
ABSTRACT 

LI, XINGYU. Dripped Bloodstain Patterns on Textile Surfaces. (Under the direction of Dr. 
Stephen Michielsen.) 
 

Bloodstain pattern analysis (BPA) is the examination of the shapes, and the categorization 

and distribution of bloodstain patterns in order to provide an interpretation of the physical 

events of a crime that gave rise to their origin. These stains occur in a large proportion of 

homicide cases. They offer extensive information and are an important part of a functional, 

medically and scientifically based reconstruction of a crime. Many BPA studies have been 

published, however, most of them dealt with hard, non-absorbent surfaces. Although textiles 

are present at most crime scenes, BPA on textiles has not been developed to the same extent 

as on non-porous materials.  

This study focuses on the effect of yarn and fabric construction on drip bloodstains, and the 

different patterns obtained with porcine blood and artificial blood. Three types of yarn: ring 

spun, open end, and Murata vortex spun yarn were provided by Cotton, Incorporated and 

were manufactured from the same bale of cotton with the same cotton count and the same 

twist multiplier. These yarns were converted into three types of fabric - 100×100, 130×70 

epi ×  ppi woven and a jersey knit with a similar basis weight. In addition, similar 

commercial woven and knit fabrics were tested. Dripping single 30µL porcine and artificial 

blood drops from half meter high onto these fabrics, which were placed at 90° and 30° 

impact angles and videoed from the top view and bottom view, resulted in stains that were 

analyzed for their area, perimeter, circularity, ellipticity, and number of spines and satellite 

drops. Analysis showed that yarn and fabric construction both affect dripped bloodstains. 

Fabric construction is a more obvious factor when the impact angle is 30°. The areas of 



porcine bloodstains are smaller than artificial blood presumably because there are blood cells 

in porcine blood. 
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CHAPTER 1: INTRODUCTION 

Blood is one of the most significant and frequently encountered types of physical evidence 

associated with the forensic investigation of death and violent crime1. The goal of forensics 

and crime scene reconstruction is simply to seek the truth, which is to define “what” caused 

the bloodstains in the scene in order to figure “who did this” 2. The interpretation of 

bloodstain patterns can play a vital role in crime scene reconstruction. In some cases, BPA 

helps to distinguish between accident, homicide and suicide or to identify bloodstains 

originating from a perpetrator3. 

Studies have been published on bloodstain pattern analysis for some hard, non-absorbent 

surfaces, such as walls, flooring, and tables, to calculate blood volume and impact velocity 

from the resulting bloodstain size and number of spines formed around the periphery of the 

bloodstain4,5. Other reported methods for calculating blood volume and velocity include the 

use of various parameters (bloodstain area, bloodstain diameter, number of spines, alpha and 

maximum spread factor) obtained from bloody surfaces to calculate the Reynolds and Weber 

numbers with best-fit equations6.  

However, bloodstains can be distorted by different target surfaces6. A textile material is one 

example of a target surface that may distort the appearance of a bloodstain because of its 

porous and absorption properties. In addition to the various hard surfaces at a crime scene, 

there are numerous textile materials that could be present, such as bed sheets, curtains or 

upholstery, and cotton jersey T-shirts, woven shirts or denim jeans worn by the victim or 

suspect. The interpretation of bloodstain patterns observed on a person’s clothing might 
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provide vital evidence that could be used to corroborate or refute that person’s statement 

concerning their involvement during a criminal occurrence7. There is a need to be able to 

distinguish between garments worn by a suspect and those worn by an innocent bystander. 

This knowledge could be crucial for a guilty verdict of the suspect, but also for exonerating 

an innocent person6. 

Although, the interaction of bloodstains with textile surfaces is a very important subject area 

within the science of BPA, there is minimal published research available on the topic. 

Dripped bloodstains on fabric experiments indicate that multiple factors need to be 

considered before interpreting the bloodstain patterns on different fabrics. These include the 

fabric composition, yarn structure, absorbency, and fabric treatment, all of which play an 

important role in the formation of bloodstains. 

This study focuses on the effect of yarn and fabric construction on drip bloodstains, and 

differences between porcine blood and artificial blood. Three types of yarn: ring spun, open 

end, and Murata vortex spun yarn, were provided by Cotton, Incorporated and were all from 

the same bale of cotton fiber with the same yarn cotton count and the same twist multiplier. 

These yarns were converted into three types of fabric - 100x100, 130x70 epi x ppi woven and 

a similar basis weight jersey knit. In addition, similar commercial woven and knit cotton 

fabrics were tested. The development of bloodstains (30µL porcine blood and artificial blood) 

dropped from a half-meter-height onto 11 different cotton fabrics was investigated. These 

fabrics were placed at 90° and 30° impact angles and videoed from top view and bottom 

view. Some differences between porcine blood and artificial blood were noted, therefore, 

fabric construction and yarn structure must be considered when conducting BPA on apparel 
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fabrics. Both visual and statistical methods were used. This examination explored 

relationships between fabric construction and yarn structure and  

(1) Area of parent bloodstain,  

(2) Area of the whole bloodstain, 

(3) Circularity,  

(4) Ellipticity, 

(5) Number of satellite bloodstains, and 

(6) Number of spines. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction to Bloodstain Pattern Analysis (BPA) 

Bloodstain pattern analysis (BPA) is the examination of shapes and the categorization and 

distribution of bloodstain patterns in order to provide an interpretation of the physical events 

of a crime3. BPA is an important forensic method in addition to autopsies, basic crime scene 

work, and molecular biology. This process is complicated by multiple variables including the 

volume of blood involved and its velocity; the crime scene scenario; the bloodstain shape, 

size and distribution; and the target surface1. The bloodstain patterns can give valuable 

information concerning the events, which lead to their creation when examined by a qualified 

analyst. The information gained can then be used for the reconstruction of an incident and the 

evaluation of statements of witnesses and crime participants3.  

2.1.1 Historical Development 

The study of bloodstain patterns and the analysis of the physical processes in bloodstain 

patterns from activities at scenes of death and violent crime have emerged as a recognized 

forensic skill1. Historically, bloodstain interpretation suffered a long period of neglect since 

most investigators did not appreciate obvious information from this source1.  

Dr. Piotrowski did the first systematic examinations of blood shapes and distribution in 1895. 

He reproduced color plates of the extensive bloodstain experiments in “Concerning the 

Origin, Shape, Direction and Distribution of the Bloodstains Following Head Wounds 

Caused by Blows”. According to MacDonell, “No one preceded Piotrowski in designing 

meaningful scientific experiments to show blood dynamics with such imagination, 
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methodology, and thoroughness. He had an excellent knowledge of the scientific method and 

a good understanding of its practical application to bloodstain pattern interpretation” 1. 

Later, Schmidtmann discussed the possibilities of crime reconstruction with the help of 

morphologic analysis of bloodstains in 1905. Ziehmke performed further investigations on 

this matter in 1914, among others, considering the distinctive morphological features of 

blood patterns depending on the height of the fall. Balthazard and colleagues published 

research about reconstructing the angle of impact from the impact pattern by measuring the 

width and length of small bloodstains in 19393. Additional research about expiration patterns 

were done by Mueller and Schleye in 1975, and further studies were published by Brinkmann, 

Rand and Karger8-10 in more recent years. Brinkmann8 published a historic overview, and 

significant American textbooks were written by MacDonell11, James12 and by Bevel and 

Gardner2. 

However, most the essential basic knowledge of the applied bloodstain pattern analysis on 

the crime scene is mainly evidence based and relies on experience3. A detailed systematic 

differentiation and documentation of various bloodstains and their origin on the crime scene 

is fundamental for reliable subsequent interpretations. There do exist computer-based 

programs offering a specific documentation and analysis of bloodstain patterns, but they have 

not already been integrated in routine crime scene work due to practical problems3. 

To bring practitioners together, the International Association of Bloodstain Pattern Analysts 

(IABPA) was founded in 1983 in the US and the German working group was established 

within the ‘‘Deutsche Gesellschaft für Rechtsmedizin’’ in 20053. 

 



 

6 

2.1.2 Terminologies relevant to BPA 

The Federal Bureau of Investigation provides the following definitions 13: 

“Bloodstain pattern: A grouping or distribution of bloodstains that indicates through 

regular or repetitive form, order, or arrangement the manner in which the pattern was 

deposited13. 

“Parent Stain: A bloodstain from which a satellite stain originated13. 

“Satellite Stain: A smaller bloodstain that originated during the formation of the 

parent stain as a result of blood impacting a surface” 13. 

The main bloodstain is the parent bloodstain, and smaller bloodstain(s) formed as a result of 

blood impacting the textile surface and originating from the parent bloodstain are satellite 

bloodstains6. The parent bloodstain along with the satellite bloodstains form the whole 

bloodstains. 

Depending on the injury, certain bloodstain patterns can be differentiated by their unique 

geometrical characteristics. Using this terminology three basic categories can be 

differentiated3:  

• Passive drop 

• Transfer/contact pattern 

• Projected bloodstains 

“Passive drop (bleeding) is a flow pattern or bloodstain drop(s) caused or formed by 

the force of gravity acting alone: blood clot, drip stain, flow stain, blood pool, serum 

stain. It forms drip stain, which is a bloodstain resulting from a falling drop that 

formed due to gravity” 13.  
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Passive drop is the type of bloodstain that is the subject of our study. 

“Transfer/contact pattern is a bloodstain pattern created when a wet, bloody surface 

comes in contact with a second surface. The original surface may be observed within 

the pattern, as a whole or as a recognizable image: contact pattern, wipe pattern 

(primary and secondary), insect stain (‘‘fly spots’’) 3. 

“Projected bloodstains are created when a blood source is exposed to a force greater 

than the force of gravity: arterial spurting pattern, cast-off pattern, spatter stain, 

expiration pattern, spine pattern, void pattern, perimeter stain3”. 

In this study, we studied the behavior of a drip stain, which is a droplet falling through air 

without any disturbance. It will physically retain its spherical shape without breaking into 

smaller droplets until impact. In addition, conditions were controlled so that only a single 

drop of blood was applied to each specimen; there was no second drop. Such a blood drop 

may descend from an exposed wound or any object containing a sufficient amount of blood 

to permit the formation of a drop3.  

Depending on the volume of the drop, the distance fallen and the surface texture it lands on, 

the shape and size of the droplet varies. Due to different variables it is very difficult to 

reconstruct the exact height and volume of a droplet just by analyzing its pattern. It is, 

however, possible to calculate the angle of impact by examining the length and width of a 

resulting drip stain3.  

Angle of Impact is the acute angle, relative to the plane of a target, at which a blood drop 

strikes the target13. This specific angle is the internal angle formed between the flight paths of 

that drop and the target surface it strikes, shown in Figure 2.1. 
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A𝑛𝑔𝑙𝑒  𝑜𝑓  𝑖𝑚𝑝𝑎𝑐𝑡 = arc  sin!
!
 

