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”It is a capital mistake to theorize before one has data.
Insensibly, one begins to twist the facts to suit the theo-
ries, instead of the theories to suit the facts.”

Sherlock Holmes
”A Scandal in Bohemia”
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Chapter 1

1.1 Bloodstain Pattern Analysis

One of the most common and significant types of evidence associated with vio-

lent crimes is blood. Investigating blood may provide a crime scene investigator

with information about the events that have taken place and who was involved.

Such an investigation can come in the form of DNA analysis or bloodstain pat-

tern analysis (BPA), among others. Bloodstain pattern analysis is defined as the

study of the shapes, sizes, distribution and locations of bloodstains in order to

determine the physical events which gave rise to their origin. By means of BPA

the investigator tries to answer the what, how and where concerning the crime in

question. In contrast to DNA analysis, for example, which answers the question:

Who does the blood belong to? The aim of BPA is to provide information about

the blood shedding events that took place on the crime scene. This information

includes the mechanism that causes a specific pattern, the location of a victim,

minimum number of strikes or impacts, movement of a blood source, position of

objects and persons during bloodletting, sequence of events, etc. The appearance

of a bloodstain pattern is connected to a certain manner of creation. For example,

if an object (e.g., a hammer) strikes a liquid volume of blood (e.g., a victim),

droplets disperse through the air in a radiating pattern and when hitting a surface

(e.g., a wall) a so-called ’impact pattern’ will be formed (Fig. 1.1a). The forensic

investigator wants to know what the location was of the blood source, also known

as the Region of Origin1 (RO), during the blood shedding event. Several methods

exist to determine the region of origin, e.g., the stringing method2 [1], the tan-

gent method [2], reciprocal correlation method [3]. The stringing method is the

standard method used, worldwide, to determine the location of the origin.

To determine the RO the investigator first has to select a number of stains, depend-

ing on a few selection criteria [2] (see chapter 5). After selection, the investigator

needs to measure the location of each stain, determine the directionality (given

by the angle γ) and its impact angle α (Fig. 1.1). The selected bloodstains of an

impact pattern are always elliptical (Fig 1.1b,c). In addition, they often have a tail

showing the direction of travel of the original blood droplet, which is quantified

1The nomenclature for the location of the origin has changed over time. The forensic investi-
gators started calling the location of the blood source, the Point of Origin (PO). However, it was
noted that the location was never one single point, but more a region in space, so they called it
Area of Origin (AO) (see Appendix A). In this study only the terms Point of Origin and Region
of Origin are used as they best describe the location of our source.

2Also known as directional analysis.
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Figure 1.1: Example of a bloodstain impact pattern with a detailed photo-
graph of a single bloodstain. (a) Impact pattern created by means of a hammer
on a spring released into a volume of liquid blood. (b) Schematic representation
of the directional angle γ and the impact angle α of a single bloodstain (red
ellipse). (c) A single elliptical bloodstain of which the tail shows the direction

of travel.

by the directional angle γ the bloodstain has compared to the vertical. A picture

is taken of each selected stain, which is used to determine the impact angle (α),

which is directly related to the elliptical shape of the stain by means of [4]:

sinα = (Wmax/Lmax) (1.1)

The final stain tends to be elongated in the length due to the inertia of the excess

3



Chapter 1

fluid, which also causes the formation of the tail. To obtain the correct stain

length, an ellipse is fitted to the leading edge of the bloodstain (opposite of the

tail). From the ellipse, the length (Lmax) and width (Wmax) are determined and

the impact angle is calculated. Next, a string is spanned from the stain under the

angles γ and α. This can be done with real strings or virtual ones when making

use of programs like Backtrack [5] or Hemospat [6]. The location in space where all

the strings come together, i.e, the region that has the highest density of strings, is

assumed to be the RO. Though this method is quite elegant, two problems emerge.

First of all, the stringing method assumes the trajectories of the droplets to be

straight lines, while in reality, they will be curved due to the influence of gravity

and air resistance (drag). Accordingly, when spanning a straight line from the

stain, one will always overestimate the height of the RO (Fig. 1.2a).

Figure 1.2: Deviation caused by the straight-line assumption for (a) an upward
directed bloodstain and (b) a downward directed bloodstain. The dashed line
is the straight-line approximation, the red line is the actual flight path and
the blue arrow is the deviation between the flight path and the straight-line

approximation.

De Bruin et al. [7] inferred from detailed measurements using directional analysis,

that the overestimation increases with increasing distance between blood source

and wall. When the origin is just one meter from the wall, the overestimation can

be as large as 45 cm. This deviation can be larger than the difference between a

standing and sitting person. Consequently, it is not possible to deduce the position

of the victim or even of the perpetrator, while this information can be crucial in

court for refuting or supporting a testimony, e.g., a claim of self-defense.

The second problem with the straight-line approximation is that only upward

directed bloodstains (γ < 90◦) are taken into account when selecting the stains.

Downward directed stains (γ > 90◦) could have initially had an upward trajectory,

4
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and the resulting straight line would lead to a large error (Fig. 1.2b). In princi-

ple, the further away the origin is from the wall, the more downward directed

bloodstains will be present.

To determine the curved trajectory of a blood droplet, the effects of gravity and air

resistance (drag) need to be taken into account. To do so, the impact velocity, the

velocity of the droplet when it impacts the wall, is required. Studies on impact of

blood droplets indicate that it is possible to determine the impact velocity from the

size of the stain, provided the volume of the blood droplet is known, which is not

usually the case [8–12]. Some studies try to circumvent this problem by relating

the volume and impact velocity to the number of spines3 created around the stain

[8, 10]. However, these studies are based on phenomenological spreading models

[13] and depend on many assumptions and empirical corrections [11]. Accordingly,

to infer the impact velocity from a dried bloodstain, a method to determine the

volume of a bloodstain is required (Chapter 3) and a quantitative equation relating

the volume and the size of a bloodstain to the impact velocity (Chapter 4). The

latter is based on sound fluid dynamical principles.

1.2 Current state of affairs of impact and spread-

ing of droplets

Controlling droplet deposition is of great importance for a wide variety of practical

applications such as spray coating [14], pesticide deposition on plant leaves [15, 16],

inkjet printing [17], bioarray design [18] and so on. For most of these applications

one seeks to optimize the coverage of the liquid and/or to avoid losing any of

the material contained in the impinging droplets. For the high-speed impact of

droplets on different surfaces, an important open question remains what gives the

maximum coverage, i.e., the maximum radius that every impacting droplet attains.

When a droplet hits the surface, it rapidly spreads in a circular fashion within

several milliseconds, Fig. 1.3. Spreading is driven by the inertia of the droplet,

and countered by the capillary and viscous forces [19, 20]. In general, these forces

are quantified in terms of the ratio between the inertial and capillary forces (the

3Spines are also known as scallops or fingers.
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Figure 1.3: (a-d) High-speed camera recording of a single blood droplet im-
pacting (v ≈ 2 m/s) on a stainless steel substrate. (a) 0.2 ms prior to droplet
impact, the droplet is spherical. (b) 0.6 ms after droplet impact on the surface; a
thin lamella spreads outwards due to the inertial forces. (c) 2.4 ms after droplet
impact; the lamella increases in size. Spreading of the lamella slows down until
it reaches its maximum size (Dmax) while there is a buildup of liquid in the
outer rim. (d) 4 ms after droplet impact; the bulk of the liquid is distributed

over the entire stain.

Weber number);

We ≡
ρD0v

2
impact

σ
(1.2)

or between the inertial and viscous forces (the Reynolds number):

Re ≡ ρD0vimpact
η

(1.3)

where ρ denotes the density of the fluid, D0 the diameter of the droplet in flight,

vimpact the impact velocity of the droplet, σ the surface tension and η the viscosity

of the fluid. A few milliseconds after impact, the spreading droplet reaches its

maximum diameter Dmax, after which it can either retract due to the capillary

forces [21] or remain pinned to the surface [15, 22]. How the maximum diame-

ter that the droplet attains varies with the experimental parameters remains a

much-debated issue. Especially for the forensic application, to properly analyze

bloodstain patterns, one needs to know the relation between the impact veloc-

ity, the stain size and volume of the droplet. A large number of different models

have been proposed for the maximum radius; these use different arguments and

sometimes arrive at very different conclusions [23, 24]. In addition, for both the

6
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capillary and viscous regime various spreading models can be derived.

Worthington [25, 26] was one of the first to ever investigate the impact and spread-

ing of water and mercury droplets impinging on a solid surface. Even though

Worthington did not offer a relation between spreading diameter and impact ve-

locity, more than a dozen different models have emerged since [23, 24, 27, 28].

One of the first models to appear was the one of Engel [29], which was based

on energy conservation of a spreading droplet taking both viscous and capillary

forces into account. A priori, energy conservation seems to be the most obvious

basis for a model concerning impact and spreading of droplets. Based on this

idea numerous models have been developed which are based on energy conserva-

tion but require some empirical determined constants [30–38]. In addition, some

studies tried to improve these existing models [8, 11, 39, 40]. Others tried more

complex approaches, by using either a force balance approach [41], a momentum

balance approach [20, 42–44] or numerical simulations [45–47]. Even though all

these different approaches allow to quantify impact and spreading, due to their

sometimes complex formulations, they are not the most useful for practical appli-

cations. Accordingly, to improve the applicability of a model, other studies use an

entirely empirical approach [11, 22, 48]. Some studies have tested the models with

their own obtained data [49] and expanded those for non-Newtonian fluids [24, 38].

Finally, due to the emergence and improved accessibility of super computers, sim-

ulations on droplet impact become increasingly more common [50–57]. Each of the

previous mentioned studies derive their own conclusions from their specific model

and thus the debate concerning the validity of any one model continues.

1.2.1 Impact and spreading in the viscous regime

Let us first consider droplet impact upon a surface in the case where capillary forces

can be neglected (e.g. low surface tension). If we assume energy conservation, then

the spreading of the droplet is solely limited by viscous forces and can directly be

equated to the kinetic energy. Prior to impact the kinetic energy is given by:

Ekin =
1

2
mv2

impact =
π

12
ρv2

impactD
3
0 (1.4)

7
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where m is the mass of the droplet. The energy lost by viscous dissipation is:

Evis =

∫ tc

0

∫
V

ϕ dV dt (1.5)

here V is the volume of the droplet and ϕ is the dissipation function [31]:

ϕ = µ(
∂vi
∂xj

+
∂vj
∂xi

)
∂vi
∂xj
≈ η(

vimpact
L

)2 (1.6)

where L is the characteristic length and in case of a spreading droplet, which

assumes a cylindrical form, is assumed to be the height of the cylinder h [31]. In

addition, tc is the time required for the droplet to reach the maximum spreading

diameter and can be approximated by tc ≈ Dmax/vimpact [42]. If we then equate

the energy necessary for viscous dissipation to the kinetic energy:

Ekin = Evis
1
2
mv2

impact ≈ η(
vimpact

h
)2 · V · tc

(1.7)

The volume of the droplet at the time of maximum spreading can be assumed to

be a cylinder with diameter Dmax and height h. Using volume conservation:

hD2
max ∼ D3

0 (1.8)

Eq. 1.7 can be rewritten as:

(
Dmax

D0

)5 ∼ ρD0vimpact
η

(1.9)

The right hand side of Eq. 1.9 equals the Reynolds number. Accordingly we get;

The viscous dissipation model:

Dmax

D0

∼ Re1/5 (1.10)

There are various ways to deduce the maximum spreading ratio for the viscous

regime which result in Re1/5, for example, by means of a more elaborate energy

balance approach [30] or by means of a momentum balance approach [20]. These

findings strengthen the validity of Eq. 1.10.
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In the forensic domain, one generally uses an impact-spreading of Pasandideh-Fard

et al. [34, 58] who equate the kinetic and surface energy prior to impact to the

viscous dissipation and surface energy after impact. Based on their experimental

results, they noticed that Dmax was overestimated, suggesting that L is in fact

smaller than the height h of a cylinder shaped droplet (Eq. 1.6). Accordingly,

Pasandideh-Fard et al. suggest that a more appropriate length scale to estimate

the magnitude of the viscous dissipation would be the boundary layer thickness

(δ) at the solid-liquid interface given by [34, 59]:

δ = 2
D0√
Re

(1.11)

Accordingly, the work done due by viscous dissipation of a droplet impacting upon

a surface becomes:

W =

∫ tc

0

∫
Ω

ϕ dΩ dt (1.12)

where Ω is the volume of the fluid given by:

Ω = πD2
maxδ/4 (1.13)

By substituting Eqs. 1.6, 1.11 and 1.13 in Eq. 1.12 and assuming volume conser-

vation and that L = δ and tc = (8D0)/(3vimpact) we obtain:

W =
π

3
ρvimpactD0D

2
max

1√
Re

(1.14)

The surface energy prior and posterior to impact are given by:

Es,prior = Aσ = πD2
0σ (1.15)

Es,post =
π

4
D2
maxσ(1− cos θa) (1.16)

where θa is the advancing contact angle. Using energy conservation (Ekin +

Es,prior = W + Es,post) and by combining equations 1.4, 1.14, 1.15 and 1.16 we

obtain:
Dmax

D0

=

√
We+ 12

3(1− cos θa) + 4(We/
√
Re)

(1.17)

Once more if we assume that capillary forces can be neglected, i.e., We �
√
Re

and We� 12 [34] then Eq. 1.17 can be rewritten and we get;

9
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The Pasandideh-Fard model:

Dmax

D0

= 0.5Re1/4 (1.18)

However, this model predicts a scaling with Re1/4 in the viscous regime [13], in

contrast to the Re1/5 scaling that was reported in several experimental studies

[20, 23, 30, 42, 43, 47].

