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Abstract

The use of angle of impact calculations within bloodstain pattern analysis is limited to
researched surfa¢gpes which currently include smooth, aparous materials and cotton. The
purpose of this study was to determine if the existing equation for angle of impact could
accurately be applied to moistungcking polyester. This study used posterboard as aalontr
and tested three different polyester fabrics (100% polyester, 80% polycotton, and 20%
polycotton). Bovine blood was dropped onto each of the four surfaces at 10° increments from
10° to 90°. The resulting stains were measured with digital calipersrusedjunction with
drafting dividers. The measurements were anal
comparisons test to determine and evaluate the significant differences between the sugace type
and the actual angeThe results showed that polyest@mnificantly affected the ability to
calculate angle of impact to within £5°. Thwcking property ofpolyester distoedthe stains
disproportionatel\so the angle of impact calculationsreinaccurateat some angle®\ll three
polyester samplasadaccuratecalculationgrom 10° to 40 but outside of that range
calculations wer@nconsistent and inaccurafehis information broadens the understanding of

bloodstain analysis and can assist analysts in understanding the weight of their findings.



Chapter 1: Introduction

Bloodstain Pattern Analysis

The main focus of bloodstain pattern analysis is to determine what happened at a crime
scene. Analysts can examine the characteristics of bloodstainseatiél/idvith varying
accuracy, what weapons were used and the direction of force, as well as where people and
objects were located duringodbodshedevent. They can also get an idedoWw people moved
through a scenevhich is important when trying toecenstruct a crime scene. Blooshintains a
spherical shape whil@moving through the aifGravel & White,2019)which means blood
behavior can be predicteshdreprodued Analystsareableto reverse engineer bloodstains to
better interpretvhat happenedtascene. Having reliable knowledge on the behavior of blood

has revolutionized crime scene reconstruction

Statement of the Problem

In order for bloodstain analysis to be admissibleomrt; there needs to be reference data
to validate it Most studies conducted on bloodstain pattern analeie done on smooth, non
porous surfacedutnot many surfaces found at a crime scene falltimocategory Any blood
found ontextured surfacg such as tiler carpet flooringanduphoktered furniturecannot
currentlybe used for analysis purpos@éscommon places to find bloat a crime scenie on
clothing but the analysis oflbody clothingis quite limited. Most of the previousesearch
involving fabricwasqualitative focused ortheinteractionof the bloodwith the fabric,nstead
of quantitative gxamining the stains feeproduciblepropertiesoftenusedfor reconstructon

purposes



Background and Need

Researclon bloodstain patternsascome a long way, but it still has a long way to go.
Bal t h d23asstudiésson stain characteristicsedsmooth flat surface, which is great as a
control but is very limited in applicatiohe use ofingledtarget opened the door to
identifying area of origir{Balthazard, 1930K i r ksé f bloodstain pattern analysis in a 1950s
court cas€Kirk, 1955) inspiredMacDmelld sesearch in the 1970s to modernize old methods
calculate angle of impaaind explore how surface texture can affect stain pat{stasDonell,
1971). In the 2000s, research was conducted on how surface texture, and more specifically
fabric, distorts bloodstainfHolbrook 2010 and causemisinterpretation by analys(Reynolds
& Silenieks 2016)

The textile industry is large and continues to growesfiber blends are createthat
change theroperties othefabric. Many properties can change the way bloodstains,lank
absorption is one of the(@lemko, 200R Polyesteiis oftenusedin athleticclothingfor its
moisturewicking propertieso keep the wearer dfinapp, 2018 Sincemoisturewicking
prevents absorptiofkKnapp, 2018)the accuracy achnalysison polyester and its blends called
into questionThe Organizatiowf Scientific Area Committeef®r Forensic Scienceas
requestdmore researchbn the effecbf fabric on bloodo betteranalyzethe stains(FSSB,

2015) The fact thatheabsorptiorevel of fabricdistorts bloodstains is knownglemko, 2008
but the effect that distortion has on the abilitgéiculate things like angle of impact is still
largely unknown.

Research is needed on the quantitative properties of blood on fabric to detetmeiher
theangle of impactanaccuratelybe calculate@dn the differentfabric typesGaps in the

researcltanlead to subjectiventerpretatios anderraneousconclusions



Purpose ofthe Study

This studyconcentrated othe ability to calculatéheimpact angleof blood onfabric
designed tavick moisture Most moisturewicking fabrics aremadeusingsynthetic fiberssuch
aspolyesterThefibers often havepecial coatingso make them hydrophobic and tiadricis
designedvith space between the fibeéspromote capillary action andoveliquid to the
surface(Knapp 2018. The equation for angle of impasts discovered usirgsmoothnon
porous surfageandfabrictexture is known to distort the shape of stairfe moisturewicking
propery of the fabric useth this studyhad the possibility of addintg the distortiorof the stain
A smooth control wassedto validate the design tiie experimentfThreecomnon moisture
wicking fabrics one pure antvo blends, were testedising theexistingequation for angle of
impact.The calculated anglex all threetarges were compared to the actual angleceptable

erroris +5° (Bevel & Gardner, 1990)

Research Question
The main questiowhen designing this experiment waanthe equationusedto find the
angle of impaton smooth, nomporous surfacegrovide accurate results omisturewicking

polyesteifabrics?

Significanceto the Field

This experimenwill add tothe knowledgdnase obloodstain pattern analysis
Experimenting witithe moisturewicking polyestemwill give examiners a better understanding
of how blood iteracts with the fabriallowing for amore accurate analysigth less subjective

interpretation.



Definitions

Terms from The Organization of Scientific Area Committees for Forensic Science
Angle of Impact (Impact Angle)d The angle (alpha) at which a blood diufs a target,
relative to the @ne of the target
Area of Origind The threedimensional location at which trajectories of spatter can be utilized
to determine the location of the spatter producing event
Bloodstaind A deposit of blood on a surface
Bloodstain Patternd A grouping of distribubn of bloodstains that indicate through regular or
repetitive form, order, or arrangement the manner in which the pattern was deposited
Cast-off patternd a bloodstain pattern resulting from blood drops releaseddroobject due
to its motion
Edge Characeristicsd A physical feature of the periphery of a bloodstain
Parent Staind A bloodstain from which satellite spatter originated
Poold A bloodstain resulting from an accumulation of liquid blood on a surface
Satellite Spatte® Smaller bloodstains thariginated during the formation of the parent stain as
a result of blood impacting a surface
Spatterd A bloodstain resulting from an airborne blood drop created when external force is
applied to liquid blood
Targetd A surface onto which blood has been degasi
Transfer Staind A bloodstain resulting from contact between a blbedring surface and
another surface
Voidd An absence of blood in an otherwise continuous bloodstain or bloodstain pattern

(OSACfor Forensic Science, 2017)



Other Terms
Absorptiond Moisture is taken into the fiber and retained
Adsorptiond Moisture is held on the surface of the fiber instead of being taken into the fiber
Blotterd highly absorbent paper
Capillary Action/Effect & The rise or depression of a liquid in a snpalssage such as the space
between fibers or the openings in a porous material
Crime Scene Reconstructiod The combined use oéasoning, physical evidenand
scientific methods$o gain knowledge of the events surroungdhe commission of a crime
Distortiond Asymmetrical features of a bloodstain
Dropping Distanced The distance a blood drop traveled prior to impaciiteyget
High Energy Spatterd Spatter resulting from a force in excess of 100 ft/She.stains
typically measure 1mm or smallend aregenerdly associated with gunshots and explosions
Leading Edged The side of a bloodstaimhere the blood dromade contaatith the targefirst
when angle of impact is not 90e¢
Medium Energy Spatterd Spatter resulting from a force ofZs ft/sec. The stains typically
measure Umm and are generally associated with blunt force trauma.
Moisture-Wickingd hydrophobic fibers use capillary action to move moisture to the surface
Passive Drop8 A bloodstain reultingfrom the force ofyravity up to 5 ft/sec. The stains
typically measure 4mm or larger and are generally associated with a bleeding injury.
Taild A skid mark at the terminal edge of a bloodstain
Terminal Edged The side of a bladstainwhere the bloodiropmade contact with the target
|l ast when angle of iIimpact is not 90e¢

(ACSR, 2021), (Encyclopedia Britannica), (Oxford Dictionary), (TextileGlossary.com)



Limitations

Polyesterwas usedas the focus materidbut only threecompositions, 100% polyester
andtwo polycottonblends, were tested. This study could maiamine every possible blend.
Fabric construction influences the way blood interacts with the fabribesdata collecters
limited in application to only the matals utilizedin this study.

Bagged bloodasaddedanticoagulantso prevent the blood from clottingzhich may
affect theinteractionbetween the blood and fabric. To avpmssibility ofurwanted variables,
thebloodusedwasprovided by a local buber. To preventlotting, the blood wa continuously
stirred.

The experiment was conducted in a laboratory setting with a controlled envircenmdent
stationary target$rime scenes, especially outdoargy haveenvironmental factorsnpacing
t h e Dbihteractobrdovath the targe€Crime scenes also have the added variable ofomatb it
is important to make sure tleea being analyzad unalteredknowing the angle of impact is
only helpful if the bloog objectremainsunaltered fronthe time of the crime.

The impact of blood onta target creates edge characteristics on the bloodstain that can
make measuring the staiiifficult as elge characteristics are not included in the measurements
Blood on fabrictends to soak into theveave pattergausingthe edge of the stato becomdess
definedand thereforenakesmeasuring the stain more difficult is the decision of the analyst
determine where to measwe each stainAn analyst with a higheskill level may be needed to
determine where to measure on the less defined stains.

The expertise of the analysin impact the outcome of the studire measurements for
the stains may vary depending on the skill level of the anaihgstheir comfort wh the tools.

The accepted5® errorfor angle of impact helps twombat user error.



Chapter 2: Literature Review

Discovering the Basis

Balthaard wasa French professan forensic medicine andne of the first people to
truly experiment with bloodstain patterimsthe 1930sHe and his team performedveral
studies to see what information could be gathered by analyzing different characteristics of
bloodstains and to determine how bloodstains could assist in the reconstruction of a crime scene.