 

Figure 2.1: Angle of Impact3 

A blood drop hitting a rather smooth horizontal surface at a 90º angle results in an almost 

round drip stain whereas a fall at an angle less than 90º leads to a more elliptic mark3. The 

smaller the angle of impact of the falling blood drop, the larger the degree of elongation of 

the resulting bloodstain becomes as the width of the bloodstain decreases and its length 

increases as seen in figure 2.23.  
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Figure 2.2: Fall from 50 cm under various angles of impact3 

In Figure 2.2, blood fell from 50 cm, which is approximately the height of a victim’s or 

suspect’s knees. The swinging motion of a bloody knee, hand, weapon or any other object 

will produce bloodstain patterns on nearby surfaces depending on the arc of the swing3. This 

leads to specific edge characteristics, such as spines. A spine is the pointed or elongated 

stains that radiate away from the parent stain13. In order to determine the direction of a blood 

stain one has to analyze the long axis of a stain, since it defines two possible directionalities 

of a given droplet3. 
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The blood in Figure 2.2 fell on a smooth homogeneous surface, like paper or film instead of 

textile. Textile surfaces are different and more complicated, which have open voids and 

roughness. 

2.1.3 Former Study on BPA on Textiles 

Studies of BPA on textiles are very limited and most of them do not describe the structure of 

fabrics adequately. “Interpreting the formation of bloodstains on selected apparel fabrics” 

written by de Castro, Nickson, et al. published in 2013, is one of the most recent and detailed 

studies on textile surfaces. 

Two fabrics that were expected to have different absorbency characteristics were chosen in 

the study. Both fabrics were 100 % cotton, so that fiber type was constant and did not 

confound the statistical analysis. Two typical apparel fabrics were used6: 

(1) 100 % cotton 1×1 rib knitted fabric (typical of that used to manufacture T-shirts in the 

UK. In the USA, T-shirts are primarily made of single jersey knit fabric.)  

(2) 100 % cotton woven drill (twill) fabric (similar structure to denim, chino or gabardine). 

Knitted fabrics are generally more porous, absorbent and compliant than woven fabrics. 

No perfect human blood substitute is available due to the complexity and dynamics of blood, 

therefore de Castro, Nickson, et al. used defibrinated horse blood, which was stored below 

4°C, but before use and during experiments was warmed to 37±1°C using a hotplate and a 

magnetic stirrer, thus simulating blood within the body6. 

Blood was drawn in to a Pasteur pipette and dropped vertically onto the technical face of the 

specimens from three different heights (50, 100, 150 cm). The falling drop was recorded 

impacting the specimen with a Phantom V12 black and white camera6. 
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The drop fell vertically under the force of gravity to impact the technical face of the fabric. 

The effect of drop height on the size of the dry passive parent bloodstain, number of satellite 

bloodstains and spines formed was also determined6. The size and shape of the passive parent 

bloodstain formed on the technical face was observed by photographing the bloodstain after 

24 h (dry bloodstains). After 24 h, the dry absorbed parent bloodstain that had formed on the 

technical back of the fabric was compared to the dry passive parent bloodstain on the 

technical face of the fabric using photography6. Results are shown in Figure 2.3. 
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Figure 2.3: Typical appearance and distribution of the bloodstains for 1×1 rib fabric and drill 

fabrics for the various heights after 24 h6. 

Fabric structure, and thus properties, affected some of the parameters and therefore must be 

considered during an investigation. They believed that the final appearance of the bloodstain 
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is determined by the impact of the drop onto the target surface and how both these materials 

interact with each other during this process6. Drop impact dynamics on fabrics were different 

compared to the ‘model’ of blood on cardboard2. The structure of the fabric appears to affect 

the blood drops, causing the droplet to pull apart. Parent bloodstains were not circular, 

generally bloodstains were larger in either the warp or wale direction (as opposed to the weft 

or courses), and thus followed the grain of the fabric. The direction that blood drops prefer to 

wick is important when considering the angle at which blood impacts upon textile surfaces6.  

Fabric structure also affected how blood dried on the surface and thus fabric structure and 

time after impact should be considered. Specifically, wet and dry bloodstains were similar in 

size for the more absorbent knit, while wet bloodstains were larger than dry bloodstains for 

the less compressible woven drill (twill). Although the data collected for the two fabrics 

cannot be statistically compared, it is noticeable that a higher number of satellites formed 

(with a smaller volume of blood) on the less compliant drill fabric compared to the knit fabric.  

They also thought that these fabric properties will be affected by the ‘age’ of the fabric, 

particularly with respect to laundering and everyday use must be acknowledged. Spine 

formation was affected by fabric structure. There was some difficulty in counting the number 

of spines because the blood followed the texture of the fabric and the fabric structure 

disrupted spine formation. 

2.2 Wicking in Textiles 

Wicking is the spontaneous flow of a liquid into a porous substance, driven by capillary 

forces14. It is coupled with wetting. Wetting can be defined as the first phase of interaction at 



 

14 

the solid liquid interface, which causes capillary forces that draw the liquid into its porous 

media. Wicking is the result of spontaneous wetting in a capillary system14. 

Wicking occurs when a porous material is exposed fully or partially to a liquid or a limited 

amount of liquid. According to the extent of interaction between liquid and fibers, there are 

categorized four processes14: 

(1) Wicking of a liquid, no significant diffusion into fiber surface.  

(2) Wicking accompanied by diffusion of liquid in fibers or into a finish on fibers. E.g. Water 

wicking into fibers with diffusion into fibers. These two processes happen simultaneously. 

(3) Wicking accompanied by adsorption on fibers. There are three processes happening 

simultaneously: capillary penetration of the liquid, diffusion of surfactant in the liquid and 

adsorption of surfactant on fibers. 

(4) Wicking involving adsorption and diffusion into fibers. Four processes that occur 

simultaneously are capillary penetration, diffusion of the surfactant into liquid, diffusion of 

the liquid into the fibers and adsorption of the surfactant on fibers. This is the process studied 

in this research. 

Various factors can affect wicking characteristics by changing the wetting force or the 

wetting height in the fabric. Wicking height is likely to be a function of twist multiple, type 

of fiber, type of yarn structure, and fiber packing, as well as fiber migration15. Some 

dominant factors that influence wetting and wicking in textiles are discussed below. 

2.2.1 Fiber Types 

Different types of fibers can have different abilities of wetting and wicking. The basic reason 

for this fact is that different amounts of hydrophilic groups in the molecular structures and 
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the degree of crystallinity among different fibers influence the wetting and wicking 

properties.  

A larger amount of hydrophilic groups indicates a better performance in wetting and wicking. 

In other words, molecules with more hydrophilic groups have a greater capacity to hold 

water molecules. The hydrophilic groups, which can promote wetting and wicking properties 

include the hydroxyl group, carboxyl group, amino group and so on. For example, when 

comparing the molecular structures of cotton and polyester fibers (shown in Figure 2.4), it 

can be easily seen that cotton fiber has six hydroxyl groups while in the polyester fiber, there 

are two alkoxycarbonyl groups, which only have a weak ability to hold water molecules.  

              

 Cellulose Polyester 

Figure 2.4: A comparison of molecular structures of cellulose and polyester16 

A greater fraction of non-crystalline region also promotes the wetting and wicking properties 

since in the amorphous region, the molecules are randomly coiled, which allows water to 

remain in the interspace among molecules. On the other hand, the crystalline region is well 

packed and aligned, which blocks water from getting in.  
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A research focused on the wetting characteristics of different types of fibers by Whang and 

Gupta17 proved the theoretical statement above experimentally. They tested polyester and 

rayon fibers with an almost round shape. It was found that the magnitude of wetting force 

and wetting indices of these fibers were largely affected by factors including molecular 

orientation and crystallinity. Also, they controlled variables by selecting fibers with almost 

the same cross-section shape to eliminate the influence of cross section of fibers. 

Therefore, changing fiber chemical compositions in a fibrous material can alter its overall 

surface wetting behavior because each fiber type has distinct wetting and surface properties. 

2.2.2 Cross Sections 

Dimensional features of the fibers, such as size and shape, can also alter the pore structure of 

the fibrous material. Therefore, varying the fiber type in a fibrous structure can lead to 

significant changes in both surface wetting properties and pore structures. Different shapes of 

cross sections can determine different abilities of fibers to hold water molecules. Therefore, 

the cross section of fiber is also an important factor when assessing the wetting and wicking 

properties of fabrics. Shapes of cross sections that can improve wetting and wicking 

properties include trilobal, ribbon-like, H-shape, hollow, etc. 

“Wicking Behavior of Air-jet Textured Yarns” 18 studied the dynamic wicking behavior of 

yarns made with circular and trilobal cross-sectioned filaments. The results are shown in 

Figure 2.5.  
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Figure 2.5: A comparison of wicking height as function of the square root of wicking time for 

circular and trilobal filaments18 

From this diagram, it can be observed that yarns made with trilobal filament began to wick 

first and wicked faster than those made with circular filament no matter whether yarns were 

processed with finish or were finish free. The phenomenon that it is easier for water to stay 

on fiber of trilobal shape can be explained by the theory of contact angle.  

Apart from the effect of shape, diameter is also influential. With a larger diameter of cross 

section, the filament obtains a stronger wetting force because of the inherent bulkiness of a 

filament with a larger core according to wetting force increases linearly with diameter of 

filament. With regard to yarn count, as the yarn becomes finer, the fabrics have higher 

wicking height and higher amount of water absorption due to the higher porosity of the 
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fabrics knitted from finer yarns. Moreover, finer fabrics whether knitted or woven, generally 

dry more quickly since they are thinner and less amount of water is retained after wetting. 

2.2.3 Spinning Methods 

Yarns that were produced with different spinning methods may have a variety of wicking and 

wetting abilities. The processes of spinning methods can affect core and surface structure of 

yarns, which are both important to wicking behavior. 

Open-end spun yarns were found to wick faster and more evenly than ring spun yarn15. 

Microscopic examinations of yarns demonstrated that the liquid wicked to a greater height in 

the core of the open-end yarn than in the surrounding loose fibers. However, there was no 

such noticeable observation for ring spun yarns. The phenomenon can be explained by the 

fact that open-end yarns have a relatively denser core and less dense skin when compared to 

ring yarns. The result in “A comparison of open-end and ring spun yarns”15 is quite different 

from the results in this research, which will be discussed in Chapter 5. 

Chattopadhyay and Chauhan’s study19 discussed the wicking behavior of ring and compact 

spun yarns. Figure 2.6 demonstrates the wicking performance of ring and compact yarns of 

different counts for a period of twenty minutes.  
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Figure 2.6: A comparison of wicking of ring spun and compact yarns19  

As the figure shows, water wicked at a fast speed in the first minute and then wicking slowed 

down gradually for all the sample yarns. At first, all the yarn samples have the same behavior 

of wicking and the differences among them were not noticeable. After some time, the 

equilibrium wicking heights of ring spun yarns were higher than those of compact yarns. 

Ring spun yarns wicked faster than compact yarns and coarser yarns were found to wick 

faster than finer ones for both types of yarns. 