1.2.2 Impact and spreading in the capillary regime

In the case of impact and spreading in the capillary regime we assume all viscous

forces can be neglected. For the capillary regime, there is an ongoing debate on

two different scaling laws for the variation of the maximum diameter with the

impact velocity.

According to Collings et al. [60] the droplet impact and spreading in this regime

should be completely dependent on the kinetic energy and interfacial energies for

a spherical droplet being deformed into a pancake-like droplet, i.e., energy conser-

vation. Based on their model, the dissipated surface energy due to deformation

of the droplet, is determined by means of the difference between Eq. 1.15 and Eq.

1.16 and is given by [39]:

Es,dis = πσD2
0(

(1− cos θe)(Dmax/D0)2

4
− 1) (1.19)

where θe is the equilibrium contact angle. Collings et al. assumed that the surface

energy of the initial droplet was negligibly small thus the last term inside the

brackets of Eq. 1.19 could be neglected. Accordingly, by equating Eq. 1.19 to 1.4

and rewriting for the maximum spreading ratio we obtain:

Dmax

D0

∼ (
We

3(1− cos θe)
)1/2 (1.20)

Because θe is constant Eq. 1.20 can be reduced to:
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The surface energy dissipation model:

Dmax

D0

∼ We1/2 (1.21)

On the other hand, Clanet et al. [42] developed a model based on momentum and

mass conservation, wherein the thickness of the spreading droplet at maximum

extension is determined from an estimate of the height that takes into account the

deceleration of the impacting droplet. When a droplet hits a surface Clanet et al.

assume that the velocity should reduce from vimpact to 0 in a time τ which is of the

order D0/vimpact. Accordingly, the acceleration aimpact experienced by the droplet

scales with v2
impact/D0, which is typically two orders of magnitude larger than g.

The thickness of the impact droplet can then be approximated by:

h ∼
√

σ

ρaimpact
∼

√
σD0

ρv2
impact

(1.22)

Using volume conservation, i.e., the volume of the initial droplet is equal to the

volume of the cylindrical stain with height h and diameter Dmax (Eq. 1.8), we are

able to deduce:

The momentum conservation model:

Dmax

D0

∼ We1/4 (1.23)

The predictions of this model have seemingly been confirmed by several experi-

ments [42, 43, 61], but sharply contrasts with the energy conservation argument. In

addition, in the forensic literature even more complicated models have attempted

to obtain the impact velocity from the amount of spines visible around the blood-

stain [8, 10, 62], or taking the splashing behavior of blood droplets into account

[11]. These methods introduce multiple empirical constants, that severely limit

their applicability. Therefore, there is a great necessity to establish the relation

between the maximum diameter and the impact velocity by an objective method.

11
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1.3 Scope of this thesis

This study mainly focuses on answering the following research question: Is it

possible to determine the region of origin of an impact bloodstain pattern more

accurate when taking gravity and drag into account, by determining the volume

and impact velocity of each selected bloodstain? To answer this question, several

distinctive investigations were performed. First of all, an in-depth investigation

into the physical properties of blood has been performed, necessary to understand

the behavior of blood. Secondly, it was investigated if it is possible to determine

the original volume of a blood droplet from a 3D scan of a dried bloodstain. Next,

the impact and spreading behavior of liquids in general was investigated to find

a universal equation applicable to bloodstain pattern analysis. In addition, it is

shown that it is possible to determine the impact velocity from a dried bloodstain

of an actual impact pattern. Finally, and probably most important, it is shown

that with this novel method the region of origin can be determined much more

accurate than the current methods in use. This thesis is organized as follows:

Chapter 2: reports on the investigation of the physical properties of blood. It

is shown how the viscosity and surface tension are affected by the hematocrit

value. Moreover, we investigate the aggregation and sedimentation effects at low

shear-rates on the yield stress and viscosity.

Chapter 3: reports on the investigation of the accuracy and limitations of volume

estimation of fresh and dried bloodstains with optical coherence tomography and

with an optical surface profiler.

Chapter 4: reports on the investigation of the impact and spreading dynamics of

droplets of simple and complex fluids in general. Based on experiments it is shown

what the correct spreading behavior is both qualitatively and quantitatively and

a new spreading relation is proposed.

Chapter 5: reports on the investigation of solving the first problem put forward

in chapter 1, namely the deviation caused by the straight-line approximation. It

was investigated how accurate the region of origin can be determined with our

novel method. Therefore, multiple impact patterns were created under several

conditions, varying the surface, distance to wall, etc.

12
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Chapter 6: reports on the investigation of the second problem put forward in this

chapter by determining if downward directed stains can be implemented in the

analysis with our novel method.

Chapter 7: reports on the investigation of the preliminary results of droplet impact

on irregular and porous surfaces.

Chapter 8: future work
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Chapter 2

2.1 Introduction

An investigation into the impact dynamics of blood droplets, or even droplets in

general, is not evident. A priori, one must understand the physical properties

of the liquids in question to determine more complex systems like impact events.

Therefore, in this Chapter we cover the rheology of the liquids used, in particular,

the rheology of blood (hemorheology). This should not be confused with hemo-

dynamics which is the study of blood flow in the circulation, and explains the

laws that govern the flow of blood through blood vessels [63]. We, on the other

hand, are interested into the flow properties of blood once it leaves the body. We

here assume that the clotting properties of blood do not play a role in the short

timescale our experiments take place [64]. In this chapter, firstly, blood surface

tension as a function of the hematocrit and the challenges in measuring it will be

discussed. Secondly, the shear thinning properties of blood and the implications

for impact events are investigated. Furthermore, it will be shown that in contrast

to water, blood pins to most surfaces, and thus a bloodstain found on a crime

scene contains valuable information concerning the spreading event. Finally, some

more complex properties of blood will be discussed and an in-depth investigation

will be given into the research question, whether blood has a yield stress or not.

2.2 Physical properties of blood

Blood is mainly a suspension of red blood cells in a solution of plasma. There

are four main components in blood: plasma, red blood cells (RBC’s), white blood

cells (WBC’s), and platelets. The WBC’s only constitute about one percent of

the entire blood volume and we assume this has a negligible effect on the phys-

ical properties of blood. Platelets play a large role in the coagulation process of

blood. Beside this, we assume platelets have a negligible effect on the physical

properties of blood1. Plasma is a solution of water mixed with many kinds of

proteins, enzymes, fibrinogen, etc2, and has a shear viscosity between 1.10 and

1.35 mPa·s [65] and a surface tension of 72 mN/m [66] which is similar to that

of pure water. Plasma is considered to be a Newtonian fluid as the viscosity is

constant as a function of the shear rate. The hematocrit value (Hct in %) of

1In this study, only blood with anti-coagulant is used. Accordingly, blood does not clot in
our case, which makes the investigations easier.

2See http://en.wikipedia.org/wiki/Blood_proteins for a partial list.
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blood is the volume fraction of RBC’s compared to the total volume. For men this

value is approximately 42.8±4.0%, while for women this value is approximately

38.7±3.6% [67]. We used human blood which was obtained with the procedure

described in section 3.2.1.2. For each blood sample collected, the hematocrit value

was determined by means of a capillary centrifuge (Haematokrit 210, Hittich Zen-

trifugen, Germany). The density of liquid blood (ρblood,liquid) was determined by

weighing a known volume of blood (by weighing an empty and blood filled volu-

metric flask of 10 ml (Hirschmann, Germany)). In addition, the density of dried

blood (ρblood,dried) was measured using a gas expansion pycnometer (Micromeritics

Multivolume Pycnometer 1305, USA), table 2.1.

Table 2.1: Density and additional physical properties of liquid and dried blood.

Hct
[%]

Density
[kg/m3]

Surface Tension
[mN/m]

Viscosity
[mPa·s]

Temp.
[◦C]

Blood (liquid) 41% 1055±3 60±2 4.8 37.5
Blood (dried) – 1274±3 – – –

It is generally assumed that blood has a constant surface tension of roughly 60

mN/m [68]. The validity of this assumption is discussed in the next section.

However, throughout the rest of this thesis we have assumed a constant surface

tension for blood and in Chapter 5 it is shown that changing the blood surface

tension, only marginally influences the determination of the Region of Origin.

2.3 Surface Tension σ

Surface tension3 is defined as the amount of energy required to increase the surface

area of a given substance by one square meter. For example, in our investigation,

when a hammer hits a volume of liquid blood, e.g., a head4, the kinetic energy of

the hammer will be partly transformed into surface energy of the liquid; droplets

will be created which disperse away from the point of impact. The higher the

impact energy of the hammer, the more liquid surface will be created, thus, with

a higher force, more and smaller droplets will be formed. Accordingly, surface

tension is an important factor in the creation of blood droplets. Moreover, surface

tension is one of the forces which limits the spreading of droplets during impact. A

higher surface tension will result in less spreading. It is generally believed that the

3Within the literature σ is also written as γlv, where lv stand for liquid-vapor.
4In general, heads contain blood.
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Figure 2.1: Pendant drop suspended at the end of a needle with radius R.

surface tension of blood is constant, however, this seems very unlikely. Blood is a

suspension of red blood cells, and aggregation and sedimentation of RBC’s could

influence the surface tension. Moreover, blood contains many different kinds of

surface active components like proteins, etc [66]. The known literature reports on

a large range of surface tensions for whole blood, between 50 and 70 mN/m [8, 68–

71], while the errors reported are within a 5% range. The experimental methods

used to determine the surface tension are the drop weight method [68, 72], the

pendant drop method [71] and the ring method [70, 73]; non of these methods

take time dependent effects into account. Surprisingly, almost every experimental

study (forensic or otherwise), concerning the liquid properties of blood use an

anti-coagulant to prevent coagulation. Most of the time, it is simply assumed that

the anti-coagulant has little to no effect on the physical properties of blood.

We therefore investigated the surface tension of blood and blood plasma and its

dependence on the presence of the anti-coagulant EDTA for different hematocrit

values. We used the pendant drop method (EasyDrop, Kruss, Hamburg, Germany)

(Fig. 2.1) which in principle allows us to measure the time dependence. The surface

tension of a pendant drop can be determined by equating the Laplace pressure of
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the droplet, (∆p = σC) to the hydrostatic term (ρgz) [74]:

σC = ρgz (2.1)

where ρ is the density of the liquid, g the gravitational acceleration and C the

curvature of the droplet-surface. Because the drop is symmetric around the z-axis,

the curvature can be expressed in a cylindrical coordinate system. Accordingly,

by defining rz = dr
dz

and rzz = d2r
dz2

, we obtain for the curvature:

C = − rzz
(1 + r2

z)
3/2

+
1

(1 + r2
z)

1/2
(2.2)

By fitting the curvature to the pendant droplet (Fig. 2.1 green curve), Eq. 2.1 and

2.2 can be solved numerically to obtain the surface tension σ. As a control the

surface tension of water was measured (Fig. 2.2a). The surface tension of water

is constant (72 ± 0.07 mN/m) over time even when the droplet evaporates, as is

evident from volume loss in time.

To determine if the anti-coagulant EDTA has influence on the surface tension

of blood, blood without anti-coagulant should be measured. However, due to

clotting we were not able to perform these kinds of experiments. To circumvent this

problem, water was added to EDTA (blood) collection tubes in different quantities

(2, 3 and 4 ml/vial) such that various concentrations of water-EDTA were created.

The pendant drop experiments were repeated for these concentrations. None of

the water-EDTA mixtures showed any significant deviation in surface tension in

respect to that of pure water. Accordingly, we assume that EDTA, the only anti-

coagulant we have used, has no effect on the surface tension of water or blood.

