
ABSTRACT 

LI, JINGYAO. Wicking Behavior of Placed Blood Drops on Textile Surfaces (Under the 
direction of Dr. Stephen Michielsen). 

As frequently encountered physical evidence at a crime scene, bloodstains could 

provide vital information to help investigators reconstruct the crime scene. Most BPA studies 

have been performed on hard surfaces. Only a few have focused on the interaction of blood 

and apparel fabrics, and none of the studies carefully characterized the yarn and fabric 

structure. Thus this research investigated the wicking and drying behavior of placed blood 

drops on customized fabric surfaces. The interactions between yarn structure, fabric structure 

and bloodstain patterns were examined.  

Two types of human blood simulants were used in this study, artificial blood and 

porcine blood. The artificial blood was made according to a modified ASTM method with 

adjusted viscosity and surface tension that referenced the value of porcine blood. The fabrics 

used for experiments were produced with 100% cotton yarns. These yarns were provided by 

Cotton Incorporated and were spun with ring spinning, open-end spinning and Murata vortex 

spinning methods. The yarns were manufactured into 100epi×100ppi balanced plain-woven 

fabric, 130epi×70ppi unbalanced plain-woven fabric, and jersey knit fabric. A piece of fabric 

was mounted in a hoop and placed on balance, then a blood drop of 80µL volume was placed 

onto the fabric. The real-time weight was continuously recorded as it dried. Meanwhile a 

digital camera was used to record the blood wicking process and the videos were analyzed 

using imageJ software to measure stain area and circularity on each time point. Yarn and 



fabric structures were characterized. Blood viscosity, surface tension and hematocrit values 

were measured.  

Analysis of bloodstains showed that artificial bloodstains have a larger area than 

porcine bloodstains due to the absence of blood-cell-like particles in artificial blood. Both 

yarn structure and fabric structure affect bloodstain patterns. Blood wicks faster on jersey 

knit fabric than on plain-woven fabric. For the same fabric structure, the more uniform yarn 

structure, the more easily that blood wicks. For the same yarn type, blood wicks more easily 

on balanced woven structure than unbalanced structure. 

An equation was derived to calculate blood volume according to the yarn packing 

factor and bloodstain area. This equation is valid on plain-woven fabrics made of ring spun 

yarns and open-end spun yarns, and on jersey knit fabrics made of ring spun yarns, open-end 

yarns and Murata vortex yarns. The equation has a coefficient of variation of 9.7% for plain-

woven fabric, and 13.2% for jersey knit fabric, which suggests the equation is applicable for 

estimation of blood volume from bloodstain size on fabric surfaces. 
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CHAPTER1  INTRODUCTION 

Blood is frequently found at a death or violent crime scene; it serves as vital physical 

evidence to help investigators reconstruct the crime scene. 1 Bloodstain pattern analysis 

(BPA) can help to distinguish between an accident, homicide or suicide and to identify 

bloodstains originating from a perpetrator.  2 The systematic study of bloodstains started in 

the 1890s by Eduard Piotrowski from the University of Krakow. 3 What brought people’s 

attention to this discipline is the well-known “Samuel Sheppard case”. 3, 4 The forensic 

scientist Paul Leland Kirk investigated the crime scene and provided the key bloodstain 

evidence that resulted in the acquittal of Samuel Sheppard. Later in 1983, to support the 

development of BPA study, the International Association of Bloodstain Pattern Analysts 

(IABPA) was founded. 5, 6 

Many BPA studies have been performed. Human blood substitutes, such as artificial blood 

and animal blood were adopted to avoid using human blood in BPA experiments and forensic 

teaching. However a blood substitute that can perfectly mimic human blood behavior has not 

yet been found.  1, 4, 7-9 Most studies of BPA have been performed on hard surfaces, usually 

white cardboard. Only a few studies are focused on the interaction of blood and apparel 

fabrics. 1, 10 Fabrics are very common materials for clothing, household and interior 

decoration, therefore they are frequently found at crime scenes. The complex structures and 

absorbency properties of fabrics make it significantly different from hard surfaces. The study 

of BPA on soft material can help distinguish between assailants’ garments and those of 

innocent bystanders. 1 In those studies that focused on textile materials, either the source of 
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fabrics were not indicated or they were purchased from stores without proper characterization 

of the fabrics and yarns. 7, 10, 11 Thus, we are encouraged to study BPA on fabric surfaces to 

expand the understanding of blood behavior on soft target surfaces. 

An estimation of blood volume could help determine if the crime scene is a primary or a 

secondary scene. In the situation that the body is missing, the estimation of blood volume 

may provide information about how severe the injury was and the expected survival time. 12 

In this study the physical properties of blood will be tested and an artificial blood that can 

mimic real blood behavior will we synthesized. The behavior of placed blood drops on fabric 

will be examined. Factors that need to be examined that could affect bloodstain pattern will 

be determined in the experimental design. It is reportedly possible to calculate blood volume 

from the bloodstain size, but it is only valid for certain target surfaces, such as hard flat 

surfaces. 1, 10 Thus in this study, an attempt will be made to calculate blood volume from 

bloodstain areas on fabric.  

The target surface material in this study will be confined to 100% cotton. This is because 

cotton is the most produced material with 75% market share of US apparel and home 

furnishings markets. Thus it is more likely that forensic investigators need to deal with cotton 

than other materials. 13 

Overall, the basic concept of this work is to study the behavior of placed blood drops on 

fabric with customized structure. These customized fabrics were produced by Xingyu Li with 

yarns provided by Cotton Incorporated. These yarns were produced with cotton from the 

same bale and spun by three spinning methods: ring spinning, open-end spinning and Murata 
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vortex spinning. All the yarns were produced to maintain the same cotton count and same 

twist multiplier. 14 The yarns produced with each spinning method were fabricated into plain 

weave and jersey knit structures. For woven fabric, balanced (100epi×100ppi) and 

unbalanced (130epi×70ppi) structures were produced. 

This study will be focused on wicking and drying processes of placed drops. With replicated 

experiments, the interaction between yarn structure, fabric structure and bloodstain patterns 

will be examined. A method of estimating blood volume from bloodstain size on fabric will 

be provided. 

A literature review is reported in next chapter. 
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CHAPTER2  LITERATURE REVIEW 

2.1. Bloodstain Pattern Analysis 

Introduction 

Blood is the most common and significant physical evidence that relates to forensic 

investigation of a crime scene. A variety of bloodstains are often generated at death and 

violent crime scenes and the investigation of bloodstains and the interpretation of bloodstain 

patterns is the subject of bloodstain pattern analysis. 1 When the pattern and distribution of 

bloodstains are carefully studied, it may provide essential information to help the investigator 

to reconstruct the crime scene such as providing information about the4: 

1. “Origin(s) of the bloodstains. 

2. Distances between impact areas of blood spatter and origin at time of 

bloodshed. 

3. Type and direction of impact that produce bloodstain or spatter. 

4. Object(s) that produced particular bloodstain patterns. 

5. Number of blows, shots, etc., that occurred. 

6. Position of victim, assailant, or objects at the scene during bloodshed. 

7. Movement and direction of victim, assailant, or objects at the scene after 

bloodshed. 

8. Support or contradiction of statements given by suspects or witnesses. 

9. Additional criteria for estimation of postmortem interval. 



5 
 
 

 

 

10. Correlation with other laboratory and pathology findings relevant to the 

investigation.” 

Development 

In 1895, Eduard Piotrowski published the first systematic study of bloodstains “On the 

formation, form, direction and spreading of blood stains resulting from blunt trauma at the 

head”. Piotrowski found that the existence of a blood source is required for the appearance of 

bloodstains. After Piotrowski’s work, several publications studied the individual aspects of 

bloodstains but without systematic analysis. 3  

The well-known “Samuel Sheppard” case put Paul Leland Kirk in the spotlight. Sheppard 

was convicted of murdering his wife at the time of first trial. Kirk then examined the crime 

scene and gave expert testimony in the second trial and pointed the guilt to someone who was 

left-handed. Sheppard was acquitted due to the lack of evidence. Then a research project was 

developed based on this case. 3, 4  

Herbert MacDonell and L. Bialousz published a booklet called “Flight Characteristics and 

Bloodstain Patterns of Human Blood” in 1971, which was considered to be an important 

work in the area of bloodstain pattern analysis. MacDonell offered workshops to train law 

enforcement officers to interpret bloodstain patterns. In 1983, the International Association 

of Bloodstain Pattern Analysts (IABPA) was formed to standardize the scientific techniques 

of Bloodstain Pattern Analysis and to promote and encourage research in bloodstain pattern 

analysis. 5, 6 
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Experimental work of BPA 

It is reportedly possible to calculate blood volume and impact velocity from the bloodstain 

size and number of spines around the periphery of the bloodstain, but the approach is only 

valid for hard flat target surfaces. Different target surfaces can affect the shape of 

bloodstains. Only a few studies of bloodstain pattern analysis are focused on the interaction 

of blood and apparel fabrics. 1, 10 The study of blood on fabrics can help to distinguish 

between garments from assailants and those from innocent bystanders. It is significant for 

obtaining a guilty verdict of an assailant as well as exonerating an innocent person. 1 Karger 

et al. 10 studied contact bloodstains and drop bloodstains on bed sheeting fabric, cambric 

fabric and terry cloth. The content of the fabrics are stated in their study, but the detailed 

information such as fabric structure, yarn type and structure are not provided. Cho et al. 

quantitatively analyzed contact stains and spatter stains on knitted fabric. 7 The fabrics used 

in their experiments were purchased from a store, thus the information of yarn type and yarn 

structure was unknown and thus the influence of yarn types from which the fabric was 

constructed was not taken into consideration.  

