
ABSTRACT 

BABY, RUKSANA. Wicking of Small Drops into Knit Fabrics (Under the direction of Dr. 
Stephen Michielsen).  
 
Wicking, i.e. capillary action is simply the spontaneous wetting in a capillary system. 

Analysis of wicking of blood into textiles can provide information about how a stain 

develops and understand the nature of the crime; greatly contribute to the reconstruction of 

the crime scene in forensic disciplines through the blood stain pattern analysis (BPA) and 

help investigators distinguish between an assailant’s garments and those of innocent 

bystanders. In forensic disciplines, extensive researches on BPA has been conducted on hard 

surface but only very few studies on textiles have been reported. Wicking of blood through 

textiles is much more complicated than most other materials because of the complex textiles 

structures and yarn properties. However to gain deeper insights, this research investigated the 

wicking behavior of blood into knitted fabrics to understand the capillary flow through the 

fabrics and the factors influencing stain patterns. Porcine blood to mimic the human blood 

behavior and three knitted single jersey fabrics made of 100% cotton ring-spun single-ply 12 

Ne, 20 Ne and 30 Ne yarns respectively were used for the experiments. The diameters and 

the packing factors of the yarns at eight different positions of the knitted loops in the fabrics 

were measured to investigate any change in the capillary system within the loop. Blood 

viscosity, surface tension and hematocrit value were measured to properly characterize the 

blood. This research also scrutinized the effects of drop volumes, yarn counts and other 

fabric parameters on wicking of placed blood drops. 

 

Packing factors were found to vary at different positions of the same loop.  Wicking rate was 

nearly linear initially but then became slower depending on the capillaries. Wicking was 



similar on both fabric sides. Fabrics made from finer yarns (such as 30 Ne yarns) with lower 

weight per unit area and thickness resulted in larger bloodstain areas than the other fabrics. 

With increased drop sizes, stain areas were found to increase linearly.  
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CHAPTER 1 INTRODUCTION 

 

At violent crime scenes, blood is frequently found and is one of the essential physical evidences 

that need to be properly evaluated to help investigators reconstruct the crime scene. [10] 

Bloodstain pattern analysis (BPA) is the process of systematic examination of blood stains, 

distribution and interpretation of these stains according to size and shape following methodical 

investigation. [7] BPA studies scrutinize ‘what’ caused the bloodstains at the scene. [10] It provides 

valuable information and helps determine if the incident was an accident or homicide or suicide 

and also distinguish between garments of perpetrators and those of innocent bystanders and/or 

victims. [7]  

 

The first systematic study of BPA was started by Dr. Eduard Piotrowski in 1895 at the 

University of Vienna. [8, 12, 14-16] But forensic scientist Paul Leland Kirk was the one who drew 

people’s attention to this discipline by investigating the crime scene of Samuel Sheppard’s case 

and providing key bloodstain evidence. After that many commendable works were accomplished 

demonstrating the importance of BPA in this discipline. In 1970 Henry MacDonell (called the 

father of modern BPA) and Lorraine Bialousz published a book called ‘Flight Characteristics and 

Stain Patterns of Human Blood’. [18] Then the International Association of Bloodstain Pattern 

Analysis (IABPA) was formed in 1983 to promote the study of BPA. [8, 11, 15, 19] However most of 

the BPA studies were conducted on hard surfaces. Animal blood, artificial blood etc. were used 

as human blood substitutes.  
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Textiles end products (fabrics, garments, carpets, bed sheets and many others) are commonly 

found at crime scenes but have not been properly evaluated in the earlier BPA studies. Textiles 

fabrics are porous and complex structures, so a methodical BPA study on textiles is not 

straightforward or easy to conduct. There are very few studies of the interaction of blood and 

apparel [21, 30] but in some of those studies textile yarns and fabrics were not characterized 

properly and their constructions, manufacturing methods remained unfocused. [22, 30] This 

research will investigate the wicking of blood into the knitted fabrics to understand the capillary 

flow through the fabrics at different positions of the loops in a knit fabric, the structure varies. 

The impact of different yarn packing factors along the loop will be analyzed to understand the 

capillary system of a single loop of a knitted fabric. Three single jersey fabrics will be used in 

this study, each made from 100% cotton ring-spun yarns (12 Ne, 20 Ne and 30 Ne yarns; single 

ply). Porcine blood drops of volume of 2µL, 10µL, 30µL and 60µL will be placed on different 

fabrics and the behavior will be examined. The fabrics and the blood will be characterized and 

factors affecting the bloodstains will be scrutinized. A relationship between the different blood 

drop sizes and different yarn sizes will also be established.  

 

To summarize shortly, the goals of this study are: 

 To examine wicking behavior and growth of porcine bloodstains of different volumes 

into single jersey knit fabrics made from cotton yarn of different counts 

 To investigate the capillary system of a unit cell (i.e. a loop) of single jersey knit fabric 

 To investigate the effects of blood drop volumes, yarn counts and fabric parameters on 

bloodstains  
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CHAPTER 2 - LITERATURE REVIEW 
 
 
2.1 Wetting and Wicking 
 
The prerequisite of wicking is wetting, i.e. the replacement of a solid-air or liquid-air interface 

with a solid-liquid or liquid-liquid interface. [16, 33] Wicking is the spontaneous wetting of the 

liquid driving it through the capillaries in material. [16, 30, 33, 46] These two processes are related to 

each other. There can be no wicking without wetting. The liquid must wet the material surface 

first, and then wick into the material. [16, 30, 33, 37, 46]  

There is balanced interaction of the molecules in the bulk of the liquid resulting from equal 

attractive forces in all directions. On the contrary, the ‘surface free energy’ by the molecules at 

the liquid surface, resulting from unbalanced forces on the molecules, tends to force the surface 

to have the minimum area and limit the advancement of the liquid on a solid surface. The 

Young-Dupré equation as given below is widely used to explain the wetting and wicking 

phenomena. This equation shows the forces involved at the equilibrium state of a liquid drop on 

a solid surface.  

 

         𝛾ௌ௏ −  𝛾ௌ௅ =  𝛾௅௏𝑐𝑜𝑠𝜃                                                                    Equation 1                                                                    
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Figure 1: Equilibrium state of a liquid drop on a solid surface [16] 

 

Where, 𝛾ௌ௏  refers to the interfacial tension between solid and vapor, 

           𝛾ௌ௅, the interfacial tension between solid and liquid, 

           𝛾௅௏, the interfacial tension between liquid and vapor, and  

             𝜃 , the equilibrium contact angle as showed in the Figure 1, which decreases (i.e. 

𝑐𝑜𝑠𝜃 increases) with the increasing wettablity. [33]   

 

There is a certain distinction between the terms ‘wetting’ and ‘wettablity’. [33, 48-49] Wetting is as 

described above whereas wettability of that surface is the potential to interact with that liquid 

with specified characteristics. [46, 48] The material and surface characteristics influence the 

wettability and the wetting processes. [33, 46]      

 

Wicking is carried out by the spontaneous wetting processes through the capillary system of the 

materials without any influence of external forces. Wicking might occur from an infinite 
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reservoir (the material is immersed in a liquid) or a finite reservoir (a drop of liquid is placed on 

the material surface). [33, 46] There are four different processes of wicking. These are: [32]  

1. Capillary penetration 

- Penetration of liquid is limited to the capillary spaces. 

- Fibers do not imbibe the liquid.  

2. Immersion 

- Fabric (or fibrous assembly in general) is completely immersed in a liquid. 

- Liquid enters the fabric from all directions. 

3. Transplanar wicking  

- Transplanar wicking is the transport of a liquid in a fabric perpendicular to the plane 

of the fabric. Practical example: Sorption of water in a towel. 

4. Longitudinal wicking 

- Fabric is partially immersed in a large volume of liquid so that it can wet the fabric 

and thus the longitudinal wicking takes place. 

Wicking through capillary penetration can be both from finite and infinite reservoirs. The other 

three processes primarily require infinite reservoirs but can still occur to a limited extent with 

limited volumes. [16, 33, 46]        

 

Wetting and Wicking on Textiles 

Both wetting and wicking become complicated when the material is porous. Many factors 

including material surface properties, geometric configurations, porosity and the liquid properties 

affect the wetting and wicking processes. [16, 30, 50] For example, a fabric is a porous material with 

complex surface structure. It can absorb, transfer or repel a liquid. The fabric wetting 
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mechanisms (capillary sorption, immersion, adhesion and spreading) can occur at the same time 

while the liquid is wetting the fabric surface and the wetting behavior is greatly affected by its 

chemical compositions and structures. [16, 33] While the interaction between the liquid and the 

fibers is concerned, each of the four wicking processes mentioned earlier can be distributed into 

four categories according to the extent of interaction. [33]  

1. Wicking of a liquid:  

-No significant diffusion into the fiber surface 

-Capillary penetration, the only process occurring 

2. Wicking accompanied by diffusion: 

-Diffusion of the liquid into the fibers or into a finish on the fiber 

-Capillary penetration and diffusion of the liquid into fibers occur simultaneously. 

3. Wicking by adsorption on fibers: 

-Several processes including capillary penetration, diffusion and adsorption occur 

simultaneously. 

-Example: Wicking of a surfactant solution into a polyester fabric is accompanied by 

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

surfactant on the fibers. 

4. Wicking involving adsorption and diffusion into fibers: 

-Example: Wicking of a surfactant solution in a cotton fabric is accompanied by capillary 

penetration and diffusion of the liquid into the fibers, diffusion and adsorption of the 

surfactant on fibers. 