Erdumlua and Saricama discussed the wicking properties of fabrics made with ring and 

vortex-spun cotton yarns comparatively20. They found that wicking heights of fabrics made 

of vortex-spun yarns were significantly lower than those of ring-spun yarns, revealing that 

the wicking property of the yarns was directly reflected on the wicking behavior of the 

fabrics. The difference of wicking performances can be explained by the appearances of ring 

and vortex-spun yarns. Figure 2.7 demonstrates the structures of vortex and ring spun yarns.  
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Figure 2.7: Comparison of the structures of ring and vortex yarns20 

It can be noticed that the tightness of wrappings along the yarn length are different. While 

ring spun yarn has a more regular structure along the yarn length, vortex yarn has a crimped 

yarn axis and tight wrappings that might retard wicking, which could possibly lead to the 

differences of performances. 

Air-jet textured yarns behave in a different way during wicking due to the unique structure of 

the yarn18. There are loops with various shapes and sizes on the surface of air-jet textured 

yarns, which increase the roughness of yarn surface. The irregularity of surface of air-jet 

textured yarns enables a higher wicking height and a wicking rate of air-jet textured yarns 

compared to those of the corresponding feeder yarns. 

For air-jet textured yarns, wicking height initially increases due to partial alignment of 

filaments. And then it decreases with increasing tension on the yarns during wicking. This is 
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because further increase in tension may bring the filaments closer to each other, leading to 

the reduction of the capillary radii or possibly introducing discontinuity in the capillaries18. 

2.2.4 Yarn Twist 

Yarn twist has a different effect on fabric wicking and wetting with different types of yarn 

components. For open end yarns, the highest wicking is found with a twist multiple of about 

4.0, but wicking height is not found to be greatly sensitive to changes in twist multiple15. The 

change of water transport rate follows the capillary transport laws fairly closely when 

alternating the degree of twist.  

Sengupta and Murthy found that wicking was more sensitive to the twist and structure of ring 

spun yarns21. For ring spun yarns, the wicking time increases steeply as the twist increases, 

whereas for the open-end spun yarn, the increase is gradual. The comparison of overnight 

vertical wicking is shown in Figure 2.8. 
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Figure 2.8: Effect of twist on wicking height21 

As Figure 2.8 shows, high twist yarns exhibit low wicking rates while low twist yarns exhibit 

high transport rates. The effect of yarn twist relies on the water transport rate, which is 

greatly dependent on the number and continuity of the interfiber capillaries. 

Ansari and Kish investigated the wicking behavior of polyester spun yarns produced with 

varying twist levels22. Their results also show a similar trend as the conclusions of Sengupta 

and Murthy. It was observed that the wicking rate decreases with an increase of the twist 

factor from 22 to 49 tex0.5 x turns/cm, due to reduction of capillary size. Twisted filament 

yarn shows a lower wicking rate than a yarn without twist. In capillary penetration of liquids, 
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tortuosity affects wicking. Twists in the yarns influence the size of inter-fiber capillaries as a 

result of the helical path of the fibers in the yarns.  

Minor et al. used loose (low twist) and tight (high twist) yarns to demonstrate the wicking 

rate of circular shaped nylon and crenulated viscose filaments. They found that the degree of 

twist had greater effect on circular shaped nylon, which originally had lower wicking rate23. 

This experiment reveals that the effect of twist varies with a combination of different factors. 

As we know, however, a twisted yarn is much more complex than an idealized assembly of 

cylinders, and packing of fibers in the yarn is always non-uniform. Especially for staple fiber 

yarns, the fibers may migrate in the radial direction and capillaries between fibers are not 

continuous. Furthermore, when a high twist is introduced into the yarn, fibers near the yarn 

center may buckle due to twist retraction. This may damage the pore structures between 

fibers and affect the wicking behavior of the liquid. Therefore wicking in textile yarns is very 

complicated, and the mechanism has not been fully understood. 

2.2.5 Fabric Construction 

There are a variety of the factors related to fabrics, including fabric thickness, fabric 

construction parameters, and fabric position in a multilayer system, bleaching, alkaline 

hydrolysis, and other kinds of treatments. 

Hsieh et al. carried out a comparison study in the case of woven, nonwoven, and knitted 

fabrics. It was found that the distribution and size of pores along any planar direction 

contributed to the wicking rate and liquid transported in a fabric, leading to the influence on 
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the performance of wicking and wetting of different types of fabrics24. The capillary principle 

dictates that smaller pores are completely filled first and are responsible for the liquid’s 

forward movement. As the smaller pores are completely filled, the liquid then moves to the 

larger pores. The sizes and shapes of fibers as well as their alignment will influence the 

geometric configurations and topology of the interfiber spaces or pores, which are channels 

with widely varying shape and size distributions and may or may not be interconnected.  

For knitted and woven fabrics, they have different fabric thickness and pore distribution, 

which affect wicking and wetting performances. It is hard to say whether knitted or woven 

fabrics have better performance of wicking and wetting since there are several fabric 

parameters that alter the liquid transportations. The effective capillary pore distribution and 

pathways as well as surface tension mainly determine the wicking behavior of fabrics.  

In the case of woven fabric, the wicking coefficients are different along the warp and weft 

directions. This is the anisotropy of the fabric. The wicking coefficient was found to decrease 

with increasing weft weave density both in the warp and the weft directions. This can be 

explained by the relationship between weave density and the effective capillary radius. On 

the other hand, in the weft direction, the wicking coefficient will not rise limitlessly with 

decreasing weft weave density.  

For the knitted fabrics, Erdumlua and Saricama reveal the uneven wicking of knitted fabrics 

in the directions of wale and course. It was observed that the knitted fabrics made of ring-

spun yarns had higher wicking heights in the wale direction in comparison to course 

direction20. This is mainly because in the case of wicking, liquid tends to be absorbed in 
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larger pores. The decrease in wale-wise wicking height in the knitted fabrics can be attributed 

to the disturbance of the continuity of the capillaries. 

Bhargava investigated the wettability of terry towel fabrics of various constructions using a 

sink time method. Fabrics with a higher loop density wicked faster than those with a lower 

pick density. Vertical wicking tests showed that the wicking rate was the fastest in the fabric 

with 3-pick followed by fabrics with 4, 5, and 6-pick density25. It was found that fabrics that 

had loops only on one surface took less time for wetting in water and had a faster vertical 

wicking rate and higher water absorbency than those with loops on both surfaces. The 

percentage of water absorbed by fabrics with high loop density was more than that of those 

having lower loop density. As a result, terry fabrics with one side of loops and high loop 

density optimize the performance of wicking and wetting. 

2.2.6 Treatments 

The distribution and size of pores in the fabric are the major factors that improve the 

performance of wetting and wicking. Treatments including washing, bleaching, heat 

treatment, and finishing can change the pore conditions, which will correspondingly change 

the wicking and wetting performance. 

According to Hsieh’s research (1991), argon glow discharge was found to have different 

effects on wettability of different materials. In the experiment, argon glow discharge 

significantly improved water wettability of Kevlar 49 fibers, while it lowered their 

wettability in epoxy resin. The SEM micrographs of Kevlar 49 fiber surfaces showed that 

after glow discharge, surface nodules and indentation disappeared, which improve the 
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wettability26. The results of wettability in water and resin and the effects of glow discharge 

on wettability suggested that the polar nature of the Kevlar fiber surface might be a dominant 

factor in determining its wettability in these liquids rather than the effect of increased surface 

roughness.  

Velde and Kiekens carried out a study on wettability of glass fibers used as reinforcement for 

thermoplastic and thermoset composites27. The surface of glass fiber treated with a finish for 

thermosets has a higher surface polarity and lower advancing contact angles in water and 

ethylene glycol than others. The presence of a high surface energy component on the glass 

surface tends to resist de-wetting of the receding fluid front, lowering the receding angle. 

Polar matrix materials such as nylon 66 are predicted to adhere much better to graphite and 

glass filaments than non-polar resins such as polyethylene. These predictions correlate well 

with the notch sensitivity of composites, except for silane systems, where wetting is not the 

main mechanism for better adhesion and strength properties28. Rough surfaces give rise to 

fast spreading along troughs offered by the surface roughness29. Alkaline hydrolysis causes 

pitting of the surface of polyester fibers and improves their wettability, as indicated by 

contact angle measurements30. The enhanced wettability is due to an increase in either the 

number of polymer hydrophilic groups or their accessibility to water, and/or an increase in 

the roughness of the sample surfaces. 

In order to improve the sorption characteristics of a cellulose fabric during textile finishing, 

different pre-treatment processes such as washing, bleaching, and mercerization are applied. 

Pre-treatment increases the sorption ability and makes the material more accessible to 
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chemicals used in the finishing processes. Fibers with the highest moisture sorption have the 

smallest contact angle31. Contact angles of raw and pre-treated regenerated fibers are shown 

in Figure 2.9.  

 

Figure 2.9: Contact angle, φ, of raw and pre-treated regenerated cellulose fibers31 

As Figure 2.9 shows, the contact angle of bleached and washed fibers are reduced for all the 

tested samples, leading to a better performance of wicking.  The influences of contact are 

different among different types of fibers. 

It was found that alkaline purification had the biggest influence on viscose fibers. In the case 

of lyocell and modal fibers, influence of alkaline purification was smaller in comparison with 

viscose fibers and no essential reduction in contact angles could be noticed. In the case of 

viscose fibers, the alkaline solution of the washing agent could easily penetrate into less 

orientated amorphous regions and break down the interactions between the cellulose 

macromolecules after washing. The diameter of the fibers increases and the structure 
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becomes loose leading to better accessibility of fiber interfaces to the liquid. The result 

revealed that a smaller contact angle, and wettability and sorptivity improvement of the 

viscose fibers. In comparison with viscose fibers, modal and lyocell fibers have a higher 

degree of crystallinity and higher molecular orientation, which means that only a small 

quantity of washing agent can penetrate into the less-ordered amorphous regions of the 

fibers. This result also implies a smaller pre-treatment effect on the hydrophilic character of 

the fibers. The improvement of sorption characteristics due to washing in an alkaline medium 

can be explained by the increase of voids, which changes the pore distribution of the 

fabrics31. 

2.2.7 Conclusion  

As discussed above, there are quite a large number of factors that influence wicking and 

wetting performance. Looking back to the substantial explanation, these factors contribute 

the wicking and wetting performance by alternating surface roughness, diameter of fiber, and 

the distribution and sizes of pores.  

After all, there are methods with different mechanisms that can affect the performance of 

wicking and wetting, which helps the study of dropped bloodstains analysis on textiles. 
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CHAPTER 3: EXPERIMENTAL WORK 

3.1 Materials 

Yarn and fabric construction play crucial roles in this research. To control these variables, the 

yarns used are ring spun, open end and Murata vortex spun yarn, which are all from the same 

bale of cotton from Cotton, Incorporated. These yarns were converted into two kinds of 

plain-woven fabric and a similar jersey knit. The woven fabrics resemble bed sheets in the 

crime scenes and with thread counts of 100 epi × 100 ppi and 130 epi × 70 ppi, while the 

jersey knit fabric is the same structure of T-shirt fabric that the victim or assailant might wear. 