 

2.2. Wetting and wicking 

Fundamentals of wetting and wicking 

Wetting is the transformation from a solid-vapor interface to a solid-liquid interface. Liquid 

wetting and wicking on fabric and yarn are not two independent processes; these two 

processes are always related to each other. 15, 16 Before the liquid starts to wick into a 
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material, it must first wet the material surface. The molecules in the bulk of the liquid are in a 

balanced state because they experience balanced interactions caused by an equal attractive 

force in all directions, while the molecules on the liquid surface experience unbalanced 

forces. This results in an energy at the liquid surface called the ‘surface free energy’. Surface 

free energy tends to force the surface to have the minimum area and limit the advancement of 

the liquid on a solid surface. Figure 1 shows the forces in the equilibrium state of a liquid 

drop resting on a solid surface. 15 

 

Figure 1: Equilibrium state of a liquid drop on a solid surface15 

 

The forces involved at equilibrium can be described by the Young-Dupré equation: 15 

γSV – γSL= γLV cosθ                                                Equation 1 

Where, γSV is the interfacial tension between solid and vapor 

 γSL is the interfacial tension between solid and liquid 
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 γLV is the interfacial tension between liquid and vapor 

 θ is the equilibrium contact angle as shown in Figure 1. 

There are four basic processes of wetting including immersion, capillary sorption, adhesion, 

and spreading. The spontaneous wetting process is the transplantation of a liquid on a solid 

surface without external forces involved. Fabric is a porous material capable of absorbing, 

transferring or repelling liquid. A fabric surface is a complex structure, thus various wetting 

mechanisms such as capillary sorption, immersion, adhesion and spreading can occur at the 

same time when liquid wets a fabric surface. Variation in fabric chemical compositions and 

fabric structure can greatly change the wetting behavior. 15, 16  

Wicking occurs when a fabric is immersed in a liquid or a drop of liquid is placed on the 

fabric. These two cases are known as wicking from an infinite reservoir and wicking from a 

finite reservoir, respectively. There are four processes of wicking: 15 

1. Capillary penetration. 

2. Immersion. 

3. Transplanar wicking. 

4. Longitudinal wicking. 

Capillary penetration by a liquid can happen from both infinite and finite reservoirs. The 

other three processes occur primarily from an infinite reservoir. 

Each of the four wicking processes above can be distributed into four categories according to 

the extent of interactions between liquid and fibers: 16 
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1. Wicking of a liquid. There is no significant diffusion into the fiber surface and capillary 

penetration is the only process occurring. 

2. Wicking accompanied by diffusion of the liquid into fibers or into a finish on the fiber. 

There are two processes occurring simultaneously: capillary penetration and diffusion of 

the liquid into fibers. 

3. Wicking accompanied by adsorption on fibers. For example, wicking of surfactant 

solution into a polyester fabric. In this category several processes occur simultaneously: 

capillary penetration by the liquid, diffusion of the surfactant and adsorption of the 

surfactant on fibers. 

4. Wicking involving adsorption and diffusion into fibers. For example, wicking of 

surfactant solution in cotton fabric. In this type of wicking, several processes happen 

simultaneously: capillary penetration, diffusion of the liquid into the fibers, diffusion of 

the surfactant and adsorption of the surfactant on fibers. 

Wicking and wetting on porous structures 

Liquid wicking and wetting on a porous material is complicated. It is affected by variables 

such as material surface properties, geometric configurations, and liquid properties. For 

fibrous material such as woven fabrics, the pore structure of the fabric and the fiber surface 

properties are the main factors that affect liquid wetting and wicking properties. 17  

There are two scales of pore size when studying liquid wicking on fabric, Benltoufa et al.  

18termed pores between yarns as macro pores. In this thesis, the pores between yarns are 
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termed meso pores and the pores between fibers are termed micro pores. As shown in Figure 

2 18,  

 

 

Figure 2: Side view of jersey loops (meso channels and micro channels) 18 

 

Therefore the capillary progression in meso channels can be analyzed as a flow between two 

parallel plates separated by a certain distance (Figure 3). For the micro scale, it can be treated 

as flow in a capillary tube of radius Rµ (Figure 4).  
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Figure 3: Capillary progression between yarns (meso channels) 18 

 

 

Figure 4: Capillary progression between fibers (micro channels) 18 

 
In fibrous structures, the changes of sizes and shapes of fibers and their alignment affect the 

geometric configurations of pores, or inter-fiber spaces. Pore variation and distribution result 

in liquid moving preferentially toward smaller pores, which leads to incomplete draining of 
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previously filled pores in a fibrous structure. The dynamic flow of liquid can cause the fiber 

structure to change and to shift in the non-rigid regions. 19 

Darcy’s law 

Darcy’s law reveals the general relationship for flow in porous media. It is valid for any 

Newtonian fluid. Figure 5 is a simplified model of one-dimensional flow.  

 

 

Figure 5: One-dimensional flow column20 

 

Darcy’s law can be described as seen below for a finite one-dimensional flow: 20 

 

Q = AK Δh
L

                                             Equation 2 
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Where Q is volumetric flow rate, A is flow area perpendicular to L, K is hydraulic 

conductivity, L is flow path length and h is hydraulic head. Δh denotes the change in h over 

the path L. Hydraulic head h at a certain point is the sum of pressure head and elevation.  

 

h = ( p
ρg

+ z)                                                Equation 3 

Where p is liquid pressure, ρ is liquid density, g is acceleration of gravity and z is elevation. 

20 

In some studies, 21 Darcy’s law has been employed to model the flow through yarn 

micropores. The yarn is considered as a tow of fibers. The flow rate can be expressed using: 

 

Qµ =
KµaAt (Pc,µa + Pinj )

ηLµa

+Qtransfer                             Equation 4 

Where, Qµ is the actual flow rate through each fiber tow, which contains both Darcy’s axial 

flow and the flow of the exchange between meso and micro flow rate (Figure 6 is an example 

of axial flow and transverse flow through each fiber tow in the plain-woven fabric). 

At is the cross-section of fiber tow, Kµa is the axial micro-permeability within the fiber tow, 

Lµa is the distance the liquid moves of the microchannels in the direction of fiber tow axis, Pc, 

µa is the axial capillary pressure in the fiber tow, Pinj is the injection pressure and η is the 

viscosity of the injected Newtonian fluid. 
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Figure 6: The velocity profile in the unidirectional fiber tow system and geometric 

characteristics of the meso flow channel and fiber tows in an example of one layer of fiber 

tows in a cavity. (a) Upper view. (b) Through the thickness cross-section. (c) Simplified 

geometry of the through the thickness cross-section of meso-channel. 21 
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Figure 7: Simplified representation of the flow in plain-woven fabric22 

 

Flow transfer between meso and micro flow is assumed to be governed by transverse Darcy’s 

flow from leading meso flow to micro flow and it occurs at the porous interface of each fiber 

tow. 

 

Qtransfer =
2π Ra

2 + Rb
2

2
Kµt (Pc,µt + P)(Lm − Lµa )

0.5ηRe
                    Equation 5 

 



16 
 
 

 

 

Where π
Ra
2 + Rb

2

2
 is half of the perimeter of elliptical fiber tow, Re denotes the radius of an 

equivalent cylindrical fiber tow, Kµt denotes the transverse micro permeability of the fiber 

tow, Pc, µt denotes the transverse capillary pressure in the fiber tow and P denotes the local 

pressure (depends on which flow leads: P is the local pressure in the meso channel when the 

meso flow leads. If the micro flow leads, P is the local pressure in the micro channel) 21, 22. 

 

Poiseuille's Law23  

For laminar flow, the volume flow rate can be expressed by the pressure difference divided 

by the viscous resistance. 

F = 8ηL
πR4

                                                   Equation 6 

Q = ΔP
F

= ΔPπR4

8ηL
                                           Equation 7  

Where, F is resistance to flow, η is liquid viscosity, L is the path length, Q is flow rate, ΔP is 

pressure drop and R is capillary radius. 