When Balthazard and his team started experimenting with bloodstegsquickly
recognized the limitation of testing on ftarges. Instead, hey switched toangledtargets With
all the movementhat takesplace during a crime, it is more likely blood will hit a surface at an
angle rather than at 80rhey knew being at an angle would change the shape of the bloodstain
and wondereavhetherthe angle ould be used taleterminedropping distancelhey dropped
blood from a variety of known heigh@ndthey noticed a relationship between the angle of the
targetand thdengthividth ratio of the stain; horizontédrges creatd circular stains, and as the
targetsneared verticakhe stains became increasingly ellipti€e®39, p.7) By plotting the
lengthividth ratio of the stains with their known angle, tlvegatel a graph that could be used to

predict theunknownangles of staindg 1).

bﬁuﬂu—
Rapport Tocgpor de la tache

Tength to width ratio of a stain

Figure 1 Graph of
length/width ratio for angle
of impact

Balthazard et al (1939)
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One issue wathatat sharper angles the blood dripped after impact creatingthdtil
caused the bloodstain to haareundefinederminaledge and made accurately measuring the
length more difficult. Even though they were unable to determine the exact angles, they were
ale toestimate the angles widomeroom forerror. These approximations proved sufficient for
practical use. After the difficulty they faced when tails appeared on the stains, they focused on
how to appropriately measure such stains. They dropped blmodvarious heights onto known
angles and tried to compare the total stain length to the length of tHentagtain/tairatio was
too inconsistent to be conclusive (1939, phough theirangle of impacgraph(Fig 1) was
not perfect their methodsvere soundand their conclusions weoensideredccurate for their
time. Despite the fa®althazardaddressed anglddrges, theresearch wastill limitedto
smooth surfaces.

Balthazard was interested in the practical use of bloodsteilysis and he noticed a
flaw in theirprevioustesting methogdl the tests were completed using cardboard asatiget
which is not an accurate representation of crime scenes. Balthazard and his team decided to
expand their research to include muiki surface types. They dropped blood at botha®@ 45
onto a variety of surfaces such as tile, parquetry (wooden mosaic), textiles, furs, metal, and a
blotter. They discovered the compositiortlod targetgreatlyimpacedthe resulting bloodstain.
Five characteristicaere usedo describe why the differetdrgettypes affected thbloodstain.

The first (1) characteristic walse surfacdackedadhesive propertiesausing the blood to retract
upon impactSmooth surfaces, such as glass anddilsplayed retracted stains, along with
rubber surfaces and raincoats. The second (2) characteristic dealt with absorption. On tight
fabrics like felt and furs the blood was unable to absorb so remained on the.surface

Alternatively, on looser fabrics, such as cotton or pdigermaterias, the bloodwas absorbed



causing the stain to enlardgehe absorptiorwitnessedvas irregular and asymmetrical making it
difficult to accurately calculate angle of impactThe thrd (3) characteristimvolvedthe
texture of the surface. Porous or rough surfaces causétbtiteto expand asymmetrically. The
fourth (4) lumped two characteristics together: added ink or color on a surface, and holes in the
surface. Both cause an imaption to the spread of the bloodstain while leaving the rest of the
stain to spread unaffected. The fifth (5) charactengtisoxidation Oxidation is a chemical
reaction between the blood and the composition o$tinice Oxidation occurred wheblood
fell onto zincandoxidized causingvhat they calledh A p g eeud d cbedauseoh tbe visual
similarity to retractionWith thenew knowledgef howblood interact with thetarget
Balthazardchoted that previous data and grapégardingbloodstainsvereonly applicable tdahe
materialused in the experimendatacould notbe assumed to be accurate on untested material
(1939, p.25)Balthazarddeterminedheinteraction of blood witlits targetwasimportant to
considemwhen analyzing bloodstains

Balthazardemphasized his findings and conclusions were only applicable in situations
reminiscent of those tested. He stressed his conclusions cannot be assumed to be accurate when
applied to difering scenariosBalthazard alsoecognized the need for further study and
acknowledgedhatalthough his tests involved vertical blood drops with known heights, it is
more common the blood &product of motion with a horizontal compongnhich would
require solving for trajectory. He theortza collection of bloodstain trajectories could be
examined together to find addmensinalareaof origin. (1939, p3]. It took 30 years for
Bal t h aeseanchdt@be rexploredby MacDonellmentioned lateutin the meantimehis

theory onareaof origin wasbrought to life in &JS court case



The Modern Building Blocks of BPA

A Breakthrough Case

Roughly 15 years after Balthazardodés resear

played arinstrumentatole in an Ohio appellate couhh thecase ofOhio v Sheppardhe jury
convicteda man of violently beating his wife to death. Upon appeal, the defense team called Paul
Kirk, thechairo f U C B e rnkneldgy programas anexpert witness to reexamine the
evidence and provide an unbiased repore frbsecution never conducted a thorough analysis

of the blood patterngand most of theiotherevidence from thérst trial was circumstantial.

Kirk was able to visit the scerad was given access to pieces of eviddinat had been
previously removed in order to recreate thiene sceneThe violence of the crime was evident
by the amounof blood spatter all over the room. There was afwai void in an otherwise
continuous pttern, so Kirk was able to place the attacker githatcertainty inthat spot within
the room.

Kirk applied B aaredaohodagin@Balithazard, 1989%hen hg noticEde
blood drops on the bed were elliptical and all pointed back tagéegpoint on the bedith a
large blood poolAfter comparing thalirectionalityof the spatter tthe woundnthe body,
Kirk was able to place h e v i c fatithentinsof theebaatingTheblood pool indicated the
head remained in that positias it was bleedingViost of the spatter on the walls was identified
as mediunmenergyspatteywhich is consistent with a beating, aiatned out from the bed
makingthe bedheareaof origin. Two stainswere too large to be spatter from the victamd
were found to be a blood type inconsistent whigt ofthe victim and her husband.

Kirk noticed some of the drops on the wall pointed in directionsoasistent withlthe

beating. These drogseatedine paternspointing to a space next to the bed insteadinathe

10



bed where the victim laKirk experimented to duplicate these staansiconcludedloodwas
castoff flung from the backswing of a weapdfnowing the location of the weapon also
provided a location for the assailaihe distribution of the stain was arced and horizontal,
thereforeKirk determiedt he weapon was swung with the assai
a bat. The lack of blood on the ceiling suppotexdhorizontal swg theory since a vertical
swing would cast blood onto the ceilinggtead of the wal|1955). Kirkd examination of the
casewasobjectiveandpointed totherebeing a thirdoerson involvedK i r tesfisony led to a
not guilty verdict in thdn u s b a n dl.0Ahile the dage remainmsolveda new suspect was
identifiedbut he died before a new investigation could be condutteslOhio v Sheppardase
demonstratethe value of bloodstain analysis as®t a precedence ftite acceptance of
bloodstain pattern analysis in the modern court systémability to use bloodstains to track the
movements of a crime and to place people in relatively specific locations greatlydrétkice
need for unsupported guesswdfkki r k 6 s wor k b baoktoplbotstaia aatygs@at | i g ht
topic forgotten in research for many years, pramptedpeople to continue research once more.
Resuming Research

Herbert MacDonellarenowned forensic scientisesumed researan bloodstain
analysis after noticing a scarcityliterature in the20 yearsafterP a u | Kirkbs testi mo
MacDonellstartecdhis researclhy examining the physical properties of blood and nttad
bloodoutsidethe bodyis affected by gravity and air resancewhich causes the drops to form
spheres in the aiif o increase the validity of future experiments, he determined, with 95%
confidence, the volume of a single blood drop to be hD5He also determined the diameter of
a single drop of blootb bel1519mm (1971, p.&%). By defining these measurements,

MacDonell eliminated a possible source of error for his tests.

11



Earlier studiezoncludedargetcomposition affects the way blood acts upon impact, and
therefore thedropping distanceannot be determined without first examining tilwgiet The
stain in question must be compared to test daltacted usinghe sameargetmaterial.
MacDonell went a step furthés explore what happ&a whenablooddroplands ormultiple
surface typed-de observed greater amounts of satellite spatter on the smoother agrface
pictured inFigure 2. MacDonell concluded the causethé spatter was a lack of capillary
effects on the smooth surfadéderoughematerialbrokethe surface tension of the bl drop
upon impactausng thedroplet to separat@ndspatteroutward(1971, p.8).

\ . Figure 2 A single blood
drop landing orsoft, flockec
wallpaper

© % MacDonell (1971)

-

."h L 111
AT R

Balthazardstudiedangle of impacin the 19303but MacDonell wanted to knowhether

it mattered which element was angled,tdrggetor t he bl oodds trajectory.
MacDonell dropped blood vertically onsmooth,angled boards and analyzed the elliptical
stains.Steeperangles createlbnger ellipgs, which made measuremntsrfor the length/width
ratio more accurateReplicatingthe sameexperimenusing ablottercreatedhe same elliptical
stains Absorptioncreated distortiom the staingausing theneasurement® notbeas accurate
as the boardutthelength/widthratio still provided acloseestimatg1971, p.11)Testing on
angledtarges reaffirmed previously accepted conclusions and acted more as a control for
MacDonell to compare the next parof his experimentwhich involved angling the fligipath

of blood.
12



Blood moving horizontally through the air is affected by gravitigich means the
trajectory is curved and will likely not land at a®3hgle. MacDoneléxpermented with blood
onthe floor, walls, and ceilingdn the floor, bod was projected horizontally and allowed to
fall. For the walls, blood was flung verticallgndboth directionsreated similar stain patterns.
Blood was flung overhead fwroducestains on the ceiling. leachscenarig thelengthto-width
ratio measurementd the resultant elisesprovided an accuratngle of impac{1971, p.13).
Knowingthatthe cause of aangle thetargetor blood trajectorygid not affectthe calculaton
of the anglevalidatedthe equation fouse incrime scenereconstruction anth the courtroom.

MacDonell published a followp articlein 1982 Cr e di t  Wh girwhichihé 6 s

amendedhe wording of higquationto reflectthe standardized verbiage

Figure 3 Equation

width of bloodstain ;
- = impact angle for Angle of Impact

length of bloodstain

arc sin

Focusing on Fabric
Characteristics of Fabric

Most of theprior research involving fabrionly used ifor comparisorpurposs. In 1939,
Balthazard used fabric ghowhow surface texture effects stain patterns, but he never looked
into the specifics oivhy. In 2003,Slemkq a recognized bloodstagxpert,decidedo look
specificallyatthe characteristics of fabritle focused othe effect fabridreatment hd onthe
distortion of bloodstainsThe fabrics used were a mix of new, washed,vaattrshielded
samplesHe tested transfer patterns, passiugps, andothmedium and higlenergyspatter.
Slemko discovered the treatment of the fabric maditeore than thenethod of bloodsheahen

it came to the cause of distortion

13



The weave of the fabric influencéuke distortion of bloodstains but was dependent on the
volume of blood. A course weave caused blood to diffuse along the grainfabtitze\When
spatterdrops were small enough to fit on top of a threeehvedid notmattersincethe blood
was notabsorbednto the weave.

