, 1988).  A 

Fadenzahler metal yarn counter x8 magnification (20 x 20mm foot, 17mm diameter lens, mass 

40g)26 was used to count the stitches on the technical face of the fabric in the wale and course 

directions. 

Dimensional change 

Dimensional change is the percentage change of new fabrics following laundering cycles (i.e. in this 

investigation between 0 and 6, 0 and 60 laundering cycles). Specimens (n = 5, 500 x 500mm) were 

prepared according to ISO 3759: 2007 Textiles - Preparation, marking and measuring of fabric 

specimens and garments in tests for determination of dimensional change (International 

Organization for Standardization, 2007).  Specimens were overlocked using an Elna Contessa MO 

103 overlocker27 prior to laundering using stitch type 504 (International Organization for 

                                                           

24 Metter -Toledo GmBh, Medic, Private Bag, Lower Hutt, New Zealand; capacity 405 g 

25 SDL International Ltd., PO Box 162, Crown Royal Shawcross Street, Stockport SK1 3JW, England 

26 Torquato AG, Am Spakenberg 45, D-21500 Geesthacht, Germany 

27 Elna Australasia, Unit 5, 325 Ti Rakau Drive, East Tamaki 2013, New Zealand 
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Standardization, 1991).  Reference points were hand sewn into each specimen, creating a 350 x 

350mm grid.  Measurements were taken after 0, 6 and 60 laundering cycles.  Specimens were 

laundered and dried flat after 6 and 60 cycles as described in section 3.2.3. 

Percentage change was calculated using the following equation: 

xt - xo 
 X 100 

xo 

where  

xt = original dimension (mm)    

xo = dimension measured after treatment (mm).   

3.3.2 Tear method 

Experimental design 

The experimental design for the tear experiments consisted of three factors: fabric (100% cotton, 

92% cotton/8% elastane, and 92% modal/8% elastane), number of laundering cycles (0, 6, and 60), 

and fabric direction (wale and course).  There were five replicates for each combination of factors.  

Testing was conducted in randomised blocks: each block contained one replicate of each 

combination.  Blocks were tested on separate days within the same week. 

Standard test method 

No international standard test method for tearing knitted fabrics by the application of a constant 

force was identified.  Therefore, the test method used in this study was designed after consideration 

of the relevant international standards for woven fabrics (BS EN ISO 13937-2: 2000 Textiles - Tear 

properties of fabrics - Part 2: Determination of tear force of trouser-shaped test specimens (Single 

tear method)) and for leather (BS EN ISO 3377-1:2002 Leather - Physical and mechanical tests - 

Determination of tear load - Part 1: Single edge tear) (British Standards Institution, 2000;British 

Standards Institution, 2002) .  The primary differences between the two standards are the shape and 

size of the specimen and the analysis of the resulting data.  The larger specimen size of the woven 

fabric standard was used in the current work as there was a greater tear surface with which to view 

the behaviour of the knitted fabric when torn.  However, analysis of the data followed the leather 

standard due to the selection of stable tear phase and exclusion of the end of tear phase as there 

were two modes of test completion: failing and tearing to completion (see Chapter 4.2.2).  Use and 

selection of this test method is considered in the discussion section (Chapter 5.1). 

Test specimens 

 Specimens (n = 5; wale, course) were cut according to BS EN ISO 13937-2: 2000 Textiles - Tear 

properties of fabrics - Part 2: Determination of tear force of trouser-shaped test specimens (Single 

tear method) (British Standards Institution, 2000).  Specimens measured 50 ± 1mm wide and 200 ± 

2mm long, with a longitudinal cut (100 ± 1mm) made from the centre of the width at one end 
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(Figure 3.3).  A line was drawn 25 ± 1mm from the end of the specimen at the uncut end to mark the 

completion of the test (International Organization for Standardization, 2000).  Specimens cut with 

the long side parallel to the manufactured edge are referred to as wales specimen as the pre-cut was 

in line with the wales.  Specimens cut with the long side perpendicular to the manufactured edge 

are referred to as course specimens as the pre-cut was cut in line with the courses. 

Tear tests were conducted using a bench-mounted Instron Universal Tester (Model 4464)28 fitted 

with a 100N load cell and at a test speed of 100mm/min (Figure 3.2c).  The left leg of the specimen 

was placed into the top grip of the Instron with the technical face facing forward.  The reference 

mark on the left leg of the specimen was lined up with the lower edge of the top grip.  The right leg 

was then placed into the bottom grip, technical rear facing forward.  The reference mark on the 

right leg was lined up with the top edge of the bottom grip.  The cut edge of both legs was lined up 

with the centre of both grips (Figure 3.4a, b). Both grips were tightened to 15Nm using a Norbar 

torque wrench (8 - 60Nm).29   

Tear tests were then conducted until either the tear reached the marked end point or specimen 

failure (specimen being torn in two pieces prior to reaching the end point). 

Data collection 

Force (N) vs. time (s) (no filters applied) data from the tear tests were collected digitally using a 

Powerlab® and LabChart 7® at a rate of 1000points/s.  For each specimen, the time of tear initiation 

was noted by observation and sound (first sonic cue).  This information was used to verify the first 

tear point recorded by the software. 

Data cleaning and processing 

Data were converted from LabChart7® files (.adicht) to Microsoft Excel 2007 format, and force-time 

plots graphed for each sample (ADInstruments Pty Ltd, 2009;Microsoft Corporation, 2007). 

High frequency spike points in the force-time data were replaced by the mean of the two points 

adjacent to each spike, with a check for the presence of consecutive spikes.  A spike point was 

defined as having more extreme force values compared to its surrounding points by at least 0.075N.  

The replacement of high frequency spikes ensured that the macros subsequently used identified real 

data.   

The mean of the first 500 points recorded was used to calculate a baseline for applied force.  Zero 

extension was defined as the extension at which measured force exceeded a threshold equal to the 

baseline force plus four standard deviations. 

                                                           

28 Biolab Scientific, 244 Bush Road, Albany, Private Bag 102 92222, North Shore Mail Centre, Auckland, New 

Zealand. Accuracy ± 0.05 % of reading 

29 Norbar Torque Tools Ltd, Beaumont Road, Banbury, Oxfordshire, OX16 1XJ, United Kingdom 
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Figure 3.3 

Template for tear test specimens 
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Figure 3.4 

Arrangement of tear test specimen in grips 

a Schematic diagram, b Test specimen loaded in grips 
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Data associated with tear initiation were obtained using macros written in Visual Basic version 6.5 

(Microsoft Corporation, 2006).  The tear initiation point identified by the macro was verified against 

the sonic cue from the experimental phase, and by examining graphical presentation of the data.   

Initiation of tear 

Initiation to tear parameters were calculated for each specimen: 

i Force to initiate tear (N) was defined as the difference between the threshold force and the force at 

first tear point which was taken to be the mean of the single force point at first tear and the nineteen 

prior force points to account for noise in the data. 

ii Time to initiate tear (s) was calculated as the difference of the time data associated with the 

threshold force and the force at the first tear point. 

iii The energy to initiate tear (J) was estimated using Simpson‟s rule applied between the threshold 

time and the time at first tear point; adjusted for the baseline (time increment = 1ms) (Booth, 1975).   

Tear force 

For each specimen graph the first and last peaks were identified.  A peak was defined by a 10% rise 

and fall in force either side of each maxima, with the 10% being measured relative to each peak.  

The area between the first and last peaks was divided into four equal quarters (Figure 3.5).  The first 

and fourth quarters were discarded and the remaining values for peak height were used to calculate 

tear force.   

3.4 Analysis 

Analysis of tear data was conducted on full data sets, however, data sets were reduced to every 

twentieth data point for graphing. 

3.4.1 Statistical analysis 

Statistical analysis was completed using Statistical Package for Social Sciences (SPSS®) (SPSS Inc, 

2008).   

Fabric properties 

Descriptive statistics (mean (x‾ ), standard deviation (s.d.) and coefficient of variation (CV%)) were 

calculated for physical properties (mass per unit area, thickness, stitches per 10mm and dimensional 

stability).  Mass per unit area, thickness and stitches per 10mm were calculated at each level of 

laundering (0, 6 and 60) for each fabric and analysed using univariate analysis of variance 

(ANOVA).  Dimensional change (percentage change from non-laundered fabrics (0 cycles)) was 

analysed using repeated measures ANOVA.   
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Figure 3.5 

Parameters identified for calculation of tear force 

a first peak, b area used to calculate tear force, c last peak 
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Initiation of tear 

Univariate ANOVA was conducted on force, time and energy to initiate tear using fabric, 

laundering and direction as factors.  Time and energy to initiate tear data were transformed (log10) 

to comply with normality and homogeneity of variance conditions required for the use of ANOVA.  

Tukey's tests were used to identify significance of differences among levels for fabric type and 

number of laundering cycles. 