In contrast, Kratochvil et al. [75] reported on a change in surface tension from 62

mN/m to 68 mN/m for sodium citrate (in whole blood) concentrations ranging

from 10% to 100%, respectively. However, these concentrations are much higher

than the EDTA concentrations (∼1%) used in our experiments.

Blood does not have a constant surface tension as a function of time (Fig. 2.2b)

in contrast to the findings of the current literature [8, 68, 70, 71]. Specifically for

short time scales, which are important for impact events, there is rapid decrease in

surface tension. Within the first three seconds σ decreases from 69 to 67 mN/m.

For the ultra short timescales, in the order of milliseconds, the surface tension

might therefore be as high as that of pure water. However, it is not possible to

measure this with the current setup, as the droplet creation and the measurement
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Figure 2.2: Surface tension (black) and volume (red) of a pendant (a) water
and (b) blood droplet as a function of time.

takes a finite amount of time (≈ 1 second). For longer timescales (> 100 s)

σ decreases nearly linearly, for which the most apparent reason appears to be

evaporation as the volume decreases linearly as well.

At least three different effects could be the cause of the variation in surface tension.

First of all, blood is a suspension, and RBC’s are known to sediment. If this is the

case, then RBC’s are able to sediment from the needle into the droplet, changing

the density and thus the shape, and accordingly the apparent surface tension.

Secondly, as the fluid evaporates the concentration of particles inside the droplet

increases, which causes σ to decrease. Thirdly, any surface active agents inside the

blood, e.g., the proteins and enzymes, are transported from inside the droplet to

the surface, which takes an amount of time, depending on the size of the droplet

and the size and concentration of the specific molecule. To test these hypotheses,

the experiments were repeated for varying hematocrit values and plasma at a

saturated humidity to counteract evaporation.

Fig. 2.3 shows the surface tension of blood with varying hematocrit values, in-

cluding plasma, which has no RBC’s. Even though the volume is not equal for

all droplets (shown in the legend of Fig. 2.3), there seems to be no clear relation

between hematocrit value and surface tension. In addition, almost all curves have

an initial surface tension of approximately 67 mN/m. These results give reason

to believe that the surface tension is independent of the hematocrit value and

that sedimentation does not play a significant role during the pendant drop mea-

surements. These findings are consistent with surface tension measurement at a

saturated humidity level (Fig. 2.4). It is clear that when evaporation can be ne-

glected, both blood and plasma show the similar behavior for the surface tension

as a function of time. After approximately 1500 seconds, σ is almost constant.
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Figure 2.4: Surface tension of blood plasma and blood at an almost saturated
humidity level. The black curves represent the volume of the measured droplets
for plasma and blood, which were almost identical. The volume change was

roughly 15%, (from 18 to 15 µl).

From 0 till 1500 seconds, σ decreases from roughly 65 to 47 mN/m, while the

volume change was less than 1%.

Several studies have investigated the surface tension of plasma and serum, the

latter being plasma without any clotting factors. One of the first measurements

on blood serum was by Morgan and Woodward [69], by means of the drop weight

method, and found a value in the order of 50 mN/m, much lower than water. In

addition, they found similar results for whole blood and serum. However, they
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Figure 2.5: Film within blood plasma as a result of evaporation. The droplet
had a initial volume of approximately 20 µl. The left picture is the droplet
after 30 minutes of evaporation, where only 10 µl of the original volume is left.
Liquid was added by pressing the plunder down, whereas the droplet increases
in size (middle picture) and the film becomes visible. The film starts dissipating

(right picture) and after roughly a minute the film is not visible anymore.

do not mention the average measurement time (of droplet creation), which we

see has a large influence on the surface tension. Similar results where found by

[76–79]. It was Pierre Lecomte du Noüy who did an extensive study concerning

blood serum and almost all of its properties over the period of almost a decade

[73, 80–93]. Du Noüy was the first to see the reduction of the surface tension as

a function of time for blood serum, from a value as high as 61 mN/m down to 56

mN/m. Moreover, he hypothesizes on the existence of a semisolid, highly viscous

film created at the interface due to the accumulation of proteins. However, this

hypothesis was dismissed by him as no film was observed, and reasoning that such

a film should increase the surface tension instead of lowering it [73]. On the other

hand, in our experiments we have seen evidence of such a film between the droplet

suspended on the needle and the liquid that remained in the needle during drying

of the plasma, see Fig. 2.5. We argue that there is no flow from the needle into

the droplet during evaporation. Due to the change in concentration a thin film

could be created between the two liquid phases.

It wasn’t until much later that the time dependent properties of serum were further

investigated by Krishnan et al. [66, 94, 95] who observed that a higher concentra-

tion of clotting factors (e.g. fibrinogen) causes a lower initial surface tension but

the rate of change in surface tension (∆σ(t)) increases. However, they recorded

no change in surface tension for serum (plasma without clotting factors) or very
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low plasma/serum (Cb) concentrations, thus most probably, the clotting factors

are the only surface active substances in blood. However, this is in contrast to the

findings of Lecomte du Noüy, who observed a spontaneous decrease of the serum

surface tension.

In addition, Krishnan et al. concluded that for higher plasma/serum concentrations

the initial surface tension becomes much lower. In contrast, our experiments done

with pure plasma show a very high initial surface tension, much higher (roughly

10 mN/m higher) than the results obtained from Krishnan. It can be argued that

the measurement time of Krishnan was not short enough, or that they did not

measure fast enough after droplet creation. Accordingly, due to the high rate of

change, the initial σ would be measured too low.

We have shown that the relative rapid change in surface tension is not due to

evaporation of the droplet and not because of sedimentation. The only explanation

which remains, is the effect of surface active molecules. Which and how such

molecules influence the surface tension remains to be seen, as there are many

different kinds of components in blood plasma; differing in concentration and size.

2.4 Viscosity η

Blood is a so-called non-Newtonian fluid and its complex physical properties can

have a large influence on blood flow and its impact and spreading behavior. There-

fore, the viscosity of blood was investigated in-depth.

Shear viscosity can simply be defined as the resistance of a fluid to shear flow. The

higher the viscosity of a fluid, the more resistance it will offer, e.g., honey is more

viscous than water. If we place a fluid between two parallel plates, with height

h and area A (Fig. 2.6), and apply a force F to the upper plate, it will move a

distance d with respect to the lower plate. At the bottom plate the fluid will have

a velocity of zero and at the top plate the fluid will have a velocity equal to the

plate-velocity. Accordingly, we can define the shear stress τ as the tangential force

F per unit area A:

τ ≡ F/A (2.3)
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Figure 2.6: Simple representation of material flow between two plates, mov-
ing in opposite direction with force F , area A, height h and deformation d.

Illustration by courtesy of Maureen Dinkgreve.

In addition, we can define the shear rate γ̇, as the rate of deformation γ = d/h of

the fluid, per unit time:

γ̇ ≡ dγ

dt
(2.4)

Finally, the viscosity η is defined as the ratio between the shear rate and the shear

stress:

η ≡ γ̇

τ
(2.5)

In case of a Newtonian fluid, this relation is linear and η is constant, e.g., for

water. However, this is not the case for blood, which is considered shear thinning;

the apparent viscosity decreases as the shear rate or shear stress increases. Blood

plasma is Newtonian and has a viscosity which equals 1.2±0.1 mPa·s [96].

As will be discussed in Chapter 4, viscous dissipation slows down spreading of an

impacting droplet. The viscosity of fluids in general can easily span over multiple

orders of magnitude and is therefore an important material property to know. We

investigated what the viscosity is of blood (and other liquids used in this research)

and how it changes according to shear rate. The viscosity was determined by using

a rheometer (MCR 302, Anton Paar, Austria) with a cone and plate geometry,

using a shear rate sweep, (1s−1 < γ < 1000s−1).

2.4.1 Non-Newtonian properties of blood

Blood is non-Newtonian due to the red blood cells [97]. For low shear rate, the

RBC’s aggregate and stack upon one another, forming rouleaux formations [98].

Moreover, the RBC’s have a higher density than plasma (≈ 1100 kg/m3 [99–101])

and will therefore sediment. These effects significantly increase the viscosity of the

blood sediment. For higher shear rates the rouleaux formations gradually break
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Figure 2.7: Viscosity as a function of the shear rate for two water-glycerol
mixtures (triangles) and blood (circles), with water as a reference (dashed line).
The shear thinning effect of blood (at 37.5 ◦C) is clear as the viscosity decreases
as a function of shear rate. For high shear rates, the viscosity reaches a constant,
which was determined by means of fitting η = η∞ + k · γn−1 to the data points
(red line), from which we obtain a high shear rate viscosity of η∞ = 4.8 mPa·s;

k = 38 mPa·sn and n = 0.41 are fitting constants.

up and viscosity decreases. Increasing the shear rate even more causes the RBC’s

to deform whereas the viscosity decreases further [65]. To quantitatively describe

a yield stress and shear thinning behavior, blood is often modeled as a Casson

fluid [97].
√
τ =
√
τy + k

√
γ̇ (2.6)

where τy and k are parameters that are dependent on the fluid. However, it is also

known that for high shear rates, the blood viscosity reaches a constant value and

accordingly, blood will behave as a Newtonian fluid. It is this constant (high shear

rate) viscosity which is generally used in the forensic literature [8, 10–12]. Merrill

et al. [97, 102, 103] suggested that for shear rates below 20 s−1, blood should be

treated as a non-Newtonian shear thinning fluid and for shear rates above 100 s−1,

blood could be assumed to be Newtonian. However, this results in two different

equations with quite a large range over which the behavior of blood is ill-defined.

Therefore, instead of the Casson equation we here use an other empirical model,

also known as the Sisko Model [104], to describe the shear thinning effect of blood:

η(γ̇) = η∞ + k · γ̇n−1 (2.7)

where k and n are fitting constants and η∞ the high shear rate viscosity. For blood

(Hct = 41%) at a temperature of 37.5◦C we find this equation fits very well with

the high shear rate viscosity η∞ = 4.8 mPa·s (Fig. 2.7).
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Figure 2.8: (a) conceptual representation of a spreading droplet, with lamella
height h, and a spreading velocity v(t). (b) The approximated shear rate and
spreading diameter as a function of time of the blood droplet. The dashed line
represents the point in time where the droplet reached maximum spreading. (c)

apparent viscosity of the spreading droplet as a function of time.

It is evident that by increasing the Hct value, the viscosity of blood increases

as well. The value of the high shear rate viscosity of blood as a function of the

Hct value can be approximated by an equation for a suspension of rigid spheres

[97, 105]:

η∞ = ηp(1 + 0.025 ·Hct+ 7.35 · 10−4Hct2) (2.8)

where ηp is the viscosity of plasma. In addition to the models described here (Eq.

2.7 and 2.8), there are over 28 models to describe the viscosity of blood and other

kinds of suspension based on the liquid-particle volume fraction; over 31 models

to describe the viscosity as a function of the shear rate or stress and at least 4

models to describe the thixotropic behavior of blood [104]. However, concerning

the impact and spreading of blood; is it valid to use the high shear rate viscosity for

impact events of blood droplets? To investigate this validity, we have to determine

what the shear rate is in a spreading droplet. Therefore, a single blood droplet

was deposited and recorded with a high speed camera (for experimental details see

Chapter 5). If we assume that the velocity of the lamella is equal to zero at the

liquid-solid interface and equal to v(t) at point A (Fig. 2.8a), then the shear rate of
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Figure 2.9: The spreading ratio Ds/D0 (Ds is the spreading diameter as a
function of time) of water (square) and blood (circle) droplets during impact.
Water retracts after reaching its maximum diameter while blood does not, which

pins to the surface (stainless steel).

the spreading droplet can be approximated by γ̇ ≈ v(t)/h. As the droplet diameter

increases in size the spreading velocity v(t) decreases. Accordingly, the shear rate

decreases as a function of time, from roughly 107s−1 to 10 s−1 (Fig. 2.8b). Using

Eq. 2.7 the apparent viscosity of the droplet can be estimated (Fig. 2.8c). During

spreading, the apparent viscosity is almost constant and does not significantly

deviate from η∞. Consequently, the viscosity of blood for these kinds of impact

events can be assumed to be the high shear rate viscosity. This therefore solves

the hydrodynamic problem of shear thinning, but for the forensic application yet

another question has to be answered: how does the maximum diameter just after

impact compare to the diameter of a dried-up bloodstain? This question is relevant

because many liquids retract after maximum spreading is reached. It turns out

that the two are identical, since the contact line of the blood drop remains pinned

onto the surface after reaching the maximum diameter. Fig. 2.9 shows a typical

trace of the diameter of a bloods droplet in time that examines whether the blood

retracts from the surface after deposition (as water does on a hydrophobic surface):

the blood drop remains perfectly anchored onto the surface. The diameter of the

dried bloodstain thus equals Dmax, and consequently dried bloodstains found on

the crime scene contain useful information about the impact speed.
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The influence of the anti-coagulant EDTA on the viscosity of blood was investi-

gated. Therefore, blood without anti-coagulant should be measured. However, due

to clotting we were not able to perform these kinds of experiments. To circumvent

this problem, water was added to EDTA (blood) collection tubes in different quan-

tities (2, 3 and 4 ml/vial) such that various concentrations of water-EDTA were

created. The shear rate sweep experiments were repeated for these concentrations.