In general, both high and low absorbencies created distorted (8. Higher
absorbencyabric diffused the blood andherged stains if they were near each otBeme
distorted stains had a dark center surrounded by a lighter colored ring, while others, the medium
and highenergyspatter, had a ring of satellite spatter arotiedirops. Low and nabsorbency

fabric caused the blood to roll and drip rendering any analysis pointless.

' oo Figure 4 Threedrops of blood
¢6 8 ‘ " on low to highabsorbency
" fabric (left to right)

Slemkd2003)

t‘:;;:’f._.u;_xﬂ"" r’x"":-'\hmun”_ tuﬁw
Slemko noticedhe absorbencyf the fabricwasalteredwhentreated. Véshingthe fabric

considerablyncreasd thef a b r i ¢ 6 s (Fig%®, svlule watershiellingtreatments like
Scotchgard® greatly decreased absorpfldme size of the stains were too distorted to

differentiatemedium and higlenergyspatter (2003).

Figure 5 Absorbency of blood
e L I o on new cotton (left) and wash
cotton (right)

Slemko (2003)

ATIITYONc (T TTT T wne L TTRONET PV
For any accurate analysisly midrange absorbency fabrics werk Mid-rangewasnot

defined and igireatly subjectivgiven theeffect of fabric treatmentdore testing will need to
be conductedn fabric treatmentand their impact on the properties of falarmad subsequent

impact on bloodstain analysis.
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Identifying Stain Types

Although Slemkostudiedbloodstainson fabric, hewasnot concerned witidentifying
the cause of the stairls 2010,Holbrook abloodstainexpert,decided to investigat@hether
anydistinguishing featuresould be foundetween spatter and transfer staBlsod on an
objectindicates involvement with the crinfiit knowing how it got therkelps place it in th
scene

In generalHolbrookdiscovered transfer stains were only present on the top layer of
thread while spatter appeared on the underlying layers as Wadl difference in blood location
made separating stain types relatively easy. The difficuéiggmted itself when spatter drops
were smaller than the width of the thre&dall spattedropscould remairon top of the thread,
asthey weretoo small to reach the lower layecausing them to lookke transfer stains.
Holbrookconcluded thanalysis ofmultiple drop sizes within a stain pattemas necessary
accuratelyidentify the cause of a stagincethe size of the drops affects how it interacts with the
fabric (2010. Holbrook offered some good adviclkeut her conclusions lethe analysis of stains
on fabric unreliable at bestheimplicationof spatter and transfer stains are wdifferent and
can completely change the story of egestit is importantto limit guesswork.

Fiber Characteristics

Since herewas noreliable way to analyze blood on fahrig, Li, and Michielsentextile
engineering students at NCSildsearched the impact of yarn structomestains They spun their
own yarn and created a simple textile sample to examine how the yarn structuesl dffect
distortion of stains. They discovered the yarn characterisgesmore important than the fabric
characteristics when @gameto stain distortion. The blood wicked along the threzdbefabric,

not along the weave pattern (2017). Li, Li, andcMelsen conductettheir studyspecifically
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with cotton so the results cannot be assumed to apply to all material typéymitanged the
way analysts examine fabric. It was no longer valid to compare stainsdrasederiaj it was
now narrowed to y&a construction. In practica cotton sample cannot be compared to a random
cotton samplethe yarn structures have to matbhatching fibers is not conducive in the field, so
samples would need to be brought back to the lab for analysis before conlclosdstain
analysis could be done.
Bringing Fabric to Life

Research on fabric damainly been conducted with the fabric pulled taught or lying flat,
and while that produces valuable information, it is not always representative of real life. When
looking at fabric it is important to consider its original positioning before analyzirngdRis
and Silenieks encouragieonsideration ofhreedimensional positioning when analyzing

clothing.Figure 6 shows how clothing can mislead analysists if examined flat (2016).

Figure 6 Bloodstainson curved
fabric at time of incident

Reynolds & Silenieks (2016

Both stains were the result@®0° drop.Whenthe fabric is curved in its original position,
shown on the left, the staiappear to result frorthe samédlood eventWithout proper
positioning the stains appear to be fradiiferentblood eventsasshown on the right
Interpreting the story corrdgt to the best ability, is crucial in bloodstain pattern analysis.
Applying Old Math to Newarges
Duffle, aforensic graduate studentatUdOp c us ed on wh eandleefr MacDor

impactequationcould beaccurately applied to cotton. She tested 100% cotton as well as a denim
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blend of 98% cotton and 2% spandex against a poster boaibl All three materials were

tested at the same known angles with blood dropped from a consistent height. The exgleriment
impact anglesor thefabric samplegproved accurate’hen compared to the control boaktb
significant difference was discovered betweenekgerimental anglesf the control and those

of the fabric samples. Duffle concluded Hrggle of impact equath for smoothnonporous

surfaces accuratebpplied tohercottonsamplesZ020. D u f f studydayet to be replicated

as it was just recently published, lithhas great potential to widen the scopeairtapproved

bloodstaingo include those fouhon cotton

Summary

A review of the literature has shown great improvement iktiogviedgeof bloodstains
and the analysis of bloodstaidsgreat deabf the past researahas qualitativen nature which
providal subjective results. Further research focusinguantitativepropertiessuch asangle of
impact, is still necessarQuantitative research dabrichas remained fairly untouched
categoryaside from Duffl@ 2020study Considerincghow much of arimescene is fabribased
(clothing,bedding pillows, furniture) having a better gragsyf the role fabric plays in bloodstain
analysis willprovide a better picture of the events that transp@éathing whether that of the
victim or perpetratoris a common source of blood evidenthe ability to place people within
the scene is crucial feeconstructiontherefore it is crucial tetudy fabric commonly used
clothing. The riseof athletic/athleisug wearhas causegolyester and polyester blenids
increase in popularityCollecting datdrom polyesterbasedabric will determinevhetherthe
standarcangle of impacequationcan be appliedccuratéy, potentally broadeing theavailable

stains for use in reconstruction and court settings.
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Chapter 3: Methods

Overview

Analysts have been unableusestains found offabric surfaces due tonited research
on the effect fabric hasn bloodstainsGiven the frequencthatblood is found on fabrigt
would be beneficial to know what information candseertained from such staifie angle of
impact ishighly soughtafterinformationand greatly aids ithe reconstruction of a crime scene.
It mustbe determineavhetherthe only existing equatiofor angle of impactwhich was
developed on a smooth, nporous surfacezan accurately be applied to varidabric types
For bloodstain analysis purposes, acceptable angles of impaé&are

This quantative study focused on the ability to accuhatsalculatevariousangles of
impactfor blooddropsfoundon two common moistureicking fabrics.For comparison
purposes, gster boardvasused as a controA micropipette was used tirop bloodonto each
of thefour targetmaterialsset up at a variety dnown anglesOnce dry, 8 of the bloodstains
were measuredndtheimpact anglesverecalculatedThe calculated anglemdthe actual
anglesfor each meerial were comparednd analyzed for statistical significanéedifference of

+5° wasconsderedacceptable.

Setting
The experiment wasonducted at the University Qfentral Oklahom&@UCO) in the
Forensic Science Instittbes E v i d e n Evalen&RBay isa climatecontrolledlaboratory

intendedfor forensic experimentation
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Intervention and Materials

Poster board acted as a congiolcethe existing equation for angle of impact was
developed on a smooth, nonporausfa®. Polyester is commonly used for its moistwieking
propertiessothreepolyesterbased fabrics were testgdne samplevas 100%polyesterand the
othertwo werepolycotton blend SeeFigure 7. Launcering has been shown to affélse blood

fabric interactionSlerko, 2003 so dl fabric samples wereashedandair-dried prior to testing

Figure 7 Materials
Poster board, 100% Polyester,
80% Polycotton blend20% Polycotton blend

To maintain thentegrity of the experimerand because bagged blood contains
anticoagulantghe blood used was prigled by a local butar. Thebovineblood was kept warm
to mimic thehuman body and stirred continuously to prevent clot#ngicropipete was used

to drop the blood as it allowed gravity pull the drop rather than forcefully expel it.
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A clipboard standvas usedo hold clipboards at known angleBhe standis atwo-inch
by four-inch beam with slots cut 10 incrementdrom 10 to 8C°. Clipboards were inserted
into each of the slotaindthe 90 clipboard was placed on the flodihetargetmaterials were

clipped to the clipboardshile theblood was droppedeeFigures 8 & 9.

T o Rt g SR I e 3

Figure 8 Empty dipboardstand

Figure 9 Clipboard stanavith clipboards
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Measurement Instruments

Theclipboard stand@vasmadewith unknown accuragyso an angle finder was used to
measure thactual angle of each clipboard witht0.5° accuracyTable 1 showsthetheaetical
angles with their actual angles. All calculations were made using the actualaiiglegh the
theoretical angle will be used whdiscussing the experiment for the sake of ease.

Table 1: Theoretical v Actual Angle for Clipboard Stand

TheoreticalAngle Actual Angle
10 11
20 21
30 31
40 41
50 46
60 59
70 69
80 82
90 90

A wooden dowelith atesttubeclampwas used tonaintaina consistentdiropping
distanceA drafting divider with no significant error other than user em@sused to determine
where oreachstain to measure length and wigémd digital calipers witkk0.005mm accuracy

were used to measure the length and widtie stainsSeeFigure 10.

Figure 10 Tools.
Digital calipers(top),
drafting divider (bottom

Duffle (2020)
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Data Collection

The clipboards were used to hold the samples at known afiglesontrol was tested

first to validate the experimental proceSamplesf the controboard were secured to the

angledclipboardsasblood was droppedt 9G:to the ground from &nown heightAfter

depasiting 14 dropson each sampléhe samples were removed from thi@boards and set aside

to dry. The clipboards were wiped down with paper tatelremove any residual blodfore

setting up the next round sémplesThe same process was used with each of the faipés

Once drygeachstainwas labeled with a lették-P. Stains were crossed out and voided if

overlapped, too close to the edge of the surface, dropped from the wrong height or otherwise

interfered with Photos of the bloodstairse $iown inAppendix E-H. Drafting dividers and

digital calipers were used to measaeeh stainThe right triangle analjy (Fig 11) wasused to

determine where on the stailo measuresince real bloodstairere not perfeabvals(Fig 12).