Tear force 

Univariate ANOVA was conducted on tear force using fabric, laundering and direction as factors.  

Data were transformed (log10) to comply with normality and homogeneity of variance conditions 

required for the use of ANOVA.  Tukey's tests were used to identify significance of differences 

among levels for fabric type and number of laundering cycles. 

3.4.2 Visual Assessment  

Macroscopic analysis 

Specimens were photographed using a Sony DSLR-A200 digital camera30 on automatic settings.  

The camera was mounted on a reprostand31 at a height of 210mm.  Specimens were placed technical 

face up on a black background next to an ABFO No.2 Photomacrographic scale32. 

SEM 

A JEOL 6700 field emission SEM33 was used to examine the torn edge of selected specimens (Figure 

3.6a).  Specimens were mounted technical face up on 25mm aluminium stubs with double sided 

carbon tape and sputter coated with a 20nm thick layer of gold palladium using an Emitech K575x 

Peltier-cooled high resolution sputter coater34 (Figure 3.6b).  Each mounted specimen was removed 

from the middle of the tear to avoid potential change caused by the initiation or cessation of the tear 

test.   

Images were taken from randomly selected areas around the torn edge at different magnifications 

(e.g. x35, x750, x1000 and x2000).  Images of the damaged torn edge were compared between all 

three fabric types (100% cotton, 92% cotton/8% elastane, and 92% modal/8% elastane), 0 and 60 

laundering cycles and wale and course directions.  One failed and one torn specimen (of the same 

fabric, level of laundering and direction) were also compared. 

 

                                                           

30 Sony Electronics Inc., 16530 Via Esprillo, San Diego, CA 92127, USA 

31 Durst Phototechnik, Brixen, Italy 

32 American Board of Forensic Odontology c/- The Forensic Sciences Foundation, Inc., Colorado Springs, USA 

33 JEOL Ltd, Tokyo, Japan 

34 EM Technologies Ltd, Kent, England 
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Figure 3.6 

Equipment for microscopic analysis 

a JEOL 6700 field emission scanning electron microscope  

b Emitech K575x Peltier-cooled high resolution sputter coater
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Chapter 4 

Results 

4.1 Fabric structural properties 

Fabric structural properties are summarised in Tables 4.1 - 4.4. 

4.1.1  Mass per unit area  

Fabric type was the dominant factor (F2,36 = 444.53, p ≤ 0.001) (Table 4.1ii).  All three fabrics differed 

(Table 4.1iv).  The 92% modal/8% elastane fabric was the heaviest, while the 100% cotton was the 

lightest (218-220g/m2, 176-182g/m2 respectively) (Table 4.1i).  Laundered fabrics (6 and 60 cycles) 

were different to non-laundered fabrics (0 cycles) (F2,36 = 23.71, p ≤ 0.001) (Table 4.1ii, iii).  Overall, 

laundering increased the mass per unit area of the fabrics (Table 4.1iii).  The greatest variability 

among all specimens occurred after 60 laundering cycles for all three fabrics (CV% = 1.09-3.90) 

(Table 4.1i).  

Fabrics differed in their response to laundering (F4,36 = 11.65, p ≤ 0.001) (Table 4.1ii).  The 100% 

cotton and 92% modal/8% elastane fabrics behaved similarly, increasing between 0 and 6 

laundering cycles then decreasing between 6 and 60 laundering cycles, however the amount of 

change differs.  The 92% cotton/8% elastane fabric became heavier after all levels of laundering 

(Table 4.1i).  Differences attributable to fabric type and/or laundering, although statistically 

significant, were unlikely to be of practical significance. 

4.1.2 Thickness 

Fabric type was the dominant factor (F2,36 = 306.33, p ≤ 0.001) (Table 4.2ii).  All three fabrics differed 

in thickness (Table 4.2iv).  The 92% cotton/8% elastane fabric was the thickest, while the 100% 

cotton fabric was the thinnest (0.92-0.96mm; 0.76-0.80mm respectively) (Table 4.2i).  The 92% 

modal/8% elastane fabric was the most variable (CV% = 1.51-3.84) (Table 4.2i).  Fabric thickness 

was affected by laundering (F2,36 = 7.54, p ≤ 0.01) (Table 4.2ii).  Thickness at 6 cycles was similar to 

that at both 0 and 60 laundering cycles; however, differences were detected between 0 and 60 

laundering cycles (Table 4.2iii).   

Fabrics differed in their response to laundering (F4,36 = 22.59, p ≤ 0.001) (Table 4.2ii).  The 100% 

cotton fabric was similar after 6 laundering cycles before becoming thinner after 60 cycles.  The 92% 

modal/8% elastane fabric became thinner between 0 and 6 laundering cycles while remaining stable 

between 6 and 60 cycles.  The 92% cotton/8% elastane fabric became thicker after all levels of 

laundering (Table 4.2i).  Differences attributable to fabric type and/or laundering, although 

statistically significant, were unlikely to be of practical significance. 
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Table 4.1 

Mass per unit area (n = 5; g/m2) 
Differences among fabrics, with laundering cycles 

 
i selected descriptive statistics 

fabric number of 
laundering 

cycles 

mean s.d. C.V. 
(%) 

min. max. 

       

100% cotton 0 175.86 1.61 0.92 174.22 177.80 

 6 181.65 0.78 0.43 180.83 182.64 

 60 180.92 1.98 1.09 178.71 184.02 

       

92% cotton/ 0 194.48 0.79 0.41 193.49 195.35 

8% elastane  6 210.76 2.09 0.99 209.00 214.17 

 60 215.10 3.03 1.41 210.81 218.93 

       

92% modal/ 0 218.66 3.09 1.41 214.97 222.30 

8% elastane  6 219.81 4.52 2.06 215.05 225.98 

 60 218.05 8.50 3.90 209.75 230.62 

       

 
ii univariate analysis of variance  

source of variation SS d.f. MS F p≤ 

      
between-specimen effects      

laundering 650.821 2 325.411 23.713 0.001 
fabric 12200.261 2 6100.130 444.531 0.001 
laundering*fabric 639.352 4 159.838 11.648 0.001 
error 494.015 36 13.723   

      

 
iii Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
0 196.33 15  
6 204.07 15  

60 204.69 15  
    

 
iv Tukey's HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
100% cotton 179.48 15  
92% cotton/8% elastane 206.78 15  
92% modal/8% elastane 218.84 15  
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Table 4.2 

Thickness (n = 5; 1000Pa; mm) 
Differences among fabrics, with laundering cycles 

 
i selected descriptive statistics 

fabric number of 
laundering 

cycles 

mean s.d. C.V. 
(%) 

min. max. 

       
100% cotton 0 0.80 0.01 1.25 0.78 0.81 
 6 0.80 0.02 2.50 0.78 0.82 
 60 0.76 0.02 2.63 0.75 0.79 
       
92% cotton/ 0 0.92 0.01 1.09 0.90 0.92 
8% elastane 6 0.95 0.02 2.11 0.92 0.96 
 60 0.96 0.02 2.08 0.94 0.98 
       
92% modal/  0 0.89 0.02 2.25 0.87 0.91 
8% elastane 6 0.81 0.01 1.23 0.79 0.82 

 60 0.81 0.03 3.70 0.78 0.86 
       

 
ii univariate analysis of variance  

source of variation SS d.f. MS F p≤ 

      
between-specimen effects      

laundering 0.004 2 0.002 7.542 0.010 
fabric 0.178 2 0.089 306.328 0.001 
laundering*fabric 0.026 4 0.007 22.588 0.001 
error 0.010 36 0.000   

      

 
iii Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
60 0.84 15  

6 0.85 15  
0 0.87 15  

    

 
iv Tukey's HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
100% cotton 0.79 15  
92% modal/8% elastane  0.84 15  
92% cotton/8% elastane 0.94 15  
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Table 4.3 

Stitches per 10 mm (n = 5; stitches/10mm) 
Differences among fabrics, with laundering cycles 

 
i selected descriptive statistics  

fabric fabric 
direction 

number of 
laundering 

cycles 

mean  s.d.  C.V.  
(%) 

min.  max.  