According to Gillespie, the spreading of a liquid drop when placed on a fabric is carried out by 

capillary forces and can be split into two phases as shown in Figure 2. [51, 52] 
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Figure 2: Schematic illustration of the two phases in drop spreading of liquid in fabrics [51] 

 

The figure shows that some of the liquid remains on the fabric surface in phase I and the liquid is 

completely contained within the substrate in phase II. [51, 52]  

The wetting and wicking behavior of any fibrous material such as woven fabrics, are affected 

mainly by the pore structure of the fabric and the fiber surface properties. [50] Knitting structures 

are also porous media offering better comfort properties with high elasticity, conformity with the 

shape of the body and good hand properties. Benltoufa et al. [53] investigated the capillary rise in 

a jersey knit structure and discussed two porosity scales:  

 Macro-pores: Pores between yarns in the structures (also called meso-pores [16]) 

 Micro-pores: Pores between fibers in the yarn 

 

Remaining liquid on surface 

Saturated liquid 
Capillary spread 

Not-wet substrate 
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Figure 3: Loop shape of three-dimensional elementary Jersey (left); macro and micro-channels in side 

view of jersey loops (right) [53] 

 

In their experiments, the macro-pores were observed filling first and the micro-pores later on 

were used for further transport. [53] Through thorough understanding of the constituent yarns of 

the textiles fabrics, the macro and micro-channels, the capillary flow becomes easier to analyze. 

[53-55] Capillary progression can be analyzed by simulating it to a flow between two parallel 

plates at certain a distance 𝑒௠௔௖ (capillary distance) in case of macro-channels (Figure 4) and a 

flow in a capillary tube of radius  𝑅௠௜ in case of micro-channels (Figure 5) respectively. [53] 

 

 

Figure 4:  Capillary progression between yarns (macro channels) [53] 
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Figure 5: Capillary progression between fibers (micro channels) [53] 

 

For any Newtonian fluid, Darcy’s law interprets the model of finite one-dimensional flow 

(Figure 7) in a porous media as below. [16, 56]  

 

       Q = AK 
∆௛

L
                                                                                                          Equation 2 

 

 

Figure 6: One-dimensional flow column [56] 
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In the equation (2), 

Q denotes the flux i.e. the volume flowing through a unit area in a unit time 

A, the flow area perpendicular to L 

K, the hydraulic conductivity 

L, the flow path length 

H, the hydraulic head and 

 ∆ℎ , is the change in height h over length L 

Where the hydraulic head [16, 56] 

      

         H = ቀ
௣

஡୥
+  𝑧ቁ                                                                       Equation 3 

 

Here, p indicates liquid pressure  

𝜌, liquid density 

𝑔, acceleration of gravity and 

𝑧 , is the elevation 

  

In the work by S. Amico and C. Lekakou [16, 57], Darcy’s model was used to interpret the flow 

through a tow of fibers in micro-porous medium (i.e. yarn micro-pores). The actual micro-flow 

rate, 𝑄ఓ, through each fiber tow was expressed as equation 4 that incorporated both Darcy’s axial 

flow and the flow from the exchange between meso and micro- flow rate. [16, 57] 
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        𝑄ஜ =  
௄ಔ౗஺೟ ൫௉೎,ಔ౗ା ௉೔೙ೕ൯

ఎ௅ಔ౗
 + 𝑄௧௥௔௡௦௙௘௥                                             Equation 4 

 

Where At denotes the cross-section of the elliptical tow 

𝐾ఓ௔, the axial micro-permeability in the fiber tow 

𝑃௖,ఓ௔ , the axial capillary pressure in the fiber tow 

𝐿ఓ௔, the progress of micro-flow in fiber tow axis 

𝑃௜௡௝, the injection pressure and 

Figure 7 and Figure 8 illustrate the axial and the transverse flow through each fiber tow in a 

plain-woven fabric. [16, 57, 58] 

 

 

Figure 7: 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. [57] 
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Figure 8: Simplified representation of the network flow in a plain-woven fabric. [58] 

 

The experiment (Figure 9) by Benltoufa et al. [52] for liquid wicking through knitted jersey fabric 

of different macro and micro-pore sizes is given below. It was conducted at standard atmosphere 

of 20 ± 2℃ and relative humidity of 65 ± 2%. Images were taken periodically (Figure 10). [53] 
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Figure 9: Experimental set up of liquid wicking on jersey knitting structure [53] 

 

 

Figure 10: Liquid rising in a jersey as function of time [53] 
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They found rapid liquid absorption by the macro-pores in short times while micro-channels were 

responsible for reaching the maximum height with slow diffusion rate. 

 

However understanding and determining wicking rate is very important. It not only depends on 

interfacial tensions and the wettability of the fibers but also varies depending on the capillary 

dimensions of the substrate and the viscosity of the liquid. [33, 60-61] For laminar flow, the volume 

flow rate 
ௗ௏

ௗ்
 can be expressed by Poiseuille’s equation. [33] 

 

            
ௗ௏

ௗ்
=  

గ௥ర௉

଼ఎ௟
                                                                                                       Equation 5 

 

Where r is the radius of the tube, 𝑙 is the distance covered by the liquid at time t and P is the 

pressure drop across 𝑙. In equation (5) Poiseuille showed the inverse relationship between the 

flow rate and the distance of liquid had moved. [33] Later on Lucas-Washburn, based on 

Poiseuille’s equation, developed an equation for flow rates in capillaries and established the 

relationship between the liquid front position and the time of wicking. [16, 33, 62]  

  

              𝐿ଶ =  
ఊோ೐௖௢௦ ೌ

ଶఎ
 𝑡                                                                                        Equation 6 

 

Where 𝐿 is wicking length 

𝑡, is wicking time 

𝛾, is liquid-vapor surface tension 
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𝑅௘ , is effective capillary radius 

𝜃௔ , is the advancing contact angle between liquid and solid surfaces and 

𝜂 , is the liquid viscosity 

There are some limitations of Lucas-Washburn’s equation including incorrect assumption of a 

constant advancing contact angle 𝜃௔ for the moving meniscus [33, 63-64] and not considering the 

inertia of the flow [33, 65]. Nyoni at al. [16, 67] found the inconsistent wicking behavior in yarns with 

Washburn’s equation because of more complicated yarn structure (not completely equivalent to a 

tube), the non-continuous capillary spaces in yarns and the inhomogeneous sizes and 

distributions of pores. However despite all these limitations a variety of liquids follow this 

equation of wicking kinetics. [33, 66] 

                         

Factors Affecting Wetting and Wicking on Textiles 

Wetting and wicking behavior of textile materials depend on the liquid properties, fiber surface 

properties, and the physical factors. [30] The wide range of molecular structures and the degree of 

crystallinity influence the wetting and wicking behavior of the fibers [40] such as greater fraction 

of non-crystalline region and presence of hydrophilic groups (e.g. hydroxyl, carboxyl, amino 

etc.) improve the wetting and wicking properties. [37, 40] A change in fiber surface changes the 

wicking behavior. For example if a linen fabric is exposed to oxygen or argon plasma, the fiber 

surface changes chemically and so does the wicking behavior. [30, 74] The liquid properties 

include surface tension, viscosity and liquid density. The physical factors might include the type 

of the reservoir, adhesive forces between solid and liquid, direction of wicking etc. [30] High 

temperature reduces the surface tension of the liquid and therefore increases wetting by lowering 
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the contact angle. Wettability can also be improved by increasing the fabric surface roughness [30, 

37, 68] while the increase in yarn roughness reduces the rate of water transport [37, 54].  

 

Kissa [33] and Mhetre [69] et al. in their works highlighted some key factors influencing the 

interaction of liquids and textiles. The factors include the wettability of fibers, their surface 

geometry, capillary geometry of fibrous assembly, yarn construction, fabric construction, pore 

size distribution, the amount and nature of the liquid, and the external forces. [33, 37, 69] In the yarn 

structure, the shape of fibers determines the size and geometry of the capillary spaces between 

the fibers and the wicking rate. [33] If the non-roundness of fibers increases, the specific area also 

increases. Therefore, the proportion of capillary wall also increases which drags or wicks the 

liquid proportionally to the pressure gradient. This means the amount of liquid wicking through 

the capillary channel increases with the increase of pressure gradient followed by decreased 

surface tension between the solid-liquid interface and a lower capillary radius. [33, 37]  

 

Generally, natural fibers tend more to have liquid retention, rather than transport. After the 

retention phase cotton, viscose and other cellulosic fibers tend to swell which in turn might 

hinder the flow path or close the open path in the neighboring yarn or cause bottlenecking. [30] 

However, yarns manufactured by different spinning methods exhibit different wetting and 

wicking behaviors because the core and the surface structures of yarns are designed and 

determined by manufacturing methods or technology. For example, wicking is faster and more 

even in open-end spun yarns than ring-spun yarns. [40] Again during vertical wicking ring-spun 

yarns showed higher wicking height than vortex-spun yarns for different counts (30 Ne, 40 Ne 

and 50 Ne). Lower fiber packing density at both the center and the surface of vortex-spun yarns 
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and the tight wrappings along the yarn directions might be the possible reasons of lower wicking 

values. [16, 37, 70] Yarn fineness also plays vital role in wicking. Coarser yarns are more likely to 

wick faster than finer ones which can be verified by the example of vortex-spun yarns. [37, 40] The 

finer yarns have less fiber and therefore lower fiber packing density. Also, the finer vortex-spun 

yarns have weaker twist effect by the whirled airflow than on the coarser vortex-spun yarns. [16, 

37, 71] Twist influences the liquid wicking although twist direction doesn’t show any significant 

effects on yarn wicking. [40] The wicking length at a given time (also at equilibrium) was 

observed to decrease with the increase of twist level. [16, 67, 72-73] It was better clarified by Hollies 

et al. [54] that the water transport rate (𝑐𝑚ଶ/𝑠𝑒𝑐) in a particular yarn increased with the increase 

of twist level at the beginning, then started decreasing after an optimum twist was reached.  

 

Another important parameter is yarn packing factor (also termed as packing density or packing 

co-efficient), usually expressed as percentage. It indicates the extent of tightness or closeness of 

fibers within the yarn structure and can be expressed as below. [75-80] 

 

         𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐹𝑖𝑏𝑒𝑟 𝐴𝑟𝑒𝑎
𝑌𝑎𝑟𝑛 𝐴𝑟𝑒𝑎

                                                                            Equation 7 

 

It is also directly related to yarn diameter. For example, the packing factor of a known yarn of 

given radius, R can be calculated with the equation 8 given below. [75-80] 

 

           𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 = 
𝐿𝑖𝑛𝑒𝑎𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐹𝑖𝑏𝑒𝑟

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐹𝑖𝑏𝑒𝑟

𝑦𝑎𝑟𝑛 𝐴𝑟𝑒𝑎 (𝜋𝑅
2

)
                                              Equation 8 
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With higher packing factor in the yarn of same linear density, the fibers remain closely packed 

and the diameter reduces. That means there are more small capillaries. But with such close 

packing of fibers the capillary radius and the wicking co-efficient also decrease in consequences.  