Both wovens and the jersey knit fabrics had basis weights around 150 grams/meter2. Three 

kinds of yarn and three kinds of fabric constructions resulted in nine kinds of fabrics. 

Another two commercial cotton fabrics were used for comparison in this research and were 

ordered from Test Fabrics, Inc. One was 130 epi × 70 ppi plain-woven fabric, item code 

439XW. The other was a Jersey-knit fabric having item code 437-60. 

3.2 Yarn Physical Properties 

Yarn physical properties, e.g. yarn count, yarn diameter, linear density, twist level, tensile 

strength and evenness, were analyzed. A Twist Tester, microscopic video imaging, Scanning 

Electron Microscopy (SEM), USTER® TESTER 5-S800 and USTER® TENSORAPID 4 

were combined with various software tools in the measurement of the yarn’s physical 

properties. 
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3.2.1 Yarn Preparation for Linear Density 

Linear density of a yarn is one of its most fundamental properties to determine the fabric 

behavior. Test method ASTM D 1907/ D1907M-12 was used for measuring the linear 

density of yarn by weighing a known length of a sample. Each of the six cones of ring spun, 

open end and Murata vortex spun yarn were wound into 120 yard skeins and weighed. The 

yarn cotton count (w is weight in grams) was obtained from: cotton count = !"#
!
× !"#.!

!"#
= !".!

!
 

Table 3.1: Cotton Count of Yarn 

  
Ring spun Open end Murata vortex 

Specimen  
No. 

Weight (g) 
Cotton  

Weight (g) 
Cotton  

Weight (g) 
Cotton  

  count count count 

1 1.7903 36.2 1.8075 35.9 1.7979 36.0 

2 1.7963 36.1 1.7999 36.0 1.7963 36.1 

3 1.8242 35.5 1.8222 35.6 1.7748 36.5 

4 1.7909 36.2 1.8108 35.8 1.7886 36.2 

5 1.799 36.0 1.8032 35.9 1.806 35.9 

6 1.8065 35.9 1.8231 35.5 1.7791 36.4 

Average   36.0±0.2   35.8±0.2   36.2 ±0.2 
 

It is evident from Table 3.1 above that cotton counts of these three yarns are all 36s.  

The yarns of commercial fabric had to be pulled out from the fabric in both the warp and 

weft directions. Careful handling of the yarn was required during the removal from the fabric 

since the yarns are weak. Also, the yarn should be completely contained in the weighing pan 

and no loose ends should stand out. The cotton count (Ne) of the warp yarn was 41.5 and of 
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the weft was 35.4. The same experiment was repeated for knitted fabrics and the yarn was 

carefully removed along the course direction to avoid breakage while obtaining the required 

length. The cotton count of commercial knitted fabric was 32.5. 

3.2.2 Yarn Preparation for Twist Testing  

There is a relationship between yarn twist and diameter, density, hairiness, strength and twist 

factor. Test method ASTM D1422-99 (2008) was used to determine the twist in a single spun 

yarn by the untwist-retwist method. This method has been found satisfactory for all ring-spun 

and 100% cotton open-end yarns32. Ring spun, open end and the warp, weft and knitted yarns 

from commercial fabrics were measured.  

 

Figure 3.1: Twist Tester with counter display 



 

32 

Type RU-493 power-driven Twist Tester manufactured by United States Testing Company 

Inc. was used for this purpose, which consists of a pair of clamps, one of which is rotatable in 

either direction and positively connected to a rotation counter. Position of the other clamp 

was adjustable to accommodate the required specimen length. The end tensioning procedure 

was carried out in the following manner: Initially, one end of the specimen was secured in 

the non-rotatable clamp and the other end through the rotatable clamp leaving it open 

temporarily. The yarn was then pulled through the open clamp till the pointer attached to the 

non-rotatable clamp reached the predetermined (zero) position for the required tension and 

both clamps were fastened. The excess long end of the yarn, more than inch, was cut off. The 

rotatable clamp was revolved in the direction that untwisted the specimen and released the 

tension as the specimen started to elongate. The rotation was continued in the same direction 

till the original twist was removed and new twist in the opposite direction was imparted. The 

twist in the opposite direction was reinserted until the indicator had returned to its original 

position, where the specimen was assumed to have its original length and tension. To 

calculate the twist multiplier to one decimal, we used the equation Twist Multiplier: TM= !"#
!

 

(tpi is turns/inch, N is cotton count) 

For ring spun and open end, each cone was measured 5 times and the 30 TMs were averaged 

to get the final results. For the warp, weft, and knitted yarn from commercial fabrics, 10 

yarns of each yarn was measured. Results are shown in Table 3.2 below. 
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Table 3.2: Twist Multiplier of Yarn 

Yarn Ring spun Open end Commercial warp  Commercial weft Commercial knitted 

TM 3.82 3.81 3.86 3.89 3.86 

 

3.2.3 Yarn Preparation for Tensile and Elongation 

Tensile strength and elongation are basic physical properties that are required in this research. 

Test method ASTM D 2256 was used to determine the tensile and elongation of yarn. 

USTER® TENSORAPID 4 was used for this test.  

 

Figure 3.2: USTER® TENSORAPID 4 



 

34 

The advantage of the Uster® Tensorapid is that it can automatically test 6 cones one by one 

without changing cones. First, the cones were places in order on the rack nearby, and then the 

yarns were drawn through the guides. The cotton count of each cone was input to the 

computer connected to the tester and the measurement started. There are 6 cones for each 

kind of yarn, and 20 breaks for each cone. The results of all the breaks are in Appendix A. 

Table 3.3 demonstrates the averages and standard variations of tensile tests of ring spun, 

open end and Murata vortex spun yarns. 

 

Table 3.3: Tensile Test of Ring Spun, Open End and Murata Vortex 

Yarn Type 
Time to 
break            

s 

B-Force 
gF 

Elong. 
% 

Tenacity  
gF/den 

B-Work  
gF.cm 

Modul 2% 
N/tex 

Ring Spun 0.41             
±0.03 

278.6               
±23.23 

6.81              
±0.46 

1.89           
±0.16 

498.7          
±65.31 

1.835          
±1.806 

Open End 0.35                  
±0.03 

220.8             
±20.83 

5.87                 
±0.52 

1.49                        
±0.14 

365.4                  
±62.03 

1.722             
±1.696 

Murata 
Vortex 

0.42                 
±0.04 

220.5            
±17.83 

6.92                              
±0.71 

1.5              
±0.12 

393.7                
±57.22 

1.431           
±1.487 
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The results table reflects that ring spun has better tensile strength, tenacity and modulus than 

open end and Murata vortex. Open end is the weakest kind of yarn of these three. 

3.2.4 Yarn Preparation for Unevenness and Hairiness  

Unevenness is variation in the linear density of a continuous strand or of a portion of a 

strand33. This is the property, commonly measured as the variation in mass per unit length 

along the yarn. It is a basic and important factor, since it can influence so many other 

properties of the yarn and of fabric made from it34. It may affect the bloodstains on the yarn 

and fabrics in some ways. 

Test method ASTM D1425-96 was used to determine the unevenness. USTER® TESTER 5-

S800 was used for this test. It is shown in Figure 3.3 below. 
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Figure 3.3: USTER® TESTER 5-S800 

1000 meters from six cones of each kind of yarn were tested by the USTER® TESTER 5-S.   

The test results of each cone are shown in Appendix A. Table 3.4 shows the average results 

for six cones of each type of yarn. 

To understand Table 3.4 better, there are some terminologies that need to be explained.  

CV% means evenness, the coefficient of mass variation derived from the standard deviation 

of the mass variation of a specified strand length (Ls) over the mass variation (formerly 

known as unevenness). Thin, Thick, Neps (imperfections) mean number of thin places, thick 

places and neps. Unit is 1/1000 m. Hairiness is absolute value of hairiness. They are the 

measurements of the entire fiber length35.  
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Table 3.4: Unevenness Test of Ring Spun, Open End and Murata Vortex spun yarns 

Yarn Type 
CVm 

% 

Thin 

-50% 

 /km 

Thick 

+50% 

/km 

Neps 

+200% 

/km 

H 

Ring Spun 14.53 3.3 143.3 133.3 5.45 

Open End 16.67 141.7 176.7 741.7 3.97 

Murata 

Vortex 
15.25 78.3 71.7 310.0 3.79 

 

As seen from the tables above, ring spun yarn has the best evenness and it has less thin and 

thick places, and neps places, which means ring spun yarns have more uniformity than the 

other two kinds of yarns. Hairiness of the six cones of ring spun yarn is the highest among 

all, which may also lead to better wetting and wicking properties. 

3.2.5 Yarn Morphology 

Yarn structure plays a very important role in the blood wicking process. In this research, ring 

spun, open end and Murata vortex spun yarns were all from the same bale of cotton fiber; the 

spinning method was the only factor that was different among these yarns. Variable spinning 

methods lead to different yarn morphologies, which affect their wicking properties. 
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The primary technique used for determining the morphology of yarns was Optical 

Microscopy. Before utilizing the Optical microscope, microscope slides with each of the 

three types of yarn were neatly prepared. The two ends were fastened with tape. Figure 3.4 

below shows an image of the yarns captured by the digital camera. 

 

Figure 3.4: Morphologies of Ring spun (top), Murata vortex (middle) and Open end yarn 

(bottom) with the same cotton count are shown.  

Ring spinning is currently the most widely used yarn production method. In addition to the 

superior yarn quality, ring spinning is extremely versatile. It is capable of producing yarns 

with wide ranges of cotton counts and twists from a great variety of fibrous materials. It is 

also used for doubling and twisting multifold and cabled yarns36. The morphology of ring 

spun yarn is shown below. Twisted fibers are packed uniformly in the yarn. 
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Figure 3.5: Morphology of Ring spun yarn with 36s cotton count 

During the 1960s, open-end spinning was one of the new methods proposed to overcome 

speed and power consumption problems in the ring spinning method of yarn spinning 

technology. This open end method separates the yarn twisting action and winding action, and 

rotates the package winding action at the relatively low winding speed, which can create yarn 

without using a spindle37. Figure 3.6 shows the structure of open end yarn. Insider fibers are 

aligned nearly parallel, and fibers on the surface wind around the inside fibers to keep the 

fibers closely packed together. 
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Figure 3.6: Morphology of Open end spun yarn with 36s cotton count 

DuPont first introduced air-jet spinning technology in 1963, but it has only been made 

commercially successful by Murata since 1980. DuPont used only one jet, which produced a 

low strength yarn. The Murata system has two opposing air-jets, which improves the yarn 

strength36. Murata vortex spun yarn is shown in Figure 3.7. 
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Figure 3.7: Morphology of Murata vortex spun yarn with 36s cotton count 

3.3 Fabric Preparation  

The effects of yarn and fabric construction on drip bloodstains may be vital in criminal case 

and also the first investigation in this study. Yarn and fabric construction includes many 

factors; to control variable factors, the yarns used in later experiment are ring spun, open end, 

and Murata vortex spun yarn were provided by Cotton, Incorporated and were manufactured 

from the same bale of cotton with the same cotton count 36s and the same twist multiplier 3.8 

TM. In this case, only the method of spinning was different for the yarns.  