 

Lucas-Washburn equation 

The Lucas-Washburn equation is derived based on Poiseulle’s equation. This equation 

established the relationship between the liquid front position and the time of wicking in 

capillaries: 16, 24 

 



17 
 
 

 

 

L2 = γ Re cosθa

2η
t                                               Equation 8 

Where, L is wicking length, t is wicking time, γ is liquid-vapor surface tension, Re is 

effective capillary radius, θa is the advancing contact angle between liquid and solid surfaces 

and η is liquid viscosity. 

Nyoni et al.  25 examined the consistency of wicking behavior in yarns with Washburn’s 

equation. The results were not consistent with the general law of liquid capillary flow 

because the yarns are not completely equivalent to a tube; the structure of yarns is more 

complicated than capillary tubes. The capillary spaces in yarns are not continuous and there 

are pores within yarns. The sizes and distributions of pores are also inhomogeneous.  

 

2.3. Fabric and Yarn structure 

There are three hierarchical levels of fabric. Figure 8 is an example of woven fabric. At the 

meso level, dry fabrics are composed of numerous interlaced yarns. Yarn behavior at this 

level could greatly affect the macro level behavior of material. Multiple fibers form a single 
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yarn at the micro level. 26

 

Figure 8: Hierarchical levels in woven fabrics26 

 

Fabric Structure 

Weaving and knitting are the two main methods to produce fabrics. 27 The basic weave 

structures are plain weave, twill weave and satin weave. If the ratio of warp yarn to weft yarn 

is 1:1, the fabric is known as balanced. Unbalanced fabric means that one set of yarn is more 

numerous than the other. Figure 9 (right) shows the structure of plain woven fabric. There is 

no obvious difference between the face and back of plain woven fabric and either side can be 

used. Plain-woven fabric has a finer appearance but less elasticity compared to other weave 

structures. 28 
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Figure 9: Basic weave patterns (left) 29 and SEM image of plain woven fabric (right) 

 

A knitted structure is formed by a series of yarn loops. Knit fabrics are flexible with a less 

stable structure.  
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Figure 10: Knitted structure and SEM image of weft knit fabric28, 29 
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Yarn Structure 

 

 

Figure 11: Difference in the yarn structures for various spinning processes (drawing without 

attention to hairiness) 30 

 
The difference of yarn structures is reflected in either visual appearance or internal and 

external make-up. The variation of raw materials, spinning processes, equipments, twists 

levels and directions etc. contribute to a variety of yarn structures. The structure can be open 

or closed; voluminous or compact; smooth or rough or hairy etc. The effect of structure is not 

simply reflected in appearance, but also in properties such as wicking, strength, covering 

power etc. 30 

The table below shows the structure differences among different spinning processes
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Table 1: General differences in structure arising from the spinning processes28, 30 

 Ring spun yarn Open end yarn Air jet yarn 
 classic compact rotor spun friction 

spun 
jet spun, two 

nozzles, false twist 
process 

vortex spun, one 
nozzle 

Fiber disposition 
core parallel, 

helical 
parallel, 
helical 

less parallel, 
helical 

less 
parallel, 
helical 

parallel without 
twist 

parallel without 
twist 

sheath parallel, 
helical 

parallel, 
helical 

more random, 
less twisted 

less 
parallel, 
helical 

6% of fibers twisted 
around core in 

spirals 

20% of fibers 
twisted around core 

in spirals 
Fiber orentiation 

parallelism good very good medium medium medium good 
compactness compact very 

compact, 
round 

open open compact compact 

handle soft soft hard hard hard medium to hard 
hairiness noticeable low very low low some low to medium 
stiffness low low high high high fairly high 
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Ring spun yarns 

Ring spun yarns are spun by the ring spinning method. This technology has been used for 

more than 200 years. 31 It is the slowest spinning method and costs more than other methods 

due to additional processes required to prepare the fibers for spinning, but it is the most 

mature technology. In this method, yarns are twisted by a rotating spindle. Ring spun yarns 

are the strongest, finest, and softest yarn. Figure 12 and Figure 13 show the operation of ring 

spinning and SEM image of ring spun yarn respectively. 29 

 

 

Figure 12: Ring spinning29 
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Figure 13: Ring spun yarn29 

 

Air jet spun yarns 

Yarns produced by air jet spinning are twisted by a rotating vortex of compressed air. It is an 

efficient method with high production capability and low cost. 25 Air jet spun yarns have 

untwisted cores of fibers and the surfaces of yarns have fibers wrapped around the greater 

part of core. 31 For content of 100% cotton, the yarns produced by air jet spinning are weaker 

than that of ring and rotor spinning. Figure 14 is the procedure of air jet spinning and Figure 

15 is the SEM image of air jet spun yarn. 
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Figure 14: Air jet (vortex) spinning29 
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Figure 15: Air jet (vortex) spun yarn29 

 

From the image shown above, the air jet spun yarns appear very similar to ring spun yarns. 

Open end spun yarns 

Yarns produced by open end spinning are twisted by a rotating rotor. This spinning method 

has a high production rate with low cost. Yarn produced by open end spinning are weaker 

than ring spun yarns, and it gives a “dryer” or harsher feel in hand. 29  
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Figure 16: Open end (rotor) spinning operation29 
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Figure 17: Open end (rotor) yarn29 

 
Yarn structure and wicking ability 

Erdumlu et al. 32 studied the vertical wicking abilities of ring-spun and vortex-spun yarns 

with different counts (30Ne, 40Ne, 50Ne). The vortex-spun yarn has lower wicking heights 

than ring-spun yarn for each yarn count. The possible reason for this result is that vortex-

spun yarn has a lower fiber-packing density value at both the center and the surface. Another 

reason is that tight wrappings along the vortex-spun yarn direction leads to lower wicking 

values. For the same type yarn, varying the yarn counts did not result in significant difference 

of wicking heights. 
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The lower fiber-packing density value of the vortex-spun yarn center could be caused by 

lower radial pressure action on the fiber center than that of ring-spun yarn. The radial 

pressure action on the center of  the vortex-spun yarn was produced by the high-speed 

whirled air current while that of ring-spun yarn was caused by mechanical twisting motion. 

The finer the vortex-spun yarn is, the lower the fiber packing density, because the finer yarn 

has less fiber. Another reason is that the twist effect of the whirled airflow on finer yarn is 

weaker than that on coarser yarn. 33 

Perwuelz et al.’s work34 showed that when the twist of yarns increases, the yarn 

heterogeneity decreases, which is indicated by a narrower distribution of capillary diffusion 

coefficient D (the coefficient in Lucas-Washburn equation,  h2 = D i t ) obtained from 

statistics. However the diffusion coefficient decreases with the increasing of twist. This result 

is consistent with Nyoni et al.’s work25 that indicates that the wicking length in a given time 

decreases when the twist increases. In Liu et al.’s work35, it was observed that when the twist 

increases, the wicking length at equilibrium decreased. Hollies et al. 36 observed that for a 

particular yarn, the water transport rate (the square of water travel distance divided by time, 

cm2/sec) increases with the rise of the twist number at first; when an optimum twist is 

reached, the rate starts to decrease. However the minimum twists applied in Nyoni, Perwuelz 

and Liu’s experiments were too high to observe the first decrease point of wicking length. 
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2.4. Physical Properties of Blood 

Due to the complex content and properties of human blood, a perfect substitute has not been 

found for forensic use. The use of human blood may be hazardous for those involved in 

experiments due to the risk of viral infections. In some studies, equine blood, porcine blood 

and artificial blood have been used to represent human blood1, 7-9. Some non-biological blood 

substitutes are also used to show some the features of human blood such as dyed milk, latex-

based paints, glycerol and food coloring. 4 In this study, porcine blood was selected as a 

substitute of human blood. 

A comparison of the physical properties between porcine blood and human blood is reviewed 

here. 

Surface tension 

Raymond et al. 37 tested the surface tension of pooled porcine blood preserved in EDTA 

using the falling drop and sessile drop methods. The blood was stored at 4°C when not under 

test conditions. The surface tension of porcine blood was tested both at room temperature and 

at 4°C. No significant change of surface tension value was obtained due to the difference of 

temperature.  

 

Table 2: Surface tension results obtained by drop weight and sessile drop methods37 

 Surface tension (mN/m) 

 Drop weight method Sessile drop method 

Distilled water 66-70 69-72.5 
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Table 2 Continued 

Human blood 61 51-57 

Porcine blood (fresh) 51 53-58 

Porcine blood (7 days old) 56 53-56.5 

Porcine blood (14 days old) 57 51-56 

 

Viscosity 

Viscosity of porcine blood was tested using Wells-Brookfield Cone/Plate Viscometer and 

Wells-Brookfield Programmable Rheometer. The blood mixed from different pigs did not 

give a significant change in viscosity value in any measurable way. 