None of the water-EDTA mixtures showed any significant deviation in viscosity

with respect to that of pure water. Accordingly, because the viscosity of water

was not influenced by EDTA, we assume that EDTA, the only anti-coagulant we

have used, also has no effect on the viscosity of blood. These findings are in agree-

ment with the findings of Rosenson et al. who investigated the effect of Aspirin

(a so called blood thinner) on the viscosity of blood. They concluded that blood

does not actually become ’thinner’, e.g., less viscous, but only stops clotting and

”Aspirin does not alter native blood viscosity” [106].

2.5 Yield Stress τy of blood

As we have seen, blood has a number of properties that can influence its flow,

some of which are the subject of heavy debate. One of these properties, that is

still under debate, is the yield stress, i.e, the minimum amount of stress required

above which blood starts to flow. However, the possible blood yield stress which

might be of influence on the final shape of blood drops or pools, has only been

researched by a few and mainly between 1933 and 1970. This section provides a

brief overview of the research concerning blood yield stress, in order to determine

whether blood has a yield stress and what the correlation is between yield stress,

red blood cell (RBC) aggregation and sedimentation.

2.5.1 Ancient history

In 1699 it was Antonie van Leeuwenhoek who might have observed unknowingly

that blood has a yield stress [107]. In his letter ‘Concerning the Circulation and

Stagnation of Blood in Tadpoles’, he describes his observations of blood flow in

the arteries and veins of tadpoles. First of all, he describes the red blood cells

(RBC’s) as red globules, either individual or clumping together, which is most

probably the first observation of RBC aggregation. Moreover, Van Leeuwenhoek
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observed blood stagnation inside arteries which he calls coagulation of blood. He

observed that by the beating of the heart, the red blood cells ”de-coagulate” and

start flowing again, as the red globules assume their original form. However, with

the knowledge of today, we know this is not possible as coagulated blood forms

structures due to fibrinogen and platelets and does not simply get uncoagulated

[108, 109]. Most probably, the RBC’s stagnated as the pressure was too low for

the blood to flow, i.e., the red globules Van Leeuwenhoek observed may not have

been moving due to a yield stress.

Ever since the first observation by Van Leeuwenhoek, numerous studies have been

published about the measurement of blood yield stress, each one with its own

value for the yield stress. On the other hand, some studies concluded that blood

does not have a yield stress at all.

2.5.2 The yield stress value of blood

Among the first authors that report a yield stress of blood were Whittaker and

Winton [110]. They connected a triple heart-lung machine to the hind limb of a

dog and measured the flow of blood and Ringer’s solution as a function of pressure

applied to the fluid5. For Ringer’s solution (plasma substitute) they observed that

the pressure/flow curve went through the origin while the curve for blood did not.

They measured that a minimum pressure of roughly 20 mm Hg (2.6 kPa) was

required for the blood to flow. This value for yield stress is quite high and one

must keep in mind that it is the yield stress for all the blood in the entire hind

limb of the dog. In addition, they measured the flow for increasing and decreasing

pressures in which case they measured a higher flow for decreasing pressure, which

approximates the flow value for increasing pressure for longer measurement times.

We could describe this as hysteresis, however, it seems more likely they measured

the hysteresis of the dog leg itself instead of the Ringer’s solution, as the increasing

pressure could cause dilation of arteries and veins. In addition to measuring a yield

stress effect, Whittaker & Winton measured the flow as a function of pressure for

varying hematocrit values between 4.5% and 83% (corpuscular concentration),

where they observed that increasing hematocrit value causes an increasing yield

stress.

5The dog died.
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Figure 2.10: The setup used by Whittaker and Winton: Triple pump-lung
perfusion apparatus for the blood flow measurements through the hind dog leg.

Image from [110].

Later studies performed on blood flow yielded similar results like those of Whit-

taker and Winton, with a yield stress much higher than one would expect for

liquid-like blood [111]6 [112]. Copley et al. [113] developed a rolling ball viscome-

ter, i.e., a tube containing a liquid and a ball, from which the viscosity could be

determined from the speed the ball roles through the tube under a specific angle.

They made use of the Bingham concept [114] based on the results of Whittaker

and Winton, to show that blood has a ”yield value”:

ηR = (τ − τ0)/R (2.9)

Where R is the rate of shear, τ the shear stress, τ0 the Bingham ”yield value” and

ηR the proportional viscosity. Accordingly, the yield value was determined by:

Yield value(dynes) = 980sinβ(DB–D) (2.10)

Here β is the angle of the tube, (DB–D) is the difference in density of the ball and

6They used a dog as well... it also died.
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Figure 2.11: The results obtained by Copley et al. using a frame viscometer.
Here Stress is in dynes/cm2 and Shear-rate in s−1. Image from [115].

the fluid and 980 dynes(= 9.8·10−3N) is the gravitational force. They were not able

to deduce the yield value in dynes/cm2(= 0.1Pa) from their available data. Copley

et al. finally measured a yield value between 0.49 · 10−3 and 1.26 · 10−3N (49 and

126 dynes). It wasn’t until 1959 that Copley et al. were able to measure an actual

yield stress value [115]. They used a frame viscometer to investigate capillary

flow and wall adherence of bovine blood. Each flow curve was described with a

Casson equation [116], plotting the square root of the shear rate as a function of

the square root of the stress (Fig. 2.11). Accordingly, they find linear relations for

the flow curves which can be extrapolated to find the minimum stress required for

blood to flow, assuming the extrapolated flow curve is also linear. This procedure

resulted in a yield stress of roughly 0.64 dynes/cm2 (64 mPa).

Merrill and colleagues [97, 102, 103, 117–121] were the leading group on blood

rheology and the measurement of yield stress, in the 1960’s. Merrill et al. in fact

introduced the term “yield stress” into hemorheology. They measured blood flow

in a Couette cell and used two methods to determine the yield stress. First of all,

they made a flow curve (shear stress as a function of shear rate) and by means of

extrapolation could determine the yield stress by determining the intercept of the

stress axis at zero shear. Secondly, they performed an absolute measurement of the

yield stress by performing a torque versus time sweep. The sample was sheared

for a period of time after which it was suddenly stopped, while measuring the

torque of the flow as a function of time would continue. For Newtonian fluids, the

torque would diminish rapidly until true zero would be reached, i.e., no flow. For

fluids with a yield stress, this would not be the case. The torque would decrease

until a specific value from which it would diminish at a much slower rate. For a
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hematocrit value of 44.8% they measured a yield stress of 5.3 mPa, by means of the

torque-time measurement. The values obtained by interpolating the shear stress

versus shear rate flow curves generally resulted in slightly higher values for the

yield stress. Merrill et al. correlated the yield stress (τy) values to the hematocrit

value (Hct) of blood for hematocrit values up to 50%[117]:

τ 1/3
y = C(Hct−Hctc) (2.11)

where the constant C ≈ 0.008Pa1/3 and Hctc is a critical hematocrit value varying

between 0% and roughly 5%. Above 50% they conclude that the yield stress

correlates better with an exponential behavior, namely:

τy = aebHct (2.12)

where a and b are empirical constants. In addition, they showed that the yield

stress is essentially independent of temperature. In contrast to these findings,

Chien et al. [122] measured the shear stress of blood for shear rates down to 0.01

s−1 (at least one order of magnitude lower than Merrill et al.) and found that

the flow curve at low shear rates, first of all became linear and secondly, did go

through the origin. In other words, in his experiments, at low shear rates, the flow

curve did not fit the Casson model anymore, and no yield stress was observed.

They concluded that the observation of a yield stress is time dependent and most

probably correlates to aggregation of the RBC’s and their sedimentation. However,

Copley and King [115] argued that the shear rate still wasn’t low enough, and did

measurements at shear rates down to 0.0006 s−1 (another order of magnitude

lower). They found that at these very low shear rates, wall slip would occur due

to a thin layer of plasma at the wall, and the RBC’s would behave like one big

plug. In retrospect we may conclude that both measurements (from Chien and

Copley) showed the correct behavior, namely that blood yield stress is dependent

on the aggregation of the RBC’s and thus must be time dependent, as aggregation

is not instantaneous.

2.5.3 Yield stress and RBC aggregation

There are many models and theories on how and why RBC’s actually aggregate

and form rouleaux formations [65]. However, this goes beyond the scope of this
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study. One thing that has been firmly established is; fibrinogen is one of the main

causes of RBC aggregation. By means of subtraction [117] and addition [120]

of fibrinogen, Merrill et al. measured if whole blood, defibrinated blood (without

fibrinogen) and suspensions of red blood cells in Ringer’s solution have a yield

stress. They concluded that when fibrinogen was removed from blood, there was

no yield stress, or at most a very small one. Consequently, the yield stress is

the result of the tendency of red blood cells to form aggregates in the presence

of fibrinogen leading to a three dimensional structure. Merrill et al. [97] thus

quantified the yield stress as a function of the fibrinogen concentration Cf :

τ 1/2
y = λCf (2.13)

These findings were confirmed by other studies [123–125] who all reported a yield

stress in the order of 1 to 10 mPa.

Only recently Apostolidis and Beris [126] measured and modeled the steady-state

shear flow of blood varying the hematocrit value and fibrinogen concentration to

quantify both the yield stress and viscosity for these parameters and found:

τy = (−0.091 + 0.47Hct+ 0.22cf − 0.14c2
f + 0.48Hct× cf )2 (2.14)

where cf is the fibrinogen concentration in g/dl and τy in 10−1Pa. They concluded

that a yield stress is only present in a blood sample if the hematocrit value exceeds

a critical value that depends on the fibrinogen concentration. However, they did

not account for the time dependency, as it could have a large influence, due to

sedimentation. If we would consider blood as a simple suspension of hard spheres

then we know that a yield stress will not occur unless a local volume fraction

between RBC’s and plasma of roughly 63% is exceeded due to sedimentation

[127]. More specifically, the yield stress of a suspension scales according to:

τy = ∆ρgh (2.15)

where ∆ρ is the density difference between the particles and the fluid, g the grav-

itational acceleration and h the height of the sediment. In case of blood we of

course know that erythrocytes are not hard spheres[65].

Sedimentation causes a time-dependence, i.e., the local volume fraction will de-

crease at the top of the liquid and increase on the bottom as a function of time.
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Figure 2.12: The Couette cell used for the bifurcation experiments.

The final complication is that erythrocytes aggregate to one another due to fib-

rinogen. Sedimentation and aggregation are both time dependent, and dependent

on each other. When blood is at rest (no shearing) red blood cells will aggregate;

the effective particle size will increase which makes them sediment faster. As the

particle clusters sediment they will encounter more particles (and faster) and the

aggregate will increase in size, and so on. Of course there is a maximum size of the

aggregates which depends on the concentration of fibrinogen [65]. Accordingly, if

blood has been at rest for long enough such that all erythrocytes have sedimented,

the sediment will definitely have a yield stress. It is however unknown if blood

has a yield stress when all RBC’s are homogeneously distributed throughout the

liquid. Moreover, the value of the yield stress might increase as the sediment and

aggregates increase in size over time.

To further investigate this, bifurcation experiments were performed7 with blood

in a Couette cell, see Fig. 2.12 on a stress controlled rheometer (Anton Paar,

MCR302). To determine the yield stress, a constant stress is applied to the fluid.

Depending on the value of the shear stress, the fluid will exhibit either of two

separate behaviors. 1) The shear stress is above the yield stress and the fluid will

continue flowing in time; neither viscosity nor shear rate will change. 2) The shear

stress is below the yield stress, the particles in the fluid will sediment and the the

7These experiments were performed at the University of Amsterdam in collaboration with
Daniel Flormann of the group of Christian Wagner from the Universität des Saarlandes.
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fluid will gradually stop flowing, thus decreasing the shear rate and increasing the

viscosity.