The method of using a perfect oval on an imperfect sthen calculatingheangle of impact

eliminates distortion buntroduces systematic ertdrhe systematierroris countered by

allowing arange of acceptable anglgs®).

T - Stain

\\Y
Figure 12 Right Triangle Analogy

Karnjanadecha (2010)

Leading Edge be

Figure 11 Bloodstain with oval overlay

Duffle (2020)
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The drafting dividers and digital calipesereused inaneffort to limit systematicrror.
Thedigital caliperwas used taletermine the widest paof the stairand displayedhe
measureentof the width.One end of the draftindivider was then placed at the halfway point
of the widthand extended to the top of the stlgading edge)A measurement was taken of the

drafting divider and then doulaldo equal the length of the staBeeFigure 13.

Figure 13 How to use drafting dividers to measieodstains

Bevel & Gardner 2001)
Data Analysis
To determinghestatistical significancef the target material, thealculated
experimentahnglesnverecompared to the actual angl@he absolute vals®f the difference
betweereach of thealculatedangles and their respective actual angles were usesh analysis
of variance (ANOVA).The ANOVA comparel the meanof theabsolute valuéor eachmaterial
and actual angl determinewvhetherdifferences exigtd When necessarg, Tukey test was

conductedo identifyif the differencavas significant
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Chapter 4: Results
Introduction
The main goal of thithesis was to determinehetherthe equation usetbr angle of
impact on smooth, neporous surfacesould work on porous, moistusgicking polyesterA
control wasused tovalidate theexperimentand thregoolyesterfabricswereused taest the
eqguation using thmethoddaid out inChapter 3.
Theresults showhatfor each polyester fabric, the calculated angle of impalgt met

theaccuray thresholdf £5° at the more ellipticalange ofangles

Statistical Analysis ofData

A statistical analysisusing SAS 9.4was conductedsing the absoletvalue of the
differencebetween the calculated angle and the achedsuredngleto determinavhether
therewas asignificant interactiorbetween the surface type and #wtualangle of impactFor
eachof the foursurfacetypes (one control and three polyester fabrids);15 blood drops were
depositecht eachtheoreticalangle(10°- 90°) for a total of510data pointsCalculations for the
absolute value between the calculated and actual angle, the standard dendtibie rmimum
and maximum differences for eadata set can beeen inTable 2 Themeasurements amdw
data can be found ikppendixesA-D.

TheMean Difference columm Table 2is themeanabsolutadifference between the
calculated and actual anglef all the dropsn a surfacesample. Thispeaks tahe accuracy of
the angle of impact equati@t a given angle on a particular surface tyigee highlighted boxes
represent the highetastedanglefor each surface typat which the angle of impact eagtion
provided an acceptabiesultof +5° (seen as a value of 0 to. Fhe maximumaccurae anglefor

each surface type is listed belowTiable 3.
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Table 2: Statistical Summary

Theoretical Mean Standard Min Max
Angle Surface Di . . ,
ifference | Deviation | Difference Difference
(Actual)

10 C 0.66 0.38 0.14 1.29
(12) F1 1.61 1.52 0.03 4,54
F2 1.86 1 0.10 3.09

F3 1.38 1.13 0.04 3.67

20 C 3.14 1.78 0.67 7.24
(21) F1 1.94 1.09 0.23 3.99
F2 2.31 1.42 0.22 491

F3 2.29 1.7 0.23 5.25

30 C 2.07 1.27 0.08 4.58
(31) F1 2.59 1.19 0.43 4.35
F2 2.16 1.05 0.47 3.93

F3 3.91 2.02 0.63 8.48

40 C 2.53 1.76 0.24 6.07
(42) F1 4.41 7.12 0.10 27.65
F2 2.34 1.33 0.01 4.38

F3 4.45 3.18 1.38 13.99

50 C 2.16 1.3 0.08 5.11
(46) F1 7.79 9.73 0.50 36.50
F2 3.66 2.29 0.05 7.55

F3 4.21 3.34 0.13 11.92

60 C 1.92 1.54 0.23 5.16
(59) F1 17.50 4.06 10.41 22.13
F2 3.58 2.79 0 8.08

F3 6.79 5.38 0.55 19.96

70 C 1.68 1.94 0.12 7.51
(69) F1 18.59 5.9 10.00 30.45
F2 8.08 4.54 1.62 14.59

F3 5.73 5.61 0.45 21.00

80 C 4.31 2.29 1.02 9.21
(82) F1 16.45 6.47 8.00 30.50
F2 11.24 4.9 4.60 18.14

F3 18.57 8.37 5.80 31.94

90 C 5.74 6.34 0 16.54
(90 F1 32.04 6.53 18.57 41.96
F2 12.69 6.64 0 22.62

F3 29.31 8.73 10.18 46.14

Table 3: Maximum Angles for Accuracy

Max Accurate Angle

(Mean Difference <5
Control 80 (82
Fabricl 40(41)
Fabric2 60(59)
Fabric3 50 (46)
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The mearof theabsolute difference®r each surface are shownHRigure 14 with error
bars representing the standard deviatfary meanabsolute differencpoint aboves indicates
theangle of impact calculatiois inaccurateThe individualabsolute differences used to

calculate the mean absolutéference are plotted out drigures 1518 for each surface type.

Mean Difference in Angles
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25

20
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) ) ) / )
s e —

Absolute Difference

I
|

11 21 31 {1 46 59 69 82 90
-5
Actual Angle
s CONErO| e F1 F2 o3

Figure 14 Comparison of Mean Difference for each surface tyjle Standard Deviation
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A 2-Factor ANOVA foundasignificant interactior{p<0.05)between surface type and
actual angle. -Factor ANOVA was usetb analyzesurface type and actual angle separately.
Statistical Significance @ween Surface Types
Analysis between the surface typess done teompare the mean absolute differences
of the four surfaceat each angleSignificantdifferenceswvere found between the surface types
at many of the anglg3able 4). Although they aretatistically significant, they are not all
practically significant since therei%° of acceptable differences between the calculated and
actual anglesThe differences that are both statistically and practically signifen@nét angles
for which the agle of impact equation was not accurate on one or more of the surfaces.
Statistical Significance Between Actual Angles
Analysis between the actual angleas used taompare the mean absolute differences of
the nine angles on each surfa8@nificant differences were found between the angles on all of
the surfaceg§Table 5). Although they are statistically significant, they are not all practically
significant since there 5° of acceptable differences between the calcdlatel actual arlgs
The differences that are both statistically and practically significarttraseirfaces on which the

angle of impact equation was not accurate for one or more of the angles.
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Table 4: Differences between Types for each Aatl Angle

Actual Angle | StatisticalSignificarce PracticalSignificance
11 C with F2 No practicalsignificance
21 No significant difference | No practicalsignificance
31 F3 with all other No practicalsignificance
41 No significant difference | No practicalsignificance
46 C with F1 F1not accurate
59 C with F3 F1notaccurate

F1 with all other F3 not accurate
69 C with F2 F1 notaccurate
F1 with all other F2 notaccurate
¢ with all other F1notaccurate
82 . F2 notaccurate
F2 with F3
F3 notaccurate
s |CmmFLamdrs
F2 with F1 and F3
F3notaccurate

Table 5: Differences between Actual Angle for each Type

Surface Type

StatisticalSignificarce

PracticalSignificance

C

90 withall except 82
82 with 11

F1

90 with all other

82with 46, 41, 31, 21, 11
69with 46, 41, 31, 21, 11
59with 46, 41, 31, 21, 11

F2

90 with all except 82

82with 59, 46, 41, 31, 21, 11
69 with 59, 46,41, 31, 21, 11

F3

90 with all other
82 with all other

30

No practicalsignificance

No practical significance

No practical significance

No practical significance




Chapter 5: Discussion

Introduction

The goal of bloodstain pattern analysis is to determine what happened at a crime scene.
Analysts examine the physical characteristics of the bloodstains and use their kn@klsage
blood behaves both in the air and upon impact with a surface to makeathausionsAll
interpretations must be backed by research with consistent and reproducibleTasults.
application ofthe angle of impact equation is limitediilmodstains osurface types that have
been scientifically testewhich leaves many stains unusable for analysis.

To give analysts the greatest chance to interpret the sffectvely, it is vital to
maximize the number of stains available docurateanalysisLack d research on the effect
surface type has on angle of impact calculatisadimiting factor of the current equation.
Continued research is needed on the current angle of impact egoatetermine its accuracy
on other surface types

The purpose dhis study was to expand the knowledge base and test the angle of impact
equation on moisturericking polyesterThe control surfachadaccuratecalculated angleat all
actualangleswhich validated hi s st u dWhénsoistun@vicking pracess disrtedthe
shape of the bloodstains and remdkthe angle of impaatalculationsunreliable Even withan
acceptable error range 85°, theresults of this thesi®undthe accuracy of the curreangle of
impactequation to be inconsistent adelpendent on the percentage of polyester in the fabric

compositionas well agheactualangleof the target surface
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Discussion

The statistical analysis for this study compatesifour surface types each other to
determine if the difference in the dadsestatisticallysignificant.Sinceangle of impact
calculations have mnge of error that is deemadceptable#5°), this study used the absolute
value of the difference between the calculated angle and the augimlahendoing the
ANOVA tests.A 2-factor ANOVA found a significance relationship betweenghdace type
and the actual angle sefdctor ANOVA examined surface type and actual angle separately

Statistical significance does natply practical signiicance The practical significance
was determined using the mean difference value. Mean difference values less than 5 indicate the
calculated angle was within thé &f accepted error and the equation was accurate. Mean
difference values greater than 5 indicate the calculated angle was outsitiefthedepted error
and the equation was inaccurate.

Discussion oSurface Typ@nalysis

Analysis between the surfabges compared the mean absolute differences of the four
surfacetypesat each anglérhere were statistically significant differencesthibut two angles,
21° and 4Z2. Since thisstudyis only concerned with whether tlangle of impact equation
producedan accurate resuyitomparison ofrables 2 and 4determines whethéhe statistically
significant differences correlate poactical significancg-or instance, ragles11°®° and 3% had
statistically significant differences ball themean differences weltess thard whichsignifies
the equationwas accurate amghy statistical significance gacticallyirrelevant.Alternatively,
angles 46-90° had mean difference valu#sat wee greater tha® whichsignifiesthe equation
wasinaccurate Any statistical significacewithin the46°-90° rangeis practically significant

which indicateghe equatiortannot be used dhesurface types mentioned for tleatgle
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Discussion oActual Angle Analysis
Analysis between the actual angles compared the mean absolute differences of the nine
angles on each surfackhis studyfocused o whether the equatias accuratethe specific value
for the mean di f f e whether ieis aba/encd helow awpleeof@lzent , onl y
looking atTables 2 and5, there is no correlatiobetweerangles that are statistically significant
and angles that have a mean differevalee above 5Theanalysisof the actual angles gives no

indicationof the practical applicatiofor this equation.