        
100% cotton wales 0 16.0 0.00 0.00 16.0 16.0 
  6 16.6 0.55 3.31 16.0 17.0 
  60 16.2 0.45 2.78 16.0 17.0 
 courses 0 12.0 0.00 0.00 12.0 12.0 
  6 11.8 0.27 2.29 11.5 12.0 
  60 11.7 0.27 2.31 11.5 12.0 
   

     
92% cotton/ wales 0 26.6 0.55 2.07 26.0 27.0 
8% elastane  6 29.2 0.45 1.54 29.0 30.0 
  60 28.4 1.14 4.01 27.0 30.0 
 courses 0 15.8 0.45 2.85 15.0 16.0 
  6 15.7 0.45 2.87 15.0 16.0 
  60 16.0 0.00 0.00 16.0 16.0 
   

     
92% modal/ wales 0 27.6 0.55 1.99 27.0 28.0 
8% elastane  6 28.0 1.00 3.57 27.0 29.0 
  60 27.2 0.84 3.09 26.0 28.0 
 courses 0 17.6 0.55 3.13 17.0 18.0 
  6 17.2 0.45 2.62 17.0 18.0 
  60 17.4 0.55 3.16 17.0 18.0 
   

     
 
ii univariate analysis of variance  

source of variation SS d.f. MS F p≤ 

      
between-specimen effects       
wales      

laundering 10.844 2 5.422 11.349 0.001 
fabric 1339.511 2 669.756 1401.814 0.001 
laundering*fabric 9.422 4 2.356 4.930 0.010 
error 17.200 36 0.478   

courses      
laundering 0.411 2 0.206 1.370 NS 
fabric 247.211 2 123.606 824.037 0.001 
laundering*fabric 0.456 4 0.114 0.759 NS 
error 5.400 36 0.150   

      

 
iii Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
wales    

0 23.40 15  
60 23.93 15  

6 24.60 15  
(courses NS)    
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iv Tukey's HSD multiple comparisons test - fabric 
fabric mean n Tukey's groupings 

    
wales    
100% cotton 16.27 15  
92% modal/8% elastane 27.60 15  
92% cotton/8% elastane 28.07 15  
courses    
100% cotton 11.83 15  
92% cotton/8% elastane 15.83 15  
92% modal/8% elastane 17.40 15  
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Table 4.4 

Dimensional change (n = 5; %) 
Differences among fabrics, with laundering cycles 

 
i selected descriptive statistics 

fabric laundering 
cycles 

fabric 
direction 

mean  s.d.  C.V. 
(%)  

min.  max.  

        
100% cotton 0-6 wales -5.65 0.99 17.52 -7.16 -3.75 
  courses 1.05 1.05 100.00 -0.85 3.44 
 0-60 wales -6.40 0.98 15.31 -8.07 -4.60 
  courses 5.15 1.13 21.94 2.56 7.06 
        
92% cotton/ 0-6 wales -5.87 0.54 9.20 -6.67 -4.86 
8% elastane  courses -1.01 0.51 50.50 -2.01 -0.28 
 0-60 wales -6.68 0.73 10.93 -8.12 -5.71 
  courses -0.86 0.71 82.56 -1.72 0.87 
        
92% modal/ 0-6 wales -3.54 0.52 14.60 -4.39 -2.64 
8% elastane  courses 1.75 0.55 31.43 0.85 2.29 
 0-60 wales -2.84 0.70 24.65 -3.80 -1.47 
  courses 3.76 1.02 27.13 1.42 5.16 
        

 
ii repeated measures analysis of variance 

source of variation SS d.f. MS F p≤ 

       
wales      
within-specimen effects       

laundering 0.617 1 0.617 6.998 0.050 
laundering*fabric 3.659 2 1.830 20.761 0.001 
error 1.058 12 0.088   

between-specimen effects       
fabric 58.584 2 29.292 72.583 0.001 
error 4.843 12 0.404   

courses      
within-specimen effects      

laundering  32.743 1 32.743 134.875 0.001 
laundering*fabric 19.488 2 9.744 40.137 0.001 
error 2.913 12 0.243   

between-specimen effects      
fabric 99.950 2 49.975 124.328 0.001 
error 4.824 12 0.402   

      

 
iii Tukey‟s HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
wales    
92% cotton/8% elastane -6.27 5  
100% cotton -6.02 5  
92% modal/8% elastane -3.19 5  
courses    
92% cotton/8% elastane -0.94 5  
92% modal/8% elastane 2.75 5  
100% cotton 3.10 5  
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4.1.3 Number of stitches per 10mm 

In the wale direction, fabric type was the dominant factor (F2,36 = 1401.81, p ≤ 0.001) (Table 4.3ii).  

The 100% cotton fabric had fewer stitches than the 92% cotton/8% elastane and 92% modal/8% 

elastane fabrics, which were similar to each other (16, 28, 28 respectively) (Table 4.3i, iv).  

Laundering affected the number of stitches (F2,36 = 11.35, p ≤ 0.001) (Table 4.3ii).  Fabrics that had 

been laundered for 6 cycles had more stitches than new fabrics; however there was no difference 

between 0 and 60 laundering cycles (Table 4.3iii).  Although this is showing as statistically 

significant given the means, standard deviations and the ranges it is unlikely to be relevant.  Fabrics 

differed in their response to laundering (F4,36 = 4.93, p ≤ 0.01) (Table 4.3ii).  For all three fabrics the 

number of stitches increased between 0-6 laundering cycles and decreased between 6-60 laundering 

cycles, however, the amount of change varied (Table 4.3i). 

In the course direction, fabric type was the dominant factor (F2,36 = 824.04, p ≤ 0.001) (Table 4.3ii); all 

fabrics were different when compared to each other (Table 4.3iv).  The 92% modal/8% elastane 

fabric had the greatest number of stitches, while the 100% cotton had the least (17, 12 respectively) 

(Table 4.3iv).  Laundering had no effect and fabrics did not differ in their response to laundering 

(F2,36 = 1.37, p = NS; F4,36 = 0.76, p = NS) (Table 4.3ii).   

Differences in either direction attributable to fabric type and/or laundering, where statistically 

significant, were unlikely to be of practical significance. 

4.1.4 Dimensional change 

In the wale direction, the dominant factor was fabric type (F2,12 = 72.58, p ≤ 0.001) (Table 4.4ii).  All 

fabrics shrank.  On average the 100% cotton and the 92% cotton/8% elastane fabrics shrank 

approximately 6%, while the 92% modal/8% elastane fabric shrank approximately 3% (Table 4.4iii).  

Laundering affected dimensional change (F1,12 = 7.00, p ≤ 0.05) (Table 4.4ii).  All fabrics show change 

between 0-6 and 0-60 laundering cycles in the wale direction, however, the amount of change 

differed (F2,12 = 20.76, p ≤ 0.001) (Table 4.4ii).   

In the course direction, the dominant factor was laundering, followed by fabric type (F1,12 = 134.88, 

p ≤ 0.001; F2,12 = 124.33, p ≤ 0.001) (Table 4.4ii).  Increased laundering caused fabrics to extend (Table 

4.4i).  The 100% cotton and the 92% modal/8% elastane fabrics both extended approximately 3% 

while the 92% cotton/8% elastane fabric shrank less than 1% (Table 4.4iii).  Fabrics differed in their 

response to laundering (F2,12 = 40.14, p ≤ 0.001) (Table 4.4ii).  Changes between 0-6 and 0-60 

laundering cycles were greatest in the 100% cotton fabric (approximately 4% difference).  The 92% 

cotton/8% elastane fabric shows approximately 0.2% difference between 0-6 and 0-60 laundering 

cycles, while the 92% modal/8% elastane fabric  shows approximately 2% difference (Table 4.4i).  
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4.2  Mechanical properties 

4.2.1 Control specimens 

Tear force was compared among blocks of control specimens, which did not differ significantly (F9,39 

= 0.84, p = NS) (Appendix B, Table B.1).  Experimental data were not affected by variations in 

environmental conditions, equipment or operator during the tear test procedure. 

4.2.2 General observations 

Some wale direction specimens of the 92% cotton/8% elastane and 92% modal/8% elastane fabrics 

did not tear vertically, but tore horizontally across the specimen to the specimen edge (referred to in 

this thesis as a failed specimen, rather than a torn specimen) (e.g. Figure 4.1).  In these instances 

tearing began vertically but veered off horizontally prior to the end of the test.  Laundering the 

fabrics that contained elastane affected the tear response of the specimen in the wales direction; 

increasing the number of laundering cycles seemed to decrease the number of times failure 

occurred.  For the 92% cotton/8% elastane fabric all non-laundered specimens failed, three of the 6 

laundering cycle specimen failed while no specimens failed after being laundered 60 times.  For the 

92% modal/8% elastane fabric all 0 and 6 laundering cycle specimens failed, while 2 specimens that 

had been laundered 60 times failed.   

All course direction specimens tore vertically through to the marked point.  All 100% cotton 

specimens tore vertically to the marked point regardless of direction, or the number of laundering 

cycles.  In total 21 of 90 specimens failed.  All specimens were used in analysis regardless of how 

they failed as this best represented „real life‟.   

4.2.3  Initiation of tear 

Initiation of tear data are summarised in Table 4.5. 