[37, 69, 75-80]   

 

2.2 Yarn and Fabric Details 

Yarn Structures 

Textile yarn refers to the assembly of fibers with the characteristics suitable for varieties of 

textiles manufacturing. [83, 84] Different types of natural or synthetic fibers are used in 

manufacturing different types of yarns. Yarn characteristics vary due to different raw materials, 

manufacturing processes, equipment, twist levels and directions and many other factors. [16] Yarn 

structures can be classified as: [83-85] 

 

1. Staple fiber yarns or spun yarns:  

 Mechanical assembly of fibers 

 Staple fibers are twisted together. 

 Different spinning technologies such as ring spinning, rotor spinning, wrap spinning, air-

jet spinning etc. are used to produce these yarns. 

2. Filament yarns: 

 Long continuous filament fibers are twisted or only grouped together. 

 Each filament runs the whole yarn length. 
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 Either mono-filament yarns (composed of one filament) or multi-filament yarns 

(composed of more filaments than one) 

 

3. Texturized yarns: [83-85, 87] 

 Modified filament yarns to achieve certain characteristics 

 Trapped air is used to make these yarns.  

 

 

Figure 11: SEM image of polyester filament yarn (above) and ring-spun yarn (below) [86] 

 

Yarns can also be classified based on different spinning processes which also affects the 

structure and physical properties of yarns. [16, 88, 92-93]   
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Table 1: General differences in structure arising from the spinning processes [16, 88, 92-93] 

 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 orientation 

Parallelism Good 
Very 
good 

 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 
 

 

Figure 12: Surface structures of different yarn types [92] 
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1. Ring-spun yarns [16, 84, 89-90, 97]: 

 Used for more than 200 years 

 Yarn spun by ring spinning (ring and revolving traveller system) technology 

 Greater rotational speed of yarn packages than that of traveller 

 Method suitable for all staple fiber (universally applicable) 

 Produces the strongest, finest and softest and most uniform yarns 

 Slow and high cost method compared to other methods due to additional fiber 

preparation processes 

 

 

Figure 13: Ring spinning operation [91] 
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2. Open-end yarns [16, 94]:  

 Yarns produced by open end spinning technology (twist applied by rotating rotor) 

 Weaker yarns compared to ring-spun yarns 

 ‘Dryer’ or harsher feel in hand 

 High production rate with low-cost (less labor intensive) 

 

 
 

Figure 14: Open-end (Rotor) spinning [95] 

 

3. Air-jet yarns [16, 67, 89, 96]: 

 Air-jet spinning is mainly used to produce yarns from short staple fibers. 

 Yarns twisted by a rotating vortex of compressed air 

 Air is blown through tangentially arranged small holes to the yarn surfaces causing the 

rotation of yarns. 

 Mostly produce fascinated yarns 
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 Yarns with more controlled properties but complex structures can be produced by two air 

jets operating in two opposite directions.  

 While using 100% cotton fibers, produced yarns are weaker than that of ring and rotor 

spun yarns. 

 High production capabilities and low-cost method 

 

Figure 15: Air-jet spinning [96] 

 

Fabric Structures  

Textile fabrics are produced either by directly bonding the fiber webs, or by interlacing, inter-

looping or intra-looping of yarns using different fabric manufacturing technologies. Fabrics are 

extensively used worldwide for various applications. Fabrics satisfy multi-dimensional quality 

requirements such as dimensional stability, hand, drape, crease recovery, tear strength, air and 
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moisture vapor permeability, thermal resistance and other unique properties depending on its 

applications. Based on manufacturing technologies fabrics can be classified as: [98, 99] 

1. Woven fabric  

2. Knitted fabric 

3. Nonwoven fabric  

4. Braided fabric  

Figure 16 depicts the general structures of the fabrics produced from four different technologies. 

[99] 

 

 

Figure 16: Fabrics produced by (a) weaving, (b) knitting, (c) nonwoven and (d) braiding [99] 

 

1. Woven fabrics: 

Woven fabrics are produced by weaving technology, one of the oldest technologies of human 

civilization and the most popular fabric manufacturing technology. [99] In weaving, fabrics are 

produced by regular and recurring interlacement of two sets of yarns called warp (ends) and weft 

(fills/picks). While warp yarns run the whole fabric length (as vertically shown in Figure 17), 
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weft runs across the fabric width (horizontal as shown in Figure 17). [37, 99] Plain, twill and satin 

are the basic weave structures (Figure 18) and are most popularly used. [16, 37, 88]  

 

 

Figure 17: Woven structure [37, 99]   

 

The fabrics with 1:1 warp to weft ratios are called balanced structures such as plain weave. 

These are finer in appearance and have less elastic properties than those of other woven 

structures. Both sides of the plain-woven fabrics can be used as there is no difference in 

appearance.  [16, 37, 88]  

 

        

Figure 18: SEM image of plain weave structure (left); Basic weave patterns (right) [101, 102] 
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2. Knitted Fabrics: 

The knitted fabrics are produced by inter-looping or intra-looping of a single set of yarns (weft). 

Knit structures are more stretchable and have comparatively higher porosity than the woven 

structures. Its open structure allows better moisture vapor transmission that makes it more 

suitable for sports garments and high activity clothing. It also offers lower thermal conductivity 

and higher thermal resistance by trapping more air. [99]  

 

A knit loop is the basic unit or building blocks of any knitted fabric. A basic knit loop has two 

distinct parts – needle loop and sinker loop. The upper part of the needle loop is termed as 

‘head’, two sides as ‘legs’ and in sinker loop the lower part through where the intermeshing of 

two loops occurs is called ‘foot’(Figure 19). Within the fabric structure, a vertical column of 

loops is called a ‘wale’ and a horizontal row of loops is called a ‘course’. There are mainly two 

types of knitting technologies called weft knitting (loops made across the fabric width) and warp 

knitting (loops made from each warp yarn along the fabric length- more complex than weft 

knitting). [37, 98, 99] The structures are shown respectively in Figure 19. [99]  

 

 

Figure 19: A knit loop (left); weft knitted (middle) and warp knitted (right) structure [99] 
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The most common weft knit structures are single jersey (produced by single needle bed 

machines) and double jersey structures (double needle bed machines - rib, purl and interlock 

fabrics). [98, 99] Single jersey knits are widely used in making T-shirts, while collars, cuffs, 

undergarments etc. are made from double jersey knits.  Warp knit structures offer endless 

applications including in technical textiles. [37] 

Figure 20 illustrates the structural difference between single and double jersey knits. [99]  

 

        

Figure 20: Looping configurations of yarns in a knit structure (left); single jersey (middle) and double 

jersey (right) structures [16, 99] 

 

In a single jersey fabric, the technical face, containing all the face or weft knit loops, is usually 

smooth and with the side limbs of needle loops has the appearance of columns of V’s in the 

wales (Figure 21). So it becomes easy to understand when designing with different colored 

yarns. Alternately the technical back that contains all the back or purl loops, there is columns of 

interlocking semicircles (Figure 21) formed by the heads of the needle loops and the bases of the 

sinker loops. [98] 
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Figure 21: Technical face (left) and technical back (right) of weft knitted single jersey fabric [98] 

 

Controlling dimensional stability of knitted fabrics is always a big concern. Several factors might 

attribute to this issue. Fibers while spinning and yarns while knitting undergo continuous tensile, 

compressive, bending and torsional strains at every stage of processing. So fibers tend to return 

to their original unstressed state within the yarn structure and the loops made by the yarns tend to 

change their shape to reach the minimum energy level from their highly strained state within the 

structure. [103, 104] A pronounced 3-dimensional configuration of a loop from the technical front of 

a single jersey is projected on XY, YZ, and XZ planes as shown in Figure 22. [37, 105]   
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Figure 22: 3-D model of a loop [37, 105] 

 

Mechanical couples generated to straighten the bent form of the projected contours act on all the 

planes. Couple on XY plane tends to rotate the body of the loop around its base and raise its 

crown or head above the fabric, on XZ plane tends to undo convex curvature of the head 

resulting in fabric curling along courses (across wale lines) as shown in the Figure 23. Similarly, 

couple on the YZ plane cause curl formation along wale lines (across courses) from technical 

back side to technical front side (Figure 23). [37, 105]    
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Figure 23: Curling of edge along course line (left) and wale line (right) [37, 105]     

 

Two systems of couples, acting on the two interlacement zones at the base of a symmetrical half-

loop, can be illustrated from Figure 24. [37, 105]     

 

 

Figure 24: Twisting and detwisting (untwisting) of loop arms [37, 105]     
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The first couple is the pair of opposite forces on the two end points of AB and CD line segments 

respectively accounting for the 3D loop shape which causes the curling of fabric edges. The 

second couple acts at points A, B, C and D where the line segment AB and CD experience an S-

twisting couple and a Z-twisting couple respectively. More precisely, the left and right arms of 

the half loop are subjected to an S-twist and a Z-twist respectively. Alternately the left arm of the 

half loop will be untwisted and the right arm be over-twisted if the yarn used is Z-twisted. 

Therefore, the rigidity of the right arm increases and that of the left arm reduces causing the right 

loop legs slightly raised compared to the left loop legs in a single jersey knit. [37, 105]      

 

3. Nonwoven Fabrics: 

Nonwovens structures are engineered, flat structured sheets made sequentially by web formation 

of fibers, continuous filaments or chopped yarns by any means and then bonding and entangling 

of the fiber web by means of mechanical, thermal or chemical processes. It can manufacture 

fabrics at high production rate bypassing the yarn production stage based on its application. 

Nonwovens are widely used in technical textiles applications such as geo-textiles, filtrations, 

wipes, health and hygiene products, surgical gowns, face masks, automotive textiles and so on. 