Blood was washed by centrifuging it, and replacing the plasma with a phosphate-

buffered saline (PBS) solution, which has the samen osmotic value as RBC’s. By

doing so, all proteins, molecules, etc. are removed from the blood. This procedure

was repeated three times to ensure no traces of proteins remained in the blood. In-

stead of fibrinogen, we used Dextran 70 kDa, which also induces RBC aggregation

[128]. Viscosity bifurcation experiments were performed similar to those of Fall et

al. [127] for a suspension of hard spheres. The blood sample was sheared at a high

shear rate for 50 seconds such that the liquid was homogeneous. Subsequently, a

stress was applied and the shear rate was measured as a function time, Fig. 2.13.

After pre-shearing, the liquid has to come to rest, because the shear rate is very

high for the first time period, and gradually diminishes. This relaxation time

shortens for higher concentrations of Dextran, because the viscosity increases with

higher Dextran concentration. The shear rate oscillates as a function of time (Fig.

2.13). The period of these oscillations are roughly equal to rotation time of the

Couette cell. Accordingly, these oscillations are most probably due to inaccuracies

in the alignment of the Couette cell.

For washed RBC’s without any other aggregating components (Fig. 2.13a) the

shear rate drops to zero when a stress of 2.25 mPa or lower is applied. Accordingly,

the yield stress for this sedimenting system is between 2.25 and 2.5 mPa. This

result is in contrast to the findings of Merrill et al. [118], who reported no yield

stress for blood without aggregate-initiating components, like fibrinogen. The

measured yield stress increases as Dextran is added to the blood, and also increases

for higher concentrations of Dextran; for 30 mg/ml of Dextran the yield stress is

higher than 4 mPa. Moreover, as the stress increases, the time required for the

fluid to stop flowing increases as well, which shows that time is a very important

factor in measuring yield stress. It is possible that for longer measurement times

(� 1000 s) flow stops for higher stress values due to sedimentation, which should

be further investigated.

From these results it is clear that blood has a yield stress, with or without a

Dextran or fibrinogen. However, the value of the yield stress is dependent on sedi-

mentation and also aggregation which themselves are a function of time. As stated

by Fall et al. [127], the yield stress is dependent on the height of the sediment.

35



Chapter 2

0 200 400 600 800 1000
10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103(a)

 

 

 1 mPa
 2.0 mPa
 2.25 mPa
 2.5 mPa
 3.0 mPa
 2000 mPa

sh
ea

r r
at

e 
(s

-1
)

time (s)

y

0 200 400 600 800 1000
10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

y

(b)

sh
ea

r r
at

e 
(s

-1
)

time (s)

 1 mPa
 2.0 mPa
 3.0 mPa
 3.5 mPa
 3.6 mPa
 4.0 mPa
 10 mPa

0 200 400 600 800 1000
10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103(c)

sh
ea

r r
at

e 
(s

-1
)

time (s)

 1 mPa
 2.0 mPa
 3.0 mPa
 4.0 mPa
 4.5 mPa
 5 mPa
 10 mPa

y

0 200 400 600 800 1000
10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103(d)

sh
ea

r r
at

e 
(s

-1
)

time (s)

 1 mPa
 3.0 mPa
 4.0 mPa
 10 mPa
 100 mPa

y

Figure 2.13: Bifurcation measurements, shear rate as a function of time at
constant shear stress for samples with Dextran concentrations of (a) 0 mg/ml,

(b) 10 mg/ml, (c) 20 mg/ml, (d) 30 mg/ml.

Given the height of the Couette cell (≈5 cm) and a hematocrit value of 45%, the

height of the sediment should be roughly 20 mm. According to Eq. 2.15 the yield

stress should become roughly 15 Pa (given a difference in plasma and red blood

cell density of ∆ρ = 75 kg/m3). Blood with a Dextran concentration of 30 mg/ml

was left to completely sediment over a time period of 16 hours. Subsequently, an

increasing shear stress was applied to the fluid to determine at which stress the

fluid started flowing (Fig. 2.14). As the shear stress increases almost no flow is

observed until a value of 4 mPa is reached whereupon the blood starts flowing and

a sudden jump in both shear rate and viscosity is observed. It is surprising that

blood, which has been able to sediment for a long time period (complete sedimen-

tation) does not increase in yield stress, compared to the values obtained from the

bifurcation experiments. Moreover, the value obtained for the yield stress is much

lower (three orders of magnitude) than would be predicted by Eq. 2.15, the reason

for which is worth further investigation.

It is clear that the current relations are insufficient to properly describe and predict

when blood has a yield stress. Experiments should be done where sedimentation

does not play a role, but aggregation is still possible. For example, both plasma
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Figure 2.14: Shear rate (black squares) and viscosity (red circles) as a function
of the shear stress for sedimented blood with a Dextran concentration of 30

mg/ml. Each data point is the average of a 10 minute measurement.

and RBC could be density matched, however, due to osmotic pressure of the

RBC’s, this is extremely difficult. Another possible solution is performing these

experiments in micro-gravity8 [129].

2.6 Conclusion

In this chapter the surface tension and viscosity of blood have been investigated,

specifically for the application of impact of blood droplets, as the size of the final

bloodstain depends on these parameters. Surface tension of blood is not constant

for long time scales (> 1 s), most probably due to transport of surface active

molecules from the bulk of the liquid to the surface. Nevertheless, a blood droplet

resulting from a high force impact will only have a very short time of flight, in

the order of milliseconds. Therefore, we assume that the surface tension of blood

is constant for an impact event. Blood is a non-Newtonian fluid and is shear

thinning, but the viscosity reaches a constant value for high shear rates. This can

be used for impacting droplets since the shear rates involved there are very high.

Moreover, a blood droplet which reached its maximum spreading ratio sticks to the

surface and does not retract in contrast to water. Accordingly, dried bloodstains

found on the crime scene contain vital information concerning the impact event.

The yield stress of blood is still a very complex problem and blood only exhibits a

yield stress under very specific conditions (long sedimentation time). The question

remains whether whole blood with homogeneously distributed red blood cells has

a yield stress.

8Space, the final frontier.
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3.1 Introduction

Bloodstain pattern analysis (BPA) is a forensic discipline concentrating on the

use of bloodstains in order to reconstruct events that happen at a crime scene.

Usually, if an impact pattern is present (Fig. 1.1), the stringing method [130], for

example, can be used to approximate the location of the victim at the time of the

bloodletting event. With the stringing method, the trajectory of a blood drop is

approximated to follow a straight line, while, in reality, it is influenced by gravity

and air resistance [2, 10, 131] and consequently, curved. The error caused by the

approximation makes it difficult to confirm a standing or sitting position of the

victim [7]. In order to take gravity and air resistance into account, the volume of

the blood drop and its impact velocity have to be known.

Previous research has shown that diameter, volume, and impact velocity are cor-

related [8–10, 132–135] but there were no means to measure the volume of a

bloodstain directly in a non-destructive or non-contaminating manner, which is a

prerequisite within forensics. In order to calculate the impact velocity, a direct

method to determine the volume of the bloodstain is required. Several methods

have been proposed to determine the volume of large bloodstains upon clothing

[136] or on a flat surface [137, 138], but these methods cannot be applied for small

impact pattern bloodstains on, e.g., a wall. In 1986, Lee [133] performed a study to

determine the volume of small bloodstains. Even though it was not peer-reviewed,

the study of Lee has been widely cited. Lee described four methods to determine

volumes of bloodstains including scraping the bloodstain from the surface or, in

case of an absorbent surface, cutting out and weighing the surface containing the

bloodstain and comparing it to an equally sized surface without a stain. To weigh

a bloodstain it has to be removed from the surface, consequently destroying the

bloodstain. In addition, this method [133] relies on a constant drying ratio of

blood which actually depends on the hematocrit value [139], the volume fraction

of red blood cells. Accordingly, an objective and accurate method for volume de-

termination of bloodstains is required, which is non-destructive and non-invasive.

Therefore, two methods were investigated, namely Optical Coherence Tomography

(OCT) and structured light (3D surface scanner).

This chapter has been divided into four parts. First, we describe how a bloodstain

dries and what the physical properties are of dried blood, such as its density.

In the next section, we report how the volume of the dried bloodstain can be
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determined by means of Optical Coherence Tomography (OCT) [139]. OCT is

a method incorporating interferometry to create cross-sectional images which we

use to prove that the volume of a droplet can be obtained from a dried bloodstain.

However, the device used is not easily applicable on the crime scene. Therefore,

we investigated if the volume of a bloodstain could also be determined by using

the AreaScan3D, a device based on a technique called ’Structured Light’, which is

described in the third section. Finally, in the discussion, the results obtained by the

two different methods are compared and the optimum way of volume determination

is shown.

3.1.1 Drying of blood

Once blood leaves the body, two processes immediately start; drying and coagu-

lation. Drying is caused by the evaporation of the water inside the blood. Once

a droplet has completely dried, only the solid particles remain: dried red blood

cells (RBC’s), dried white blood cells, platelets, etc. The volume or weight that

remain after drying depends mostly on the hematocrit value, as this is the largest

contributor to the dry volume. One can assume that all water evaporates during

the drying process; plasma consists approximately out of 91% water and RBC’s

contain approximately 70% water [140]. Given an average hematocrit value of

roughly 44%, then after drying only 18% remains of the volume, if for simplicity

we assume blood only consists of plasma and RBC’s. Accordingly, the drying ratio

(κ) can be defined as the percentage amount left after drying. The drying ratio

κtheory should increase linearly as a function of the hematocrit value (Hct), given

by:

κtheory = 9% + 0.21 ·Hct (3.1)

The offset of 9% is due to the fact, that when plasma completely dries, a small

residue of the proteins, enzymes, etc. is left.

3.2 Optical Coherence Tomography

In this section, we investigate if optical coherence tomography (OCT) can be used

as a method to directly determine the volume of a bloodstain, independent of

its weight. OCT is a contact-less method and is thus non-contaminating and
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non-destructive. A direct measurement of the volume will enable us to determine

the ratio between dried and fresh bloodstains and thus the original volume of the

blood droplet. OCT is an imaging technique based on the Michelson interferometer

[141] which is often used in medical imaging. Within a Michelson interferometer,

monochromatic light from a light source is directed towards a beam splitter, which

splits up the light into two different directions. Each light beam will be reflected

directly back by means of a mirror and the beams are recombined. The recon-

structed beam will show constructive interference when there is no phase difference

between the two beams, i.e., if the path difference between the two beams is zero

or a multiplication of the wavelength of the light. Destructive interference will

occur when the relative path length differs exactly half a wavelength. In OCT a

broadband light source is used instead of a monochromatic one, which causes the

constructive interference to occur only when the absolute path lengths are equal

[142]. All other path lengths cause partially or destructive interference. Thus if

one of the mirrors is moved, the detector will receive a signal for only one location

of the mirror. Two waves interfering with each other with amplitudes A1 and A2

create the detected signal I [143]:

I = A2
1 + A2

2 + 2A1A2Re {γ(∆L)} (3.2)

Only the last term is dependent on the central wavelength γ and the difference

in path length ∆L. The term Re stands for the real part of the function γ(∆L)

which describes the coherence properties of light [143]. Defining Γ(t) as the Fourier

transform of the light spectrum, the following equation applies:

γ(∆L) =
Γ(∆L/c)

Γ(0)
(3.3)

where c is the speed of light and Γ(0) is the total integral of the spectrum and

normalizes γ(∆L) to 1 for ∆L = 0.

In our experiments, a swept source OCT was used which is based on Fourier do-

main OCT, where the mirror is fixed in place. Instead of moving the mirror and

measuring the backscattered intensity at all locations, the backscattered light is

detected for each wavelength individually by means of spectral separated detec-

tors, like a grating and a linear detector array [144]. Eq. 3.2 is also called the

auto correlation function. The Wiener-Khinchine theorem states that the auto

correlation function and power spectrum of a certain signal are related through
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the Fourier transform. This means that the depth scan can be immediately calcu-

lated by a Fourier-transform from the acquired spectra, without movement of the

mirror [141, 144].

With this technique, it is possible to create three dimensional (3D) images of

bloodstains. To validate the accuracy of this method, the actual blood density

was compared to the density calculated by combining the weight and the volume

as measured by OCT. After validation of the method, OCT was used to calculate

the ratio between dried and fresh blood drops (drying ratio) in order to estimate

the original volume of the bloodstain. Furthermore, we investigated whether this

ratio showed interpersonal variation and whether a difference between blood with

and without anticoagulant was present.