Force to initiate tear 

Force required to initiate tear was affected by fabric type and test direction (F2,72 = 104.67, p ≤ 0.001; 

F1,72 = 16.62, p ≤ 0.001) (Table 4.5aii).  All three fabrics required different force (Table 4.5aiii).  The 

100% cotton fabric was the strongest, requiring almost twice the force as the weakest; the 92% 

modal/8% elastane fabric (12.12 N, 6.43N) (Table 4.5aiii).  Tearing in the course direction required 

more force than the in wale direction (Table 4.5ai).  At least one fabric behaved differently from the 

others when laundered (F4,72 = 3.88, p ≤ 0.01) (Table 4.5aii).  With an increased number of laundering 

cycles the force required to initiate tear of the two fabrics containing elastane decreased, however, 

the force to initiate tear of the 100% cotton increased (Figure 4.2). 

Time to initiate tear 

Time required to initiate tear was affected by fabric type, test direction and laundering (F2,72 = 

1558.55, p ≤ 0.001; F1,72 = 949.95, p ≤ 0.001; F2,72 = 19.43, p ≤ 0.001) (Table 4.5bii).  All three fabrics 

required different lengths of time.  The 92% cotton/8% elastane fabric was the slowest, taking more  
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Figure 4.1 

Failure mechanisms 

a specimen torn vertically, b specimen failed horizontally 
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Table 4.5 

Initiation of tearing 
Differences among fabrics, with laundering cycles 

 
a Force to initiate tearing (n = 5; N) 
i selected descriptive statistics 

fabric number of 
laundering 

cycles 

direction mean s.d. CV 
(%) 

min. max. 

        
100% cotton 0 wales 11.10 2.17 19.55 9.12 14.44 

  courses 12.26 0.74 8.12 11.18 13.18 
 6 wales 10.47 0.85 13.61 9.47 11.71 
  courses 13.41 1.63 6.04 11.82 15.91 
 60 wales 12.56 1.71 12.16 10.66 15.29 
  courses 12.89 0.60 4.65 12.08 13.59 
        

92% cotton/  0 wales 9.86 2.06 20.89 7.07 11.90 
8% elastane  courses 11.33 1.11 25.65 10.04 12.84 

 6 wales 8.85 2.27 25.32 5.32 11.13 
  courses 10.51 1.24 9.80 9.08 11.77 
 60 wales 8.49 2.15 11.80 6.18 11.89 
  courses 10.14 2.62 25.84 6.85 13.61 
        

92% modal/  0 wales 6.67 1.70 25.49 4.08 8.67 
8% elastane  courses 8.68 1.02 20.38 7.40 10.11 

 6 wales 6.33 1.29 9.46 5.18 7.79 
  courses 6.87 0.28 11.75 6.54 7.18 
 60 wales 4.97 0.47 4.08 4.46 5.57 
  courses 5.05 0.88 17.43 3.98 6.01 
        

 
ii univariate analysis of variance   

source of variation SS d.f. MS F p≤ 

      
between-specimen effects      
laundering 14.136 2 7.068 3.009 NS 
fabric 491.740 2 245.870 104.672 0.001 
direction 39.027 1 39.027 16.615 0.001 
laundering *fabric 36.426 4 9.106 3.877 0.010 
laundering *direction 4.539 2 2.270 0.966 NS 
fabric*direction 2.223 2 1.111 0.473 NS 
laundering *fabric*direction 9.488 4 2.372 1.010 NS 
error 169.126 72 2.349   
      

 
iii Tukey's HSD multiple comparisons test - fabric 

Fabric mean n Tukey's groupings 

    
92% modal/8% elastane 6.43 30  
92% cotton/8% elastane 9.86 30  
100% cotton 12.12 30  
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Table 4.5 cont. 

Initiation of tearing 
Differences among fabrics, with laundering cycles 

 
b Time to initiate tear (n = 5; s) 
i selected descriptive statistics 

fabric number of 
laundering 

cycles 

direction mean  
 

s.d. 
 

CV 
(%) 

min. 
 

max. 
 

        
100% cotton 0 wales 32.95 3.14 9.53 30.50 38.42 

  courses 66.95 3.00 3.34 62.69 70.52 
 6 wales 33.50 1.12 6.80 31.80 34.57 
  courses 64.20 2.41 4.48 61.68 68.12 
 60 wales 35.40 2.41 3.75 33.83 39.66 
  courses 63.51 2.00 3.15 61.41 65.98 
        

92% cotton/  0 wales 95.36 5.34 5.60 87.22 101.92 
8% elastane  courses 122.06 4.06 9.17 117.85 127.07 

 6 wales 95.67 8.77 7.38 81.23 102.54 
  courses 110.45 4.76 3.33 103.93 115.29 
 60 wales 96.23 7.10 4.31 87.00 105.75 
  courses 112.23 11.33 10.10 96.74 125.65 
        

92% modal/  0 wales 85.25 5.98 7.01 76.36 92.51 
8% elastane  courses 133.46 4.45 4.51 126.16 138.28 

 6 wales 79.79 3.60 2.41 75.73 84.31 
  courses 110.28 2.00 3.33 107.97 113.35 
 60 wales 72.12 1.74 1.81 70.36 74.82 
  courses 94.23 7.93 8.42 84.53 104.64 
        

 
ii univariate analysis of variance (log10)  

source of variation SS d.f. MS F p≤ 

      
between-specimen effects      
laundering 0.027 2 0.013 19.434 0.001 
fabric 2.145 2 1.073 1558.547 0.001 
direction 0.654 1 0.654 949.952 0.001 
laundering*fabric 0.039 4 0.010 14.181 0.001 
laundering*direction 0.014 2 0.007 9.994 0.001 
fabric*direction 0.159 2 0.079 115.480 0.001 
laundering*fabric*direction 0.001 4 0.000 0.528 NS 
error 0.050 72 0.001   
      

 
iii Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
60 78.95 30  

6 82.32 30  
0 89.34 30  

    

 
iv Tukey's HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
100% cotton 49.42 30  
92% modal/8% elastane 95.85 30  
92% cotton/8% elastane 105.33 30  
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Table 4.5 cont. 

Initiation of tearing 
Differences among fabrics, with laundering cycles 

 
c Energy to initiate tear (n = 5; J) 
i selected descriptive statistics 

fabric number of 
laundering 

cycles 

direction mean  
 

s.d. 
 

CV 
(%) 

min. 
 

max. 
 

        
100% cotton 0 wales 0.173 0.054 31.21 0.129 0.264 

  courses 0.401 0.031 8.64 0.352 0.438 
 6 wales 0.162 0.014 19.81 0.148 0.184 
  courses 0.414 0.051 7.73 0.373 0.502 
 60 wales 0.212 0.042 12.32 0.174 0.284 
  courses 0.413 0.025 6.05 0.390 0.447 
        

92% cotton/  0 wales 0.384 0.080 20.83 0.276 0.479 
8% elastane  courses 0.605 0.061 27.61 0.546 0.690 

 6 wales 0.373 0.103 27.20 0.213 0.465 
  courses 0.537 0.067 10.08 0.458 0.604 
 60 wales 0.386 0.105 12.48 0.270 0.550 
  courses 0.568 0.168 29.58 0.364 0.803 
        

92% modal/  0 wales 0.222 0.053 23.87 0.141 0.283 
8% elastane  courses 0.464 0.046 19.05 0.398 0.509 

 6 wales 0.210 0.040 11.83 0.175 0.263 
  courses 0.341 0.005 9.91 0.335 0.348 
 60 wales 0.169 0.020 1.47 0.150 0.200 
  courses 0.249 0.054 21.69 0.185 0.317 
        

 
ii univariate analysis of variance (log10)  
source of variation SS d.f. MS F p≤ 

      
between-specimen effects      
laundering 0.045 2 0.022 3.260 0.050 
fabric 1.137 2 0.569 82.477 0.001 
direction 1.504 1 1.504 218.094 0.001 
laundering *fabric 0.170 4 0.043 6.174 0.001 
laundering *direction 0.036 2 0.018 2.582 NS 
fabric*direction 0.126 2 0.063 9.162 0.001 
laundering *fabric*direction 0.020 4 0.005 0.719 NS 
error 0.496 72 0.007   
      

 
iii Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
60 0.33 30  

6 0.34 30  
0 0.37 30  

    

 
iv  Tukey's HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
92% modal/8% elastane 0.28 30  
100% cotton 0.30 30  
92% cotton/8% elastane 0.48 30  
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Figure 4.2 

Factor interactions for force to initiate tear 

fabric x laundering 

Error bars are ± 1 SE  
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than twice as long than the quickest; the 100% cotton (49.42s, 105.33s respectively) (Table 4.5biv).  

Tearing in the course direction took longer than the wale direction (Table 4.5bi).  Non-laundered 

fabrics (0 cycles) were different to those which have been laundered (6 and 60 cycles); laundering 

decreased time to initiate tear (0 cycles = 89.34s; 6 cycles = 82.32s; 60 cycles = 78.95s) (Table 4.5biii).   