[99]   

 

4. Braided Fabrics: 

Braided fabrics are usually tubular or narrow fabrics by intertwining three or more strands of 

yarns, threads or filaments. Shoelaces and ropes are made using braiding system. Profiled 

braided structures can also be used as composite performs. Some braided structures resemble 

interlacement with that of woven structures. Such as the interlacement patterns of Diamond, 
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Regular and Hercules braids are similar to those of plain, 2 × 2 and 3 × 3 twill weaves 

respectively. [99]    

 

2.3 Bloodstain Pattern Analysis 

Blood and Its Constituents 

Blood, a complex body fluid within the circulatory system, accounts for approximately 8% of the 

body weight of humans. On average, there are about 5-6 liters and 4-5 liters of blood in male and 

female bodies respectively. [1] Blood attributes to the immune system of the body and also plays 

vital role in maintaining a relatively constant body temperature. Human blood is mainly 

composed of plasma (55%) and blood cells (45%). Erythrocytes (red blood cells), leukocytes 

(white blood cells), and thrombocytes (platelets) are the main three types of blood cells. [2] 

 

  
 
                                 (a)                                                                  (b) 
 

Figure 25: (a) A scanning electron microscope (SEM) image of a normal red blood cell (left), a platelet 

(middle), and a white blood cell (right) [3]; (b) Human blood cells and its components [4]  
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Another important constituent is hemoglobin, an iron containing protein in red blood cells that 

transports oxygen from the respiratory organs to the rest of the body parts and is also responsible 

for the red color of blood. [5] However we are not going into details of these constituents as they 

are more important in DNA analysis rather than bloodstain pattern analysis in textile structures. 

 

Bloodstains and Bloodstain Pattern Analysis (BPA) 

Bloodstain refers to the stain formation through the deposition of blood on any surface. [6] Blood 

is one of most important physical evidences found in crime scenes and on human bodies which 

generates wide ranges of bloodstains on different types of surfaces. Bloodstain pattern analysis, 

(BPA) i.e. the systematic examination of these bloodstains, distribution and interpretation 

according to the size and shape of the stains through methodical investigation on the patterns, 

can provide valuable information about the nature of the crime and help the investigators 

reconstruct the crime scene. [7] Through proper investigation and bloodstain pattern analysis, the 

following information can be obtained. [8-11] 

 Bloodstain sources or origins 

 Distance between the origins and the target surfaces at time of bloodshed 

 Type and direction of impact angles 

 Direction of travel 

 The Object (s) and the nature of force causing the bloodshed and the particular patterns 

 Total number and sequence of multiple bloodshed events  

 Initial positions and lateral direction of movements of perpetrators or victims during and 

after bloodshed occurrences  

 Categorization and interpretation of transfer bloodstain patterns   
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Once bloodstain patterns on a particular person’s clothes are properly documented and followed 

by proper investigation, the results can (a) differentiate between homicides/suicides and 

accidents; (b) verify the statements given by the victim, witness, suspect, or, defendant; (c) 

determine the type of the crime i.e. if the assault is ‘one sided’ or not; (d) be used for further 

approximation of correlation with other laboratory and pathology findings. [8-9, 12]  

 

History of Development  

Of nearly 150 years of history of bloodstain pattern analysis, most of the earlier researches on 

bloodstains were carried out in Austria and Germany between 1850 and 1940. [10, 12] The first 

published systematic study of bloodstains in the field of BPA, entitled ‘Ueber Entstehung, Form, 

Richtung, und Ausbreitung der Blutspuren nach Hiebwunden des Kopfes’ (‘Concerning Origin, 

Shape, Direction and Distribution of Bloodstains Following Blow Injuries to the Head’) was 

accomplished by Dr. Eduard Piotrowski from the University of Krakow at the University of 

Vienna. He evaluated the stains in the sheets of white papers that resulted from beating rabbits to 

death. He also, demonstrated the specific bloodstains being in parabolic arc form that was 

created using blood flung from a weapon, and correlated the stains’ directions to the movements 

of the weapon in certain directions.[10-13] Later on, ‘The Examination of Blood Tracks’, a book 

chapter by Dr. Ernest Ziemke, demonstrated how important the study of bloodstained clothing 

was. [10, 12] 

 
Researches on BPA in USA were believed to revolutionarily begin with the 1950’s unsolved 

‘Samuel Sheppard’ case (Sheppard being arrested and convicted of murdering his wife) which 

was investigated by a famous forensic scientist Dr. Paul Leland Kirk at the University of 
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California Berkley. Dr. Kirk investigated the evidence, found the evidence of someone else’s 

presence and came to a decision that the guilty would be someone left-handed. [8, 12, 14-16] In 1995 

Sam Reese Sheppard (the son of Sheppard) and Cynthia Cooper (attorney) published a book 

entitled ‘Mockery of Justice: The True Story of the Sam Sheppard Murder Case’ which validated 

Dr. Kirk’s interpretation. [17] 

 
Another highly commendable work in the bloodstain pattern analysis area was a booklet called 

‘Flight Characteristics and Bloodstains Patterns of Human Blood’ which was published by 

Herbert MacDonell (also called the father of modern bloodstain pattern analysis) and L. Bialousz 

in 1971. [18] MacDonell initiated training law enforcement officers through workshops on how to 

interpret bloodstain patterns in an easy and lively format like modern infomercials. His 

influential works attributed to the establishment of the International Association of Bloodstain 

Pattern Analysts (IABPA) in 1983 with the objectives of promoting education, training and 

research in this field. [8, 11, 15, 19] In 2002, the ‘Scientific Working Group for Bloodstain Pattern 

Analysis’ (SWGSTAIN) was formed by the Federal Bureau of Investigation in order to explore 

and define the functional guidelines for the discipline. [10, 20] 

 

Important Terminologies of BPA 

A number of terms are used by the bloodstain pattern analysts for making the experiments and 

the analysis easy and quick to understand. Some of these terms are discussed in Table 2. 
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Table 2: Definition of important concepts relevant to BPA, adapted from the terminology working group 

of the SWGSTAIN and the IABPA [10, 19, 20, 29, 30]  

Concepts Definition 

Bloodstain A deposit of blood on a surface. 

 
 

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 deposited. 

Angle of Impact The angle at which a blood drop strikes a surface. 

 
Area of Origin 

The location in a 3-dimensional space from which the 

spatter originated. 

 
 
 

Area of Convergence 

The area containing the intersections generated by lines 

drawn through the long axes of individual stains that 

indicates in two dimensions the location of the blood 

source. 

 

[Some other terms are attached in Appendix] 

 

Physical Properties of Blood 

Human blood may contain virus or bacteria and cause the risk of viral infections while being 

used during practical experimentation of any blood related crime scene investigation. That is 

why use of human blood for these types of experiments is usually avoided. Usually fresh porcine 

blood is used for such experiments for better understanding since it represents the behavior of 

freshly spilt human blood. [21] Some also used equine blood, artificial blood [16, 22, 23-25] and even 
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some non-biological blood substitutes such as dyed milk, latex-based paints, glycerol and food 

coloring to present some features of human blood in their experiments [8, 16]. However porcine 

blood was used in this study. So it was important to understand the physical properties of porcine 

blood. Water behaves as a Newtonian fluid which means its coefficient of viscosity is constant at 

all shear values. [37, 82] Alternately blood exhibits both Newtonian and non-Newtonian fluid 

characteristics while flowing through larger diameter arteries at higher shear rates and narrower 

diameter arteries at lower shear rates respectively. [81] Low shear rates at narrow flow path cause 

blood cells to aggregate and the blood viscosity increases. However viscosity can be reduced by 

increasing the shear rates which in turn breaks the aggregated blood cells apart. [37, 82] Raymond 

et al. [21] investigated the physical properties of porcine blood at different conditions and 

compared with those of human blood. The comparison found is discussed below. 

 

Surface Tension 

Surface tension has the greatest influence on the shape of very small drops regardless of 

competing forces. Raymond et al. used pooled porcine blood and human blood stored in anti-

coagulant EDTA bottles, at either room temperature or 40C when not under test conditions. The 

falling drop and the sessile drop methods were used to measure the surface tensions of both 

blood types. The results did not show any significant difference in surface tensions due to 

different time and temperature effects. [21]  
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Table 3: Surface tension results obtained by drop weight and sessile drop methods [21] 
 

 Surface tension (mN/m) 

 Drop weight method Sessile drop method 

Distilled water 66-70 69-72.5 

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  
 
A Newtonian fluid is expected to have a constant viscosity where viscosity is the ratio of the 

shear stress to the shear rate. Blood is a non-Newtonian fluid whose viscosity varies with shear 

rate. Wells-Brookfield Cone/Plate Viscometer and Wells-Brookfield Programmable Rheometer 

were used for viscosity (cP) measurement of porcine blood. Typical published range of human 

blood viscosity is 3.2 - 4.4. However, the viscosity of pig blood was found to be slightly higher 

than that of human blood. [21] 

Table 4: Range of viscosities obtained for porcine blood [21] 
 

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 
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Hematocrit  

Hematocrit (Ht) value is an estimation of the packed cell volume, expressed as the volume 

percentage of red blood cell (RBC) in blood. It is a useful guide to viscosity. With the increase of 

the hematocrit, the viscosity of blood also increases. [16, 21, 26] Ht value of fresh and aged pig 

blood was determined according to the standard Australian method as laid down by the National 

Association of Testing Authorities (NATA) in order to compare those with the published range 

of pig blood (38.9-46.3) and human blood (40.0-45.0). [21, 28] 

 
 

Table 5: Hematocrit values obtained for porcine blood [21] 
 

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 

 
 
A remarkable similarity in these properties supported the use of porcine blood, up to two weeks 

old and incubated at 4°C; in representing the behavior of freshly spilt human blood. [21] It was 

important to understand these physical properties of blood for this study since these help predict 

blood behavior when exposed to the external environment due to trauma. [27]  

 