These yarns were converted into three types of fabric – 100 epi x100 ppi, 130 epi x70 ppi 

woven and a jersey knit with a similar basis weight. To guarantee yarn and fabric 

construction so that can be sure that only one factor is variable, the fabrics were designed and 
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produced specifically for the research in the College of Textiles weaving laboratory instead 

of purchasing commercial fabrics, which will be compared to the commercial fabrics. 

3.3.1 Sizing 

Warp sizing is an essential process to coat warp yarns with size and bind fibers of yarns to 

lower fluff or hairiness so that yarns may be strong and resist the mechanical stress in the 

weaving process, and maintain or improve weaving efficiency38.  Sizing is also called the 

heart of weaving, since the strength of yarns is very important during weaving.  

Yamada YS-6 Single End Sizing Winding machine was used in the sizing process. It is 

shown below in Figure 3.8. The yarns were drawn through guides and dipped it into the 

sizing bath, then moves into the heated oven in order to dry the yarn, and finally the yarn is 

wound onto a cone. Yamada YS-6 can size two cones of yarn at the same time.  
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Figure 3.8: Yamada YS-6 Single End Sizing Winding machine 

PhilBind L-1000 size for cotton, which is water soluble, was used. All the cotton yarns in this 

research were sized by 17% of PhilBind L-1000. Although size gave the yarn better yarn 

strength, care must be taken during the sizing process in case of yarn breakage. Sizing took 

around 4 hours for each cone of yarn. 
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3.3.2 Warp Preparation 

Warping is the next step in the fabric formation process for woven fabrics. It is defined as the 

parallel winding of yarn from yarn packages onto a warp beam. The purpose of warping is to 

arrange yarns in long parallel lengths for the further process39. CCI Model CW550 warper 

was used for warping shown in Figure 3.9. Considering the required fabric sample size and 

weaving waste, the warp was designed to be 13-inch wide and 80-inch long. During warping, 

yarns are aligned in parallel on a warp beam that is mounted on the rear of the loom. The 

warp yarns are now positioned for drawing through the heddles mounted on the harnesses or 

frames that control the shedding action in weaving. 
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Figure 3.9: CCI Model CW550 warper 

3.3.3 Drawing-in of warp yarns 

Drawing-in is the entering of yarns from a new warp beam into the weaving elements of a 

weaving machine, which means drop wires, heddles and reed, when starting up a new 

fabric39.  
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Figure 3.10: Heddles and Heddle Frames with threaded warp yarns 

The drawing-in process by hand is time consuming and accuracy in threading is critical. The 

fabric construction was designed using 8 harnesses and the yarns were drawn through the 

heddle eyes sequentially from 1 to 8 repeatedly as seen in Figure 3.10.  

Since the warps were 13-inch-wide, there were 1300 ends for 100 epi ×100 ppi plain woven 

and 1690 ends for 130 epi ×70 ppi plain woven, which drawn separately. After calculation, 

for 100 epi ×100 ppi plain woven, harnesses 1 to 4 each had 163 heddles/harness, and 

harnesses 5 to 8 had 162 heddles/harness; for 130 epi ×70 ppi plain woven, harnesses 1 to 2 

had 212 heddles/harness, and harnesses 3 to 8 had 211 heddles/harness. So there are 1300 

ends for each 100 epi ×100 ppi woven fabric and 1690 ends for each 130 epi ×70 ppi woven 

fabric.  

After drawing through heddles, the next step was to draw the yarns through the reed, in this 

case, two yarns per dent space drawn from right to left as shown in Figure 3.11 below. 
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Figure 3.11: Reed showing reed hook and warp ends ready to be drawn down through the 50 

dents per inch reed 

3.3.4 Weaving 

The drawn warp is now attached the front cloth beam and placed under tension in preparation 

for weaving. The main principle of weaving is based on the interlocking of warp and filling. 

As each warp end goes through a separate heddle eye and through a dent or space in the reed. 

Some ends are moved up and others are moved down by the raising and lowering of harness 

to form an open shed, the internal triangle between two warp webs or sheets where the filling 

is inserted40.  

The weaving sequence is as follows: 
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1. Warp yarns are leveled 

2. Shed starts to form 

3. Filling insertion 

4. Shed closing 

5. Beating up of newly inserted pick 

6. Newly woven filling incorporated into fabric 

 

Figure 3.12: CCI Sampling Loom -SL8900s 

CCI Sampling Loom -SL8900s was used in the weaving process. The CCI is a fully 

automatic sampling loom. The advantage is that drawing-in on the loom can be done 
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separately to increase efficiency, and then heddle frames are loaded to CCI loom after warp 

yarns were drawn in. The weave design including pick density was inserted into the 

computer to set up the machine to begin weaving. The shedding speed was controlled 

electronically to maximize the speed of weaving without breaking warp ends. After 

beginning to weave this controlled shedding is automatic, but this may be a disadvantage, as 

the loom does not stop if a warp or filling yarn breaks. Broken warp or filling yarns causes 

defects in fabric, which is not desirable in production, but especially in this dripped 

bloodstain research experiments. 

3.3.5 Preparation for Knitting - Winding 

Winding yarn onto the appropriate number of packages is the first step for weft knitting. To 

meet the requirement of the Mayer circular knitting machine, 83 packages are needed to fully 

load the side creel for each type of yarn. Each type of yarn has 6 cones. SSM CW3-W 

ClassicWind™ random winding machine in the College of Textile laboratory was used to 

split 6 packages of yarns into 83 packages as shown in Figure 3.13. 
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Figure 3.13: SSM CW3-W ClassicWind™ random winding machine  

First the weight for each package was calculated, the package weight and number was 

entered into computer, then original cones were placed into the lower position, and next the 

yarns were drawn through the guides and wound onto a new cone. These steps were repeated 

until all 249 packages for the three types of yarn were prepared for creeling for knitting. 
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3.3.6 Knitting 

 

Figure 3.14: Mayer & Cie. Circular Knitting Machine 

Mayer & Cie. Circular Knitting Machine Type RELANIT 4 was used for knitting. It is in the 

College of Textiles knitting laboratory shown in Figure 3.14. 
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The 83 packages were placed in the side creel drawn into the pipes in the creel frame, and 

guided into the machine to begin knitting. The tension was adjusted to obtain the desired 

basis weight around 4.56 oz/yard2, which is the basis weight of woven fabric. In this case, the 

woven fabric and jersey knit had approximately the same basis weight，which enables a 

better comparison of other factors in the bloodstain experiments. 

3.3.7 Post formation Processes Bleaching, Washing and Drying 

It is very important to wash the fabrics before experimentation to remove the size agents and 

machine oil on the fabrics, which decreases the wicking ability and affects the bloodstain 

forms. Minimum bleaching of the fabric a little bit without changing the fabric’s physical 

properties will assist in the observation of the bloodstains on the fabrics. A Thies mini-soft 

fabric dyeing machine was used for bleaching and washing process in the College of Textiles 

pilot lab. The machine is shown in Figure 3.15. 

In order to maintain proper identification of each fabric sample, permanent ink was used to 

label the fabrics, then all the fabric were sewn together to form a continuous length of fabric 

that was loaded into the machine, and heated to 100°C. During the heating, 3g/L Soda Ash, 

3g/L Surfactant (PRIMASOL NB NF) and 2g/L H2O2 were weighted and added to the 

machine for washing and bleaching of the fabrics. After closing of the machine’s hatch door, 

the fabric span in the Thies until wash all the size and machine oil were removed. The fabric 

was then scoured with fresh water 3 times to make sure there was no residual chemical on the 

fabric. 
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           Figure 3.15: Thies mini-soft Fabric Dyeing machine 

After washing and bleaching, the fabrics were dried. A Bock centrifugal extractor was used 

to squeeze and extract water from the wet fabric. Then the fabrics were placed into the 

American Dryer Model ADS50 and dried for the fabrics about half hour until they were 

completely dry. 

The last steps are to iron the wrinkled fabrics, and roll the fabrics onto tubes. It is necessary 

to keep the fabrics flat so that there are no wrinkles to alter bloodstain patterns.  
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3.4 Blood Preparation  

The characteristics of blood play a crucial role in this research. Artificial blood is valuable 

for comparing with porcine blood which are both readily available to the experiments. In 

most research, it is used to replace or simulate human blood. The goal for artificial blood 

preparation in this research is to make it as close as possible to human blood in viscosity and 

surface tension. Porcine blood’s properties is very close to human blood, thus the results of 

porcine blood are proposed to be similar to a criminal scene. By comparing artificial blood 

and porcine blood, the research proposed to determine if artificial blood is an adequate 

replacement for human blood. 

If the artificial blood mixture possesses properties very similar to those of human blood, we 

can mimic the stains formed at actual crime scenes. Artificial blood was provided by Jingyao 

Li. Her recipe was based on ASTM standard F1819-0741, which contains distilled water, red 

dye Direct Red 81 and thickening agent Acrysol 8306, it is modified to have a more 

appropriate viscosity and surface tension. 

3.4.1 Viscometer measurements  

Dynamic viscosity is a fluid property that resists deformation to flow. Kinematic viscosity, 

which is the ratio of dynamic viscosity to the density of the fluid, is measured in this thesis. 

The measurements of artificial blood followed Standard Test ASTM D445, IP 71 and ISO 

3104. A Cannon Ubbelohde Viscometer (PA 16803) designed for measuring kinematic 

viscosity in the range of 2-10 cSt was used for this purpose as shown in Figure 3.1642. 
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 Figure 3.16: Ubbelohde Viscometer 

The viscometer was calibrated using water, after which the viscosity of the required artificial 

blood was measured as follows42:  

1. Clean the viscometer using suitable solvents, and by passing clean, dry, filtered air through 

the instrument to remove the final traces of solvents. 

2. Charge the viscometer by introducing artificial blood through tube L into the lower 

reservoir; introduce enough blood to bring the level between lines G and H. 
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3. Place a finger over tube M and apply suction to tube N until the liquid reaches the center 

of bulb D. Remove suction from tube N. Remove finger from tube M, and immediately place 

it over tube N until the sample drops away from the lower end of the capillary into bulb B. 

Then remove finger and measure the efflux time. 

4. To measure the efflux time, allow the artificial blood sample to flow freely down past 

mark E, measuring the time for the meniscus to pass from mark E to mark F. 

5. Calculate the kinematic viscosity of the sample by multiplying the efflux time by the 

viscometer constant. 

6. Without recharging the viscometer, make determinations by repeating steps 3 to 5. 

For the porcine blood, this measurement would not work. Since there are many blood cells in 

fresh porcine blood, blood clotting in the viscometer made it very hard to measure the efflux 

time. A new method of measurement was needed for porcine blood. The Brookfield DV-ETM 

Viscometer was used for measuring porcine blood, as shown in Figure 3.17. It has many 

benefits: low cost and easy to use, and no calculations required. 
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Figure 3.17: LVDE-E spindle and the Brookfield DV-ETM Viscometer  

There are four basic spring torque series offered by Brookfield; the higher the spring torque 

are used for the higher measurement ranges. In this case, the LVDE-E spindle was chosen 

since porcine blood has relatively low viscosity. Following the manufacturer’s procedure49, 

the spindle was dipped into the porcine blood without touching the beaker, and the viscosity 

measured. Each blood specimen was measured 3 times.  