 

Table 3: Range of viscosities obtained for porcine blood37 

Age of blood Temperature 

 4°C 37°C 

Fresh porcine blood 3.9-5.4 

8 days old 4.9-6.3 6.3-8.8 

14 days old 5.5-6.9 6.8->10 

 

Hematocrit 

Hematocrit value, an estimation of the packed cell volume, is a useful guide to viscosity. The 

viscosity of blood increases with the hematocrit. 37, 38 
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Table 4: Hematocrit values obtained for porcine blood37 

Age of porcine blood Temperature 

 4°C 37°C 

Fresh porcine blood 40.5 

7 days old 44.6 45.0 

14 days old 47.0 50.0 

 

Blood can be considered as a fluid mixture that consists of cellular components and plasma. 

Understanding physical properties of blood is necessary for this study because blood will 

behave in a predictable manner when it is exposed to the external environment due to trauma 

and driven by external forces. 39 

 

2.5. Summary 

As known from previous discussions, the forensic studies of BPA on textile targets have not 

been fully developed. However such studies are needed since fabrics are common materials 

for clothing, home furnishings and interior decorations, which mean these materials could be 

easily contaminated with blood and serve as physical evidence at a crime scenes. BPA on 

textile targets involve liquid wicking in textile material, which is complicated because of the 

complex structure of textiles and their absorbency properties. Most studies examined the 

wicking process of water on textiles, while blood is more complex than water. Many factors 
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such as fabric material, fabric structure, yarn structure and blood drop size can affect the 

wicking behavior of placed blood drops on textile surfaces. Researchers have attempted to 

find a proper blood substitute for forensic study. Some used animal blood as a substitute to 

prevent viral infections. Others used non-biological material to mimic human blood. 

However a high performance blood substitute has not been found yet. 
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CHAPTER3  EXPERIMENTAL WORK 

In this thesis, the behavior of placed blood drops on textile surfaces has been investigated. To 

accomplish this, several factors needed to be investigated such as blood type, yarn structure, 

fabric structure, and blood drop volume. The fabrics prepared for this experiment have 

different structures and they are made of yarns with three different spinning methods. Both 

artificial blood and porcine blood were used for the experiment. The blood drop was place on 

the fabric from approximately 1cm to prevent blood impact with the fabric. The bloodstain 

size and circularity were measured and analyzed using image processing software. In this 

chapter, the experimental design will be described including the test materials, equipment 

setup, measurement method and image analysis method.  

 

3.1. Fabric Preparation 

All fabrics used in the experiments described below were 100% cotton fabrics, two of which 

were commercial fabrics from Test Fabrics, Incorporated:  

1. Optical brightened plain-woven percale sheeting fabric (product code 439XW) 

with a basis weight of 120 g/m2. The nominal thread count is 130 epi (ends per 

inch) × 70 ppi (picks per inch) and the measured thread count is 135 epi × 65 ppi. 

2. Bleached cotton Jersey-knit T-shirt fabric (product code 437-60) with a basis 

weight of 124 g/m2. The count is 52 cpi (courses per inch) × 35.5 wpi (wales per 

inch). 
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The rest of the fabrics were customized woven or knit fabrics made from 3 types of yarns 

provided by Cotton, Inc: 14 

 

Table 5: Customized fabrics 

Fabric Code Yarn Structure Thread count 

RS100×100 

100% cotton ring-spun yarn 

plain-woven 100epi × 100ppi 

RS130× 70 plain-woven 130epi × 70ppi 

RS knit jersey knit 58cpi ×45wpi 

OE100×100 

100% cotton open-end yarn 

plain-woven 100epi×100ppi 

OE130× 70 plain-woven 130epi×70ppi 

OE knit jersey knit 58cpi × 42wpi 

MVS100×100 
100% cotton Murata vortex 

spun yarn 

plain-woven 100epi×100ppi 

MVS 130×70 plain-woven 130epi×70ppi 

MVS knit jersey knit 60cpi × 44wpi 

 

The finishing process of the fabrics as well as the weaving and knitting processes could leave 

substance like starch, oil, chemicals and other contamination on the fabric surface, thus each 

fabric was washed before running the experiments.40 The fabrics were washed according to 

AATCC standard laboratory practice for home laundering. 41 A home washing machine was 

filled with water at 60 ± 3 °C and a lukewarm rinse setting of 29 ± 3 °C was selected. 66 ±1g 

TIDE (Procter & Gamble Co.) detergent was used during the washing process. The washer 
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was set for a Normal or Cotton/Sturdy 12 min cycle. After washing, the fabrics were loaded 

into a dryer with a High setting at 67 ± 6 °C for 45 min. 

After washing and drying, the fabrics were ironed to remove creases and wrinkles. All the 

fabrics were cut to test size approximately 5” × 3” and ready for the experiments. Swatches 

were allowed to equilibrate to laboratory conditions for 24 hours. 

 

3.2. Artificial Blood Preparation 

The typical published viscosity range of human blood is 3.2 to 4.4 centipoise (cP). The fresh 

porcine blood viscosity has a range from 3.9 to 5.4 cP, which is 20% higher than that of fresh 

human blood. 3 

The synthetic blood used to mimic human blood is called SB5 in this thesis. Acrysol 8306 

was diluted 40 times by adding 1.0g Acrysol 8306 into 40mL water. The solution was stirred 

using magnetic stirring bars for about 1 hour until the solution was homogeneous. A 0.5% 

(wt/vol) red dye solution was made by adding 0.1g red dye (direct red 81) into 20mL water. 

The Acrysol solution, red dye solution and distilled water were mixed in the ratio that gives 

both reasonable surface tension and viscosity compared to that of human blood. Each time 

before running the experiments, the surface tension and viscosity was measured to assure that 

they fell in the appropriate ranges that matched the values for human blood.  
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3.3. Porcine Blood 

Due to university restrictions, human blood was not allowed for use in our experiments. 

Since porcine blood has similar properties to human blood37, porcine blood was used to 

represent human blood in the fabric wicking behavior tests. Fresh whole porcine blood was 

purchased from Lee BioSolutions Incorporated and stored at 2-8°C.  The particles in the 

blood settle to the bottom after sitting overnight, thus each time before running the 

experiments, the blood was mixed gently and homogeneously. The blood was removed from 

the refrigerator and placed on a Fisher Scientific™ Digital Bottle Roller and rolled at 30 rpm 

for 30 min until it mixed evenly. When the blood warmed to room temperature, it was ready 

for the experiments. 

 

3.4. Surface Tension Measurement 

The surface tension was measured using the pendant drop method.42 The blood was slowly 

extruded through a syringe to form a pendant drop. A camera was used to record the process 

until the drop left the needle. Then the video was processed by ImageJ to be converted into 

image sequences. The picture at the time point that the drop was about to detach from the 

needle was selected (Figure 18). This picture gives the image of the drop with maximum 

volume. The picture shows the maximum drop as it was processed by ImageJ using a plug-in 

called ‘Goutte_pendante’42 for surface tension measurement. The plug-in runs on 8-bit 

images. The length scale was calibrated before each measurement. By adjusting the 
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parameters (capillary length, tip radius, tip position and curvature, tilt of symmetry axis), the 

plug-in gives the profile of the pendant drop and the surface tension (Figure 19). 42 

 

 

Figure 18: Drop was about to detach from the needle 
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Figure 19: Profile of the pendant drop and surface tension given by ImageJ plug-in 

Goutte_pendante. 

 
3.5. Viscosity Measurement 

Porcine Blood Viscosity 

Blood flow exhibits non-Newtonian behavior such as shear thinning, thixotropy, 

viscoelasticity, and yield stress. 43 For non-Newtonian fluids, when the shear rate is varied, 

the shear stress does not vary in the same proportion. Thus the viscosity changes as the shear 

rate varies. The viscosity measurements were performed according to ASTM D2196-10 

Standard Test Methods for Rheological Properties of Non-Newtonian Materials by 

Rotational (Brookfield type) Viscometer (Test Method B). 

In this study, the viscosity of porcine blood was measured by Brookfield LVDV-E115 

viscometer with a small sample adapter and Spindle SC4-18 as shown in Figure 20. The 
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viscosity range that could be measured is 3-10000cP at shear rate of 1.32N/sec. The device 

was calibrated by Brookfield Engineering Lab Incorporated using DS Brookfield 

Engineering Lab Incorporated. LV Series procedure under 22°C, 26% RH. 