3.2.1 Materials and Methods

3.2.1.1 Study design

The first part of this section assessed the accuracy of OCT to determine the volume

of bloodstains. Therefore, we constructed blood drops under ideal conditions

by depositing blood directly onto a microscope glass slide using a pipette. We

determined the systematic error, i.e., the deviation of the measured value from

its true value determined by means of the weight and density, and the statistical

error, i.e., the uncertainty of a measured value (see section 3.2.1.4). The second

part of this study concerns the determination of the ratio of both volume and

mass of a bloodstain left after drying (drying ratio), by means of OCT. Finally,

the interpersonal variation on the drying ratio was determined.

3.2.1.2 Sample preparation

Blood (∼24 ml) was drawn from a single healthy volunteer in tubes containing

EDTA (BD Vacutainer 6.0 ml, Plymouth). To assess the accuracy of volume

determination, we created and deposited 40 blood drops with volumes varying

between 10 and 55 µl on a glass substrate (Star Frost Microscope Slides, Germany)

with a pipette. Within 20 seconds after deposition, the first OCT volume scan

was performed. Thereafter, the mass of each single blood droplet was determined

using a balance (Balance AG135, Mettler Toledo, Tiel). The loss in mass due
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to evaporation was assumed negligible, i.e., less than 1%. Finally, after at least

3.5 hours, a second OCT volume scan was performed and the mass of the dried

blood drop was determined. The temperature (22◦C) and humidity (44%) were

kept constant. Blood drops that partially or completely detached from the surface

upon drying showed voids in the OCT scan and were excluded from analysis to

prevent overestimation of the blood volume.

Drying ratio κ

The drying ratio (κ) is calculated by dividing the volume (V) of a dried blood

drop by the volume of its fresh counterpart: (Vdry/Vfresh) · 100% = κvolume. The

same can be done for the mass (m) of each drop: (mdry/mfresh) · 100% = κmass.

The average ratios κ̄volume and κ̄mass were determined for all blood drops deposited

directly onto glass slides.

Interpersonal variation

To determine the interpersonal variation of κ, blood was drawn from eight volun-

teers. From each volunteer, 40 blood drops with volumes varying between 10 and

55 µl were created on glass slides. Prior to blood drop creation, the hematocrit

value and the blood density were determined. For each blood drop, κ for both the

mass and volume was determined.

3.2.1.3 Data acquisition

For the 3D OCT volume scans, a swept source Santec Inner Vision 2000 (Santec

HSL 2000, Aichi) was used [145]. This device has four main components, see Fig.

3.1a: the OCT probe, the interferometer unit, the swept source, and the OCT

process unit. The OCT probe is a small handheld device which can be disconnected

from the main setup. By means of optical fibers, all scanning information is

sent to the process unit. The Santec uses a central wavelength of γ = 1300 nm

to determine the backscatterred light at various depths at a single x-y position

position, a so-called “a-scan”, Fig. 3.1b. By scanning in the x-direction a 2D

cross-sectional intensity graph is made, a so-called “b-scan”. In Fig. 3.1c the

cross-sectional b-scan of a fresh blood drop is shown and Fig. 3.1d depicts the

cross-section of a dried blood drop. Finally, by scanning in both the x- and y-

direction, a 3D intensity scan is obtained, which is called a “c-scan”. These are

shown in Fig. 3.1e for a fresh blood drop and in Fig. 3.1f for a dried blood drop.

Each 3D scan has a lateral scanning range of 15 mm by 15 mm, with a lateral
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Figure 3.1: OCT setup with an example of a fresh and a dried blood drop
upon a glass surface. (a) The Santec Inner Vision 2000 with on the right side the
OCT probe enlarged. (b) A-scan showing the air-blood transition; the dotted
and dashed lines correspond to the minimum and maximum value of the air-
sample transition. For reasons of clarity, not the entire range of the a-scan is
shown. (c) Cross-sectional b-scan of a fresh blood drop consisting of 250 a-
scans. The red line corresponds to the a-scan in a. The color scale of the b-scan
corresponds to the intensity scale of the a-scan. (d) Cross-sectional b-scan of a
dried blood drop. (e) 3D scan of a fresh blood drop consisting of 250 2D scans.

(f) 3D scan of a dried blood drop.

resolution of 60 µm per pixel. The axial scanning range is 3.8 mm with a resolution

of 12 µm per pixel. Each 3D volume scan consists of 250 b-scans and each b-scan

consists of 250 a-scans. The time the OCT takes to make one 3D volume scan is

roughly 10 seconds.

3.2.1.4 Volume determination

The volume of a blood drop was determined using the following approach. First,

the edge of the blood drop was determined. In Fig. 3.1b, the transition between air

and sample shows up as a large intensity change. The dotted and dashed vertical

lines indicate the region where this transition is located. Due to the finite point-

spread function of the system, the transition spreads over a few pixels. To obtain

one value representing the edge of the blood drop, the first value within the a-scan

that equals 1/3 of the maximum value in the same scan is chosen to be the edge.
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This approximation introduces an statistical error in the volume determination

which can be estimated based on the width of the air-blood drop transition (see

Fig. 3.1b). For blood drops, the average width of the air-sample transition was

six pixels. The statistical error of one measurement was obtained by multiplying

half of the transition width (three pixels) with the total surface area of the stain.

For example, the total area of the scan is 250x250 pixels. The area of a 30 µl

drop can equal approximately 8600 pixels. The total error would be 8600x3 pixels

which equals 1.1 µl. When the position of the edge of the blood drop is set, the

contact area under the blood drop (see Fig. 3.1c) is determined by assuming that

the surface of the substrate is perfectly flat, straight and homogeneous. Finally,

the calculated areas of all b-scans are added, which yields the estimated blood

drop volume.

3.2.2 Results and discussion

Fig. 3.2a shows the results of the volume determination of the liquid blood droplets.

The hematocrit value of the blood used was Hct = 40±1%. The density of the

blood used was ρblood,liquid = 1049 ± 2 kg/m3. The density obtained by fitting

a straight line to the data points and determining the slope (Fig. 3.2) yielded

ρfit = 1068 ± 6 kg/m3 (r2 = 0.9999). The densities ρblood,liquid and ρfit differ by

approximately 2%. Accordingly, the systematic error and the statistical error of

the liquid blood droplet volume measurements are on average 2% and 4%, respec-

tively. The bloodstains were dried at least 3.5 hours. The dried bloodstains were

weighed and scanned one day and six days after they were deposited and no signif-

icant change was measured in either the mass or OCT volume of the bloodstains

after 3.5 hours. Thus, it was assumed that the stains were completely dried. The

density of dried blood, obtained by fitting, Fig. 3.2b, equals ρfit = 1087±8 kg/m3

(r2 = 0.999). However, the fitted density deviates from the actual dried blood

density (1274 kg/m3 see section 2.2) by roughly 15% which is a systematic error.

In addition, the statistical error of the individual dried blood drops is on average

14%.

These results show that the statistical error of the measurements is larger than

the systematic error, for liquid blood droplets. This statistical error is typically

caused by the width of the air-sample transition in the OCT scan. An OCT sys-

tem with higher resolution, i.e., a larger bandwidth, would decrease the width
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of the air/sample transition. Accordingly, a larger bandwidth would improve the

accuracy of the volume estimation. The statistical error increases from 4% (for

liquid bloodstains) to 14% (for dried bloodstains) because the volume of the dried

stain is less while the surface area stays the same (the statistical error depends on

the total area of the stain). The systematic error is relative small for liquid blood-

stains but increases from 2% to 15% for dried bloodstains. This error is caused by

an overestimation of the volume of dried bloodstains. A simple explanation could

be that the blood droplets do not dry out completely, due to humidity.
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Figure 3.2: Results for the volume determination of (a) fresh blood drops and
(b) dried blood drops both with EDTA. The volume measured with OCT as a
function of the mass on glass microscope slides. The black dashed line represents
the density measured beforehand (see section 2.2) and the red line represents

the density which is obtained by a least-squares-fit to the data points.

The drying ratio κ was determined for all blood droplets both for the volume and

mass and averaged. The values for the mean and standard deviation of κ are:

κ̄massa = 23.4±0.4%, κ̄volume = 22.2±1.2%. Both values deviate significantly from

the theoretical value of κ (for κtheory(Hct = 40%) = 17.4%).
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Figure 3.3: The average drying ratio, κ̄massa (square) and κ̄volume (triangle)
as a function of the hematocrit value of each volunteer.
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Fig. 3.3 shows the averaged κ value for each volunteer plotted as a function of

hematocrit value. It is evident that κ increases with increasing hematocrit value.

In other words, as the percentage of red blood cells increases in whole blood, the

amount of blood left after drying also increases. However, the data points do not

coincide with the theoretical value obtained from Eq. 3.1. From the results of Fig.

3.2a we can deduce that the liquid volume is determined very accurately. This

is, however, not the case for the results of Fig. 3.2b, which shows a significant

overestimation of the volume. This overestimation can cause the deviation from

the theory seen in Fig. 3.3. Nevertheless, the deviation is systematic and a linear

relation can be fitted to the data points. Accordingly, we are able to determine a

calibration curve specific for this measuring system, given by:

κOCT = 0.566± 0.004 ·Hct (3.4)

3.3 Volume estimation AreaScan3D

A structured-light 3D scanner is a device used for measuring the three-dimensional

shape of an object using projected light patterns and recording those with a cam-

era. The AreaScan3D (VRMagic, Germany) is such a device; it records the de-

formation of a regular projected light pattern. The scanner consists of a camera

which is positioned perpendicular to the surface, at a distance of 25 cm. Next

to the camera there is a projector, which is inclined with respect to the surface

under an angle of approximately 80◦, which projects several light patterns onto the

surface. Due to the inclination and height variations of the surface the projected

lines are distorted. The camera records those distorted lines which are used for an

exact geometric reconstruction of the surface shape. Similar to OCT, structured

light is a contact-less method, thus avoiding contamination and it is not a de-

structive method. In contrast to the Santec, the AreaScan3D is very light and can

easily be transported to the crime scene. Therefore, the AreaScan3D was inves-

tigated as a device which could be used for volume determination of bloodstains.

In this section, the accuracy of the AreaScan3D is investigated and its viability

for determining the volume of dried bloodstains.
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3.3.1 Material and methods

The AreaScan3D has a lateral range of 1.8 by 1.2 cm (748x480 pixels) with step

sizes of 24.064 µm/pixel and 25 µm/pixel, respectively. The axial range is one

centimeter, with a resolution of a micrometer. Each scan is in the form of a point

cloud with x, y and z coordinates. By means of a software program (written in

LabView), we select the object (bloodstain) based on the height difference of the

object relative to the surface, from which we directly determined the volume. Fig.

3.4a shows a single bloodstain from an impact pattern together with the 3D scan

(Fig. 3.4b intensity graph). In addition, from the cross-section of the bloodstain

(Fig. 3.4c) it is possible to see the difference between the irregular surface and

the bloodstain. Surface irregularities are taken into account by determining the

mean in height deviations over a large area of the surface, without the object.

The total volume Vtot is determined by selecting the object and accumulating the

height differences with respect to the surface. The selected area is multiplied with

the mean of the surface irregularities which results in Vsurface. The volume of the

object Vnetto is determined by subtracting Vsurface from Vtot.

Figure 3.4: A single bloodstain from an impact pattern. (a) a photograph of
a bloodstain including a scale bar. (b) The intensity graph of the bloodstain
obtained from the AreaScan3D. (c) The cross-section of the bloodstain corre-
sponding to the red curve from (b), where the height variation is plotted as a

function of the lateral axis (x-direction).

To validate the volume measurements using the AreaScan3D, we created small

aluminum cylinders with predefined volumes, ranging from 1 to 140 µl, as a refer-

ence. The volume obtained from these scans we compared to the volume obtained

from the weight and density (2701 kg/m3 [146]) of the aluminum cylinders. In ad-

dition, we created bloodstains of different sizes (5 to 50 µl) by means of a pipette,

and bloodstains (7 µl) by means of a needle and deposited from several heights

(10 to 100 cm). Each bloodstain was created on a separate surface and weighed

(immediately after deposition and after drying) to determine the volume by means

of the density of blood (table 2.1), to compare this to the volume obtained from
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the AreaScan3D. 3.5 hours after deposition, the blood was completely dried after

which a 3D scan was made of the bloodstains. All blood was obtained as described

in section 3.2.1.2.

3.3.2 Results and discussion

There is a very high correlation between the volume measured by means of the

AreaScan3D and the volume obtained from the weight/density measurement, of

the aluminum cylinders (Fig. 3.5). By fitting a line to the data points (y =

0.979 · x), we see there is only a small variation of 2.1% between the measured

volumes. It is clear that the AreaScan3D has a very high accuracy for determining

volumes.
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Figure 3.5: The volume of the aluminum cylinders measured by means of the
AreaScan3D as a function of the volume obtained by means of the weight and

density.