Average human blood and porcine blood viscosity reported in the literature43 and the result of 

our experimental porcine blood and artificial blood viscosities are shown in Table 3.5 below. 
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Table 3.5: Viscosities (cSt) of human, porcine and artificial blood43 

Type of Blood 
Temperature 

4°C 37°C 

Human Blood   3.2-4.4 

8-day-old porcine blood 4.9-6.3 6.3-8.8 

2-week porcine blood 5.5-6.9 6.8->10 

  25°C 

Porcine Blood 4.98 

Artificial blood 4.15 
 

Viscosities of experimental porcine blood and artificial blood are very similar, which meets 

the requirement of this research. 

Surface tension of the blood droplet is another factor impacting the appearance of blood 

splatter on textile surfaces. In this research, surface tension of artificial blood is 67.76 mN/m, 

while the surface tension of porcine blood is 58.24 mN/m 44. 

3.5 Experimental Preparation for Dripping blood onto Fabric Samples 

After fabric preparation and blood characterization, the equipment and samples were 

arranged for the controlled dripping of the blood onto the fabrics as described below. 

Consistent procedures for dripping blood drops are a vital part of these experiments.  

3.5.1 Tip Calibration 

Before dripping blood, it is necessary to calibrate the pipet tips and to alter the diameter of 

the tip. The requirement for regulated blood drops in these experiments is a single 30-µL 

drop of blood and each drop should be the same volume. Tip calibration assisted in 
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producing a single drop of 30-µL volumes. Calibrated tips of ZAP (Zero Aerosol Pipetting) 

by VWR were used for this purpose. The entire volume of a drop was to be released by a 

pipette as a single drop of blood from the source. 

For this purpose, the tip was cut 1 mm at a time to widen the tapering tip diameter. A drop of 

blood was then dripped onto a balance. In case an accompanying drop was observed, the tip 

was cut a further mm to widen the tip diameter even further. This procedure was repeated 

until the tip dispensed a single drop with no secondary drop. The blood drops were allowed 

to fall vertically as shown in Figure 3.18, this procedure became the same method for 

dripping blood on sample fabrics in later experiments. 
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Figure 3.18: Tip Calibration using the balance 

After several repeats of dripping blood, the calibrated tip needed to be changed. For porcine 

blood, it was found that the calibrated tip should be replaced after each drop onto the fabric 

to keep the volumes of drops uniform.  

3.5.2 Set up of the Drip Tower 

After tip calibration, the next step is to set up the Drip Tower to photograph and document 

the shape of bloodstain pattern that will form on the fabric samples. The Drip Tower is 

shown in Figure 3.19 below. 
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Figure 3.19: Drip Tower apparatus 

The Gilson pipette was placed at the desired height on the platform, which was 0.5 meter 

from the sample in the hoop for the work reported in Chapter 5. The fabric was securely 

placed on the embroidery hoop without stretching or distoring the fabric. Then the sample in 

the embroidery hoop was placed into the polyproylene mounting board, which was attached 

to a rotating stand fixed to the steel cage. With the help of the Newport 471 series rotation 

stage, the required impact angle 30° and 90° was calibrated. To make sure the fabric sample 

is horizontally placed when impact angle is 90°, a bubble level was used.  

On the same rotating plate, two USB cameras were utilized to capture the top and bottom 

images of the sample. Since fabric surfaces are porous and have good wicking properties, 
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blood can penetrate from top to bottom of fabric samples, so the bottom view of bloodstain 

pattern was captured as well.  

 Zipscope software was installed on the monitors to capture the time series of the bloodstains 

and also video the progression of stain development. Each sample’s video was saved with a 

unique identification tag. The images from these cameras were displayed on two monitors to 

view the top and bottom of the sample and cameras’ focus was adjusted to the point of 

impact on the fabric.  

The pipette was charged with 30 µL of artificial blood or porcine blood. Several trial samples 

were obtained to confirm that ejecting the fluid from the pipette targets landed in the region 

that could be captured by the two microscopes. This is extremely important when the impact 

angle is 30° since the area of bloodstain would be larger and more satellite drops would form. 

After making 5 alignment samples, the drip experiments were run. The pipette tips were 

changed and calibrated every five samples.  

The mouse of each computer was clicked at the same time to start recording videos after the 

charged pipette to synchronize the videos. Then the blood was ejected from the pipette and 

assured that only one drop of blood was ejected. The bloodstain was videoed until it was 

completely dry. Once dried, an L-shaped photo scale with adhesive backed was stuck onto 

the fabric sample and the warp direction was labeled, making sure all these were in the 

defined region of camera view and the final image of the dried sample was captured.  

All the samples were properly photographed and documented and then placed in a 

transparent plastic bag. The same steps were followed after altering any one parameter in the 
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experiment. Care was taken to avoid changing two parameters at one time, as this would 

create difficulty in accurately interpreting the final pattern. 

As mentioned earlier, the scope of this experiment is huge due to the freedom of performing 

experiments with so many variable parameters. Hence, the next section contains the 

experimental design for various parameters. 

3.5.3 Experimental Design 

The main point of experimental design is that only one parameter is changed in a set of 

experiments, so that the effect of this parameter can be compared in the analysis and 

discussion of the results. The parameters in this research are listed in Table 3.6 below.  

 

Table 3.6: Experimental Design 

Parameter Yarn 
Type 

Fabric 
Construction 

Warp  
Angle 

Impact 
Angle 

Impact 
Height 

Blood  
Type 

Volume      
of Drop 

Levels 

Ring 
spun 

100×100        
plain woven 0° 30° 

0.5 m 

Artificial 
blood  

30 µL 
Open 
end 

130×70          
plain woven 90° 90° Porcine 

blood  

Murata 
vortex Jersey knit        

As mentioned in section 3.3, ring spun, open end and Murata vortex spun yarns were 

converted into 100×100, 130×70 plain woven and a similar basis weight jersey knit, plus the 

additional similar commercial woven and knit fabrics resulted in 11 fabrics that were tested. 

For each one, 30 µL of artificial blood and porcine blood were dripped from 0.5-meter-height.  
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To be consistent with earlier literature, the angle of impact is defined as the acute angle 

relative to the plane of a target, at which a blood drop strikes the target13. Two impact angles 

were tested in this research: 30° and 90° as shown in Figure 3.20. Calibrated rotation stage to 

30° and 90° impact angle without changing the angle between the cameras and fabric 

surfaces is critical, the defined region of camera views would be change if there was a slight 

shift in the angle between camera and fabrics.   

 

 

Figure 3.20: Impact Angles- 90°(left) and 30°(right) 

When the angle of impact was 30°, two types of warp angles were measured. As shown in 

Figure 3.21, warp angle of the image on the left is 0° and warp angle of second picture is 90°, 

where the warp angle is defined as the angle the warp direction for the fabric makes with the 

axis of rotation of the fabric stage about the horizontal. 
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Figure 3.21: Warp Angles- 0°(left) and 0°(right) 

CHAPTER 4: DATA PROCESSING 

Data processing is a vital part of this analysis after collecting images and videos of dripped 

bloodstains from top and bottom view of the cameras. Several software packages, such as 

ImageJ and Origin, were used to process data to analyze stains for their area, perimeter, 

circularity, ellipticity, and number of spines and satellite drops. 

4.1 Calibration of Image Dimensions and Correction of the Camera Viewing Angle 

In forensics, the size, shape and angular features of bloodstains are critical to their 

interpretation in describing human activties. To accomplish this, the video images needed to 

be calibrated. In addition, to avoid blood (artificial and porcine) falling onto the video 

cameras, they were placed slightly off axis. This required that the images also needed be 

corrected to compensate for this off-axis imaging, as shown in Figure 4.1. The software 

package ImageJ was used for this and all subsequent image processing.   
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Figure 4.1: Drip tower showing the USB Camera Angles relative to the drop falling direction. 

Although the offset angles of cameras were only 5° to 10°, for quantitative analysis, it was 

necessary to correct for this offset.  
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Figure 4.2: Set Scale 

An L-shaped forensics calibration scale was attached to the stained specimen, avoiding any 

areas containing stains. The warp direction was marked with an arrow (see Figure 4.2) and 

the image calibrated in both the x- and y- directions using the scale. 

4.2 Preparing the Videos for Processing 

After calibration, this video was brought into ImageJ using the “Virtual Stack” command to 

allow automated processing of the entire video. Next, the region of interest was selected by 

drawing a rectangle around it and cropping the image to this area, as shown in Figure 4.3. 

Cropping the image through virtual stacking function greatly reduced processing time of each 

image. 
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 Figure 4.3: Selecting the Bloodstain in Video for Processing 

Since video recording had to be started prior to the drop falling on the fabric, excess blank 

images occurred at the beginning of the video and were deleted such that the first image 

showed the point when blood impacted the fabric. This resulted in a collection of individual 

images beginning at the moment blood impacted the fabric until the drop dried on the fabric. 

The boundary between the bloodstained region and non-stained regions was smoothed by 

replacing each pixel with the average of its 3×3 neighbourhood, and converted to 8-bit grey 

scale images and finally to black and white images by converting to binary data image with a 

light background 
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4.3 Analysis of the Bloodstains 

The area, perimeter, and circularity of each stain were measured using routines available in 

ImageJ as Figure 4.4 shows. 

 

Figure 4.4: Set Measurements 

Circularity is given by: 

 𝐶 = !!"
!!

 (4.1) 
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where A is the area and P is the perimeter. Circularity varies from 0 to 1, with 1 representing 

a perfect circle.  

For the 30° blood drops, the bloodstain resembled an ellipse. Again, ImageJ was used to 

determine the ellipticity, the lengths of the major and minor axes, and the orientation angle of 

the ellipse, as shown in Figure 4.5. 

 

Figure 4.5: Ellipse  
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4.4 Produce Scatter Diagram  

Time evolution graphs for the area, perimeter and circularity of the stains were produced 

using the graphics software package Origin. Due to the large number of possible yarns, 

fabrics, and test conditions, a coding scheme was developed. The yarn types were denoted as: 

commercial yarn C, ring spun RS, open end OE, and Murata vortex spun MVS. The two 

camera view positions were T for top and B for bottom along with two types of blood, 

artificial blood AB and porcine blood PB. The marks – and | refer to the warp directions, – 

means 0° and | means 90°. Thus, “RS 130×70 PB 30° –” means: ring spun yarn, 130×70 

epi×ppi woven fabric, impacted with porcine blood at 30° impact angle, when the warp 

direction is 0°.  
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CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1 Yarn Characterization 

Yarn characterizations may vary from different spinning methods, which can impact wicking 

properties of artificial blood and porcine blood. 