 

 

Figure 20: Brookfield LVDV-E115 viscometer 
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When measuring the viscosity, blood was added to the small sample adapter and the adapter 

was inserted from the bottom of the water jacket. The adapter was rotated clockwise to lock 

the small sample adapter onto the water jacket. Next, the spindle was inserted and centered in 

the blood and attached to the viscometer. For this measurement, the spindle with a code18 

was used. After securely attaching the spindle, blood was added using a disposable pipette 

until the blood level was at the immersion groove on the spindle’s shaft and then the small 

sample adapter was covered with the insulating cap. After turning on the viscometer, the 

speed/spindle switch was set to spindle and the spindle was chosen by scrolling the “select 

knob” to spindle code 18. Then the speed/spindle switch was set to the desired test speed. 

The available speeds for this spindle (Spindle SC4-18) were 20, 30, 50, 60 and 100 RPM.  

Once the spindle speed was selected, the speed/spindle was switched to the center position, 

the motor was turned on, the measurement was started and the viscometer provided a direct 

reading in centipoise. 

 

Artificial Blood Viscosity 

The ratio of dynamic viscosity to density is defined as kinematic viscosity. The kinematic 

viscosity of artificial blood was measured using a Ubbelohde Viscometer from Cannon 

Instrument Company as shown in Figure 21. The measurement range of this viscometer is 2-

10 cSt. 
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Figure 21: Ubbelohde Viscometer (Cannon Instrument Company) 



43 
 
 

 

 

Before measurement, the viscometer was cleaned using acetone and placed in a chemical 

hood until dry. The sample was placed into the lower reservoir of the viscometer through 

tube L. The liquid level was adjusted to lie between the lines (A) on the reservoir.  Next the 

viscometer was placed into the holder, inserted into constant temperature bath and vertically 

aligned in the bath. When the sample was at the same temperature as the bath temperature, 

the measurement was started. The liquid was drawn to the center of bulb B. The sample was 

allowed to flow through the capillary and the efflux time was determined by measuring the 

time between when the liquid passed mark E and when it passed mark F. Multiplying the 

efflux time by the viscometer constant gives the kinematic viscosity of the sample. 

 

3.6. Hematocrit Value 

The hematocrit value is the volume percentage of red blood cells in blood. In this 

experiment, it was determined by centrifuging 5 mL of porcine blood in a capillary tube at 

10,000 rpm for 5 minutes. After centrifuging, the blood was separated into layers. Dividing 

the volume of packed blood cells by the total volume of blood sample gave the hematocrit 

value, which was obtained by measuring the length of the layers. 

 

3.7. Experimental Setup for Blood Wicking and Drying 

The fabric was mounted on a 3” embroidery hoop and placed on the balance. A USB video 

microscope was used to record the wicking process from the top view (Figure 22 (a)). The 

balance was connected to a computer to continuously record the weight of the blood drop. A 



44 
 
 

 

 

ruler was placed on the fabric along the warp direction of the fabric and was also captured for 

use later in the calibration when processing the image. The balance was tared and then the 

desired volume (30µL or 80µL) of blood was placed on the fabric from the height of 

approximately 1cm using a pipette (Figure 22 (b)).  

 

 

(a) 
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(b) 

Figure 22: Experimental setup 

 

3.8. Image Processing 

After recording videos of the wicking process, the video was analyzed as follows. First the 

video was converted into image sequences. Each image was processed using ImageJ 

software. First the scale was set to centimeters and calibrated based on the ruler placed next 

to the sample. Then the bloodstain on the image was selected using the threshold command 

(Figure 23 (b)). The area, perimeter and circularity of the bloodstains were measured and 

calculated by ImageJ and the profile of bloodstain was given (Figure 23 (c)). The videos have 

a speed of 30 frames/second and each frame was processed as described above. When area, 
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perimeter and circularity were plotted against time, thus giving the pattern growth trend of 

the stain.  

 

 

(a) 

 

(b)                                         (c) 

Figure 23: Image processed using ImageJ software 
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3.9. Yarn Twist Measurement 

Yarn twist was tested using the untwist/twist method according to ASTM D1422-99(2008) 

test method. This method is suitable for determining the approximate twist in single ring 

spun yarns of all types of fibers, and 100% cotton open-end spun yarns.40 For the commercial 

woven fabric, 10 warp yarns and 10 weft yarns were drawn from the fabric. Twists were 

measured using a power-driven twist tester as shown in Figure 24. Yarn samples were 

mounted between a rotatable clamp and a non-rotatable clamp. The rotatable clamp was 

connected to a rotation counter that gives the result of the test. One end of a yarn specimen 

was secured in the non-rotatable clamp first, and the other end was wrapped around the 

rotatable clamp, which was left open temporarily. The yarn was pulled through the open 

clamp until the pointer reached zero position and then the clamp was fasten and excess yarn 

was cut off. Next the twist direction was selected to make the rotation in the direction of 

untwisting of the yarn. The motor was started, the yarn elongated and the yarn tension was 

released. As the rotation continued in the same direction, the yarn untwisted at first and then 

retwisted in the opposite direction. The motor was stopped when the pointer returned to the 

zero position again. At this point the yarn is assumed to have its original length and tension. 

The twist levels were reported in tpi (twists per inch), which was obtained from T= R/2L (R 

= counter reading, L = specimen length in inches, and 2 for untwist and retwist). 
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Figure 24: RU-493 power-driven Twist Tester manufactured by  

United States Testing Company Incorporated. 

 

3.10. Linear Density Measurement 

One of the fundamental properties of the yarn is the thickness or diameter. However, because 

the yarn diameter can change dramatically when it is compressed, it is challenging to 

measure the yarn diameter in a meaningful way. There are many methods to measure yarn 

size, which can be divided into two distinct groups44: 1. A given length is constant for any 

particular system and the weight of this length is variable. 2. The weight is constant and the 

length is variable for any particular system. In this experiment, the method of weighing a 

known length of sample was adopted. A continuous length of minimum 10” yarn was drawn 
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from the fabric. The yarn was handled carefully to prevent breakage. The length of 3 yards of 

yarns was weighed on a Mettler AE 163 digital balance. The weight results were accurate to 

10µg.  

 

3.11. Scanning Electron Microscope 

A scanning electron microscope (SEM) forms images using electrons instead of light. SEM 

has high resolution. One of the advantages of SEM is that it has a large depth of field and can 

focus more of a specimen at one time. 45  

In this study, SEM was used to observe the structure of yarns and to help to determine the 

spinning technology of the yarns from commercial fabrics. 

1. Sample preparation 

About 5mm long yarn samples were cut and stuck on metal stubs using carbon 

conductive tabs which have a thick conductive adhesive on both sides. Then the 

samples were coated with a sputter coater under vacuum using argon gas as shown 

in Figure 25. A vacuum pump was used to remove air from the chamber. When the 

chamber pressure reached 8×10-2mbar and the process current reached 10mA, the 

process was initiated. 45 In this study, the sample was coated with a conductive 

gold-palladium (Au-Pd) alloy. 
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Figure 25: Sputter coater 

 
2. Taking SEM image 

After coating, the stubs were removed from the coater and placed on the SEM 

holder. The SEM (JEOL JSM – 5900 LV) was used for this experiment. High 
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resolution images were obtained by an electron beam with 15 keV accelerating 

voltage and focused by a condenser lens with a spot of 0.4 to 5nm diameter. 

 

3.12. Fabric Thickness Measurement 

The thickness of fabrics was tested according to ASTM D 1777-96(2002) Standard Test 

Method for Thickness of Textile Materials. In this method, a sample was placed on the base 

of a thickness gauge and a weighted presser foot lowered. The distance between the base and 

the presser foot was measured as the thickness of the sample. The measurements were 

performed under standard atmosphere for testing textiles (21 ± 1°C and 65 ± 2% relative 

humidity) using Ames Digital Comparator (model #3-P1500) as shown in Figure 26. 
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Figure 26: Ames Digital Comparator (model #3-P1500) 

 
The sample was carefully placed face side up on the anvil of the thickness gauge. Gradually 

the pressure foot was lowered to contact with the sample and allowed to stand for 5 to 6 

seconds to allow full pressure to be applied. Finally, the thickness was recorded. This process 

was repeated 10 times for each sample and the thicknesses averaged. 
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3.13. Disposal of Experimental Materials Contaminated with Porcine Blood 

The disposal of experimental materials contaminated with porcine blood was performed 

according to the instructions of NC State University Environmental Health & Safety 

Department. Samples treated with porcine blood were collected in a biohazard waste 

collection container lined with a clear autoclave bag marked with a biohazard symbol and 

autoclaved with test indicator (autoclave tape) before disposal. 46   

 

 

Figure 27: Tuttnauer Electronic Tabletop Autoclaves (Model 3780E) 

 
The Tuttnauer Electronic Tabletop Autoclave was used for this procedure as shown in Figure 

27. The autoclave offers 3 sterilization programs. Program 2 “Wrapped Instruments and 

Porous Loads” was selected for this purpose, in which the waste was sterilized at 134 °C for 

7 minutes followed by a 60 minutes drying stage. First the materials were heated by electrical 
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heaters until the sterilization temperature was reached, and then the temperature was 

maintained constantly for 7 minutes. Next, steam was exhausted out of the chamber at a fast 

rate until the pressure dropped to 124 kPa. Then the chamber was dry heated to remove any 

remaining moisture from the samples. The pressure was released and when the pressure 

gauge read zero, the chamber was opened and allowed to cool for 10 minutes. Finally, the 

sterilized samples were removed and the results of autoclave tape indicator were recorded. 