Experiments on Bloodstain Pattern Analysis into Textiles 

Textiles are one of the most physical evidences of any crime and retain the evidence for very 

long. Examination and analysis of the stored extracts from the clothing helped solve many 
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homicide cases many decades ago. [34, 35] In forensic disciplines most BPA studies are found 

conducted on hard surfaces, mainly on white cardboard. [22, 31] The bloodstain patterns can be 

affected by different target surfaces. Blood volume and impact velocity can be calculated for 

hard flat target surfaces, from the bloodstain size and the number of spines around the periphery 

of the stain. Study of BPA on hard surfaces are easier than on textiles as the capillary wicking on 

the solid walls takes place with the direction of liquid movement. [32] The complex ‘open system’ 

in textiles makes the BPA study complicated as the capillary wicking is affected by the fiber, 

inter-fiber space and surface finish. [30, 33] Large varieties on raw materials, manufacturing 

methods, fabric designs and constructions, chemical processing and finishes, etc. affect the inter- 

and intra-yarn capillary systems hence, the overall wicking. So the exact wicking behavior can’t 

be predicted from the classical wicking equation for each type of fabric and to be individually 

determined. [34, 35, 37] In 1939, the first study of BPA on textiles was performed and presented by 

Balthazard et al [37] at the 22nd Congress of Forensic Medicine in Paris, France. After that, only a 

few works were found focusing on the interaction of blood and textiles. [16, 30-32, 37, 39-45] These 

studies mostly concentrated on drip stains [31, 37, 39, 42-43] , effect of drop volume, drop height, 

impact angle [39, 37, 44] and backing surface on dripped bloodstain pattern on fabric [31, 37, 43] , effect 

of fabric surface on dripped bloodstains and [37, 42] , spatter stains [32, 37, 41, 43] and differentiating 

spatter and transfer stains [31, 37, 41, 43]. The textiles used in these works, were purchased from local 

stores with no information (fiber or yarn types, fabric construction or manufacturing method) 

provided. The yarns and the fabrics were also not characterized properly and their effects 

remained unfocused. However only very few recent studies focused on the yarn types and fabric 

construction and showed their effects on the interaction of blood and bloodstain pattern 

formation. [16, 30, 37, 40]  
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2.4 Summary 

Study of interaction of blood with textiles fabrics or apparel is not fully developed yet. There are 

many well documented researches on liquid (water, dyes etc.) wetting and wicking into textiles 

but not sufficient enough on blood wicking and BPA. It is very important to characterize the 

yarns and fabrics in a proper way while conducting BPA into textiles because the end products 

made from these materials such as garments, towels, carpets, bed sheets, other home furnishings 

etc. are very important physical evidences at any crime scene. BPA on textiles are complicated 

because of porous and complex fabric structure and distinguished blood behavior. Fiber types, 

spinning technology, yarn structure, fabric design and construction, different blood parameters 

and blood drop sizes etc. affect the stain pattern formation.  
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CHAPTER 3 EXPERIMENTAL WORK 

 

In this chapter the preparation of the test materials, various characterization techniques, 

equipment set up for the experiment and measurement methods will be discussed.   

 

3.1 Materials 

Three single jersey knit fabrics were used in this experiment and were made from 100% cotton 

yarns (combed, ring-spun) of three different sizes (12/1 Ne, 20/1 Ne and 30/1 Ne with 

volumetric density of 1.55gm/cm3) and termed as J12, J20 and J30, i.e. J for jersey knit and ## is 

the Ne of the yarn used. Cotton Incorporated (Cary, NC) provided the 12 Ne and 20 Ne yarns to 

facilitate the research. The fabrics were made in the College of Textiles, NC State University 

(Raleigh, NC) knitting lab using these yarns. The third fabric was purchased from Testfabrics, 

Inc. (product code 437-60 Pittson, PA) and was made from 30/1 Ne yarns which was verified by 

weighing 10 extracted yarns of 1m length from fabric according to ASTM D 1059 (Yarn number 

based on short length specimen) standard. Then equation 9 was used to calculate yarn count in 

denier which was converted to Ne using equation 10. The calculated average yarn count was 

30.0±0.2.  

 

         𝐶𝑜𝑢𝑛𝑡 (𝑑𝑒𝑛𝑖𝑒𝑟) =
ௐ௘௜௚௛௧ (௚௠)×ଵ଴଴଴×ଽ଴଴଴

௅௘௡௚௧  (௠௠)
                                                   Equation 9 

 

        𝑁𝑒 =
ହଷଵହ

஽௘௡௜௘௥
                                                                                                        Equation 10 
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3.2 Fabric Preparation 

The two fabrics knitted (J12 and J20) in the lab were washed to remove the machine oil or grease 

that would otherwise decrease the wicking ability of the fabric and therefore affect the bloodstain 

pattern formation. Bleaching was also carried out to remove the natural color and whiten the 

fabric to help observe the wicking and bloodstains on the fabrics. At first, the fabrics were 

labeled by using a permanent ink and then sewn together (like a belt form). Then the fabrics were 

loaded into a Thies mini-soft dyeing machine as shown below in Figure 26 to conduct bleaching 

and washing processes. The machine was heated to 100°C. Soda Ash (3g/L), Surfactant 

‘PRIMASOL NB NF’ (3g/L) and H2O2 (2g/L) were poured into the machine and the lid was 

closed.  

 

 

Figure 26: Thies mini-soft Fabric Dyeing machine [39] 
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The fabrics continued to spin in the machine until all the contaminations and the machine oil 

were washed out. Then the fabrics were treated with fresh water 3 times to make sure that there 

was no residual chemical on the fabric. The wet fabrics were squeezed by a Bock centrifugal 

extractor to extract water and then loaded into a dryer for 45 minutes at 67 ± 6 °C. Then the 

fabrics were ironed to remove crease and wrinkle and conditioned for 24 hours at 20˚C ± 2˚C 

and 65% ± 2% RH. Fabric J30 (made from 30 Ne yarns) from the Testfabrics, Inc. was ready to 

be used for the experiment as purchased.  

 

3.3 Fabric properties 

Before performing bloodstain experiments, it was important to characterize the knit fabrics. 

Wales/inch (WPI) and courses/inch (CPI) were counted ten times using a magnifying pick 

counter glass with ruler attached and values were recorded and averaged. Stitch density (𝑊𝑃𝐼 ×

𝐶𝑃𝐼) was calculated. GSM cutter and an electronic balance were used to determine the fabric 

weight per unit area, GSM (g/m2), ten times and values were recorded and averaged.  

 

Fabric Thickness Measurement 

The thickness of the fabrics was measured using a thickness gauge (Ames Digital Comparator; 

model #3-P1500) according to ASTM D1777-96(2002) Standard Test Method for Thickness of 

Textile Materials under standard atmosphere of (20 ± 2) °C and (65 ± 2) % RH. The samples 

were placed (technical face up) on the base of the thickness gauge called anvil and a weighted 

(table option 1; 4.14 ± 0.21 KPa) pressure foot was lowered (Figure 27).  
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Figure 27: Ames Digital Comparator (model #3-P1500) [16] 

 

The full pressure was applied for at least 5 to 6 seconds. Thickness (mm) was determined by the 

distance between the base and the pressure foot and recorded as appeared on the screen. The 

whole process was repeated at least 10 times and then the average was calculated.  

 

Yarn Twist Measurement 

Yarn twist was measured by untwist/re-twist (revolution per 20 inch) method according to 

ASTM D1422-99(2008) standard test method which satisfactorily determines the approximate 
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twist in all ring-spun yarns and 100% cotton open-end spun yarns. RU-493 power-driven Twist 

Tester (Figure 28) was used to measure the twist of constituent yarns.   

 

 

Figure 28: RU-493 power-driven Twist Tester [16] 

 

From each of the three fabrics, 25 yarns were withdrawn. By taking a look on the yarns, the twist 

direction was identified and a yarn sample was mounted at a 10″ distance between a non-

rotatable and a rotatable clamp (connected to a rotation counter) as shown in Figure 28. The 

rotational clamp was left open at the beginning and was fasten after making sure that the pointer 

returned to zero position by pulling the yarn through the open clamp. The excess yarn was cut 

off. The twist direction was selected on the tester as identified before to cause the untwisting of 

yarn by rotation in the same direction. As the motor switch was turned on, the yarn started to 
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elongate gradually releasing the yarn tension. After untwisting completely, yarn started 

retwisting in the opposite direction and the pointer started returning to zero position again. The 

motor was stopped at zero position when the yarn was presumed to have its original length and 

tension. The total revolution number (R) for 10″ (L) yarn was recorded from the counter reading 

and twist (TPI-Twist per Inch) was calculated by the following formula.  

 

                 𝑇𝑃𝐼 =
ோ

ଶ௅
                                                                                                   Equation 11 

 

Where, 2 implies for untwisting and re-twisting. Then the twist multiplier (TM) was calculated 

by: 

 

                 𝑇𝑀 =
்௉ூ

√ே௘
                                                                                                 Equation 12  

 

Where, Ne is the cotton count. The whole process was repeated for the remaining 24 yarn 

samples withdrawn from fabrics. TPI and TM values were recorded and averaged.  

 

3.4 Yarn Packing Factor Measurement to Determine the Change in Capillary System in a 

Knit Loop 

Packing factor indicates the extent of tightness or closeness of fibers within a yarn structure. To 

understand the capillary system of a knit loop, the pre-requisite was to determine the fiber 

tightness or closeness in the constituent yarns which might vary as the yarns had undergone 

some mechanical processes while being converted into knitted loops. Because of less 
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dimensional stability and slackening properties compared to woven structures, it was challenging 

to capture perfect yarn cross-section images within the fabric. Figure 29 shows the cross sections 

images of the three yarns within the fabrics obtained using the SEM (sample preparation 

discussed later). It was not possible to determine the yarn diameter properly from those cross-

section images.  

 

     

Figure 29: SEM image of cross-sections of 12 Ne (left), 20 Ne (middle) and 30 Ne (right) yarns in the 

fabrics J12, J20 and J30 respectively 

 

However, yarn diameter was measured in a different approach. Six samples of a fabric were 

placed under the digital stereo-microscopes. Images of both the technical face and technical back 

were taken at different places of the fabric. In order to get clearer images and better views of the 

loops, magnification was changed sometimes ensuring the microscope was being calibrated 

before doing that. Example of an image taken is shown below in Figure 30.  
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Figure 30: Technical Face (left) and technical back (right) of fabric J30 captured by stereo-microscope 

 

Then the images were processed with imageJ software to measure the diameters D1 to D8 (Figure 

31) at different positions such as positions 1 to 8. This numbering pattern was followed for every 

single loop where D4 and D8 represent the yarn diameter at the head of the needle loop and the 

foot of the sinker loop respectively visible in the technical back.  