5.1.1 Yarn Morphology–SEM Images  

Yarn morphology was discussed in Chapter 3.2.5. In order to observe yarn morphology more 

clearly, Scanning Electron Microscopy (SEM) combined with various software tools was 

used to estimate the effect of yarn morphology on bloodstains.  

Initially, yarns were precut and stuck on standard stubs by two-sided adhesive carbon tape. 

The stubs were put in a chamber in which argon gas was used to generate a plasma. Yarn 

samples in the chamber were sputter coated with gold-palladium (Au-Pd) alloy 57 using a 

sputter coater. The ionized gas molecules bombarded the Au-Pd target that caused removal of 

the metal particles from the target, which deposited onto the sample. After releasing the 

pressure, the stubs were removed and carefully placed in the SEM holder before insertion 

into the SEM, the rim of the stub was either lower or at the same height as to the rim of the 

holder.  

Images were taken to allow the examination of yarn morphology and estimation of yarn 

diameter. The images obtained from SEM are shown in Figure 5.1 below. 
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Figure 5.1: SEM images of ring spun (left), open end (right), Murata vortex spun yarn (bottom). 

The scale bars are 250 µm.  

The observations from these images are:  

1) Diameters of ring spun and open end are larger than Murata vortex spun; 

2) Ring spun yarn is packed looser than the other two; 

3) Open end yarn has fibers wrapped around parallel fibers in the core of the yarn. 
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5.1.2 Yarn Packing Factor 

To understand yarn morphology precisely, the diameters of the yarns were measured using 

ImageJ software. Yarn packing factor 𝜙 is the ratio of total fiber area to actual yarn area in 

the cross-section of a multifilament yarn45 and was calculated as follows: 

𝜙 =
4𝑁!
𝜋𝑑!𝜌𝑆 

where 𝜙 represents packing factor of the yarn; 𝑑 is diameter of the fiber (cm); 𝜌 is density of 

the fiber (g/cm3); 𝑁! is linear density of the yarn (tex); 𝑆 is the constant, 105. 

In this case, all the yarns from Cotton Incorporated are 36 Ne. For commercial yarns, as 

mentioned in section 3.2.1, knit was 32.5 Ne, woven warp yarn was 41.5 Ne and weft yarn 

was 35.4 Ne. Converting Ne of cotton count to tex, Cotton Incorporated ’s yarns are 16.4 tex, 

commercial knit yarn is 18.2 tex, woven warp yarn is 14.2 tex and weft yarn is 16.7 tex. The 

density of cotton 𝜌 is 1.55 g/cm3 46.  

From the SEM images and ImageJ software, the diameter of the yarns, their diameters and 

Packing Factors are shown in Table 5.1. 

Table 5.1: Diameter and Packing Factor of Yarns 

Yarn RS OE MVS C warp C weft C Knit 
Diameter   

(µm) 361 201 180 188 190 352 

Packing 
Factor 0.103 0.333 0.416 0.331 0.380 0.120 
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Packing factor is the fraction of total fiber area to actual yarn area. In this case, the higher 

packing factor is, the tighter yarns will be. Ring spun yarns get the lowest packing factor, 

which means ring spun yarns are relatively loose. 

5.2 Fabric Construction 

Fabric construction may be a very important parameter in analyzing blood splatter behavior 

on textile surfaces. In this research, three types of fabric constructions: 100×100, 130×70 epi 

× ppi woven and a jersey knit were studied.  

Microscopic views of woven and knit fabric structures are shown in Figure 5.2. They both 

show the bottom side of porcine bloodstains. It was observed that only part of the blood 

wicked through the void space between interlacing yarns in woven fabric, meanwhile, almost 

all the blood on the surface of jersey knit wicked in the interlooping yarns through wales and 

courses to the bottom side. 
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Figure 5.2: Microscopic View of Dried Stain on 100×100 Woven (top) and Knit (bottom) 

To get a better view, penetration of porcine blood was analyzed in Table 5.2. 

Table 5.2: Penetration of Porcine Blood  

               Yarn 
Fabric                 RS OE  MVS 

100×100        
plain woven ✔ ✕  ✕  

130×70          
plain woven ✔ ✕  ✔ 

Jersey knit ✔ ✔ ✔ 

Symbol ✔ means blood can penetrate from top-side to bottom, while symbol ✕  means blood 

did not penetrate. In other words, porcine blood did not penetrate through OE 100×100, MVS 

100×100 and OE 130×70 fabrics. Packing factors of OE and MVS were relatively high 

indicating that fiber packed tightly, leaving less space for blood to wick into them. 
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Furthermore, the 100×100 plain woven sample was a high-density fabric structure, which 

leaves little space between yarns for blood wicking. 

However, artificial blood penetrated through all the fabrics since there are no blood cells in 

this liquid. 

Since the fabric shrank after washing, the pick density changed after washing, Table 5.3 

shows pick density of each woven fabric before washing and after washing. 

Table 5.3 Pick density before washing and after washing 

epi×ppi Ring Spun Open End Murata Vortex 

Before 
washing 100×100 130×70 100×100 130×70 100×100 130×70 

After 
washing 109×101 136×84 112×105 130×85 112×108 136×80 

 

5.2.1 Thickness of Fabrics 

Fabric thickness is another factor that differs in different types of fabrics that may impact 

bloodstains. The RMES digital contact thickness gauge was used for accurately measuring 

thickness of the fabrics according to ASTM D1777 as shown in Figure 5.3. 
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Figure 5.3: RMES Digital Textile Material Thickness Gauge 

Optional presser foot diameters and related weights are available and custom sizes can be 

supplied to accommodate the specifications. Metric output format was chosen, the fabric was 

placed under the foot and the thickness was read from digital indicator. Each fabric was 

measured 10 times; the results were averaged and are shown in Table 5.4. 

Table 5.4: Thickness of fabrics 

Fabric  Thickness (mm) Standard Deviation 

RS        Knit 0.612 0.013 
RS 100×100 0.320 0 
RS   130×70 0.362 0.006 
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Table 5.4: Continued 

OE        Knit  0.574 0.009 
OE 100×100 0.36 0.015 
OE   130×70 0.388 0.01 
MVS     Knit 0.634 0.009 

MVS 100×100 0.346 0.009 
MVS   130×70 0.396 0.008 

Commercial Knit  0.546 0.013 

Commercial Woven 0.364 0.008 

 

It’s obvious that the jersey knit had higher thickness than 100×100, 130×70 epi × ppi woven 

in the same type of yarn due to the fabric constructions.  

5.3 Blood Characterization 

As mentioned in Chapter 3.4, the viscosities and surface tensions of porcine blood and 

artificial blood are shown in Table 5.5. 

Table 5.5: Viscosities and Surface Tensions of Porcine Blood and Artificial Blood 

Blood Viscosity 
cSt 

Surface Tension 
mN/m 

Porcine Blood 4.98 58.24 

Artificial Blood 4.15 67.76 

 

Viscosities of experimental porcine blood and artificial blood are very similar, porcine 

blood’s viscosity was slightly higher than that of the artificial blood. 
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Surface tension of artificial blood is 67.76 mN/m, which is higher than the surface tension of 

porcine blood.  

5.4 Area 

5.4.1 Area of Bloodstains on Different Yarn Types 

In order to compare yarn type’s affect on the area of bloodstains, it is the only parameter 

changed in this situation. 

 

Figure 5.4: Area of artificial bloodstains on 100×100 woven after a 90° impact 
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Figure 5.4 shows the growth of the artificial bloodstain area on the 100×100 balanced plain 

weave, with a 90° impact angle. Although the volume of each drop of blood was nearly the 

same, the areas of bloodstains on each type of yarn were significantly different. Final areas of 

bloodstains are the averages of final top areas and final bottom areas. The area on RS yarn is 

the largest 2.64 cm2, followed by OE’ s areas of 2.03 cm2 while MVS had the smallest area 

stain of 1.7 cm2. 

The yarn packing factor can explain this. The packing factors of RS, OE and MVS were 

0.103, 0.333, and 0.416. Packing factor is the fraction of fibers in yarn, so (1- PF) is the 

percentage of air in yarn. !
!!!"

 of each yarn was calculated. !
!!!"

 of RS, OE and MVS are 

2.94, 3.04 and 2.91, which are very close, the average of these is 2.96 ± 0.056. In this case, 

!
!!!"

 is a constant, in other words, the area of bloodstains is in direct proportion to (1-PF), the 

percentage of air in the yarn. 

When the fraction of fiber in the yarn is low, which means percentage of air in yarn is high, 

and fiber is packed loosely leaving more room for blood to wick, it leads to big area of 

bloodstains. 

 

5.4.2 Area of Different Fabric Constructions 

To find the effect of fabric construction on bloodstain patterns, it should be the only factor 

that varies in the comparison. Although the volume of each drop of blood was same, the 

areas appearing on the fabrics were different. Areas of porcine bloodstains on ring spun 

fabrics at an impact angle of 90° are shown in Figure 5.5. 
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Figure 5.5: Area of porcine bloodstain Ring spun after a 90° impact. 

From Figure 5.5, it can be observed that 100×100, 130×70 epi × ppi had relatively high 

bloodstain areas while the jersey knit had the lowest area. The same results are also seen with 

the other types of yarns. This may because difference among the thickness of fabrics due to 

fabric constructions.  

Volume = Area×Thickness 

In this situation, the top areas of bloodstains of 100×100, 130×70 epi × ppi woven and 

jersey knit were respectively 1.444, 1.191 and 1.002 cm2. After calculation, the volume of 
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100×100, 130×70 epi × ppi woven and jersey knit were respectively 0.0462, 0.0431 and 

0.0575 cm3. 

The volume of woven fabrics are quite similar, however, the volume of jersey knit was 

somewhat larger, possibly due to the openings or void spaces within the loops. Figure 5.2 

shows that the loop openings do not contain any blood, but that the yarns are filled with 

blood.  

The basis weight of each fabric was measured and is shown in Table 5.6. 

Table 5.6: Basis Weight 

Fabric  Thickness 
(mm) 

Basis 
Weight 
(g/m^2) 

RS Knit 0.612 153.5 
RS 100×100 0.32 150 
RS 130×70 0.362 162.5 

OE Knit  0.574 150.2 
OE 100×100 0.36 150.6 
OE 130×70 0.388 152.2 
MVS Knit 0.634 171.2 

MVS 100×100 0.346 163.3 
MVS 130×70 0.396 162.1 

Commercial Knit  0.546 127.7 
Commercial Woven 0.364 162.1 

The weight of the stained areas were also determined as Area of Stain ×  Basis Weight of 

each fabric. In this case, porcine bloodstained area weights of 100×100, 130×70 epi × ppi 

woven and jersey knit were 0.0216g, 0.0193g and 0.0154g, while the artificial bloodstained 

area weights were 0.0386g, 0.0297g and 0.0182g, respectively. The stained area weights of 

woven fabrics were similar while stained area weight of the jersey knit was somewhat 

smaller. 
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Since the cover factor and tightness of 100×100, 130×70 epi × ppi woven were similar, the 

volumes and area weights were also similar. However, for jersey knit, a completely different 

fabric construction, there was a larger stained volume but a smaller stained area weight. 