When the tape indicator changes from white to black or showed the word “autoclaved”, the 

autoclave had completed successfully and it was safe to dispose the samples in the red bio-

hazardous waste containers. 

 

Artificial Blood Preparation  
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CHAPTER4 RESULTS AND DISCUSSIONS 

 

4.1. Blood Characterization 

Surface tension 

As described in the experimental section, the surface tension of artificial blood as measured 

by the pendant drop method was 69mN/m. Likewise, the surface tension of fresh porcine 

blood was 57mN/m and 59mN/m when the porcine blood was 5-days old. 

 

Viscosity 

The viscosity of porcine blood was measured using Brookfield LVDV-E115 viscometer with 

a small sample adapter and Spindle SC4-18 as described in chapter 3. The viscosity was 

measured each time before running experiments. Table 6 shows the viscosity when blood 

was first received and when stored in a refrigerator for 5 days. Table 7 is the viscosity of 

artificial blood. As shown below, both porcine blood and artificial blood viscosity increases 

when spindle speed decreases. Blood is a non-Newtonian fluid, as is the artificial blood used 

for this experiment. 
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Table 6: Porcine blood viscosity 

 fresh porcine blood 
5-days old porcine 

blood 

Spindle speed 

(RPM) 
viscosity (cP) range 

viscosity 

(cP) 
range 

100 8.19 27.3% 9.63 32.1% 

60 9.75 19.5% 11.0 22.0% 

50 10.5 17.5% 12.0 20.0% 

30 12.2 12.2% 14.4 14.4% 

20   16.8 11.2% 

 

Table 7: Artificial blood viscosity 

Spindle speed (RPM) viscosity (cP) range 

100 9.57 31% 

60 10.35 20.7% 

50 10.38 17.3% 

30 10.5 10.5% 

 

Hematocrit value 

As described in the experimental section, 5mL blood was filled into centrifuge tube and 

centrifuged at 10,000 rpm for 5 minutes and then blood was separated into two layers as 
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shown in Figure 28. The upper clear liquid is plasma and the bottom is red blood cells. The 

plasma was carefully removed by pipette and the volume was measured. Hematocrit value 

was obtained by dividing the volume of packed blood cells by the total volume of blood 

sample, which in this case is 2.4/5=48%. Thus the hematocrit value of porcine blood is 48. 

 

 

Figure 28: Porcine blood after being centrifuged 

 
4.2. Blood Drying on Fabric 

During the wicking experiments, the weight of blood placed on fabric was recorded 

continuously to observe the drying behavior of porcine blood. Each experiment contains 5 

repeat units. Figure 29 shows the decrease of blood weight against time for the 100x100 

plain-woven fabric using ring spun yarn. The vertical axis is the ratio of the real-time blood 

weight to the initial blood weight. These curves revealed that the placed blood weight 
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decreased nearly linearly over the first 3000 seconds. After that the drying speed became 

slower and finally the weight was nearly constant, which means the liquid component in the 

blood evaporated and only the particles remained. The weight ratio became stable at the 

value ranging from 0.3 to 0.4, which is consistent with the hematocrit value of porcine blood. 

 

 

Figure 29: Porcine blood drying on RS 100×100 fabric 

 

Table 8 and Table 9 are the comparisons of bloodstain areas between porcine blood and 

artificial blood. Table 8 is for woven fabric and Table 9 is for knit fabric. The blood drop 

volume for both AB and PB were 80 µL. It can be observed that for each fabric, the PB 

bloodstain area is smaller approximately 50% smaller than the AB stain. This could be 

explained by the presence of red blood cells in the porcine blood while the artificial blood 

does not have any cells. Approximately 48% of the volume of porcine blood consists of red 

blood cells so the liquid volume is approximately 52% of the total volume. 
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Table 8: Average bloodstain area of plain woven fabric 

 RS  

100×100 

RS  

130×70 

Commercial 

130×70 

AB† (cm2) 7.87 7.77 10.35 

PB† (cm2) 2.97 3.81 4.95 

†AB refers to artificial blood while PB refers to porcine blood. 

 

Table 9: Average bloodstain area of jersey knit fabric 

 RS 

knit 

OE 

knit 

MVS 

knit 

Commercial 

knit 

AB (cm2) 4.50 4.56 4.42 6.49 

PB (cm2) 2.63 2.66 2.45 3.21 

 

4.3. Yarn Characterization 

It is observed from SEM images (Figure 30) that the ring spun yarns used in these fabrics had 

a less compact structure compared with the open-end spun yarns and the MVS yarns. Cotton 

fibers in ring spun yarn are oriented as a spiral arrangement. Open-end spun yarns have 

belly-band fibers wrapping the yarn in the direction perpendicular to yarn axis, which is not 

observed in ring spun yarns. For MVS yarns, the core fibers do not have twist as observed in 

RS yarns and are wrapped by sheath fibers. 
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Yarn SEM Image and Diameter 
Commercial woven 

fabric warp yarn 
Commercial woven 

fabric weft yarn 
Commercial knit fabric 

yarn Ring spun yarn 

 
D†=173µm 

 
D= 165µm 

 
D = 315µm 

 
D = 344µm 

Open-end spun yarn Open-end spun yarn Murata vortex spun yarn  

 
D = 194µm 

 
D = 235µm 

 
D = 187µm 

 

       †D refers to yarn diameter 

Figure 30: Yarn SEM images 
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Yarn twist was measured using untwist/twist method by power-driven twist tester, which has 

been described in previous chapter. The result is shown in Table 10. The commercial yarns 

from woven fabric have higher twist than RS and OE yarns, while commercial yarn from knit 

fabric had lower twist and was close to that in the RS and OE yarns provided by Cotton 

Incorporated. 

Table 10: Yarn twist  

 Twist per inch 

Commercial warp 24.7 

Commercial weft 23.0 

Commercial knit 40 22.4 

RS 14 22.8 

OE 14 22.8 

 

Yarn Packing Factor 

Cross-sectional structure parameter of a yarn is as important as its longitudinal parameter.  

One of the main cross-sectional parameters is packing density. If one considers the yarn as a 

cylinder, the yarn packing density (µy) is the ratio of total volume of fibers in the cylinder 

(Vf) to the volume of the cylinder (Vy). According to Kumar et al., 47 yarn packing density is 

calculated using equation [9]:  

µy =
T

ρ ×π × D2 / 4                                                Equation 9 
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Where, T is tex of yarn, D is diameter of yarn, and ρ is the density of the fibers. In these 

experiments, all of the yarns were 100% cotton. Thus ρ is the density of cellulose, which was 

taken as 1.52g/cm3.  48  

In the equation above, the yarn was considered to be a cylinder. However, when yarns are 

woven into fabric, they undergo deformation due to the tension generated by interlacing the 

warp and weft yarns. Shanahan and Hearle’s model describes the plain-woven cross section 

geometry as a lenticular shape. 49  

Figure 31 shows that the cross section of the yarn has a profile of two identical arcs that are 

joined under the pressure between warp and weft yarns. 

 

 

Figure 31: Shanahan and Hearle’s model of lenticular yarn cross-section for plain woven 

fabric. 49 

 
From the observation of SEM image (Figure 32), it is known that the cross-section of yarn is 

neither a round circle nor jointed arcs. It is more like an elliptical shape. 
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Figure 32: SEM images of yarn cross-section in the fabric 
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RS 100×100 warp OE 100×100 warp MVS 100×100 warp 

   
RS 100×100 weft OE 100×100 weft MVS 100×100 weft 

   
RS 130×70 warp OE 130×70 warp MVS 130×70 warp 
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RS 130×70 weft OE 130×70 weft MVS 130×70 weft 

   

Commercial 130×70 warp Commercial 130×70 weft  
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If Equation 9 is rewritten as: 

µy =
T

ρ × S ×1000                                             Equation 10 

Where, T is tex of the yarn (g/km), ρ is density of cellulose (g/m3), S is cross-section area of 

the yarn in fabric (m2), then equation 10 gives the yarn packing density from linear density 

and cross-section area. Yarn cross-section areas were measured from SEM image using 

imageJ software. Figure 33 is an example of measuring yarn cross-section area from ring-

spun 100×100 fabric. 