Differences between directions varied depending on fabric type (F2,72 = 115.48, p ≤ 0.001) (Table 

4.5bii).  In all fabrics tearing was initiated in the wale direction earlier than the course direction, but 

the amount of variation between the directions differed (Figure 4.3a).  Fabrics differed in their 

response to laundering (F4,72 = 14.18, p ≤ 0.001) (Table 4.5bii).  Both fabrics containing cotton 

changed little with increased laundering, while the 92% modal/8% elastane fabric initiated earlier 

with increased laundering (Figure 4.3b).  Difference between direction varied depending on the 

level of laundering (F2,72 = 9.99, p ≤ 0.001) (Table 4.5bii).  Specimens torn in the wale direction show 

minimal change with increased laundering.  Specimens torn in the course direction were slower 

when levels of laundering increased (Figure 4.3c). 

Energy to initiate tear 

Energy required to initiate tear was affected by test direction, fabric type and laundering (F1,72 = 

218.09, p ≤ 0.001; F2,72 = 82.48, p ≤ 0.001; F2,72 = 3.26, p ≤ 0.05) (Table 4.5cii).  Tearing in the course 

direction required more energy than in the wale direction (Table 4.5ci).   The 92% cotton/8% 

elastane fabric required more energy than the 100% cotton or 92% modal/8% elastane fabrics which 

require similar amounts of energy (0.48J, 0.30J, 0.28J respectively) (Table 4.5civ).  Non-laundered 

fabrics (0 cycles) require the most energy (0.37J).  Results for 6 laundering cycles were similar to 

both 0 and 60 laundering cycles, however, differences were detected between 0 and 60 laundering 

cycles (Table 4.5ciii).   

Differences between directions varied depending on fabric type (F2,72 = 9.16, p ≤ 0.001) (Table 4.5cii).  

100% cotton fabric had the greatest difference between the wale and course directions (Figure 4.4a).  

Fabrics differed in their response to laundering (F4,72 = 6.17, p ≤ 0.001) (Table 4.5cii).  The energy 

required to tear 100% cotton fabric increased over the three levels of laundering (Figure 4.4b).  The 

92% cotton/8% elastane fabric required similar amounts of energy over the three levels of 

laundering.  The energy required for the 92% modal/8% elastane fabric decreased with the 

increased number of laundering cycles.  

4.2.4 Tear force 

Tear force data are summarised in Table 4.6.  Typical tear force graphs for each combination of 

factors are presented in Figure 4.5. 

Tear force was affected by fabric type, laundering and test direction (F2,72 = 329.71, p ≤ 0.001; F2,72 = 

96.21, p ≤ 0.001; F1,72 = 21.22, p ≤ 0.001) (Table 4.6ii).  The 100% cotton and 92% cotton/8% elastane 

fabrics have similar values, while the 92% modal/8% elastane fabric required less force (13.01N,  
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Figure 4.3 

Factor interactions for time to initiate tear  

a fabric x direction, b fabric x laundering, c laundering x direction 

Error bars are ± 1 SE  
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Figure 4.4 

Factor interactions for energy to initiate tear  

a fabric x direction, b fabric x laundering 

Error bars are ± 1 SE  
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Table 4.6 

Tear force (n = 5; N) 
Differences among fabrics, with laundering cycles 

 
i  selected descriptive statistics 

fabric number of 
laundering 

cycles 

direction mean s.d. CV 
(%) 

min. max. 

        
100% cotton 0 wales 14.29 1.70 11.90 12.06 16.31 

  courses 14.97 1.25 4.65 12.89 16.23 
 6 wales 11.62 0.54 1.63 10.84 12.11 
  courses 13.49 1.49 8.35 11.25 15.36 
 60 wales 10.40 0.17 11.05 10.18 10.65 
  courses 13.31 1.28 9.62 11.47 15.01 
        

92% cotton/  0 wales 14.26 1.87 13.11 12.67 17.14 
8% elastane  courses 14.68 0.46 6.80 14.20 15.26 

 6 wales 11.77 0.80 2.93 10.77 12.60 
  courses 14.96 0.58 3.13 14.30 15.64 
 60 wales 10.58 0.31 3.88 10.06 10.85 
  courses 13.57 0.46 3.39 13.13 14.19 
        

92% modal/  0 wales 10.62 0.64 6.13 9.89 11.34 
8% elastane  courses 9.35 0.43 5.74 8.72 9.87 

 6 wales 10.46 0.60 5.91 9.46 11.05 
  courses 8.43 0.66 4.60 8.06 9.60 
 60 wales 6.94 0.41 7.83 6.45 7.41 
  courses 6.96 0.19 2.73 6.76 7.17 
        

 
ii  univariate analysis of variance (log10)  
source of variation SS d.f. MS F p≤ 

      
between-specimen effects      
main effects      
laundering 0.185 2 0.092 96.206 0.001 
fabric 0.633 2 0.316 329.713 0.001 
direction 0.020 1 0.020 21.219 0.001 
laundering *fabric 0.034 4 0.009 8.969 0.001 
laundering *direction 0.023 2 0.011 11.970 0.001 
fabric*direction 0.071 2 0.036 37.041 0.001 
laundering *fabric*direction 0.011 4 0.003 2.912 0.050 
error 0.069 72 0.001   
      

 
iii  Tukey's HSD multiple comparisons test - laundering 

laundering cycles mean n Tukey's groupings 

    
60 10.29 30  

6 11.79 30  
0 13.03 30  

    

 
iv  Tukey's HSD multiple comparisons test - fabric 

fabric mean n Tukey's groupings 

    
92% modal/8% elastane 8.79 30  
100% cotton 13.01 30  
92% cotton/8% elastane 13.31 30  
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Figure 4.5 

Typical examples of force patterns during tearing for 100 % cotton 

a  wales, b  courses 
i  0 laundering cycles, ii  6 laundering cycles, iii  60 laundering cycles
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Figure 4.5 cont. 

Typical examples of force patterns during tearing for cotton / elastane blend 

a  wales, b  courses 
i  0 laundering cycles, ii  6 laundering cycles, iii  60 laundering cycles 
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Figure 4.5 cont. 

Typical examples of force patterns during tearing for modal / elastane blend 

a  wales, b  courses 
i  0 laundering cycles, ii  6 laundering cycles, iii  60 laundering cycles 
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13.31N, 8.79N respectively) (Table 4.6iv).  Laundering decreased the amount of force required (0 

cycles = 13.03N; 6 cycles = 11.79N; 60 cycles = 10.29N) (Table 4.6iii).  Specimens in the course 

direction were stronger (i.e. more resistant to tearing) than the wale direction (12.19N, 11.22N 

respectively). 

Differences between directions varied depending on fabric type (F2,72 = 37.04, p ≤ 0.001) (Table 4.6ii).  

The 100% cotton and 92% cotton/8% elastane fabrics were stronger in the course direction than the 

wale direction.  The 92% modal/8% elastane fabric was stronger in the wale direction than the 

course direction (Figure 4.6a).  Differences between direction varied depending on the level of 

laundering (F2,72 = 11.97, p ≤ 0.001) (Table 4.6ii).  Both the wale and course directions required 

similar force to tear when the fabric was new (0 cycles); laundering lead to a reduction in tear force, 

however, the reduction in the wale direction was greater than the course direction (Figure 4.6b).  

Fabrics differed in their response to laundering (F4,72 = 8.97, p ≤ 0.001) (Table 4.6ii).  The 92% 

cotton/8% elastane fabric became steadily less resistant to tearing with increased laundering cycles.  

The 100% cotton fabric had the largest decrease between 0 and 6 laundering cycles.  The 92% 

modal/8% elastane fabric has the largest decrease between 6 and 60 laundering cycles (Figure 4.6c).   

   

4.3 Visual assessment 

Three fibres of differing size and shape were identified using SEM.  The first fibre gave the 

impression of twisted ribbons and was present in the 100% cotton and 92% cotton/8% elastane 

fabrics.  The remaining two fibres were both man-made and had smooth surfaces but differed in 

size and shape.  One was approximately 70µm in diameter, was found in both the 92% cotton/8% 

elastane and 92% modal/8% elastane fabrics, made up of three parts and presented as either a flat 

linear or a trilobal (triangular) arrangement.  The other was smaller, just under 10µm in diameter, 

had varying number of lobes and was located in only the 92% modal/8% elastane fabric. Based on 

the information provided by the manufacturer regarding the fibre content of the fabrics, SEM 

images and the published literature, the three fibres were identified as cotton, elastane and modal 

(Figure 4.7).  Cotton fibres were also identified in two of the four 92% modal/8% elastane 

specimens examined under SEM.   

Macroscopic images of torn specimens are presented in Figure 4.8.  The severed edges curled over 

in all three fabrics: the 92% modal/8% elastane curled less than the two fabrics containing cotton.  