Limitations

Polyester is moisturericking and hydrophobic which caused the blood to momentarily
bead on the surface before absorbing into the fabric. The distorting effect of this beading can be
seen in the lpotos ofFabric landFabric 2(AppendixesF and G) as satellite spatter and
segmented stains. The distortion of these stasde measuring them difficult anesulted in
inaccurate angle of impact calculations at some angles.

This study found no correlation between leecentagef polyesterin thesurface sample
and the range of anglés which the equation waaccurate This could be due to the small
sample size. A larger sample size could better exatheneelationship deveenpolyester
content and thability to accuratly calculae angle of impacturther research is necessary to
determine the impact fabric blends have on tiyais of bloodstains.

The human involvement in this study adoheelement of human errolt is the job of the
examiner to measure thength and width of thetains Errors when measuring are amplified in
the calculated angle of impacthe£5° of acceptablerror associated with the angle of impact

equation is used tminimizethe effect ofhuman error
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Conclusion

This thesis was successfulthrat the control surfaaesulted in accurate angle of impact
calculations at every anglehich means the experimental deswgis valid and can be used for
future researcho test different surface typeBEhe results on three polyester samples were not
what was initially expectedlthoughtheangle of impacequationwasdeveloped on smooth,
nontporoussurfacesit was generayl expectedo provide accurate resulisross alkurface
types. The results of this thesis show that bloodstains found on 100% polyester, 80% polycotton,
and 20% polycottooould notbe universally analyzed using the current equation for angle of
impact.Each fabric sample had a different range of angles that produced accurate results.

The moisturewicking propertyof polyesterisproportionately distorted the staiwwhich
altered the length/width ratend resulted imngle of impact calculatiormutsideof the
accepable+5° range This is significant to the field of forensic sciertmecausét suggestshe
current angle of impact equaticannot be universally applied doodstainsThe surface type
has to be considered before further analysis of a bloodstain can be conducted.

Theresearch questiocat the beginning of this studsked ifthe equation used to find the
angle of impact on smooth, ngorous surfaces provideccurate @sults on moisturavicking
polyester fabricsThe answer to that questi@it dependsThe equation provided accurate
results on all three polyester samfdi@sanglesl1°-41°. For angles outside of that range, the
eqguation yielédan unacceptable amourtterror and should not be usédthough thisst udy 6 s
results mayimit the number ofusable stains at a crime scemenayincrease the accuracy thfe

anal ystés conclusi ons.
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Future Research

In the future, he angle of impact equation will need totbsted on other fabric typess
well as othetexturedsurfacesto determine the accuracy of the calculatiddsing able to
calculatethe angle of impact iselpful for crime scene reconstruction lseowing which surfaces
are acceptabjer moreimportanty the surfaces that are unacceptabletHose calculations is
vital. For surfaces on which the curr@tfuation is inaccurate, research should be done to
determine ithere is aifferent equatiorthat can produce accurate angle opawt calculations.

Analysts need tde cautious when analyzitdpodstairs on fabri¢cand other textured
surfacesand considehow the surfacetype may affectthar interpretation othosestairs. By
continuing researcand adding to the knowledge in theld, source of known errorcan be

eliminatedto increasegheconfidenceofb | oodst ain anal ystoés findings
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Appendix A: Raw Datad Control

Type Sample| Width Length | Calc Anglg Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
C C90a 15.2 15.2 1.57 90.0 90 0.00
C C90b 14.3 14.3 1.57 90.0 90 0.00
C C90c 15.1 15.1 1.57 90.0 90 0.00
C c9od 14.3 14.5 1.40 80.5 90 9.53
C C90e 14.5 14.7 1.41 80.5 90 9.46
C Coof 13.2 13.2 1.57 90.0 90 0.00
C C90g 15.2 15.2 1.57 90.0 90 0.00
C C90h 14.2 14.3 1.45 83.2 90 6.78
C Ca0i 14.0 14.0 1.57 90.0 90 0.00
C C90j 13.9 14.5 1.28 73.5 90 16.54
C C90k 14.3 14.7 1.34 76.6 90 13.40
C Ca0l 14.8 15.1 1.37 78.6 90 11.44
C C90m 14.7 15.1 1.34 76.8 90 13.22
C C90n 14.1 14.1 1.57 90.0 90 0.00
C C80a 14.0 14.0 1.57 90.0 82 8.00
C C80b 13.9 14.0 1.45 83.1 82 1.15
C C80c 13.6 13.6 1.57 90.0 82 8.00
C c8od 12.8 134 1.27 72.8 82 9.21
C C80e 13.4 13.7 1.36 78.0 82 4.01
C C80f 13.3 13.6 1.36 77.9 82 4.06
C C80g 14.3 14.5 1.40 80.5 82 1.53
C C80h 13.6 14.1 1.30 74.7 82 7.30
C C80i 13.9 14.1 1.40 80.3 82 1.66
C C80j 14.7 15.0 1.37 78.5 82 3.48
C C80k 14.0 14.3 1.37 78.2 82 3.76
C C80l 13.7 13.8 1.45 83.1 82 1.10
C C80m 12.9 13.3 1.32 75.9 82 6.09
C C80n 13.4 13.5 1.45 83.0 82 1.02
C C70a 13.9 14.8 1.22 69.9 69 0.92
C C70b 14.1 15.0 1.22 70.1 69 1.05
C C70c 13.9 14.8 1.22 69.9 69 0.92
C C70d 14.1 14.5 1.34 76.5 69 7.51
C C70e 13.9 14.8 1.22 69.9 69 0.92
C C70f 13.6 14.5 1.22 69.7 69 0.71
C C70g 13.5 14.6 1.18 67.6 69 1.38
C C70h 14.7 15.8 1.20 68.5 69 0.51
C C70i 12.9 135 1.27 72.9 69 3.85
C C70j 12.8 13.7 1.21 69.1 69 0.12
C C70k 13.3 14.2 1.21 69.5 69 0.49
C C70I 15.2 16.3 1.20 68.8 69 0.17
C C70m 14.2 14.9 1.26 72.4 69 3.37
C C70n 13.9 14.7 1.24 71.0 69 2.01
C C70p 12.5 13.5 1.18 67.8 69 1.19
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Type Sample| Width Length | Calc Anglg Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
C C60a 12.6 14.0 1.12 64.2 59 5.16
C C60b 12.9 15.6 0.97 55.8 59 3.22
C C60c 13.4 16.4 0.96 54.8 59 4.21
C c60d 14.5 16.8 1.04 59.7 59 0.67
C C60e 11.8 13.8 1.03 58.8 59 0.23
C C60f 14.1 16.3 1.05 59.9 59 0.89
C C60g 13.5 15.7 1.04 59.3 59 0.30
C C60h 13.5 15.9 1.01 58.1 59 0.89
C C60i 14.1 16.5 1.02 58.7 59 0.29
C C60j 13.6 16.5 0.97 55.5 59 3.49
C C60k 15.6 18.7 0.99 56.5 59 2.46
C ceol 12.4 14.2 1.06 60.8 59 1.84
C C60m 13.7 16.4 0.99 56.7 59 2.35
C C60n 15.5 17.9 1.05 60.0 59 0.99
C C60p 13.2 15.7 1.00 57.2 59 1.78
C C50a 13.4 19.3 0.77 44.0 46 2.03
C C50b 12.5 17.4 0.80 45.9 46 0.08
C C50c 12.3 17.9 0.76 43.4 46 2.60
C C50d 12.7 18.5 0.76 43.4 46 2.65
C C50e 11.9 16.9 0.78 44.8 46 1.24
C C50f 13.9 20.0 0.77 44.0 46 1.97
C C50g 12.3 17.7 0.77 44.0 46 1.98
C C50h 13.0 18.1 0.80 45.9 46 0.09
C C50i 12.6 17.9 0.78 44.7 46 1.26
C C50j 12.5 18.1 0.76 43.7 46 2.32
C C50k 12.3 18.1 0.75 42.8 46 3.19
C C50I 12.7 19.4 0.71 40.9 46 5.11
C C50m 12.8 18.9 0.74 42.6 46 3.37
C C50n 11.6 16.8 0.76 43.7 46 2.33
C C40a 12.7 17.6 0.81 46.2 41 5.19
C C40b 12.3 16.8 0.82 47.1 41 6.07
C C40c 11.9 17.0 0.78 44.4 41 3.43
C c40d 11.5 18.6 0.67 38.2 41 2.81
C C40e 11.5 18.7 0.66 37.9 41 3.05
C C40f 11.8 18.8 0.68 38.9 41 2.12
C C40g 11.8 17.9 0.72 41.2 41 0.24
C C40h 11.5 18.8 0.66 37.7 41 3.29
C C40i 11.6 18.8 0.66 38.1 41 2.90
C C40j 12.8 20.5 0.67 38.6 41 2.36
C C40k 12.4 19.9 0.67 38.5 41 2.46
C C40I 11.2 16.8 0.73 41.8 41 0.81
C C40m 13.5 20.7 0.71 40.7 41 0.29
C C40n 13.0 19.7 0.72 41.3 41 0.29
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Type Sample| Width Length | Calc Anglg Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
C C30a 10.2 22.1 0.48 27.5 31 3.51
C C30b 11.7 21.6 0.57 32.8 31 1.80
C C30c 11.1 21.6 0.54 30.9 31 0.08
C Cc30d 12.4 23.7 0.55 315 31 0.55
C C30e 10.1 22.7 0.46 26.4 31 4.58
C C30f 10.5 21.6 0.51 29.1 31 1.91
C C30g 10.6 21.0 0.53 30.3 31 0.68
C C30h 10.4 22.3 0.49 27.8 31 3.20
C C30i 10.5 21.9 0.50 28.6 31 2.35
C C30j 11.5 21.4 0.57 32.5 31 1.51
C C30k 9.4 19.9 0.49 28.2 31 2.81
C C30I 10.6 22.5 0.49 28.1 31 2.89
C C30m 10.5 21.7 0.51 28.9 31 2.06
C C30n 11.1 22.2 0.52 30.0 31 1.00
C C20a 9.0 25.9 0.35 20.3 21 0.67
C C20b 9.5 28.8 0.34 19.3 21 1.74
C C20c 9.3 22.5 0.43 24.4 21 3.41
C Cc20d 10.6 22.4 0.49 28.2 21 7.24
C C20e 9.4 24.6 0.39 22.5 21 1.46
C C20f 9.1 27.3 0.34 19.5 21 1.53
C C20g 8.4 26.8 0.32 18.3 21 2.73
C C20h 7.7 26.2 0.30 17.1 21 3.91
C C20i 8.0 28.5 0.28 16.3 21 4.70
C C20j 9.1 28.3 0.33 18.8 21 2.24
C C20k 7.3 25.7 0.29 16.5 21 4.50
C C20I 7.8 28.8 0.27 15.7 21 5.29
C C20m 8.6 27.4 0.32 18.3 21 2.71
C C20n 8.7 26.7 0.33 19.0 21 1.98
C Cl0a 5.6 32.6 0.17 9.9 11 1.11
C C10b 5.8 31.7 0.18 10.5 11 0.46
C C10c 6.7 34.2 0.20 11.3 11 0.30
C ciod 6.3 35.9 0.18 10.1 11 0.89
C C10e 5.6 33.1 0.17 9.7 11 1.26
C Cc1of 6.2 33.0 0.19 10.8 11 0.17
C C10g 5.8 33.1 0.18 10.1 11 0.91
C C10h 6.1 32.8 0.19 10.7 11 0.28
C C10i 6.4 32.0 0.20 11.5 11 0.54
C C10j 5.8 31.9 0.18 10.5 11 0.52
C C10k 6.1 34.8 0.18 10.1 11 0.90
C C10l 6.7 33.3 0.20 11.6 11 0.61
C C10m 6.2 32.9 0.19 10.9 11 0.14
C C10n 5.7 33.2 0.17 9.9 11 1.11
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Appendix B: Raw Datad Fabric 1