 

 

Figure 33: RS 100×100 fabric cross-section SEM image 
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The ring-spun, open-end and MVS yarns obtained from Cotton Incorporated are 36 Ne cotton 

count, which equals 16.4 tex. The warp yarn of commercial fabric has a linear density of 14.4 

tex, and the weft yarn is 16.9 tex. The linear density of yarn from commercial knit fabric is 

17.9 tex.  

The cross-section areas, S, were measured from SEM images on each yarn and the average 

values were calculated. For a balanced woven fabric, S is the average of both warp yarns and 

weft yarns. For unbalanced woven fabric, S of warp yarns and weft yarns were measured 

separately. Yarn packing density was calculated using Equation 10 and the results are shown 

in Table 11. 

 

Table 11: Yarn cross-section area and packing density 

Yarn S (×10-12 m2) Packing density 
RS 100×100 24919 0.43 
OE 100×100 27214 0.40 

MVS 100×100 22055 0.49 
RS 130×70 warp 23031 0.47 
RS 130×70 weft 20180 0.53 
OE 130×70 warp 38574 0.28 
OE 130×70 weft 22018 0.49 

MVS 130×70 warp 44295 0.24 
MVS 130×70 weft 27523 0.39 

C warp 27591 0.39 
C weft 23283 0.46 
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4.4. Fabric Structure and Its Effect on Bloodstain Patterns 

Fabrics made from the same type of yarn but with different fabric structures could also affect 

blood wicking behavior. In this experiment, fabrics with 3 different structures were used. 

They are 100epi×100ppi plain-woven fabric, 130epi × 70ppi plain-woven fabric and jersey 

knit fabric. The thickness of each type of fabric was measured, as shown in Table 12. The 

result shows that fabric with jersey knit structure is thicker than plain-woven structure. For 

the same yarn type, unbalanced plain-woven fabric is slightly thicker than balanced plain-

woven fabric. In unbalanced woven structure, there are more warp yarns (130 epi) than in 

balanced woven structure (100 epi). Thus the weft yarns in unbalanced structure have more 

crimp than balanced structure, which leads to a higher thickness. 

 

Table 12: Fabric thickness  

Fabric Thickness (mm) 

Commercial 130×70 0.36 

Commercial knit 0.55 

RS 100×100 0.32 

RS 130×70 0.36 

RS knit 0.61 

OE 100×100 0.36 

OE 130×70 0.39 

OE knit 0.57 
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Table 12 Continued 

MVS 100×100 0.35 

MVS 130×70 0.40 

MVS knit 0.63 

  

The placed drop experiments were repeated 5 times for each kind of fabric. It was observed 

that for balanced woven fabric (100epi× 100ppi), the porcine blood did not wick into either 

the OE fabric or the MVS fabric. For unbalanced OE woven fabrics, blood wicked only on 

sample 4. For unbalanced MVS woven fabrics, blood wicked on sample 1 and sample 2 

(Table 13).  

 

Table 13: Statistics of whether porcine blood wicks on fabric samples 

       Sample # 1 2 3 4 5 

RS 100×100 ✔† ✔ ✔ ✔ ✔ 
RS 130×70 ✔ ✔ ✔ ✔ ✔ 
OE 100×100 ✗† ✗ ✗ ✗ ✗ 
OE 130×70 ✗ ✗ ✗ ✔ ✗ 
MVS100×100 ✗ ✗ ✗ ✗ ✗ 
MVS 130×70 ✔ ✔ ✗ ✗ ✗ 

† ✔ refers to blood wicking into the fabric; ✗ refers to blood not wicking on the fabric. 
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It is also observed from Table 13 that porcine blood wicked into all RS fabrics regardless of 

their structure – balanced or unbalanced. The SEM image shows cotton fibers in ring-spun 

yarn have a spiral arrangement that results in a more uniform structure.  

 

4.5. The Effect of Drop Volume on Bloodstain Patterns 

Experiments of placed blood drops with different volumes (30µL and 80µL) on textile 

surfaces were performed on commercial fabric. Each experiment was repeated 5 times. The 

area and circularity of bloodstain were measured using imageJ software. The circularity was 

calculated using the equation below: 

C = 4π A
P2

                                            Equation 11 

where A is the area of the stain and P is its perimeter. The value of circularity ranges from 

0.0 to 1.0, with a value of 1.0 indicating a perfect circle. The average values of area and 

circularity of the bloodstain are shown in Table 14. 

 

Table 14: The mean values of area and circularity with standard deviation 

  
Commercial woven 

 130epi × 70ppi Commercial knit 

PB† AB† PB AB 

  
30µL 

Area (cm2) 
mean 2.22 2.85 1.26 2.03 

s.d 0.27 0.14 0.06 0.09 

Circularity 
mean 0.71 0.28 0.57 0.6 

s.d 0.07 0.07 0.11 0.03 
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Table 14 Continued 
 

  
80µL 

Area (cm2) 
mean 4.95 10.35 3.21 6.49 

s.d 0.36 0.18 0.20 0.44 

Circularity 
mean 0.56 0.22 0.46 0.29 

s.d 0.06 0.02 0.11 0.05 
               †AB refers to artificial blood while PB refers to porcine blood. 

 

From Table 14 it is known that: 

1. For the same drop volume and the same blood type (either AB or PB), the bloodstain 

area on knit fabric was approximately 30-40% smaller than on the woven fabric. 

2. Bloodstains from 30µL drops had higher circularity than 80µL drops. 

3. For PB, the bloodstain area is nearly proportional to drop volume. 

  

Table 15: Comparison of porcine bloodstain areas on different fabrics. 

 Average bloodstain area (cm2) s.d. 

RS100×100 2.97 0.91 

OE100×100 0.56 0.08 

MVS100×100 0.52 0.08 

RS knit 2.74 0.09 

OE knit 2.66 0.06 

MVS knit 2.45 0.12 
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Table 15 shows that for the same fabric structure (balanced plain woven and jersey knit), RS 

fabrics have larger bloodstain areas than fabrics made with OE or MVS yarns.  

 

4.6. Obtaining Blood Volume From Bloodstain Area 

Some studies have discussed the estimation of the original volume from dried  

bloodstain.1, 10, 12, 50 Most of the methods are valid for non-absorbent or hard surfaces. One 

method that has proved useful for absorbent surfaces such as cloth is to cut identical areas of 

the fabric, one from a clean fabric and one from the fabric that has been totally soaked by 

blood, then weigh both the clean and stained cuttings and calculate the weight per unit 

surface area. The difference of weight per unit area between the stained swatch and clean 

swatch is the weight of bloodcrust per unit area. This value times the measured bloodstain 

area gives the weight of bloodcrust. The original volume of a bloodstain is equal to the 

weight of bloodcrust times drying constant of the weight loss when blood has completely 

dried. 12, 50, 51 This method requires a large stained area for the measurement, and it would 

damage the evidence. Here it was attempted to obtain the original blood volume from 

bloodstain without cutting the fabric. 

Figure 34 shows the structure of plain-woven fabric. Fabric contains two parts: solid                                                                                                                            

(cellulose) and air. The air includes the air between yarns and the air within yarns. It is 

assumed that the blood went into the open space within yarns and took the place of the air. 

To validate the assumption, the volume of the open spaces needs to be calculated. If the 
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calculated volume is close to the volume of the blood drop used in this experiment (which is 

80µL), then the assumption is valid. 

 

 

Figure 34: Flat view of plain woven structure49  

 
If one multiplies the bloodstain area by the fabric basis weight, it will give the fabric weight 

covered by blood. Dividing the basis weight by the density of cellulose gives the volume of 

the solid part of the blood-covered fabric, Vs, as shown in Equation 12: 

Vs =
Astain × b.w

ρ
                                                          Equation 12 

where Astain is bloodstain area, b.w is basis weight of fabric, and ρ is density of cellulose, 

which was taken to be 1.52 g/cm3.  48. 

This volume does not include the air within the yarn or the air between the yarns. Equation 

13 gives the yarn volume Vy within the stain by dividing Vs by yarn packing density µy.  
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Vy =
Vs
µy

                                                                      Equation 13 

Since µy is the fraction of the yarn that is solid, (1-µy) is the volume of air within the yarn. 

Thus, multiplying the yarn volume by (1-µy) gives the open space volume within the yarns, 

as shown in Equations 14 

V =Vy × (1− µy )                                                          Equation 14 

or 

V = Vs
µy

× (1− µy ) =
Astain × b.w
ρ × µy

× (1− µy )                     Equation 15 

Simplifying Equation 15 gives Equation 16 to calculate the open space volume within yarns, 

which was assumed to be the space that was occupied by blood. 