The extent of curling seemed to be influenced by direction and laundering, more obvious in the 

course direction and after 60 laundering cycles.  Specimens in the course direction extended more 

than the wale direction in all fabrics.  The 92% cotton/8% elastane and 92% modal/8% elastane 

fabrics stretched more than the 100% cotton during the test procedure.  However, the 100% cotton 

specimens were more distorted after the test than the fabrics containing elastane, with elastane 

contributing the capacity to recover.  
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Figure 4.6 

Factor interactions for tear force  

a fabric x direction, b laundering x direction, c fabric x laundering 

Error bars are ± 1 SE  
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Figure 4.7 

Individual fibre types x750 magnification 

a cotton, b elastane, c modal 
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Figure 4.8 

Macroscopic images of torn 100% cotton specimens 

w wale direction, c course direction 
0 zero, 6 six, 60 sixty laundering cycles 
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Figure 4.8 cont. 

Macroscopic images of torn 92% cotton/8% elastane specimens 

w wale direction, c course direction 
0 zero, 6 six, 60 sixty laundering cycles 
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Figure 4.8 cont. 

Macroscopic images of torn 92% modal/8% elastane specimens 

w wale direction, c course direction 
0 zero, 6 six, 60 sixty laundering cycles 
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Images of the torn edge of specimens at x35 magnification are presented in Figure 4.9.  Note that 

these were restricted to specimens laundered 0 and 60 times.  The appearance under SEM of 

laundered fabrics showed a more uniform tear edge.  100% cotton specimens had more uniform tear 

edges than the 92% cotton/8% elastane and 92% modal/8% elastane fabrics.  Loops and loose yarns 

at the severance edge were seen in specimens torn in the course direction; a similar appearance was 

evident with failed wale specimens.  Wale specimens which tore through to completion had more 

uniform edges that those which failed.  There was no visible difference in fibre end morphology 

between wale and course directions. 

Fibre damage which could be attributed to laundering was evident only on fibres which were part 

of the external surface of the fabric.   Fibres on the inside of the fabric were not as exposed to the 

mechanical forces of the washing machine.  Torn fabric revealed undamaged fibres; therefore, most 

of the fibres visible along the tear edge do not exhibit surface damage.   

Cotton fibres from the 100% cotton and the 92% cotton/8% elastane displayed similar fibre end 

morphology (Figure 4.10).  Cotton fibre ends in specimens laundered 60 cycles were more jagged 

than those from non-laundered specimens.  In the 92% cotton/8% elastane fabric non-laundered 

elastane fibres presented in a flat linear arrangement, while after 60 laundering cycles the elastane 

fibres presented in a trilobal arrangement (Figure 4.11).  Laundering is unlikely to have physically 

changed the arrangement of the fibres.  Only one specimen from each combination of factors (fabric, 

laundering level (0, 60) and direction) were examined under SEM, therefore, both arrangements 

were likely to be present but were not detected at the point of tear.  Elastane fibres were easier to 

locate in the torn edge of non-laundered fabrics.  Modal fibres were the most variable in 

morphology of the fibre end (Figure 4.12).  On the outer surface of the fabric, fibres began to 

degrade with laundering, and after 60 laundering cycles most fibres exhibited surface peeling.    

Differences were visible between failed and torn specimens at the macroscopic and x35 

magnification (Figure 4.13).  Under magnification the direction of the tear in failed specimens did 

not follow the wales, instead tearing across them at an angle leaving a more uneven edge.  

Individual fibre ends showed no visual difference that could be attributed to directionality (Figure 

4.11 and 4.12) 
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Figure 4.9 

SEM images of the torn edge of 100% cotton specimens 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.9 cont. 

SEM images of the torn edge of 92% cotton/8% elastane specimens 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 



    

79 

 

 

 
       w0       w0 
   failed     failed 
 

 

 

 

 

 

 

 

 
     w60     w60 
   failed     torn 
 

 

 

 

 

 

 

 

 

       c0      c60 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 cont. 

SEM images of the torn edge of 92% modal/8% elastane specimens 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.10 

SEM images of individual cotton fibre ends from 100% cotton 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.10 cont. 

SEM images of individual cotton fibre ends from 92% cotton/8% elastane 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.11 

SEM images of individual elastane fibre ends from 92% cotton/8% elastane 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.11 cont. 

SEM images of individual elastane fibre ends from 92% modal/8% elastane 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 4.12 

SEM images of individual modal fibre ends 

w wale direction, c course direction 
0 zero, 60 sixty laundering cycles 
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Figure 412 cont. 

SEM images of individual modal fibre ends 

w wale direction, c course direction 
0 zero laundering cycles, 60 sixty laundering cycles 
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Figure 4.13 

Macroscopic (a) and SEM (b) images of failed (i) and torn (ii) specimens  

92% modal/8% elastane, wale direction, 60 laundering cycles  
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Chapter 5 

Discussion 

 

The aim of this study was to compare the tearing behaviour of three fabrics typically used to 

manufacture knickers, and to investigate the effects of laundering on selected properties of those 

fabrics.  Four points warrant discussion: 

1 experimental method 

2 tearing behaviour in knicker fabrics 

3 effect of laundering 

4 forensic importance. 

5.1 Experimental method 

For the current study a factorial experimental design was used to control as many variables as 

possible, similar to experimental designs used in two previous studies investigating blunt and sharp 

force damage to apparel fabrics (Daroux, et al., 2010; Kemp, et al., 2009).  The use of control 

specimens at the beginning and end of each test block allowed for identification of potential 

variation due to mechanical, environmental or operator error.  Analysis of the control specimens 

identified no evidence of such variability.  In the published forensic literature, details on 

experimental design, methods and materials, are often missing (e.g. Costello and Lawton, 1990; 

Monahan and Harding, 1990; Stowell and Card, 1990), and consideration of fabrics from the 

perspective of textile science is generally disregarded (Carr, et al., 2010).   

This study considered fabrics typical of those used to manufacture knickers sold in New Zealand, 

and thus, likely to be encountered by forensic scientists working in that country.  Fabrics were 

comparable in colour (white), structure (single jersey), as close in weight as possible but differed in 

fibre content.  Similar structure and fibre content may be found in other garments (e.g. t-shirts made 

from 100% cotton single jersey) (Kemp, et al., 2009; Taylor, 1990).  Information obtained in this work 

might therefore be applicable to garments other than knickers, however for the purpose of this 

study the fabrics are considered only in relation to knickers.   

An Instron Universal Testing Machine (Model 4464) used for tear tests in preference to tearing by 

hand.  By using a mechanical device, variability caused by using human participants was 

eliminated, allowing for data from the tests to be measured, reproduced and compared.  In previous 

forensic studies involving the tearing of apparel, garments were torn either by hand or the authors 

have not described how these were torn. Hence, comparisons could not be made between this study 

and previous work (e.g. Monahan and Harding, 1990; Stowell and Card, 1990).   
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Relevant standard test methods were used where possible to prepare, characterise and test fabrics 

chosen for this study (e.g. British Standards Institution, 1988; British Standards Institution, 1998; 

British Standards Institution, 1999; British Standards Institution, 2005; British Standards Institution, 

2009).  Because a standard test method for tearing knitted fabrics could not be identified, a method 

intended for the use with woven fabrics was adapted (British Standards Institution, 2000).  One 

limitation of this standard is that only an average tear value is calculated.  This provides little 

relevant information to a forensic scientist.  Of more importance to forensic scientists may be 

information on the initiation of a tear.  If the requirements to initiate a tear are greater than what can 

be produced by a given scenario it may be possible to comment about the likelihood of the event 

occurring; minimum values will also be important for the same reasons.  Therefore, in this study the 

initiation of the tear including the force, time and energy required were calculated.   Minimum and 

maximum values are also reported for all factors (Tables 4.1 - 4.6). 

Notwithstanding the desirable features of a standard test method, this study cannot be considered a 

representation of a 'real event' for the following reasons: 

 use of fabrics not garments.  The latter includes elastic and seams, which may affect the 

tearing behaviour; 

 the rate of extension was 100mm/min, whereas tearing knickers off a human is likely to 

occur at a faster rate.  The rate of extension reportedly results in changes to fibre end 

morphology and may have effects on the behaviour of the tear itself (Hearle, et al., 1998); 

 all variables are known in the test conditions, unlike 'real events' where conditions such as 

temperature and humidity, which affect the behaviour of fabrics, are not likely to be 

known.  Environmental conditions at crime scenes are unlikely to be the same as conditions 

in textile testing in laboratories.  

 

5.2 Tearing behaviour in knicker fabrics 

5.2.1 Fabric 

Fabric type was the single most influential factor in all the tests (both physical and measured 

properties) with the exception of energy to initiate tear.  All three fabrics were chosen to be as 

similar as possible with the exception of fibre content, so differences in fabric type were considered 

to be attributed to fibre content. 