Type Sample | Width Length | Calc Angle Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F1 1F90a 8.5 10.8 0.91 51.9 90 38.1
F1 1F90b 9.1 10.9 0.99 56.6 90 33.4
F1 1F90c 9.4 10.9 1.04 59.6 90 30.4
F1 1F90d 8.7 11.7 0.84 48.0 90 42.0
F1 1F90e 10.1 13.1 0.88 50.4 90 39.6
F1 1F90f 9.6 10.6 1.13 64.9 90 25.1
F1 1F90g 9.2 10.9 1.00 57.6 90 32.4
F1 1F90h 9.4 10.9 1.04 59.6 90 30.4
F1 1F90i 9.1 9.6 1.25 71.4 90 18.6
F1 1F90j 10.3 12.2 1.01 57.6 90 32.4
F1 1F90k 9.2 114 0.94 53.8 90 36.2
F1 1F9O0l 9.6 10.4 1.18 67.4 90 22.6
F1 | 1F90m 10.7 12.5 1.03 58.9 90 31.1
F1 1F90n 10.0 12.4 0.94 53.8 90 36.2
F1 1F80a 9.1 9.8 1.19 68.2 82 13.8
F1 1F80b 9.5 10.0 1.25 71.8 82 10.2
F1 1F80c 8.6 9.0 1.27 72.9 82 9.1
F1 1F80d 9.4 11.0 1.02 58.7 82 23.3
F1 1F80e 9.7 11.3 1.03 59.1 82 22.9
F1 1F80f 8.6 9.0 1.27 72.9 82 9.1
F1 1F80g 8.5 8.5 1.57 90.0 82 8.0
F1 1F80h 8.3 9.5 1.06 60.9 82 21.1
F1 1F80i 7.2 9.2 0.90 51.5 82 30.5
F1 1F80j 7.9 8.8 1.11 63.9 82 18.1
F1 1F80k 7.9 8.7 1.14 65.2 82 16.8
F1 1F80I 8.1 9.0 1.12 64.2 82 17.8
F1 | 1F80m 10.3 11.1 1.19 68.1 82 13.9
F1 1F80n 8.7 9.5 1.16 66.3 82 15.7
F1 1F70a 8.6 13.8 0.67 38.5 69 30.5
F1 1F70b 10.6 12.8 0.98 55.9 69 13.1
F1 1F70c 9.3 11.3 0.97 55.4 69 13.6
F1 1F70d 9.5 12.3 0.88 50.6 69 18.4
F1 1F70e 9.4 11.1 1.01 57.9 69 11.1
F1 1F70f 10.0 12.0 0.99 56.4 69 12.6
F1 1F70g 9.2 13.3 0.76 43.8 69 25.2
F1 1F70h 8.9 115 0.88 50.7 69 18.3
F1 1F70i 9.4 12.6 0.84 48.2 69 20.8
F1 1F70Qj 10.4 14.4 0.81 46.2 69 22.8
F1 1F70k 9.0 12.0 0.85 48.6 69 20.4
F1 1F70I 9.3 12.5 0.84 48.1 69 20.9
F1 | 1F70m 8.7 12.0 0.81 46.5 69 22.5
F1 1F70n 9.6 11.2 1.03 59.0 69 10.0
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Type Sample | Width Length | Calc Angle Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F1 1F60a 8.7 13.8 0.68 39.1 59 19.9
F1 1F60b 9.3 12.4 0.85 48.6 59 10.4
F1 1F60c 8.4 12.5 0.74 42.2 59 16.8
F1 1F60d 8.6 12.9 0.73 41.8 59 17.2
F1 1F60e 8.7 12.4 0.78 44.6 59 14.4
F1 1F60f 8.4 12.2 0.76 43.5 59 15.5
F1 1F60g 7.2 11.7 0.66 38.0 59 21.0
F1 1F60h 9.8 14.9 0.72 41.1 59 17.9
F1 1F60i 8.4 13.9 0.65 37.2 59 21.8
F1 1F60j 9.0 15.0 0.64 36.9 59 22.1
F1 1F60k 8.0 10.9 0.82 47.2 59 11.8
F1 1F60l 8.1 11.2 0.81 46.3 59 12.7
F1 | 1F60m 8.3 13.6 0.66 37.6 59 21.4
F1 1F60n 8.1 135 0.64 36.9 59 22.1
F1 1F50a 11.8 14.9 0.91 52.4 46 6.4
F1 1F50b 9.8 13.0 0.85 48.9 46 2.9
F1 1F50c 10.4 135 0.88 50.4 46 4.4
F1 1F50d 9.7 14.4 0.74 42.3 46 3.7
F1 1F50e 9.3 14.1 0.72 41.3 46 4.7
F1 1F50f 11.2 13.9 0.94 53.7 46 7.7
F1 1F50g 11.6 11.7 1.44 82.5 46 36.5
F1 1F50h 9.1 11.7 0.89 51.1 46 51
F1 1F50i 9.2 12.1 0.86 49.5 46 3.5
F1 1F50j 9.8 12.7 0.88 50.5 46 4.5
F1 1F50k 8.2 12.5 0.72 41.0 46 5.0
F1 1F50I 10.3 14.2 0.81 46.5 46 0.5
F1 | 1F50m 10.5 11.3 1.19 68.3 46 22.3
F1 1F50n 9.2 12.4 0.84 47.9 46 1.9
F1 1F40a 11.0 14.6 0.85 48.9 41 7.9
F1 1F40b 9.7 14.6 0.73 41.6 41 0.6
F1 1F400 8.5 13.5 0.68 39.0 41 2.0
F1 1F40d 10.2 15.8 0.70 40.2 41 0.8
F1 1F40e 9.5 10.2 1.20 68.6 41 27.6
F1 1F40f 9.0 12.1 0.84 48.1 41 7.1
F1 1F40g 9.1 13.9 0.71 40.9 41 0.1
F1 1F40h 9.8 14.0 0.78 44.4 41 3.4
F1 1F40i 9.5 15.8 0.65 37.0 41 4.0
F1 1F40j 9.5 14.4 0.72 41.3 41 0.3
F1 1F40k 10.9 15.4 0.79 45.1 41 4.1
F1 1F40I 10.2 15.7 0.71 40.5 41 0.5
F1 | 1F40m 10.9 16.3 0.73 42.0 41 1.0
F1 1F40n 9.0 14.4 0.68 38.7 41 2.3
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Type Sample | Width Length | Calc Angle Calc Angle| Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F1 1F30a 7.4 13.5 0.58 33.2 31 2.2
F1 1F30b 7.3 15.4 0.49 28.3 31 2.7
F1 1F30c 8.4 17.4 0.50 28.9 31 2.1
F1 1F30d 7.8 14.8 0.56 31.8 31 0.8
F1 1F30e 7.3 14.0 0.55 31.4 31 0.4
F1 1F30f 8.0 17.2 0.48 27.7 31 3.3
F1 1F30g 8.3 18.5 0.47 26.7 31 4.3
F1 1F30h 8.8 15.8 0.59 33.8 31 2.8
F1 1F30i 7.8 17.0 0.48 27.3 31 3.7
F1 1F30j 7.8 14.3 0.58 33.1 31 2.1
F1 1F30k 7.9 17.2 0.48 27.3 31 3.7
F1 1F30l 9.6 21.4 0.47 26.7 31 4.3
F1 | 1F30m 9.3 19.2 0.51 29.0 31 2.0
F1 1F30n 7.1 14.6 0.51 29.1 31 1.9
F1 1F20a 6.3 19.6 0.33 18.7 21 2.3
F1 1F20b 6.0 19.3 0.32 18.1 21 2.9
F1 1F20c 6.1 16.4 0.38 21.8 21 0.8
F1 1F20d 55 18.8 0.30 17.0 21 4.0
F1 1F20e 5.6 17.8 0.32 18.3 21 2.7
F1 1F20f 5.8 18.2 0.32 18.6 21 2.4
F1 1F20g 6.3 17.4 0.37 21.2 21 0.2
F1 1F20h 5.9 17.6 0.34 19.6 21 14
F1 1F20i 5.6 17.7 0.32 18.4 21 2.6
F1 1F20j 5.8 17.5 0.34 19.4 21 1.6
F1 1F20k 5.6 14.0 0.41 23.6 21 2.6
F1 1F20I 5.6 16.0 0.36 20.5 21 0.5
F1 | 1F20m 5.4 16.9 0.33 18.6 21 2.4
F1 1F20p 5.8 15.7 0.38 21.7 21 0.7
F1 1F10a 5.5 34.2 0.16 9.3 11 1.7
F1 1F10b 5.3 25.4 0.21 12.0 11 1.0
F1 1F10c 5.2 26.7 0.20 11.2 11 0.2
F1 1F10d 6.1 32.7 0.19 10.8 11 0.2
F1 1F10e 5.0 40.7 0.12 7.1 11 3.9
F1 1F10f 6.0 34.5 0.17 10.0 11 1.0
F1 1F10g 5.3 24.0 0.22 12.8 11 1.8
F1 1F10h 5.5 25.6 0.22 12.4 11 1.4
F1 1F10i 5.6 28.0 0.20 11.5 11 0.5
F1 1F10j 4.4 24.4 0.18 10.4 11 0.6
F1 1F10k 4.9 22.5 0.22 12.6 11 1.6
F1 1F10I 5.6 20.9 0.27 15.5 11 4.5
F1 | 1F10m 4.7 24.7 0.19 11.0 11 0.0
F1 1F10n 6.6 25.2 0.26 15.2 11 4.2