 

V = (Astain × b.w
ρ

)× ( 1
µy

−1)                                          Equation 16 

Where, V is the void space within the fabric and is assumed to be equal to the volume of the 

blood drop that has wicked into the fabric. 

To examine this assumption, the blood volume was calculated using Equation 16 for samples 

with known drop volumes. Table 16 shows the results for woven fabric and Table 17 is for 

knit fabric. 

 

 

 



75 
 
 

 

 

Table 16: Blood volume calculated from bloodstain area (woven fabric) 

 
AB stain 
area(cm2) µy 

b.w 
(g/cm2) V(mL) 

RS 100 
100 

7.99 0.43 150 0.105 
7.694 0.43 150 0.101 
7.857 0.43 150 0.103 
7.99 0.43 150 0.105 
7.808 0.43 150 0.102 

RS 130 70 

8.054 0.5 162.5 0.086 
7.781 0.5 162.5 0.083 
7.724 0.5 162.5 0.083 
8.249 0.5 162.5 0.088 
7.059 0.5 162.5 0.075 

OE 100 
100 

6.553 0.4 150.6 0.097 
6.943 0.4 150.6 0.103 
6.398 0.4 150.6 0.095 
6.928 0.4 150.6 0.103 
5.513 0.4 150.6 0.082 

OE 130 70 

5.651 0.39 152.2 0.089 
5.881 0.39 152.2 0.092 
5.539 0.39 152.2 0.087 
5.619 0.39 152.2 0.088 
5.737 0.39 152.2 0.090 

Mean       0.093 
s.d       0.009 

Coefficient of Variation     9.7% 
 

From Table 16, the average calculated blood volume is 93µL while the actual volume used in 

experiments was 80µL. The result shows that the method stated above is valid for calculation 

of blood volume from bloodstain area on ring spun and open-end spun woven fabric.  

For knit fabric, due to its structure, it is difficult to capture the yarn cross-section image 

within the fabric. Thus the diameter of the yarn was measured from the fabric image using a 

digital microscope. For measurement accuracy, the microscope was calibrated each time 
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before changing magnification.  Figure 35 is an example of measuring ring-spun jersey knit 

fabric. The measurement was repeated five times and the mean diameter was used in 

Equations 10 and 11 to calculate yarn packing density and blood volume respectively.  

 

 

Figure 35: Yarn diameter measurement using digital microscope  

(ring-spun jersey knit fabric) 

 

Table 17 shows the blood volume calculation for the knit fabric using Equation 16. The 

average calculated volume is 107µL, which is 27µL larger than experimental volume of 

80µL. The coefficient of variation is 13.2%. This revealed that the method is also valid for 

jersey knit fabric made of ring-spun yarns, open-end spun yarns and MVS yarns respectively. 

However, due to the lower accuracy of the yarn diameter measurement, the coefficient of 

variation is larger than for the woven fabric.  
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Table 17: Blood volume calculated from bloodstain area (knit fabric) 

  AB stain area(cm2) µY b.w 14 V(mL) 
RS 4.246 0.28 153.5 0.110 
knit 4.577 0.28 153.5 0.119 

  4.454 0.28 153.5 0.116 
  4.701 0.28 153.5 0.122 
  4.51 0.28 153.5 0.117 

MVS 4.417 0.36 171.2 0.088 
knit 4.383 0.36 171.2 0.088 

  4.743 0.36 171.2 0.095 
  4.074 0.36 171.2 0.082 
  4.459 0.36 171.2 0.089 

OE 4.322 0.28 150.2 0.110 
knit 4.697 0.28 150.2 0.119 

  4.64 0.28 150.2 0.118 
  4.536 0.28 150.2 0.115 
  4.584 0.28 150.2 0.116 

Mean       0.107 
s.d       0.014 

Coefficient of Variation     13.2% 
 

 

As shown in Tables 16 and 17, the volume calculated according to Equation 16 was 

consistent with the blood volume adopted to create the bloodstain in this experiment. This 

result validated the assumption that blood occupied the open space within the yarns. It also 

provided a method to estimate the original blood volume from bloodstain on fabric without 

damage the stained fabrics.
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CHAPTER5  CONCLUSION 

 

During this research the behavior of placed blood drops on fabric was studied. Several 

variables that affect the bloodstain patterns were studied: yarn structure, fabric structure, drop 

volume and blood type. Each group of experiments was repeated 5 times to examine the 

reproducibility of the experiments. All the experiments were performed at room temperature 

(70ºF). When analyzing the result, to examine how the variable affects the bloodstain pattern, 

only one variable was studied a time while the others were kept constant. 

All fabrics were made of 100% cotton yarns with 3 different spinning technologies: ring 

spinning, open-end spinning and Murata vortex spinning. Three fabric structures were 

created for this experiment: 100epi×100ppi, 130epi×70ppi and jersey knit. 

For blood type, artificial blood wicked into all the fabrics. Porcine blood wicked into all the 

ring spun yarn fabrics, and all the knit fabrics, but only slightly into the woven fabrics 

(balanced or unbalanced) made with OE and MVS yarns. For the same drop volume, the area 

of AB stain is approximately twice as large as PB stain. This was explained by noting that PB 

has a hematocrit value of 48 (52% serum, i.e. 52% liquid) while AB is 100% liquid. 

Both yarn structure and fabric structure could affect bloodstain pattern. AB Bloodstain 

patterns on RS woven fabric has a more circular shape than OE and MVS woven fabric due 

to the more uniform structure of ring-spun yarns. Blood wicked faster on jersey knit fabric 

than on plain-woven fabric. Bloodstain on woven fabric has larger area than knit fabric. 
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During the wicking process, blood went into the space between yarns within fabric and 

finally occupied the open space within yarns. The equation to calculate the original blood 

volume was derived in this thesis. This equation gives the blood volume according to 

bloodstain area, yarn packing density and fabric basis weight. The calculated results showed 

the equation is valid with a coefficient of variation of 9.7% for woven fabric and 13.2% for 

jersey knit fabric. Compared with other methods that need to cut the stained fabric to weigh, 

this method of estimating original blood volume will not damage the stained fabric thus 

keeping the evidence intact.
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CHAPTER6  SUGGESTED FUTURE WORK 

 

To extend the understanding of blood wicking behavior, other types of fabrics need to be 

studied such as fabrics with other weave structures and knit structures.  

Adopting a more accurate and precise method to characterize yarn and fabric (such as 

packing density measurement) would help the analysis of bloodstain. 

The currently used artificial blood can mimic the behavior of human blood to some extent, 

but it has been observed that the stain generated by artificial blood is larger than real blood. 

Human blood contains about 45% volume of red blood cells; the artificial blood used in this 

experiment does not contain any particles. It would be desirable to improve the artificial 

blood such as adding particles that have a similar size and shape of red blood cells, which 

could mimic human blood in a better way and serve as human blood substitute for forensic 

study.  
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Appendix A: Porcine blood wicking curves 

 

80 µL porcine blood wicking on commercial woven fabric 
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80 µL porcine blood wicking on commercial knit fabric 
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80 µL porcine blood wicking on RS100×100 woven fabric 
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80 µL porcine blood wicking on RS130× 70 woven fabric 
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80 µL porcine blood wicking on RS knit fabric 
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80 µL porcine blood wicking on OE100×100 woven fabric 
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80 µL porcine blood wicking on OE130×70 woven fabric 
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80 µL porcine blood wicking on OE knit fabric 
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80 µL porcine blood wicking on MVS 100×100 woven fabric 
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80 µL porcine blood wicking on MVS130×70 woven fabric 
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80 µL porcine blood wicking on MVS knit fabric 
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Appendix B: Artificial blood wicking curves 

80 µL artificial blood wicking on commercial woven fabric 

 

 



106 
 
 

 

 

 

 

80 µL artificial blood wicking on commercial knit fabric 
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80 µL artificial blood wicking on RS100×100 woven fabric 



108 
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80 µL artificial blood wicking on RS130×70 woven fabric 

 



110 
 
 

 

 

 

 

 

80 µL artificial blood wicking on RS knit fabric 
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80 µL artificial blood wicking on OE100×100 woven fabric 
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80 µL artificial blood wicking on OE 130×70 woven fabric 
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80 µL artificial blood wicking on OE knit fabric 
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80 µL artificial blood wicking on MVS100×100 woven fabric 
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80 µL artificial blood wicking on MVS 130×70 woven fabric 
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80 µL artificial blood wicking on MVS knit fabric 



120 
 
 

 

 

 

 



121 
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Appendix C: Porcine blood drying curves 

80 µL porcine blood drying on commercial woven fabric 

 

 

80 µL porcine blood drying on commercial knit fabric 
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80 µL porcine blood drying on RS 100×100 woven fabric 

 

 

80 µL porcine blood drying on RS 130×70 woven fabric 

 

 