Cotton and cotton rich fabrics were generally stronger (have a greater tear force), therefore, more 

difficult to tear.  Adding elastane to fabrics increases the time for the tear to initiate as the elastane 

fibres allow the fabric to stretch more before breaking.  The increased time to initiate has an effect 

on the energy to initiate, so even though the force to initiate is lower in fabrics containing elastane 

the amount of energy required to initiate the tear is actually higher, which also corresponded to 

fabric thickness. 
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5.2.2 Directionality 

Specimens in the wale and course direction behaved differently.  All course specimens tore directly 

down the length of the specimen.  Some wale specimens tore across the specimen (failed) instead of 

tearing directly down.  This is consistent with the findings of Monahan and Harding (1990), who 

reported having difficulty tearing down the "warp" (wale) direction, which they attributed to the 

garments they were testing being weft knit (the fabrics used in the current study are also weft knit).   

In addition to the presence of failed specimens in the wale direction, the current study found that 

fibre content and laundering affected tearing behaviour.  Failure only occurred with the presence of 

elastane in the fabric and a greater number of laundering cycles lead to fewer specimens failing.  

This finding is important for forensic application, because it is now known that weft knit fabrics 

such as these can tear in both the course and the wale directions under certain conditions.   

The course direction required a greater force, time and energy to initiate tear, and with the 

exception of the 92% modal/8% elastane fabric a greater tear force was measured.  Test specimens 

extended more in the course direction.  These differences in direction can be linked to the knit 

structure which is more extensible and has a higher number of stitches per 10mm in the course 

direction.   

5.2.3 Visual assessment 

Fibres identified were based on information provided by the supplier/manufacturer, SEM images 

of individual fibres (x750, x2000) and by studying SEM images in various books on fibres (e.g. 

Hearle, et al., 1998; Taylor, 1990); no specific fibre identification testing took place.  Cotton fibres 

were easily identified by their characteristic twisted ribbon-like appearance.  As elastane and modal 

are man-made fibres, it is impossible to confirm the identity without burning or chemical tests 

(Taylor, 1990).  However, one fibre, approximately 70µm in diameter, was present in both the 92% 

cotton/8% elastane and 92% modal/8% elastane fabrics in similar amounts.  While the other fibre 

was much smaller in size (less than 10µm), was the dominant fibre and only seen in the 92% 

modal/8% elastane fabric. Therefore, it seems likely that the larger fibre is elastane and the smaller 

fibre is modal.  Two of the four 92% modal/8% elastane specimens examined under SEM contained 

cotton fibres at the tear edge.  It is not clear if these fibres were embedded in the fabric during the 

manufacturing process or from cross contamination during tear tests.  SEM images of individual 

fibre ends need to be taken from several different locations on a specimen to avoid potential 

contamination. 

Damage observed in the cotton and elastane fibres was consistent with that published (Bishop, 1995; 

Hearle, et al., 1998).  No SEM images of modal have been identified in the published literature.  This 

study is concerned with damage caused by tearing knicker fabrics containing cotton, elastane and 

modal fibres.  Cotton-based fabrics have been used in previous studies to investigate other forms of 

damage (e.g. knife, screwdriver, blunt force, ballistic) (Choudhry, 1987; Daroux, et al., 2010; Hearle, 
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et al., 1998; Kemp, et al., 2009; Poole and Pailthorpe, 1998).  No published studies on other forms of 

damage to elastane or modal fibres were identified.   To conclusively determine if the type of 

damage seen under SEM in this study is typical of tearing damage for these fabrics, further 

investigation into other forms of damage is required.  For example, torn cotton fibre ends looked 

similar to those in Kemp et al (2009) which had been damaged with a screwdriver, therefore the 

damage to cotton fibres seen in the present study cannot be attributed solely to one form of damage. 

The rate of extension reportedly changes the morphology of fibre ends (Hearle, et al., 1998).  Since 

the extension rate in the current study was rather slow (100mm/min), fibre ends different from 

those produced from a forensic scenario may have occurred.  Careful interpretation is therefore 

essential.   

Clean cut fibre ends were evident with the elastane fibres, which is usually associated with, and 

could be mistaken for, cutting fabric with a knife (Hearle, et al., 1998; Pelton, 1998; Pelton and 

Ukpabi, 1995).  Care should be exercised with considering fibre end morphology evidence.  The 

literature supports this concern regarding the use of SEM in identifying textile damage (Adolf and 

Hearle, 1998; Daroux, et al., 2010; Hearle, et al., 1998; Pelton, 1995; Pelton, 1998; Poole and 

Pailthorpe, 1998; Roux, 1999; Stowell and Card, 1990).  However, analysing fibre ends is an 

important tool when used in conjunction with other evidence.  SEM is not widely available as it is 

an expensive, destructive method requiring specialised equipment. Images produced in this study, 

therefore, provide a valuable resource and contribute to broader knowledge. 

5.3 Effect of laundering 

Apparel collected at crime scenes is likely to have been worn and laundered multiple times prior to 

the event.  It may also have been laundered after the event.  Hence, from a forensic perspective it is 

important to understand how laundering affects the behaviour of fabrics and any damage produced 

in the commission of a crime (e.g. tearing, stabbing).  Analysis of fabric properties showed that 

laundering significantly affected mass per unit area, thickness and number of stitches per 10mm (in 

the course direction only) (Tables 4.1-4.3), however, it is unlikely any of these statistically significant 

results would be of practical significance from a forensic perspective.  In other words, over the 

range new to laundered 60 times, these fabrics from a structural perspective were largely 

unchanged.  This is not to say with exposure to more laundering cycles, structure would not be 

changed. 

Laundering had a mixed effect on the measured properties (force, time and energy to initiate tear 

and tear force).  It took longer to initiate the tear and the tear force was lower when fabrics had been 

laundered.  However, there was no difference in the force required to initiate the tear and very little 

difference in the energy required to initiate the tear when fabrics were laundered.  Fabrics which 

have been laundered require less force to tear than new fabrics, i.e. they become weaker, which is 

likely to be linked to the degradation of the fibres evident in the SEM images.  Since it is not known 



    

91 

how much force or energy is required to tear a pair of knickers (in the form of a complete garment), 

whether or not it is possible to tear a brand new pair of knickers remains unknown.   

Changes in the energy required to initiate tear are linked to the fabric becoming more compact (i.e. 

thicker, more stitches per unit area, with laundering).  Differences were detected between 0 and 60 

laundering cycles, however, 6 laundering cycles was similar to both 0 and 60 laundering cycles. 

5.4 Forensic importance  

Fabrics are frequently used in forensic examinations.  Without textile knowledge of fabrics it is easy 

to assume that fabrics in identical or similar products are the same when they in fact they are 

different.  Three fabrics were selected for this study to be as similar as possible.  For someone who is 

not a textile scientist these three fabrics when viewed may have the same appearance, as they are all 

the same colour (white) and structure (single jersey).  However, when considering the actual 

properties (mass per unit area, thickness and number of stitches per 10mm) it is clear these differ.  

There are also differences in the way these fabrics behave when torn. 

No studies investigating knicker fabrics or the tearing of knitted apparel fabrics were identified in 

the peer reviewed literature, highlighting the importance of this work in establishing a baseline for 

this product group - knickers.  An understanding of how knitted fabrics behave when torn and 

what factors influence tearing may be gained from this baseline, which may be applied to forensic 

textile evidence and provide a reference for further study.  
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Chapter 6 

Summary, conclusions and recommendations 

6.1  Summary 

Tearing is a common form of damage to apparel and is often encountered in the forensic context. 

However, little research has been published in the peer reviewed literature, particularly in regards 

to deliberate ripping of knitted fabrics.  The purpose of this study was to investigate the tearing 

behaviour of knicker fabrics and the effect which laundering has on the tearing behaviour.   

A factorial experimental design was employed.  Three common fabrics used to manufacture in 

knickers sold in New Zealand were investigated; three levels of laundering were selected, to 

represent new, used and well used garments; and two directions (wale and course) were tested.  

Tearing was conducted using a tensile tester to minimise variation.  Using a tensile tester did not 

accurately reproduce a knicker tearing that might occur during a criminal event, however, given the 

lack of published research it was important to create a reliable baseline from which further work 

can be carried out.  A standard test method for woven fabrics was adapted for use with knitted 

fabrics. The effects of fibre type, fabric direction and laundering on the tear force and initiation 

factors of force, time and energy were examined, as well as the effects of laundering to fabric 

structural properties and damage to fabrics.  SEM was used to visually assess the effect of 

laundering and to examine the torn edges and fibre ends. 

Fibre content was the most influential factor affecting the tearing behaviour of knicker fabric.  For 

example, cotton and cotton rich fabrics required more tear force than modal rich fabrics which is 

likely due to the structure of the fibre; the addition of elastane increased the time to initiate the tear 

due to the increased extension in the fabric.  The direction of the tear along the fabric was important 

as some fabrics could not be torn along the wale direction.  However, this seemed to be influenced 

by the fibre type and the amount of laundering.  Non-laundered fabrics containing elastane could 

not be torn along the wale direction (i.e. tearing did not follow the line of the wales).  Fabrics 

became weaker with laundering due to fibre/yarn damage, subsequently tearing along the wale 

direction was possible at 6 cycles for 92% cotton/8% elastane and at 60 cycles for 92% modal/8% 

elastane.   