43




Appendix C: Raw Datad Fabric 2

Type Sample| Width Length | Calc Anglg Calc Anglel Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F2 | 2F90a 7.7 7.8 1.41 80.82 90 9.18
F2 | 2F90b 7.6 7.8 1.34 77.00 90 13.00
F2 | 2F90c 7.6 7.8 1.34 77.00 90 13.00
F2 | 2F90d 7.6 7.8 1.34 77.00 90 13.00
F2 | 2F90e 7.7 7.8 1.41 80.82 90 9.18
F2 2F90f 6.7 7.2 1.20 68.52 90 21.48
F2 | 2F90g 5.8 6.0 1.31 75.16 90 14.84
F2 | 2F90h 7.6 7.6 1.57 90.00 90 0.00
F2 2F90i 8.0 8.3 1.30 74.55 90 15.45
F2 2F90j 7.2 7.8 1.18 67.38 90 22.62
F2 | 2F90k 7.2 7.4 1.34 76.65 90 13.35
F2 2F90l 7.1 7.5 1.24 71.20 90 18.80
F2 | 2F90m 7.2 7.2 1.57 90.00 90 0.00
F2 | 2F90n 6.9 7.1 1.33 76.37 90 13.63
F2 | 2F80a 7.6 7.8 1.34 77.00 82 5.00
F2 | 2F80b 6.1 6.7 1.14 65.57 82 16.43
F2 | 2F80c 8.1 8.3 1.35 77.40 82 4.60
F2 | 2F80d 8.9 9.2 1.31 75.33 82 6.67
F2 | 2F80e 7.6 7.6 1.57 90.00 82 8.00
F2 2F80f 8.0 8.5 1.23 70.25 82 11.75
F2 | 2F80g 7.4 8.1 1.15 66.00 82 16.00
F2 | 2F80h 7.7 8.5 1.13 64.94 82 17.06
F2 2F80i 6.8 7.5 1.14 65.05 82 16.95
F2 2F80j 8.1 8.1 1.57 90.00 82 8.00
F2 | 2F80k 8.8 9.4 1.21 69.42 82 12.58
F2 2F80I 7.6 7.6 1.57 90.00 82 8.00
F2 | 2F80m 7.9 8.8 1.11 63.86 82 18.14
F2 | 2F80n 7.9 7.9 1.57 90.00 82 8.00
F2 | 2F70a 7.0 7.8 1.11 63.82 69 5.18
F2 | 2F70b 7.2 7.8 1.18 67.38 69 1.62
F2 | 2F70c 7.3 8.2 1.10 62.90 69 6.10
F2 | 2F70d 7.0 7.9 1.09 62.38 69 6.62
F2 | 2F70e 6.9 8.0 1.04 59.60 69 9.40
F2 2F70f 7.1 8.7 0.95 54.70 69 14.30
F2 | 2F70g 7.8 9.0 1.05 60.07 69 8.93
F2 | 2F70h 7.4 8.2 1.13 64.48 69 4.52
F2 2F70i 7.1 8.3 1.03 58.81 69 10.19
F2 2F70j 7.8 8.6 1.14 65.09 69 3.91
F2 | 2F70k 8.4 9.1 1.18 67.38 69 1.62
F2 2F70l 7.4 9.1 0.95 54.41 69 14.59
F2 | 2F70m 7.1 8.6 0.97 55.65 69 13.35
F2 | 2F70n 6.9 8.3 0.98 56.24 69 12.76
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Type Sample| Width Length | Calc Anglg Calc Anglel Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F2 | 2F60a 7.3 8.2 1.10 62.90 59 3.90
F2 | 2F60b 7.2 8.0 1.12 64.16 59 5.16
F2 | 2F60c 7.0 7.9 1.09 62.38 59 3.38
F2 | 2F60d 7.1 8.2 1.05 59.98 59 0.98
F2 | 2F60e 7.5 8.3 1.13 64.64 59 5.64
F2 2F60f 7.0 7.6 1.17 67.08 59 8.08
F2 | 2F60g 6.9 8.5 0.95 54.27 59 4.73
F2 | 2F60h 7.3 8.0 1.15 65.85 59 6.85
F2 2F60i 7.4 8.1 1.15 66.00 59 7.00
F2 2F60j 7.8 9.1 1.03 59.00 59 0.00
F2 | 2F60k 7.1 8.3 1.03 58.81 59 0.19
F2 2F60I 6.8 8.0 1.02 58.21 59 0.79
F2 | 2F60m 7.6 8.6 1.08 62.09 59 3.09
F2 | 2F60n 7.1 8.3 1.03 58.81 59 0.19
F2 | 2F50a 6.1 8.3 0.83 47.30 46 1.30
F2 | 2F50b 7.3 9.4 0.89 50.95 46 4.95
F2 | 2F50c 7.0 8.9 0.91 51.86 46 5.86
F2 | 2F50d 6.9 9.3 0.84 47.90 46 1.90
F2 | 2F50e 7.1 9.0 0.91 52.08 46 6.08
F2 2F50f 7.1 9.3 0.87 49.77 46 3.77
F2 | 2F50g 7.6 9.8 0.89 50.85 46 4.85
F2 | 2F50h 7.4 9.2 0.93 53.55 46 7.55
F2 2F50i 7.3 9.9 0.83 47.51 46 1.51
F2 2F50j 7.6 10.2 0.84 48.17 46 2.17
F2 | 2F50k 6.9 9.8 0.78 44.76 46 1.24
F2 2F50I 7.3 9.5 0.88 50.21 46 4.21
F2 | 2F50m 7.6 9.7 0.90 51.58 46 5.58
F2 | 2F50n 6.9 9.6 0.80 45.95 46 0.05
F2 | 2F40a 6.3 10.4 0.65 37.28 41 3.72
F2 | 2F40b 6.8 10.9 0.67 38.60 41 2.40
F2 | 2F40c 6.3 9.9 0.69 39.52 41 1.48
F2 | 2F40d 6.8 10.1 0.74 42.32 41 1.32
F2 | 2F40e 6.4 10.4 0.66 37.98 41 3.02
F2 2F40f 7.0 10.3 0.75 42.81 41 1.81
F2 | 2F40g 6.8 11.4 0.64 36.62 41 4.38
F2 | 2F40h 6.6 10.1 0.71 40.80 41 0.20
F2 2F40i 6.6 9.7 0.75 42.88 41 1.88
F2 2F40j 7.2 10.4 0.76 43.81 41 2.81
F2 | 2F40k 6.5 10.4 0.68 38.68 41 2.32
F2 2F40I 6.3 9.6 0.72 41.01 41 0.01
F2 | 2F40m 6.6 10.8 0.66 37.67 41 3.33
F2 | 2F40n 6.6 11.0 0.64 36.87 41 4.13
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Type Sample| Width Length | Calc Anglg Calc Anglel Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg)
F2 | 2F30a 6.0 12.6 0.50 28.44 31 2.56
F2 | 2F30b 6.6 12.1 0.58 33.06 31 2.06
F2 | 2F30c 6.5 11.5 0.60 34.42 31 3.42
F2 | 2F30d 7.1 14.0 0.53 30.47 31 0.53
F2 | 2F30e 6.4 13.5 0.49 28.30 31 2.70
F2 2F30f 6.3 12.4 0.53 30.53 31 0.47
F2 | 2F30g 7.1 12.4 0.61 34.93 31 3.93
F2 | 2F30h 7.0 12.5 0.59 34.06 31 3.06
F2 2F30i 6.5 11.9 0.58 33.11 31 2.11
F2 2F30j 6.0 12.6 0.50 28.44 31 2.56
F2 | 2F30k 6.1 11.5 0.56 32.03 31 1.03
F2 2F30I 6.1 12.4 0.51 29.47 31 1.53
F2 | 2F30m 6.5 11.7 0.59 33.75 31 2.75
F2 | 2F30n 6.4 11.9 0.57 32.54 31 1.54
F2 | 2F20a 5.2 16.5 0.32 18.37 21 2.63
F2 | 2F20b 5.8 16.9 0.35 20.07 21 0.93
F2 | 2F20c 6.3 14.5 0.45 25.75 21 4.75
F2 2F20d 54 17.7 0.31 17.76 21 3.24
F2 | 2F20e 6.2 16.1 0.40 22.65 21 1.65
F2 2F20f 5.2 16.1 0.33 18.84 21 2.16
F2 2F20g 5.7 14.5 0.40 23.15 21 2.15
F2 2F20h 5.7 18.7 0.31 17.75 21 3.25
F2 2F20i 4.6 16.6 0.28 16.09 21 491
F2 2F20j 5.7 17.3 0.34 19.24 21 1.76
F2 | 2F20k 6.1 15.1 0.42 23.83 21 2.83
F2 2F20I 5.7 16.4 0.35 20.34 21 0.66
F2 | 2F20m 5.9 16.3 0.37 21.22 21 0.22
F2 | 2F20n 5.8 15.4 0.39 22.12 21 1.12
F2 | 2F10a 5.7 29.6 0.19 11.10 11 0.10
F2 | 2F10b 4.8 28.9 0.17 9.56 11 1.44
F2 | 2F10c 5.2 21.9 0.24 13.74 11 2.74
F2 | 2Fi0d 5.6 23.3 0.24 13.91 11 2.91
F2 | 2F10e 5.4 23.4 0.23 13.34 11 2.34
F2 2F10f 5.3 21.8 0.25 14.07 11 3.07
F2 | 2F10g 4.8 23.4 0.21 11.84 11 0.84
F2 | 2F10h 4.5 22.1 0.21 11.75 11 0.75
F2 2F10i 4.8 21.2 0.23 13.09 11 2.09
F2 2F10j 5.6 24.4 0.23 13.27 11 2.27
F2 | 2F10k 5.6 25.7 0.22 12.59 11 1.59
F2 2F10I 5.3 29.0 0.18 10.53 11 0.47
F2 | 2F10m 5.2 22.4 0.23 13.42 11 2.42
F2 | 2F10n 5.6 23.0 0.25 14.09 11 3.09
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Appendix D: Raw Datad Fabric 3