However, the question remains if we are able to determine the volume of blood-

stains just as accurately. By plotting the dried weight of the bloodstains as a

function of the relative dried volume (Fig. 3.6) we are able to determine the den-

sity of the dried bloodstains (1546 kg/m3) as measured by our system. However,

the actual density of dried blood (see section 2.2) is lower, namely 1274 kg/m3.

Thus the volume measurement has an systematic error of approximately 21%. The

volume we measure with the AreaScan3D is thus too low.

There are three reasons why the volume is estimated too low: shadows, reflections

and light absorption. Due to the inclination of the projector, shadows emerge

in the image on the opposite side of the projection. Accordingly, the camera is

not receiving height information from those locations and information about the
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Figure 3.6: Volume measurements of bloodstains. Volume of dried bloodstains
plotted as a function of the weight. From the fit to the data points we obtain

the density of blood.

volume is lost. In addition, the camera records light which is scattered, i.e., dif-

fuse reflection. Moreover, some parts of the dried stain can be highly reflective.

Accordingly, the angle of incidence of the light will be equal to the angle of re-

flection, thus light will not be reflected into the camera, and loss of information

will occur once more. Finally, the projector projects white light and the camera

observes white light. Thus transparent and highly light absorbent materials are

not visible to the camera. Dried blood has a deep red, almost black color, i.e., the

absorption coefficient of blood is high for visual light [147, 148]. Accordingly, a

lot of light is absorbed by the bloodstain and loss of information occurs. However,

the underestimation for the AreaScan3D seems to be an systematic error.

To determine what the drying ratio of blood is, while using the AreaScan3D, the

dried volume is plotted as a function of the liquid volume, obtained by means of

weighing the liquid droplet and dividing by the density (1055 kg/m3), Fig. 3.7a.

The drying ratio was obtained by fitting a straight line to the data and determining

the slope, yielding κvolume = 15%. This drying ratio enables us to determine what

the original droplet volume was from a 3D scan of the dried bloodstain at a specific

hematocrit value of 44%. However, a change in hematocrit value will result in a

different drying ratio as is shown in Fig. 3.3. Therefore, the experiments were

repeated for blood with varying hematocrit values (Fig. 3.7a). Instead of using a

number of volunteers with different Hct values, blood was centrifuged, after which

plasma was collected from one sample and added to another thus actively changing

the Hct value. An increase in Hct value results in an increase in drying ratio (Fig.

3.7b) as is expected. The slope of the fit to the data points of Fig. 3.7b is equal

to the drying ratio of that specific Hct value.
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Figure 3.7: The volume of dried bloodstains obtained with the AreaScan3D
plotted as a function of the volume of the liquid droplet determined by means
of the weight and density. The fit to the data points gives us the calibrated
volume ratio between the dried and fresh stains, for (a) an extensive data set
of blood droplets with Hct=44% and (b) blood droplets (n=6) varying in Hct

between 23% and 62%.

By plotting the drying ratio as a function of the Hct value (Fig. 3.8) and fitting

a straight line to the data points, a relation can be obtained for the drying ratio,

3.7b:

κAS3D = 0.372± 0.006 ·Hct (3.5)
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Figure 3.8: The average drying ratio, κ̄mass (square) and κ̄volume (triangle)
as a function of the hematocrit value of each volunteer.

We have shown that both OCT and the AreaScan3D can be used for determination

of bloodstain volumes in a non-destructive, non-contaminating manner. However,

OCT overestimates the volume of dried bloodstains by approximately 15%. This
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overestimation is in contrast to the results of the Areascan3D, which measures the

volume of the bloodstains too low, by approximately 20%. Nevertheless, for both

systems the error is systematic. Accordingly, the original volume of a bloodstain

can still be determined by either system using Eq. 3.4 for the Santec and Eq. 3.5

for the AreaScan3D.

3.4 Outlook

On crime scenes only the volume of the dried bloodstain can be determined. How-

ever, in order to reconstruct the trajectory of a blood drop, the volume of a fresh

drop, i.e., the original volume is necessary. Therefore we introduced the drying

ratio (κ) which can be used to determine the original bloodstain volume from a

dried stain. The fact that we could determine the volume of a blood drop with

OCT enabled us to determine the ratio of volume left after drying. Our study

shows that for OCT, we measure that between 19% and 28% of the blood volume

is left after drying, depending on the hematocrit value of the blood, given by Eq.

3.4. For the AreaScan3D between 7 % and 25% is left after drying, given by Eq.

3.5. Further investigations into these systems and the algorithms to determine the

volume should be performed to increase the accuracy of the systems. In addition,

other systems, e.g., 3D laser scanners, could be investigated for the possibility of

volume determination.

Until now it was not possible to determine the original volume of a dried bloodstain

in a non-destructive manner. We have shown that with this technique, combined

with the drying ratio, it is possible to determine the original volume without

altering the stain in any way. To our knowledge, Lee [133] and Soda et al. [149] are

the only ones that ever reported on the amount of blood left after drying. However,

these methods are not applicable on the crime scene because the methods either

required the bloodstain to be scraped off the surface or, in case of a porous surface,

to be cut out. Soda et al. [149] repeated the experiments of Lee and indicated an

interpersonal variation in the percentage of blood left after drying. Based on the

results of Soda et al. we expected that κ would not be constant, but would depend

on the individual person. Our results show that the amount left after drying

depends on the hematocrit value of blood, which is not unexpected. Accordingly,

knowing the hematocrit value is preferred to determine the original volume of the

blood drop, otherwise an average value has to suffice. Studies performed by Skopp
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et al. [150] and Baandrup et al. [151] suggest that hematocrit can be measured

post-mortem. In chapter 5 we report on how changes in hematocrit value influence

the analysis of an impact pattern.

3.5 Conclusion

To our knowledge, we are the first who are able to measure the volume of blood

drops with this high accuracy in a direct and non-destructive manner. We showed

that not only could the volume of a dried bloodstain be determined but that it is

possible to calculate its original volume with two different systems. This research

could further be used to correlate volume and diameter with the impact velocity

of a blood droplet, a topic which has been disputed for many years.
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4.1 Introduction

For the trajectory reconstruction of a ballistic droplet, the velocity of the droplet

at the time of impact (impact velocity vimpact) is required. To deduce the impact

velocity from a bloodstain a quantitative relation is required which equates vimpact

to the volume and size of the final bloodstain. In this chapter, the impact and

spreading dynamics of singular droplets in general is studied. We propose a new

model relating the maximum spreading diameter and the impact velocity which is

valid for various liquids, including blood, differing in viscosity and surface tension.

By means of our results of droplet impact experiments, we show what the correct

scaling behavior is for the capillary and viscous regime. Accordingly, an empirical

model is fitted to the data points that enables us to determine the impact velocity

from a stain. Finally, we show that the calculated impact velocity has a very high

correlation with the measured impact velocity.

4.2 Experiments

In this chapter we study a large amount of impact events under a variety of exper-

imental conditions. This allows us to conclude that in most practical situations

(and notably those encountered in previous experiments that disagree on the scal-

ings), We and Re have similar values, indicating that all three forces; inertial,

viscous and capillary, are important. For example, taking a blood droplet with

a diameter of 2 mm and an impact velocity of 4 m/s will result in a Weber and

Reynolds number of roughly 562 and 1688, respectively. It is for this reason that

neither simple viscous nor capillary scaling are observed. We propose a crossover

scaling between the two regimes that collapses all of our (and previous) data, which

shows that the asymptotically correct scaling in the capillary regime is We1/2 and

Re1/5 in the viscous regime. In addition, we show that these results also hold when

impact on inclined surfaces is considered, by simply taking into account only the

component of the velocity that is perpendicular to the surface. We subsequently

apply these new results to blood droplets, and show that these results allow us

to deduce the impact velocity from bloodstains based on the size and volume,

regardless of the impact angle and wetting properties of the solid surface, which

is a major advance in forensic Bloodstain Pattern Analysis.
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Experiments were done with simple Newtonian fluids with a range of different

viscosities (1 mPa·s ≤ η ≤ 51 mPa·s): water, two water-glycerol mixtures and

blood as a shear-thinning fluid. Shear thinning is the most prominent and most

important non-Newtonian effect for blood concerning impact; it has been shown

that elastic effects such as normal stresses [152] have no influence on the maxi-

mum droplet diameter [21]. The viscosity was determined with a stress-controlled

rheometer (Anton Paar, MCR 302, Graz, Austria), and the surface tension was

determined by means of the pendant drop method and the contact angle was de-

termined with the sessile drop method (EasyDrop, Kruss, Hamburg, Germany)

(see Chapter 3).

Table 4.1: Physical properties of water, water-glycerol mixtures, and blood

Vol.
frac.

Density
[kg/m3]

Surface Tension
[mN/m]

Viscosity
[mPa·s]

Temp.
[◦C]

Water [146] – 998 73±2 1.0 22

Water-glyc. 1:1 1124±2 65.69±0.07 6.0 22

Water-glyc. 1:3.2 1204±2 64.5±0.5 51.0 22

Blood (liquid) – 1055±3 60±2 4.8 37.5

For the physical properties of the used liquids see table 4.1. The reference values for

water are from [146]. All measurements were performed under standard laboratory

conditions, at a temperature of 22 ◦C and a humidity between 50% and 70%. The

values for the physical properties obtained for blood are in agreement with those

reported by [68]. A high speed camera (Phantom v7.1, Vision research) was used

to record the impact of the droplets generated using a syringe pump (droplet

volume between 5 and 20 µl). The impact velocity was changed by varying the

fall height (0.5 m/s < v < 6 m/s). From the high speed recordings the maximum

spreading diameter (Dmax) was measured, by means of a reference length (see Fig.

2.9 for a direct measurement of the increasing spreading diameter of a water and

blood droplet, Chapter 2). The volume (V ) of the droplet was determined from a

weight measurement of the substrate, with and without a droplet, and multiplying

the difference with the density (ρ) of the fluid. Accordingly, the droplet diameter

was determined by means of V = 4/3π(D0/2)3. The impact velocity (vimpact) was

determined by dividing the distance the droplet traveled per frame by the frame

rate of the high speed recording. The spreading ratio Dmax/D0 was plotted both

as a function of the Weber, Fig. 4.1a, and the Reynolds number Fig. 4.1b. The
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Figure 4.1: Results for the impact experiments of single droplets of four kinds
of liquid: water (square), water-glycerol 6 mPa·s (triangle-up), water-glycerol
51 mPa·s (triangle-down), blood (circle). Droplets were deposited on (rolled)
stainless steel surfaces with a contact angle between 80◦ and 90◦ for each fluid.
The droplets had impact velocities between 0.9 m/s and 5 m/s. (a) The maxi-
mum spreading ratio as a function of the Weber number, with scaling behavior
We1/2 (dashed line) and We1/4 (dotted line) depicted for comparison. (b) The
maximum spreading ratio as a function of the Reynolds number, with scaling
behavior Re1/5 (dashed line). The errors depicted in (a) and (b) are due to the

uncertainty in determining Dmax and D0.

errors depicted in Fig. 4.1 are due to measurement uncertainties of Dmax caused by

the limited resolution of the high speed camera. Even though the We1/4 scaling

seems consistent with the data for water, it is not for blood or water-glycerol.

Moreover, it is clear that the data points for the different systems do not collapse

onto a single curve, excluding a simple scaling with either of the two parameters;

none of our data sets can be convincingly rescaled with the dependencies (Re1/5,

Re1/4, We1/2, We1/4) reported in the literature, Fig. 4.1(a-b).

As discussed in Chapter 2, blood is a shear thinning liquid; the viscosity decreases

with increasing shear rate. Therefore, we created a water-glycerol mixture with a

viscosity similar to the high shear rate viscosity of blood. Fig. 4.1 shows that the

data point for this water-glycerol mixture and blood completely overlap. Accord-

ingly, we can assume that blood behaves as a Newtonian liquid with a constant

viscosity, corresponding to the high shear rate viscosity of blood, for these kinds

of impact events.
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4.3 Scaling of the maximum spreading diameter

4.3.1 Spreading model

The fact that no clear dependency on We or Re is found, suggests that all three

forces mentioned above (inertial, capillary and viscous) are important. In fact,

there may be a broad crossover regime between the viscous and capillary regime.