 

          

Figure 31: Different yarn diameter positions in single knit loop in a fabric; technical face (left) and 

technical back (right) of fabric J20 
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D1 to D8 were measured in 10 different loops for one sample. Total six samples were used for 

one fabric type. The values were recorded and averaged. Then the average packing factor at D1 to 

D8 was calculated by using the equation 8. This process was repeated for the other two fabrics as 

well.  

 

3.5 Porcine Blood Characterization 

It has already been discussed in the literature review that fresh porcine blood resembles the 

behavior of human blood having similar properties. [20] So fresh whole porcine blood was used 

for this experiment into textiles. The blood was purchased from Lee BioSolutions Incorporated 

and stored at 2-8°C in the refrigerator. Each time before beginning the experiment the blood was 

removed from the refrigerator and placed on a Fisher Scientific™ Digital Bottle Roller to be 

rolled at 35 rpm for at least an hour. This was because the blood particles tended to settle to the 

bottom in the bottle after sitting overnight. The roller mixes the blood particles gently and 

homogeneously. After making sure that it was evenly mixed, the blood temperature was 

measured by a thermometer. It was ready to be used in the experiment when it reached to room 

temperature.   

 

Surface Tension Measurement 

Surface tension of porcine blood was measured following the pendant drop method. [105] Blood 

was slowly and carefully extruded through a syringe to form a pendant drop. A camera was 

positioned to record the whole process until the drop left the needle. Then the video was 

processed using the ImageJ software and converted into image sequences. The exact time when 



 

51 

the drop was about to detach from the needle was identified and the image taken at that time was 

selected (Figure 32).  

 

 

Figure 32: Blood drop about to detach from needle [16]  

 

That was the image of the drop with maximum volume and was processed by ImageJ using a 

plug-in called ‘Goutte_pendante’ [105] for surface tension measurement. The plug-in runs on 8-bit 

images and the length scale was calibrated each time before measurement. The parameters such 

as capillary length, tip radius, tip position and curvature and tilt of symmetry axis were adjusted. 
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Figure 33: Profile of the pendant drop and surface tension given by ImageJ plug-in Goutte_pendante [16]  

 

Thus the plug-in gave the profile of the pendant drop and therefore the surface tension (Figure 

33). The surface tension was then compared with that of distilled water. 

 

Viscosity Measurement 

Blood viscosity varies with shear rate. Viscosity of porcine blood was measured according to 

ASTM D2196-10 Standard Test Methods for Rheological Properties of Non-Newtonian 

Materials by Rotational (Brookfield type) Viscometer (Test Method B). A Brookfield LVDV-

E115 viscometer was used with a small sample adapter and a spindle SC4-18 as shown in Figure 

34. It could measure viscosity of 3-10000 centipoise (cP) at shear rate of 1.32 N/sec. 
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Figure 34: Brookfield LVDV-E115 viscometer [16] 

 

The device was calibrated under standard testing atmosphere. After placing blood in the small 

sample adapter, the adapter was inserted into the water jacket from the bottom and locked by 

rotating clockwise. Then the spindle (code 18) was inserted in center position with blood and 

securely attached to the viscometer. Blood was added by a disposable pipette until it reached the 

level of the immersion groove on the spindle’s shaft. Then an insulating cap was used to cover 

the small sample adapter and the viscometer was turned on. The switch, speed/spindle was set to 
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spindle. The spindle was chosen by scrolling the ‘select knob’ to spindle code 18. Then the 

spindle speed was selected and switched to the center position. The available speeds were 20, 30, 

50, 60 and 100 RPM. The motor was turned on and the viscosity measurement started. The blood 

viscosity was obtained in centipoise directly from the viscometer reading.  

 

Hematocrit Value 

The hematocrit value indicates the volume of red blood cells in blood expressed as percentage. In 

order to determine the hematocrit, 5 mL of porcine blood was centrifuged in a capillary tube at 

10,000 rpm for 5 minutes. This caused the blood to separate into layers (Figure 35). The bottom 

thick layer was red blood cells and the upper layer of clear liquid was plasma.  

 

 

Figure 35: Separated plasma and red blood cells of porcine blood after being centrifuged [16] 

 

Removing the plasma carefully by a pipette, the volume of red blood cells was measured and 

was divided by the total volume of blood sample and thus the hematocrit was obtained and 

recorded.  

Red blood cells 

Plasma 
Layers 
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3.6 Experimental Set up for Blood Wicking 

Fabric samples were cut to size having diameter of approximately 6 inches and mounted on 

plastic embroidery hoop (diameter 5 inches) to observe wicking from both the top and the 

bottom side. The embroidery hoop was then placed into a white polypropylene mounting board 

attached to a rotating stand fixed to a steel cage (Figure 36). An L-shaped black forensic 

calibration scale was placed on top of the fabric and another one was attached to the back side of 

the embroidery hoop to facilitate the observation and to be used for calibration while processing 

later with the ImageJ. Two USB video microscopes connected to two computers were used to 

record the progression of bloodstains on both sides using the eScope software. The whole set up 

is shown in Figure 36.  

 

 

     

 

Figure 36: Experimental set up 
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A Gilson pipette (capacity 0-200 µL) calibrated by Precision Weighing Inc. was fitted with the 

calibrated tips of ZAP (Zero Aerosol Pipetting) by VWR. The volume adjustment ring of the 

pipette was adjusted to expected blood volume (2µL, 10µL, 30µL and 60µL). The tip was dipped 

into a small glass bottle containing the porcine blood and a certain amount of blood was drawn 

which would later function as a source of blood during the experiment. Then the push button of 

the pipette was pushed. Pre-adjusted amount of blood dripped out as a single drop onto a small 

plastic weighing dish placed on a high precision electronic balance. It was ensured that there was 

no secondary drop. The weight value (g) was then converted into blood volume (µL) to make 

sure that the expected volume of blood was obtained as a single drop. This was repeated several 

times to ensure blood drop sizes during the experiment. The average drop volume was found as 

(2 ± 0.3) µL, (10 ± 0.4) µL, (30 ± 0.4) µL and (60 ± 0.7) µL. Finally the blood drops of 2µL, 

10µL, 30µL and 60µL were placed on the samples from approximately 1 cm distance to avoid 

blood impact on the fabrics and the wicking process was recorded. After the samples had dried, 

the final bloodstains were captured by the cameras with the same set up for further analysis.  

 

Image Processing 

The recorded videos of the wicking process on both fabric sides were processed with the ImageJ 

software. First a video was selected and the scale was set to centimeters (cm) and calibrated with 

the forensic calibration scale. Then the video was converted into image sequences (time based) 

and threshold command was used to identify and properly scale the bloodstain. Finally, each 

frame was processed by ImageJ (particle size range 0.01µL-infinity). 
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Figure 37: ImageJ processed bloodstains 

 

Thus the bloodstain profiles (area, perimeter and circularity) were obtained. This process was 

repeated for all the recorded videos. Then area, perimeter and circularity were plotted against 

time which gave the progression pattern of wicking. The captured images were also processed 

following the same steps except the conversion into image sequences step.  

 

Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM) was used to get the fabric cross-section images with the 

purpose of determining the yarn diameter in the fabric. SEM uses electrons instead of light and 

has very high resolution. It has large depth of field and can focus more of a specimen at one 

time. [106]    

About (5 mm × 5 mm) long fabric samples were cut and attached on metal stubs using carbon 

conductive tabs which had a thick conductive adhesive on both sides. The samples were treated 

under vacuum with argon gases and coated with a sputter coater. Air was removed from the 

chamber by a vacuum pump. The process started at the chamber pressure of (8×10-2) mbar and 

the process current of 10 mA, and the samples were coated with a conductive gold-palladium 
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(Au-Pd) alloy. Then the stubs were removed from the coater and carefully placed on the SEM 

(JEOL JSM-5900 LV) holder. 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.    

 

Disposal of Porcine Blood Contaminated Experimental Materials 

Disposal of porcine blood contaminated materials after the experiment was conducted according 

to the instructions of NC State University Environmental Health & Safety Department. First, the 

contaminated samples were collected in a biohazard waste collection container lined with a clear 

autoclave bag marked with a biohazard symbol. It was then autoclaved in the Tuttnauer 

Electronic Tabletop Autoclave. Among 3 sterilization programs, program 2 titled ‘Wrapped 

Instruments and Porous Loads’ was selected which sterilized the waste at 134 °C for 7 minutes 

followed by a 60 minute drying stage. The electrical heaters heated the materials to the 

sterilization temperature which was maintained constantly for 7 minutes. Then the pressure was 

dropped to 124 kPa by fast rate exhaustion of the steam out of the chambers. The chamber was 

dry heated so that there was no remaining moisture on the samples. The pressure was released. 

At pressure gauge zero, the chamber was opened and allowed to cool for 10 minutes. Then the 

results of autoclave tape indicator were recorded. When the indicator showed ‘autoclaved’ or 

changed the color from white to black, the process was complete. The sterilized samples were 

then safely removed and disposed in a red bio-hazardous waste container.   
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CHAPTER 4 RESULTS AND DISCUSSION 

 

4.1 Porcine Blood characterization 

Surface Tension 

The surface tension of porcine blood was measured by the pendant drop method as described in 

Chapter 3. The result is given below in Table 6. 

Table 6: Surface Tension (mN/m)  

 Porcine Blood Distilled Water 

Average 64.0 ± 1.0 72 ± 0.5 

Count 6 2 

 

Viscosity 

The viscosity of porcine blood was found as shown in table 7 below. At higher spindle speed the 

viscosity was found to be lower i.e. viscosity increased with lower spindle speed. 

 

Table 7: Porcine Blood Viscosity 

Shear Rate (s-1) Spindle Speed (rpm) Viscosity (cP) Range (%) 

132 100 11.1 37.1 

79.2 60 12.6 25.1 

66 50 13.2 22.0 

39.6 30 15.1 15.1 

26.4 20 17.1 11.4 
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Hematocrit Value   

Hematocrit value is the percentage of red blood cells (RBC) present in blood. The hematocrit 

was obtained as 48% red blood cells. 