Type Sample| Width Length | Calc Angle| Calc Anglg Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg
F3 | 3F90a 12.5 12.7 1.39 7982 90 10.18
F3 | 3F90b 12.2 12.5 1.35 7742 90 12.58
F3 | 3F90c 10.9 12.9 1.01 5767 90 32.33
F3 | 3F90d 10.4 12.4 0.99 57.00 90 33.00
F3 | 3F90e 10.8 12.5 1.04 59.77 90 30.23
F3 | 3F90f 10.5 11.7 1.11 63.82 90 26.18
F3 | 3F90g 9.7 11.4 1.02 5831 90 31.69
F3 | 3F90h 10.0 11.9 1.00 5718 90 32.82
F3 3F90i 9.4 11.7 0.93 5346 90 36.54
F3 3F90j 11.2 12.6 1.09 62.73 90 27.27
F3 | 3F90k 10.1 11.8 1.03 58.86 90 31.14
F3 3F90l 10.8 12.0 112 64.16 90 25.84
F3 | 3F90m 10.6 12.7 0.99 56.58 90 33.42
F3 | 3F90n 10.0 11.6 1.04 5955 90 30.45
F3 | 3F80a 10.4 11.7 1.09 62.73 82 19.27
F3 | 3F80b 10.1 12.3 0.96 5520 82 26.80
F3 | 3F80c 9.6 10.3 1.20 68.75 82 13.25
F3 | 3F80d 9.7 11.1 1.06 6091 82 21.09
F3 | 3F80e 10.1 12.1 0.99 5659 82 25.41
F3 | 3F80f 10.5 11.3 1.19 6831 82 13.69
F3 | 3F80g 10.5 11.6 1.13 64.85 82 17.15
F3 | 3F80h 9.2 12.0 0.87 50.06 82 31.94
F3 3F80i 10.2 12.8 0.92 5283 82 29.17
F3 3F80j 11.9 12.5 1.26 7218 82 9.82
F3 | 3F80k 10.2 10.6 1.30 7421 82 7.79
F3 3F80I 9.8 11.8 0.98 56.15 82 25.85
F3 | 3F80m 10.1 11.7 1.04 5968 82 22.32
F3 | 3F80n 10.9 11.4 1.27 7297 82 9.03
F3 | 3F80p 10.1 10.4 1.33 76.20 82 5.80
F3 | 3F70a 11.7 12.7 1.17 6711 69 1.89
F3 | 3F70b 10.3 11.0 1.21 6945 69 0.45
F3 | 3F70c 10.5 10.8 1.33 76.46 69 7.46
F3 | 3F70d 10.4 10.6 1.38 7885 69 9.85
F3 | 3F70e 10.6 11.7 1.13 64.96 69 4.04
F3 | 3F70f 9.9 10.7 1.18 67.70 69 1.30
F3 | 3F70g 10.1 10.3 137 7869 69 9.69
F3 | 3F70h 10.1 10.9 1.19 6791 69 1.09
F3 3F70i 10.6 11.5 1.17 67.18 69 1.82
F3 3F70j 10.7 10.9 1.38 7901 69 10.01
F3 | 3F70k 10.0 11.2 1.10 6323 69 5.77
F3 3F70l 11.0 11.5 1.27 7304 69 4.04
F3 | 3F70m 11.5 11.5 1.57 90.00 69 21.00
F3 | 3F70n 11.7 12.4 1.23 70.66 69 1.66
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Type Sample| Width Length | Calc Angle| Calc Anglg Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg
F3 | 3F60a 10.8 11.5 122 6991 59 10.91
F3 | 3F60b 10.6 10.8 1.38 7896 59 19.96
F3 | 3F60c 10.3 11.1 1.19 6811 59 9.11
F3 | 3F60d 10.4 11.7 1.09 62.73 59 3.73
F3 | 3F60e 9.6 10.9 1.08 61.73 59 2.73
F3 | 3F60f 9.8 11.0 1.10 6299 59 3.99
F3 | 3F60g 10.6 11.5 1.17 67.18 59 8.18
F3 | 3F60h 9.2 10.4 1.09 62.20 59 3.20
F3 3F60i 10.0 11.6 1.04 5955 59 0.55
F3 3F60j 9.9 11.0 112 64.16 59 5.16
F3 | 3F60k 10.6 11.9 1.10 6297 59 3.97
F3 3F60I 9.9 10.5 1.23 7054 59 11.54
F3 | 3F60m 9.7 10.3 1.23 7035 59 11.35
F3 | 3F60n 9.4 10.9 1.04 5959 59 0.59
F3 | 3F50a 9.7 13.9 0.77 4425 46 1.75
F3 | 3F50b 10.1 13.1 0.88 5044 46 4.44
F3 | 3F50c 9.7 12.6 0.88 5034 46 4.34
F3 | 3F50d 9.3 12.9 0.81 46.13 46 0.13
F3 | 3F50e 9.4 12.4 0.86 4929 46 3.29
F3 | 3F50f 9.7 12.7 0.87 49380 46 3.80
F3 3F50g 9.7 14.3 0.75 4271 46 3.29
F3 | 3F50h 8.9 12.9 0.76 4362 46 2.38
F3 3F50i 9.8 14.0 0.78 4443 46 1.57
F3 3F50j 9.1 12.2 0.84 4824 46 2.24
F3 | 3F50k 8.6 13.2 0.71 4066 46 5.34
F3 3F50I 11.1 13.1 1.01 5792 46 11.92
F3 | 3F50m 11.1 13.2 1.00 5724 46 11.24
F3 | 3F50n 9.7 13.1 0.83 4777 46 1.77
F3 | 3F50p 9.0 13.9 0.70 4035 46 5.65
F3 | 3F40a 8.5 12.4 0.76 4327 41 2.27
F3 | 3F40b 9.4 13.5 0.77 4413 41 3.13
F3 | 3F40c 9.0 12.7 0.79 4513 41 4.13
F3 | 3F40d 9.1 13.4 0.75 4277 41 1.77
F3 | 3F40e 8.6 14.3 0.65 3697 41 4.03
F3 | 3F40f 8.8 13.8 0.69 3962 41 1.38
F3 | 3F40g 9.0 12.6 0.80 4558 41 4.58
F3 | 3F40h 9.7 16.2 0.64 36.78 41 4.22
F3 3F40i 9.9 13.9 0.79 4542 41 4.42
F3 3F40j 8.1 10.8 0.85 4859 41 7.59
F3 | 3F40k 9.3 15.8 0.63 36.06 41 4.94
F3 3F40l 8.6 10.5 0.96 5499 41 13.99
F3 | 3F40m 10.4 14.7 0.79 4503 41 4.03
F3 | 3F40n 8.7 13.8 0.68 3908 41 1.92
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Type Sample| Width Length | Calc Angle| Calc Anglg Actual Angle Absolute
ID (mm) (mm) (rad) (deg) (deg) Difference (deg
F3 | 3F30a 7.7 16.5 0.49 2782 31 3.18
F3 | 3F30b 7.5 14.3 0.55 3163 31 0.63
F3 | 3F30c 8.1 18.3 0.46 26.27 31 4.73
F3 | 3F30d 7.6 17.3 0.45 26.06 31 4.94
F3 | 3F30e 7.9 15.9 0.52 29.79 31 1.21
F3 | 3F30f 7.2 16.5 0.45 2587 31 5.13
F3 | 3F30g 7.8 14.3 0.58 33.06 31 2.06
F3 | 3F30h 7.6 16.4 0.48 2761 31 3.39
F3 3F30i 7.2 18.8 0.39 2252 31 8.48
F3 3F30j 8.0 18.1 0.46 2623 31 4.77
F3 | 3F30k 7.7 13.9 0.59 3364 31 2.64
F3 3F30I 7.2 16.6 0.45 25.70 31 5.30
F3 | 3F30m 6.9 15.8 0.45 25.89 31 5.11
F3 | 3F30n 7.7 16.5 0.49 2782 31 3.18
F3 | 3F20a 6.0 21.6 0.28 1613 21 4.87
F3 | 3F20b 7.1 22.7 0.32 1823 21 2.77
F3 | 3F20c 6.3 18.2 0.35 2025 21 0.75
F3 | 3F20d 6.8 20.7 0.33 1918 21 1.82
F3 | 3F20e 6.6 17.1 0.40 22.70 21 1.70
F3 | 3F20f 6.5 18.4 0.36 2069 21 0.31
F3 3F20g 5.7 21.0 0.27 15.75 21 5.25
F3 | 3F20h 6.9 22.7 0.31 17.70 21 3.30
F3 3F20i 6.6 20.5 0.33 18.78 21 2.22
F3 3F20j 7.5 19.7 0.39 22.38 21 1.38
F3 | 3F20k 5.8 20.8 0.28 16.19 21 4.81
F3 3F20I 7.0 20.6 0.35 1987 21 1.13
F3 | 3F20m 6.1 17.2 0.36 20.77 21 0.23
F3 | 3F20n 6.7 20.1 0.34 1947 21 1.53
F3 | 3F10a 5.2 28.1 0.19 1066 11 0.34
F3 | 3F10b 5.6 315 0.18 1024 11 0.76
F3 | 3F10c 6.3 26.2 0.24 1391 11 2.91
F3 | 3Fi0d 6.8 33.1 0.21 1186 11 0.86
F3 | 3F10e 5.7 24.7 0.23 1334 11 2.34
F3 | 3F10f 5.9 23.3 0.26 1467 11 3.67
F3 | 3F10g 4.1 28.6 0.14 8.24 11 2.76
F3 | 3F10h 5.3 23.8 0.22 1287 11 1.87
F3 3F10i 6.8 31.1 0.22 1263 11 1.63
F3 3F10j 6.1 34.9 0.18 1007 11 0.93
F3 | 3F10k 5.4 28.4 0.19 1096 11 0.04
F3 3F10l 5.5 28.1 0.20 11.29 11 0.29
F3 | 3F10m 5.2 27.4 0.19 1094 11 0.06
F3 | 3F10n 5.7 28.1 0.20 11.70 11 0.70
F3 | 3F10p 5.1 30.9 0.17 9.50 11 1.50
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Appendix E: Bloodstain Photo Control































Appendix F: Bloodstain Photo$ Fabric 1
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