5.4.3 Area of Artificial Blood and Porcine Blood 

The main purpose of this part of the research is to find out whether artificial blood can 

replace porcine blood in experimental studies. Blood type is the only parameter that changed 

in this case and the stained area was the factor that was compared, as shown in Figure 5.6. 

At first artificial blood wicked quickly, much faster than porcine blood, because of its lower 

viscosity. After 10 seconds, the areas of both type of blood tended to be stable and stopped 

increasing. It is seen that the areas of artificial bloodstains were always bigger than the areas 

of porcine bloodstains.  
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Figure 5.6: Area of Porcine Blood and Artificial Blood on Commercial Fabrics at 90° Angle 

A possible explanation is that porcine blood contains red blood cells, which are not able to 

wick into the yarns. The hematocrit value of porcine blood was measured to be 48%. The 

area of porcine bloodstain was around 1.3 cm2 and area of artificial bloodstain was nearly 2.6 

cm2, which agrees well with the liquid portion of the type of blood and the size of the 

bloodstain. Half of the porcine blood was red blood cells, and they remained on the surface 

of yarns and fabrics until the blood completely dried. So the stain area of porcine blood was 

nearly half of artificial blood’s stain area. 
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5.5 Circularity of Bloodstains 

Circularity describes how close the pattern is to a circle. It ranges from 0 to 1, with a 

circularity of one representing a perfect circle. Figure 5.7 shows porcine bloodstains of knit, 

100×100 and 130×70 epi×ppi woven made from ring spun yarn. 

 

 
Figure 5.7: Porcine Bloodstains of RS Knit (left), 100×100 (right), 130×70 (bottom) 

It can be observed that bloodstain on jersey knit was more circular than the others. It was also 

the only fabric with a single stain without satellite drops. However, for 100×100 and 130×70 
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epi×ppi woven, there were lots of spines in parent drops and many satellite drops around 

parent drops. 

This may be because the woven fabrics were packed more tightly than jersey knit and when 

blood drops dripped onto the woven surface, they bounced and formed satellite drops. 

The results of circularities of ring spun fabrics are shown in Figure 5.8. Jersey knit fabric had 

the highest circularity since the porcine bloodstain was more circular than others. The stains 

do not appear to be elliptical. Rather, the woven fabrics always had lower circularity because 

of the spines.  
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Figure 5.8: Circularity of Ring Spun fabrics, 90°, Porcine blood 

5.6 Ellipticity  

In bloodstain pattern analysis, the elliptical shape of a stain is used to determine the direction 

from which the drop impacted the fabric. However, in N. Parekh’s study, she found that an 

elliptical artificial blood drop shape was formed on 130×70 commercial cotton fabrics even 

when the impact angle was 90°47. However, in that study, the yarn count and the twist level 

of the warp and weft yarns were difference and may have lead to this result. 

In order to avoid this complicating factor, experimental fabrics were woven using the same 

yarn in both the warp and weft directions and then used in measuring the ellipticity of 

bloodstains formed at 90° impact angle: 

𝑒𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦 =
𝑏
𝑎 

As Figure 5.9 shows, a is major axis of ellipse and b is minor axis of ellipse. The range of 

ellipticity is 0 to 1. When it’s 1, the ellipse forms circle.  

 

Figure 5.9: Major and Minor Axis of Ellipse48 
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In an attempt to verify Parekh’s study, artificial drip bloodstains were formed on the same 

130×70 commercial fabrics she used along with the 100×100 ring spun and 130×70 ring 

spun fabrics made in this study. Impact angles of 90° were studied. The bloodstains were 

analyzed by the ellipse function in ImageJ. Ellipticities of artificial bloodstains are shown in 

Figure 5.10. It can be observed that ellipticities of 130×70 commercial fabrics and 100×100 

ring spun were nearly 1, which was different from Parekh’s results. Meanwhile, ellipticity of 

130×70 ring spun was slightly lower. This means that the artificial bloodstains on 130×70 

commercial fabrics and 100×100 fabric made in this study using ring spun yarns are very 

nearly circles. 

 

Figure 5.10: Ellipticity of artificial blood at 90° impact angles 
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The circularities of bloodstains on these three fabrics were also analyzed as shown in Figure 

5.11. 

 

Figure 5.11 Circularities of Artificial blood at 90° Impact angle 

Circularities of bloodstains on 100×100 ring spun and 130×70 ring spun fabrics were 

significantly different than 1, which means they are far from circles. The final values of 

ellipticities and circularities are shown in Table 5.7. 

Table 5.7: Ellipticities and Circularities 

  RS 100×100 C 130×70 RS 130×70 
b/a 0.99 0.96 0.87 

Circ. 0.66 0.76 0.43 
Thus the ellipticties were close to 1, while the circularities were not. Circularity measures the 

area of an object relative to the square of its perimeter (see Eqn. 4.1). Thus, if there are any 
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bumps or spines around the perimeter, the circularity will be less than one. As shown in 

Figure 5.7, the stains form bumpy circles, but, nevertheless, they are circular, and not 

elliptical. 

When the impact angle is 30°, ellipticity is a vital factor, but it should be near one for a 90° 

impact, as observed. In order to find the effect of warp angle on the shape of a bloodstain 

(artificial or porcine), ellipticity was used to measure the shape of the bloodstains.  

Figure 5.12 shows bloodstains of porcine blood on commercial fabrics at 30° impact angle. 

The ellipses obtained by ImageJ are shown overlaid upon the bloodstains. The ellipse tends 

to be “thin” and “long” when the warp angle was 0°, but when the warp angle was 90°, the 

ellipse tends to be “short”. 

 

Figure 5.12: Porcine bloodstains on Commercial Fabrics at 30° Impact Angle 

The ellipticity of 130×70 epi×ppi commercial fabrics are shown in Figure 5.13. It is 

observed that the ellipticity at a 90° warp angle (30° impact angle) was much higher than the 
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ellipticity at a 0° warp angle (30° impact angle). This may because, in the weft direction the 

blood tended to slide down the fabric and wick into it, which in this case was 70ppi. In the 

warp direction there were 130 epi so the yarns were packed tighter than in the weft direction.  

Thus, when the warp direction was 90°, there is a large satellite probably due to a bounce, but 

when it was 0°, it seemed to run down the surface, then soaked in.  

 

Figure 5.13: Ellipticity of Commercial fabric, 30°, Porcine blood 

CHAPTER 6: CONCLUSION 

Many parameters are involved in BPA on textiles. In this research, I examined yarn type, 

fabric construction, impact angle, warp angle, and blood type. The basic rule of experimental 
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design is control the variables and, when feasible, study one parameter at a time keeping the 

other parameters constant. Various analyses of bloodstains were also used: area, circularity, 

ellipticity, and number of spines and satellite drops.  

Yarn morphologies showed how the fibers packed together to form yarns. Ring spun yarn 

contained fibers packed loosely, open end spun yarn has fibers wrapped around parallel 

fibers in the core of the yarn, while Murata vortex packed the fibers tightly. The yarn packing 

factor is a vital factor for blood wicking.  

When other parameters were the same and only the yarn type varied, it is found that !
!!!"

 is a 

constant even though the yarns were different. A is the stain area and PF is the packing 

factor. In other words, the area of bloodstains is in direct proportion to (1-PF), the percentage 

of open space in the yarn. When the fraction of fiber in the yarn is low, which means 

percentage of air in the yarn is high, fiber packed loosely leaves more room for blood to 

wick, which leads to a bigger area of bloodstains. 

When only the fabric construction varied, bloodstains on jersey knit were the smallest due to 

the high thickness and openness of fabrics. For artificial blood and porcine blood, the area of 

artificial bloodstains was always approximately twice as big as the area of porcine 

bloodstains. This is because half the volume of porcine blood was red blood cells, which can 

not wick into the fabrics. 

Ellipticity measurement was used to showed how close the whole shape of stains were to 

circles while circularity showed how bumpy the stains were due to the spines around it. 
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CHAPTER 7: FUTURE RESEARCH RECOMMENDATIONS 

An impact angle of 30° is a set of conditions that should be studied. All the experiment with 

a 30° impact angle on 11 types of blood were done, leaving the data to be analyzed. It is 

important to find out the effect of impact angle on bloodstains since the blood drops do not 

always impact the fabric at right angles to the textile surfaces.  

To learn more about bloodstains on textiles, the other common substrates like denim, carpet, 

synthetic leather and curtain fabrics should be studied. These substrates have different 

structures, densities, fibers, normal positions relative to humanpostures, and frequently 

appear at crime scenes. 

It is shown in this research that artificial blood still cannot replace human blood since there 

are no red blood cells. In future research, making artificial blood with particles that can 

replace red blood cells would be very relevant. 
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Appendix A 

Tensile Test of Ring Spun 
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Tensile Test of Open End 
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Tensile Test of Murata Vortex 
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Unevenness Test of Ring Spun 

Nr CVm % 

Thin      

-50%    

/km 

Thick   

+50%    

/km 

Neps   

+200%   

/km 

H 

36.195 14.39 0.0 110.0 120.0 5.27 

36.074 14.77 10.0 230.0 160.0 5.73 

35.522 14.54 0.0 110.0 110.0 5.35 

36.183 14.64 0.0 130.0 140.0 5.68 

36.020 13.83 0.0 80.0 120.0 5.34 

35.870 15.02 10.0 200.0 150.0 5.32 

Mean 14.53 3.3 143.3 133.3 5.45 
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Unevenness Test of Open End 

Nr CVm % 

Thin      

-50%    

/km 

Thick   

+50%    

/km 

Neps   

+200%   

/km 

H 

35.85 16.57 80.0 230.0 730.0 4.00 

36.00 16.81 140.0 190.0 950.0 3.99 

35.56 17.11 190.0 220.0 760.0 3.95 

35.78 16.57 160.0 140.0 610.0 3.95 

35.94 16.34 140.0 100.0 610.0 3.97 

35.54 16.65 140.0 180.0 790.0 3.98 

Mean 16.67 141.7 176.7 741.7 3.97 
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Unevenness Test of Murata Vortex 

Nr CVm % 

Thin      

-50%    

/km 

Thick   

+50%    

/km 

Neps   

+200%   

/km 

H 

36.042 15.14 90.0 80.0 290.0 3.89 

36.074 15.14 30.0 50.0 390.0 3.60 

36.511 15.45 60.0 80.0 350.0 3.76 

36.229 15.58 170.0 70.0 330.0 3.81 

35.880 15.06 60.0 60.0 290.0 3.94 

36.423 15.15 60.0 90.0 210.0 3.74 

Mean 15.25 78.3 71.7 310.0 3.79 

 

Appendix B  

Area of bloodstains 
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               PB C 90°                                                                    PB RS 90° 

 

                            PB OE 90°                                                          PB MVS 90° 

 

                            PB 130×70 90°                                               PB 100×100 90° 
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PB Knit 90°                                               AB C 90° 

 

AB RS 90°                                               AB OE 90°
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AB MVS 90°                                               AB 130×70 90°

 

AB 130×70 90° 

 

AB Knit 90° 

 