 

4.2 Yarns and Fabrics Characterization  

Basic Characterization of Fabrics 

The three fabrics (J12, J20 and J30) were characterized before performing any bloodstain 

experiments. Wales, courses, weight per unit area (GSM), stitch density, and fabric thickness 

were measured as described in Chapter 3. The results are given below in Table 8.  

 

Table 8: Basic Fabric Properties 

Fabric 
Yarn 
used 

Fabric GSM 
(gm/m2) 

Wales/Inch Courses/Inch 
Stitch Density 
(WPI×CPI) 

Thickness 
(mm) 

J12 12 Ne 214 ± 1 20 ± 1 25 ± 1 503 ± 8 1.1 

J20 20 Ne 207 ± 1 30 ± 1 46 ± 1 1427 ± 33 0.8 

J30 30 Ne 138 ± 2 38 ± 1 54 ± 1 2042 ± 60 0.4 

 

 

Yarn Twist and Twist Multiplier 

Yarn twist was measured by a power-driven twist tester where the sample yarns withdrawn from 

the fabrics were untwisted first and then again re-twisted (Chapter 3). Table 9 shows the results 

of twist per inch (TPI) and twist multiplier (TM) measured for each fabric type.  
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Table 9: Yarn Twists 

Fabric Yarn TPI Yarn TM 

J12 13 ± 1 4 

J20 18 ± 1 4 

J30 21 ± 1 4 

 

Twist compresses the fibers in the yarns and thus increases the yarn tightness and therefore the 

strength of the yarns. The finer 30 Ne yarns used for fabric J30 were found to have higher twists 

while the 12 Ne cotton yarns used for fabric J12 had the least twists. But the twist multiplier was 

found to be the same i.e. the fabrics were made from the yarns with same surface twist angle 

irrespective of their counts. 

 

Yarn Packing Factor 

This research investigated the effects of packing factor on the capillary system of a knit loop 

(discussed in Chapter 2 and 3). For each fabric, six samples were cut and yarn diameters D1 to D8 

(as shown earlier in Figure 32) were measured (10 loops considered for each diameter position) 

by ImageJ software using the images of the samples captured by the stereo-microscope and 

assuming that the yarns were round. The recorded values were averaged and packing factors 

were calculated using Equation 8 are shown below in Table 10. 
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Table 10: Yarn Diameters and Packing Factors 

Fabric  D1 D2 D3 
D4 

(Needle) 
D5 D6 D7 

D8 

(Sinker) 

J12 

Diameter
(µm) 

385±40 400±40 415±30 410±35 610±50 535±45 530±45 409±30 

Packing 
Factors 

0.27 0.25 0.23 0.24 0.11 0.14 0.14 0.24 

J20 

Diameter 
(µm) 

280±20 270±25 285±25 270±30 395± 30 365±30 360±25 290±30 

Packing 
Factors 

0.31 0.33 0.30 0.33 0.16 0.18 0.20 0.30 

J30 

Diameter 
(µm) 

230±15 225±20 230±20 250±20 310±20 290±25 280±20 250±20 

Packing 
Factors 

0.30 0.32 0.30 0.26 0.17 0.20 0.21 0.26 

 

 

Yarn diameters were different in the fabrics because of different yarn counts. But while looking 

at the different positions of the same loop in a fabric (Figure 31), the diameters obtained were 

different from each other as shown in Figure 38.    

 

        

 

Figure 38: Diameters of 12 Ne yarns in fabric J12 
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The results show that:  

1. In the same fabric, the average yarn diameters at different positions of the same loop 

were different although the same counts of yarns were used to make that fabric for all the 

three fabrics. Another reason could be the mechanics of twist of the constituent yarns [37, 

105] as discussed in Chapter 3. All the three yarns used in the three fabrics were ‘Z’ 

twisted. 

 

            

Figure 39: Yarn Twist Direction in a knit loop (images are slightly modified) [107] 

 

However when the ‘Z’ twisted yarns were converted into loops the left side legs/limbs of 

the loops experienced more twist while the right side legs experienced reduced twists 

resulting in increased yarn diameter as the yarn was slightly untwisted while forming the 

right-side legs of the loops. Therefore, the left sides of the loops were found to have 

smaller yarn diameters and larger diameters of the right sides in the same loops. 

2. The differences in the yarn diameters at the head of the needle loops and the foot of the 

sinker loops were not significant since twist there was neutral. Thus this forms the 

undistorted diameter. 

‘Z’ 
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3. In each fabric, packing factors at the left side legs were comparatively higher than those 

of at the right-side legs of the loops. The higher packing factors at the left side legs 

indicated that fibers were more closely and tightly packed in the yarns at those positions 

resulting in capillaries with reduced diameter. Alternately the lower packing factors at the 

right-side legs were due to the loosely packed fibers in the increased diameter yarns. This 

increment caused the fibers to part from each other at very small distances resulting in 

more open spaces.  

4. No significant differences in packing factors at the head and the foot of the loops.    

 

The average yarn packing factors in fabric J12, J20 and J30 were calculated and obtained as 

0.20, 0.26 and 0.25 respectively. 

 

4.3 Wicking of Blood   

Porcine blood was allowed to fall 1 cm (placed drops) onto the fabrics and their wicking 

behavior was observed carefully. Bloodstain area (cm2) was measured on both the technical face 

and technical back. The areas were plotted against time as shown in Figure 40.  
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(c) 

 

(d) 

Figure 40: Wicking of porcine blood of (a) 2µL, (b) 10µL, (c) 30µL and (d) 60µL into Fabric J12 (made 

from 12 Ne yarns) where ‘F’ stands for technical face and ‘B’ for technical back of the fabric 

 

Results show that: 

1. Stain area in each fabric appeared to increase rapidly (almost linearly) for the first 

second and then the speed became slower and nearly constant for the next several 

seconds for 10µL, 30µL and 60µL blood drop volumes while it was almost constant 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5 6

S
ta

in
 A

re
a 

(c
m

^
2)

Time (seconds)

Sample 1 F Sample 2 F Sample 3 F Sample 4 F Sample 5 F
Sample 1 B Sample 2 B Sample 3 B Sample 4 B Sample 5 B

0
0.2
0.4
0.6
0.8

1
1.2

0 1 2 3 4 5 6

S
ta

in
 A

re
a 

(c
m

^
2)

Time (seconds)

Sample 1 F Sample 2 F Sample 3 F Sample 4 F Sample 5 F
Sample 1 B Sample 2 B Sample 3 B Sample 4 B Sample 5 B

30 µL 

60 µL 



 

67 

within the first second in case of 2µL drop volume. Understanding the wicking kinetics 

of such small drops became more complex than the wicking from an infinite reservoir. 

The small drop wicking kinetics into textiles can be explained as according to Kissa [32] 

that such wicking can be divided into two phases of different kinetics. The first phase 

would be the spreading and the penetration of the drop into the porous substrate which 

was assumed to be kinetically similar to that from an infinite reservoir as long as most of 

the liquid remained on the outer surface. [32] For a relatively small area covered by the 

drop resting on the fabric surface, the area A, covered at time t by the liquid spreading 

was given by the following equation 11. [32] 

 

         𝐴 = 𝐾(
ఊ

ఎ
)௘𝑉௙𝑡௚                                                                            Equation 11 

Where 

V refers to the initial drop volume 

𝑒, 𝑓 and 𝑔 are constants and usually values 0.33, 0.33 and 0.67 respectively 

K is a coefficient that depends on dynamic contact angle, the permeability and thickness 

of the substrate 

 

In later work 𝑔 value was examined and found to be 0.5 initially when the drop was 

resting on the fabric surface which suggested Washburn kinetics of an infinite reservoir. 

[32] 
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And the second kinetic phase would be the spreading of the liquid (contained within the 

substrate) due to the capillary forces. [32] However this capillary force depends on yarn 

and fabric structures.  

2. Wicking (area/unit time) on fabric face was always slightly higher than that of on fabric 

back although the growth trend was similar in case of larger drop sizes.    

 

4.4 Bloodstain Patterns   

Stain area, perimeter and circularity of the bloodstain patterns for four different drop volumes 

applied to the three fabrics were obtained by processing the images of the dried bloodstains using 

ImageJ software as discussed earlier. The results are shown below in Table 11 and effects of the 

different yarns and blood volumes on bloodstain patterns can be understood from Figure 41 and 

42.  

Table 11: Average Bloodstain Areas, Perimeters and Circularity 

Blood 
Drop Sizes 

Parameters 
Fabric J12 Fabric J20 Fabric J30 

Face Back Face Back Face Back 

2µL 

Stain Area 
(cm2) 

0.05 ± 0.00 0.04 ± 0.00 0.07 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.03 ± 0.00 

Perimeter 
(cm) 

1.19 ± 0.10 1.88 ± 0.39 1.30 ± 0.19 1.44 ± 0.20 0.96 ± 0.03 0.94 ± 0.24 

Circularity 0.49 ± 0.07 0.15 ± 0.05 0.52 ± 0.12 0.32 ± 0.08 0.62 ± 0.05 0.52 ± 0.23 

10µL 

Stain Area 
(cm2) 

0.16 ± 0.02 0.14 ± 0.01 0.20 ± 0.02 0.18 ± 0.01 0.21 ± 0.05 0.21 ± 0.03 

Perimeter 
(cm) 

2.35 ± 0.21 2.73 ± 0.36 2.34 ± 0.30 2.45 ± 0.27 2.20 ± 0.21 2.22 ± 0.11 

Circularity 0.37 ± 0.04 0.25 ± 0.07 0.48 ± 0.09 0.39 ± 0.07 0.55 ± 0.05 0.54 ± 0.04 

30µL 

Stain Area 
(cm2) 

0.46 ± 0.02 0.42 ± 0.02 0.54 ± 0.05 0.50 ± 0.04 0.58 ± 0.04 0.57 ± 0.04 

Perimeter 
(cm) 

4.13 ± 0.30 4.68 ± 0.55 4.10 ± 0.47 4.28 ± 0.45 3.62 ± 0.20 3.71 ± 0.14 

Circularity 0.34 ± 0.05 0.25 ± 0.09 0.41 ± 0.06 0.35 ± 0.07 0.56 ± 0.04 0.52 ± 0.04 

60µL 

Stain Area 
(cm2) 

0.89 ± 0.05 0.86 ± 0.05 0.92 ± 0.09 0.90 ± 0.09 1.28 ± 0.10 1.20 ± 0.12 

Perimeter 
(cm) 

6.11 ± 0.40 5.98 ± 0.34 5.13 ± 0.36 5.27 ± 0.48 5.51 ± 0.30 5.70 ± 0.38 

Circularity 0.30 ± 0.03 0.31 ± 0.04 0.44 ± 0.05 0.41 ± 0.06 0.53 ± 0.02 0.47 ± 0.03 
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The results show that: 

1. The average bloodstain areas on technical face of the fabrics were found to be slightly 

higher than those on the technical back although the differences were not significant.  