At x35 magnification under SEM the 100% cotton specimens exhibited more uniform torn edges 

than those specimens containing elastane (i.e. the edges were visibly neater and seemed to have less 

yarn displacement).  The 100% cotton specimens were thinner, weighed less than the other fabrics 

and required less time and energy to initiate the tear, which seems likely to account for the greater 

uniformity of the tear edge.  At higher magnifications (x750 and x2000) individual fibre differences 

were due to fibre type and laundering (i.e. there was no evidence fabric direction or the type of 

specimen failure affected fibre end morphology).  Laundering increased the irregularity of torn 
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cotton fibre ends as well as the surface of fibres which were part of the external surface of all three 

fabrics. 

The information gathered is to aid forensic examination of apparel evidence.  From this study it can 

be concluded that fabrics are variable despite being selected to be well matched.  Fabrics were 

selected to be as similar as possible (with the exception of fibre content); however, there were 

significant differences between the structural properties of all three fabrics (e.g. mass per unit area, 

thickness).  Gaps in the published literature exist: few studies provide details about the 

experimental design, methods and materials, thus making comparison among studies difficult.  

Future investigations need to ensure more detailed information on the fabric(s) and test methods 

used are included. 

6.2  Conclusions 

Three conclusions can be drawn from this work: 

The weft knit knicker fabrics investigated in this study did tear, although some specimens in the 

wale direction did not tear in the intended direction, tearing across the test specimen instead of 

down.  This tearing behaviour was affected by fibre content and the level of laundering prior to 

tearing.  Tearing can occur in both the wale and course direction but only under given 

circumstances.  This does not mean that all knicker fabrics will behave in the same way.  Different 

amounts of laundering were required before all fabrics tore down the specimen.  When examining 

torn apparel in a forensic context the fibre content and age of the garment (i.e. how many times it 

has been worn/laundered) should be considered.   

SEM provided a useful visual tool for fabrics and fibres subjected to tearing.  Torn cotton fibres 

produced similar fibre ends to those damaged by a screwdriver and torn elastane fibres produced 

clean cut fibre ends which could be mistaken for knife damage.  No features visible under SEM 

could be attributed solely to tearing damage in the fabrics studied.  Caution should be exercised 

when using fibre end morphology to identify tearing damage.  Images should be taken from several 

different locations on a specimen to avoid any potential contamination such as occurred in some of 

the torn specimens.  The contamination is not believed to have affected the current study, however, 

the potential ramifications of contaminated forensic evidence may be severe, particularly if it leads 

to the wrongful conviction of a suspect.  Sampling from multiple areas will allow more than one 

image to be examined. 

Tests in this study were conducted on fabrics not garments.  Knickers include seams and 

embellishments such as lace and elastic which are expected to affect how a garment is torn (if it can 

be at all) and the resulting damage.  Thus, results from this study may not be appropriate to apply 

to actual garments, particularly if the garments fail at the seams and not down the fabric.  
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6.3 Recommendations 

Recommendations for further research include: 

1 Development of a standard test method for the tearing of knitted fabrics; 

2 Visual comparison of damage to fabrics in this study with other modes of damage (e.g. 

cut with scissors and knives); 

3 Investigation into the tearing properties of garments i.e. the inclusion of seams, elastic 
and lace.  
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Appendix A 

Knicker styles 
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Figure A.1 

Selected knicker styles 

a  full brief, b  high cut brief, c  bikini, d  hipster 
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Figure A.1 cont. 

Selected knicker styles 

e  boy short, f  g-string (front and back)
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Appendix B 

Control specimens 

 



 

104 

B.1 Preliminary testing of reference fabric 

Preliminary testing involved a visual assessment of the tearing of control fabric specimens.  

Preliminary specimens behaved differently between wales and course direction (Figure B.1a and c 

respectively).  Specimens in the wale direction were more regular than those in the course direction 

(Figure B.1b and d respectively).  Tearing control specimens in the course direction on average took 

approximately 4 minutes longer than those in the wale direction.  For those reasons, control 

specimens were all cut from the wales direction.  No statistical analysis was conducted on 

preliminary tests.  

B.2 Controls 

A visual assessment of all control specimen graphs was made with graphs having the same 

horizontal and vertical scale.  Graphs of two specimens (R40 and R50) showed a different pattern to 

the other graphs, believed to be due to a fault in the fabric which was not evident visually with the 

naked eye.  R40 and R50 were removed from all further analysis of the reference specimens. 

Initial force to tear peaks for all the reference specimens ranged between 19 and 36 N.  Maximum 

tear force ranged between 43 and 61 N.  Results of the univariate ANOVA of tear force values 

provided in Table B.1 show there is no significant difference between each block of control 

specimens. 
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Figure B.1 

Typical examples preliminary test torn specimens (i) and load pattern graphs (ii) 

a wale direction, b course direction 
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Table B.1 

Control specimen blocks 

a selected descriptive statistics 

measured property mean s.d. C.V. (%) max. min. 

      
mass per unit area (g / m2) 141.5 1.40 1.00 143.09 140.0 
      
number of stitches per 10mm      
wales 17.3 0.27 1.58 17.5 17.0 
courses 19.0 0.00 0.00 19.0 19.0 
      
thickness (mm) 0.56 0.01 2.19 0.58 0.55 
      

 

b univariate analysis of variance  

Source of variation SS d.f. MS F Sig. p≤ 

 

       
block 60.568 9 6.730 0.840 0.584 NS 
error 304.302 38 8.008    
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Appendix C 

SEM images 
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Figure C.1 

100% cotton, wale direction, 0 laundering cycles 

a tear edge, b frayed fibres, c-f individual fibre ends 
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Figure C.2 

100% cotton, wale direction, 60 laundering cycles 

a tear edge, b-d individual fibre ends 



 

110 

 

 

 

      a           b 

 

 

 

 

 

 

 

 

 

      c          d 

 

 

 

 

 

 

 

 

 

      e           f 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3 

100% cotton, course direction, 0 laundering cycles 

a-d tear edge, e frayed yarn, f frayed fibres, g-h individual fibre ends 
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Figure C.3 cont. 

100% cotton, course direction, 0 laundering cycles 

a-d tear edge, e frayed yarn, f frayed fibres, g-h individual fibre ends 
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Figure C.4 

100% cotton, course direction, 60 laundering cycles 

a-c tear edge, d-g individual fibre ends 
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Figure C.4 cont. 

100% cotton, course direction, 60 laundering cycles 

a-c tear edge, d-g individual fibre ends 
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Figure C.5 

92% cotton/8% elastane, wale direction, 0 laundering cycles 

a-b tear edge, c-d individual cotton fibres, e-f individual elastane fibres 
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Figure C.6 

92% cotton/8% elastane, wale direction, 60 laundering cycles 

a-d tear edge, e-h individual cotton fibres, i individual elastane fibres 
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Figure C.6 cont. 

92% cotton/8% elastane, wale direction, 60 laundering cycles 

a-d tear edge, e-h individual cotton fibres, i individual elastane fibres 
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Figure C.7 

92% cotton/8% elastane, course direction, 0 laundering cycles 

a-c tear edge, d-f individual cotton fibres, g individual elastane fibres 
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Figure C.7 cont. 

92% cotton/8% elastane, course direction, 0 laundering cycles 

a-c tear edge, d-f individual cotton fibres, g individual elastane fibres 
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Figure C.8 

92% cotton/8% elastane, course direction, 60 laundering cycles 

a-c tear edge, d-f individual cotton fibres, g individual elastane fibres 
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Figure C.8 cont. 

92% cotton/8% elastane, course direction, 60 laundering cycles 

a-c tear edge, d-f individual cotton fibres, g individual elastane fibres 
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Figure C.9 

92% modal8% elastane, wale direction, 0 laundering cycles 

a tear edge, b cotton fibre contamination, c-d individual elastane fibres 
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Figure C.10 

92% modal8% elastane, wale direction, 60 laundering cycles, fail 

a-c tear edge, d individual fibres 
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Figure C.11 

92% modal8% elastane, wale direction, 60 laundering cycles, tear 

a-c tear edge, d elastane fibres visible at tear edge, e individual elastane fibres,  
f individual modal fibre 
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Figure C.12 

92% modal8% elastane, course direction, 0 laundering cycles 

a-b tear edge, c-d individual elastane fibres, e-f individual modal fibres 
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Figure C.13 

92% modal8% elastane, course direction, 60 laundering cycles 

a-c tear edge, d individual elastane fibres 