2. For the same drop volume bloodstain areas were found to be in the following manner. 

Fabric J30 > Fabric J20 > Fabric J12 

However, for the smallest drop (2µL) volume, the stain areas were found to be 

independent of the fabric type with the possible exception of J20 technical front. 

 

 

Figure 41: Effects of yarn counts (Ne) and blood drop volumes (µL) on stain areas (cm2) of 

bloodstain where ‘F’ stands for technical face and ‘B’ for technical back of the fabrics 

 

A potential reason behind this distinction from other drop volumes is that 2µL was a very 

small blood drop volume so the blood source was exhausted before it could wick very far. 
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Secondly, while tip calibration the average blood drop was found (2 ± 0.3) µL. Even this 

small deviation could affect the variability but not the behavior.  

3. With the increase of blood drop sizes bloodstain areas also increased almost linearly 

(Figure 42). 

 

 

Figure 42: linear increase in stain areas with drop volumes on technical face of three fabrics 

 

4. Bloodstains were found to have higher circularity on the technical face compared to the 

technical back.  
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Figure 43: Effects of yarn counts (Ne) and blood drop volumes (µL) on circularity of bloodstains 

where ‘F’ stands for technical face and ‘B’ for technical back of the fabrics 

 

4.5 Fabric Properties That Affected Bloodstains 

Fabric Thickness  

The average bloodstain areas (cm2) for each drop volume were plotted against different fabric 

thicknesses (mm) in Figure 44. Results showed that for drop volumes > 2µL the thinnest fabric 

had the largest stain areas. No significant difference in stain area was found in case of 2µL drops. 
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Figure 44: Effect of fabric thickness on bloodstains 

 

Fabric Basis Weight  

Fabric basis weight (g/m2) was also found showing similar influence on bloodstain patterns 

(Figure 45). Stain areas were higher in lower basis weight fabric. No significant difference in 

stain area was found in case of 2µL drops.  
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Figure 45: Effect of fabric basis weight (GSM) on bloodstains 

 

From discussions above, it has become apparent that the yarn structures were same with the same 

twist multiplier. The difference in thickness of the fabrics was due to different yarn sizes while 

different thickness and stitch density resulted in different fabric weight per unit area. Thus yarn 

sizes influenced the bloodstain patterns irrespective of drop volumes while bloodstains also 

increased with the drop volumes. Placement of blood on the technical face and larger capillary 

path flow (side legs) on the technical face might be the two reasons that resulted in slightly larger 
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bloodstains on the technical face than on the technical back. However, yarn sizes weren’t found 

to be significantly influential in the bloodstain growth rates. The effects of fabric construction, 

thickness, weight per unit area and yarn twists (twist multiplier) in capillary spreading of blood 

can be better understood varying just one parameter while others being constants. From the 

varying or inconsistent yarn structures observed at different positions along the loop that resulted 

in different packing factors, it is expected that such change in capillaries may influence the 

capillary spreading after the blood has completely penetrated into the fabrics which was not 

studied in this research since the drop sizes were much larger than the yarn sizes. However 

placing blood drops smaller than the yarn sizes may be more informative in this regard.  
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CHAPTER 5 CONCLUSION 

 

The goal of this research was to see how yarn size relative to drop size affected the bloodstains. 

Three fabrics J12, J20 and J30 were made from 12 Ne, 20 Ne and 30 Ne ring-spun cotton yarns 

with the same nominal twist multiplier and were used during this experiment. In each fabric, 

yarn packing factors were found to systematically change as the measurements progressed 

around individual loops. Higher packing factors were observed on the left side legs of the loops 

resulting capillaries with smaller diameters. The opposite situation was observed in case of right 

side legs of the loops. 

 

The wicking behavior of placed porcine blood drops of various volumes (2µL, 10µL, 30µL and 

60µL) on the fabrics was studied. Initially the growth trend was nearly linear and then slowly 

continued capillary spreading after the drops had penetrated into the fabric surface. The trend 

was similar on both the technical face and technical back of the fabrics for drop volumes >2µL 

although the stains on the technical face were found to have slightly larger stain areas than those 

on the technical back.  

 

For >2µL drop volumes, fabrics made from finer yarns was found to have larger bloodstains 

compared to those made from coarser yarns. Different yarn counts, fabric construction such as 

stitch density, GSM and thickness attributed to this distinction in stain areas. In case of 2µL 

drop, no significant difference was found.  
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Linear increase in bloodstain areas with the drop volumes were observed for the measurements 

made in this experiment. Due to the non-identical knit structures on technical face and technical 

back and the placement of blood drop on technical face, circularity was higher on the technical 

face than on the technical back while the highest circularity was observed on fabric J30 and the 

least on fabric J12 when the same drop volume was considered. Fabric basis weight and 

thickness showed inverse relationship with the stain areas i.e. stain areas were found 

comparatively larger with lower fabric GSM and thickness in case of larger drop sizes.  
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CHAPTER 6 SUGGESTED FUTURE WORK 

 

This research focused on single jersey knits made from three different yarns. Other commercial 

fabrics such as different types of woven, knit, nonwovens etc. made from different natural and 

synthetic fibers can be studied to broaden the understanding of blood wicking behavior in 

different fabric structures and incorporate it into BPA studies. Investigating blood wicking at 

deeper level such as through the yarns at unit cell of the fabric can possibly give better insights to 

the effects of yarn packing factors, twists, etc. An approach to quantify the wicking kinetics of 

blood into textiles depending on different yarn and fabric structures might help the BPA analysts 

better interpret the bloodstain patterns.     
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Appendix A Important Terminologies of BPA 

 
 
 

Back-spatter Pattern 

A bloodstain pattern resulting from blood drops that 

travelled in the opposite direction of the external force 

applied; associated with an entrance wound created by a 

projectile. 

 
 

Blood Clot 

A gelatinous mass formed by a complex mechanism 

involving red blood cells, fibrinogen, platelets, and other 

clotting factors. 

 
Bubble Ring 

An outline within a bloodstain resulting from air in the 

blood. 

 
Cast-off Pattern 

A bloodstain pattern resulting from blood drops released 

from an object due to its motion. 

 
Drip Pattern 

A bloodstain pattern resulting from a liquid that dripped 

into another liquid, at least one of which was blood. 

 
Drip Stain 

A bloodstain resulting from a falling drop that formed 

due to gravity. 

 
Drip Trail 

A bloodstain pattern resulting from the movement of a 

source of drip stains between two points. 

Edge Characteristic A physical feature of the periphery of a bloodstain. 

 
 

Flow Pattern 

A bloodstain pattern resulting from the movement of a 

volume of blood on a surface due to gravity or 

movement of the target. 
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Forward Spatter Pattern 

A bloodstain pattern resulting from blood drops that 

travelled in the same direction as the impact force. 

 
Impact Pattern 

A bloodstain pattern resulting from an object striking 

liquid blood. 

Parent Stain A bloodstain from which a satellite stain originated. 

 
Perimeter Stain 

An altered stain that consists of the peripheral 

characteristics of the original stain. 

Plasma The clear, yellowish fluid portion of blood. 

 
 
 
 
 

Platelet 

An irregularly shaped cell-like particle in the blood that 

is an important part of blood clotting. Platelets are 

activated when an injury causes a blood vessel to break. 

They change shape from round to spiny, “sticking” to 

the broken vessel wall and to each other to begin the 

clotting process. 

 
Pool 

A bloodstain resulting from an accumulation of liquid 

blood on a surface. 

 
 

Projected Pattern 

A bloodstain pattern resulting from the ejection of a 

volume of blood under pressure, such as a spurt or 

spray. 

 
 

Satellite Stain 

A smaller bloodstain that originated during the 

formation of the parent stain as a result of blood 

impacting a surface. 
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Saturation Stain 

A bloodstain resulting from the accumulation of liquid 

blood in an absorbent material. 

Serum Stain The stain resulting from the liquid portion of blood 

(serum) that separates during coagulation. 

 
 

Spatter Stain 

A bloodstain resulting from a blood drop dispersed 

through the air due to an external force applied to a 

source of liquid blood. 

 
 

Spines 

A bloodstain feature resembling spokes or rays 

emanating out from the edge of a blood drop; they result 

from the drop contacting a non-smooth surface. 

 
Splash Pattern 

A bloodstain pattern resulting from a volume of liquid 

blood that falls or spills onto a surface. 

 
 
 

Swipe Pattern 

A bloodstain pattern resulting from the transfer of blood 

from a blood-bearing surface onto another surface, with 

characteristics that indicate relative motion between the 

two surfaces. 

 
Transfer Stain 

A bloodstain resulting from contact between a blood-

bearing surface and another surface. 

 
Void 

An absence of blood in an otherwise continuous 

bloodstain or bloodstain pattern. 

 
Wipe Pattern 

An altered bloodstain pattern resulting from an object 

moving through a pre-existing wet bloodstain. 
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Appendix B Impacts of Yarn Size and Drop Size on Bloodstain Perimeter 
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Appendix C Wicking Rates (Bloodstain Area vs Time) in Fabric J20 
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Appendix D Wicking Rates (Bloodstain Area vs Time) in Fabric J30 
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