To test this, we adopt the approach of Eggers et al. [57] by interpolating between

the We1/2 and Re1/5 scaling using :

Dmax

D0

Re−1/5 ∝ fec(WeRe−2/5) (4.1)

where fec is a function of the parameter WeRe−2/5 that varies between zero (capil-

lary regime) and infinity (viscous regime). For the momentum conservation model

[42], we can similarly interpolate between the We1/4 and Re1/5 scaling using:

Dmax

D0

Re−1/5 ∝ fmc(WeRe−4/5) (4.2)

where fmc is a function of the parameter WeRe−4/5. For the energy conservation

model based on We1/2, this procedure indeed succeeds in collapsing all data points

for different liquids and impact velocities onto one single curve, Fig. 4.2a. To the

contrary, when using the momentum conservation model the data points do not

collapse onto one single curve (see Fig. 4.2b). Therefore, we argue that We1/4

is not the correct scaling behavior for the capillary regime. Our results show

that droplet spreading upon impact is governed by inertial, viscous and capillary

forces. Accordingly, we can conclude that energy dissipation at the substrate

liquid interface and energy transfer into internal flows marginally hinders droplet

spreading for the fluids reported here with impact velocities of 1 m/s and larger.

To emphasize the strength of our approach, we also successfully revisit earlier

data of water-glycerol mixtures from Bartolo et al. [43],who found their data to

be compatible with We1/4, Fig. 4.2.

In all of these experiments, we found that any decrease in volume due to splashing

(the ejection of microscopic droplets) was negligible and we did not observe any

deviations from the proposed scaling; in our experiments splashing does not affect

the maximum diameter scaling.
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Figure 4.2: The rescaled maximum spreading ratio as a function of (a)
WeRe−2/5 and (b) WeRe−4/5, with the dashed line showing the Padé approxi-
mant function, Eq. 4.3, fitted to the data points. To emphasize the strength of
our approach, we also successfully revisit earlier data of water glycerol mixtures
from Bartolo et al. [43] (diamond). For reasons of clarity, the errors are not

shown.

To quantitatively relate the maximum spreading ratio to the impact velocity, we

exploit the existence of a one-variable scaling function, fec(WeRe−2/5). We first

introduce the impact parameter P ≡ WeRe−2/5 to distinguish between the two

asymptotic regimes where the physical mechanisms are clearly identified. In the

high viscosity limit, the relation Dmax/D0 ∝ Re1/5 implies that fec(P ) ∼ 1 in

the limit P � 1. Conversely, when P � 1, fec has to scale as fec(P ) ∝ P 1/2 in

order to recover the Dmax/D0 ∝ We1/2 scaling. The smooth crossover between

these two asymptotics is then constructed using a so-called [1, 1] Padé approximant

[153], which is a ratio of two first order polynomials that approximates the actual

function fec:
Dmax

D0

·Re−1/5 =
P 1/2

(A+ P 1/2)
(4.3)

where A = 1.24 ± 0.01 is a fitting constant obtained by means of a least-squares

fit (with the coefficient of determination R2 = 0.95). To check for robustness, we

also use the ’least absolute deviations’ method to determine A:

S =
n∑
i=1

|yi − f(xi)| =
n∑
i=1

|Dmax,i

D0,i

·Re−1/5 − fec(Pi)| (4.4)

which did not significantly deviate from 1.24, Fig. 4.3.

The fit of Eq. 4.3 agrees excellently with the data, Fig. 4.2a, thereby confirming

that no other physical principle other than energy conservation is required to

account for droplet spreading. When fitting the momentum conservation model

(P = WeRe−4/5) with a Padé approximant, the fitting is significantly worse (R2 =
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Figure 4.3: The absolute value of residues as a function of the fit parameter A
(Eq. 4.3) determined by means of the least absolute deviation (LAD) method.
The least absolute deviation was determined by taking the sum of the absolute
values of the residues. This process was repeated for different values of A
ranging from 1.20 till 1.32 of which the results are plotted for our water data.
The minimum value of S corresponds to the best fit, in this case for a value for
A of 1.25 which falls within the error margin determined with the least-squares

approach (A = 1.24± 0.01).

0.83) which echoes the poor rescaling of our data in Fig. 4.2b. We did not obtain

better results by fitting other functions or higher order Padé approximants. The

analytical solution describes the spreading behavior of various different fluids, thus

yielding a quantitative relation between impact velocity and maximum spreading

ratio over a large range of Weber and Reynolds number (10 < We < 1700 and

70 < Re < 17000).

4.3.2 Impact on inclined surfaces

So far, we considered droplets falling perpendicularly onto a stainless steel surface.

To investigate the generality of our findings, we need to consider (a) different sur-

faces, and (b) different impact angles; the latter since in most situations of practical

relevance the impact is not perpendicular. On inclined surfaces, (blood)stains are

often elliptically shaped (Fig. 4.4), with short axis Wmax (width) and long axis

Lmax (length), empirically related to the impact angle through Wmax/Lmax = sinα

[4]. We therefore deposited droplets (water and blood) onto different types of sur-

faces and with different inclinations between 10◦ and 90◦. For larger droplets and

steeply inclined surfaces, we observed that the liquid continued to flow along the
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surface after the impact event, hereby increasing its length, in addition to creating

a tail (Fig. 4.4d). We therefore consider here only the extension of the fluid along

the width as the relevant parameter for determining the maximum extension.

Figure 4.4: (a-d) High-speed camera recording of a single blood droplet im-
pacting (v ≈ 2 m/s) on an inclined substrate. (a) Prior to droplet impact,
the droplet is spherical. (b) 1 ms after droplet impact on the surface; a thin
lamella spreads asymmetrically outwards due to the inertial forces. (c) 2.5 ms
after droplet impact; an elliptical shape forms and spreading slows down. The
maximum width is reached (Wmax) while spreading continues in the length. (d)
4 ms after droplet impact; the excess liquid continues traveling in the direction

of impact due to the inertial forces, creating a tail.

The impact velocity can be divided into a component parallel and perpendicular

with respect to the surface, v‖ = vimpact cosα and v⊥ = vimpact sinα, respectively

[11]. For spreading along the width we only take the perpendicular component of

the velocity into account. Accordingly Eq. 4.3 can be rewritten as:

Wmax/D0 = Re1/5 P 1/2 sinα

(A+ P 1/2(sinα)4/5)
(4.5)

allowing for the same rescaling. We find that the relations uncovered above still

hold for different surfaces (stainless steel, polyoxymethylene) and for inclined sur-

faces (from 25◦ to 90◦) Fig. 4.5.

4.3.3 Determining impact velocity from maximum spreading

For the forensic application of our results, we test whether the impact velocity of

a bloodstain can indeed be determined accurately with our method. Accordingly,

we compare the impact velocities measured directly from the high-speed camera

footage with those calculated from Eq. 4.5 based on the width, the volume and
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Figure 4.5: The rescaled maximum spreading ratio as a function of WeRe−2/5

with the dashed line showing Eq. 4.5. Water and blood deposited on POM
(polyoxymethelene) (θe ∼ 80◦) and stainless steel (θe ∼ 90◦) with varying im-
pact angle: α ≤ 25◦ (blue), 25◦ < α ≤ 40◦ (green), 40◦ < α ≤ 65◦ (yellow),

65◦ < α ≤ 75◦ (orange), 75◦ < α ≤ 90◦ (red).

the impact angle of the droplets. Fig. 4.6a shows a very good agreement between

measured and calculated velocities. This illustrates that the proposed relation

can be successfully used to determine the impact velocity of a blood droplet from

a dried bloodstain. For the inclined surfaces, as is clear from Fig. 4.6b for all

impact angles, there is also a very good agreement between the measured and

calculated velocities. The data points from Fig. 4.6a and Fig. 4.6b are normally

distributed around the x=y line (the mean of the calculated velocity divided by

the measured velocity is 1.004) with a standard deviation of 10%. Accordingly,

with our universal relation it is possible to determine the maximum spreading ratio

accurately. In addition, the impact velocity can be determined by means of the

width, the volume and impact angle of a bloodstain. Moreover, the variation in

surface does not significantly influence the velocity estimation for blood droplets.

4.4 Conclusion

We have shown that a universal solution can be used to describe the impact

behavior of fluids on solid substrates in the crossover regime between capillary

and viscous regimes, which covers most practical situations. Thereby, resolving

a longstanding problem within the fluid dynamics community; we show that the
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Figure 4.6: Calculated impact velocity versus measured impact velocity. (a)
The impact velocity was calculated by solving Eq. 4.5 numerically based on
the volume and maximum spreading ratio for water, water-glycerol mixtures
(including data of Bartolo et al. [43]) and blood falling onto stainless steel
surfaces with an impact angle of 90◦. (b) Blood falling onto various surfaces
(POM is polyoxymethylene). Water and blood deposited on POM and stainless
steel with varying impact angle (filled symbols): α ≤ 25◦ (blue), 25◦ < α ≤ 40◦

(green), 40◦ < α ≤ 65◦ (yellow), 65◦ < α ≤ 75◦ (orange), 75◦ < α ≤ 90◦ (red).
The static contact angles for the surfaces with water are: glass θ = 20 ± 2◦,
stainless steel θ = 90 ± 5◦, acylic glass θ = 70 ± 2◦, trespa θ = 82 ± 3◦, POM

θ = 79± 2◦.

spreading behavior for the capillary and viscous regime are solely governed by

energy conservation. For the first time we show that it is possible to determine

the impact velocity of a blood droplet from the size of the bloodstain on different

surfaces as well as for various impact angles in an objective manner. We anticipate

this particular finding to be of considerable importance for investigators who use

Bloodstain Pattern Analysis to reconstruct the events that have taken place on

crime scenes. This method will allow for an accurate reconstruction of the flight

trajectories of the blood droplets and subsequently, improve the determination of

the position of the victim or to connect bloodstain patterns to specific wounds on

the body, which differ in height. Such information is crucial in the court of law

considering the reconstruction of events which could lead to either the conviction

or the acquittal of a suspect. In addition, this method opens up the possibility to

connect bloodstain pattern formation to the manner, and more specifically, force

of creation. More generally, the results of this study may be used over a wider

range of industrial applications for which the control of droplet deposition is of

prominent importance [14–17].
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5.1 Introduction

Bloodstain Pattern Analysis (BPA) may provide information about the events

that have taken place during the crime. Among others, the investigator wants to

know where the location of the blood source (also known as the ‘region of origin’),

was during the blood shedding event. This information may substantiate or refute

claims of, e.g., self-defense, which is very important in the court of law to avoid

miscarriages of justice. Several methods exist to determine the region of origin,

for example, the tangent method [2], the stringing method [1], or the aggregate

statistics method from Varney et al. [3]. Most methods assume the trajectories

of the droplets to be straight line instead of curved, neglecting gravity and air

resistance (drag). This assumption causes an overestimation in height, which can

be as large as 45 cm depending on the distance between origin and wall [7]. In

order to take the effects of gravity and drag into account, the impact velocity of

the blood droplet at the time it hits the surface is required [8–10, 132–135, 154].

In the previous chapter, we have shown that it is possible to determine the impact

velocity of a blood droplet from the resulting bloodstain size. However, the impact

velocity is dependent on the volume of the droplet. Other studies [8–10] could

not directly measure the volume of the bloodstains and tried to circumvent this

problem by taking the number of spines, created around the stain, into account.

In contrast, in Chapter 3 it was shown that it is possible to directly determine the

volume of a dried bloodstain and we showed that it is possible to calculate the

volume of the original droplet prior to impact [139]. Accordingly, we developed a

method which can be used to determine the impact velocity based on the width of

an elliptical bloodstain and its original volume [155] (Chapter 4). In this study, we

show for the first time that it is possible to determine the volume of bloodstains

from a real impact pattern (Fig. 1.1a) and infer the impact velocity of each stain

chosen by a BPA expert. More importantly, we show that with this method we are

able to take both gravity and drag into account when determining the trajectory

of a blood droplet, and determine the region of origin of an impact pattern much

more accurately than the methods currently in use. This research enables the

investigator to determine the location of the blood source in the room, which may

enable to precisely determine the position of the victim (like standing or sitting).

To determine the region of origin by taking gravity and drag into account, we

require five parameters of each bloodstain: 1) the location of the bloodstain in
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x, y, and z coordinates, 2) the directional angle γ, 3) the impact angle α, 4)

the volume of the original blood droplet, and 5) the impact velocity of the blood

droplet. The first parameter is trivial and measured easily at a crime scene, which

is standard practice for the current methods in use. The directional angle γ is

measured by comparing the direction of travel to the vertical (Fig. 1.1b-c). The

impact angle α, can be determined from the shape of the stain as the width Wmax

and length Lmax of the elliptical outline of the stain (Fig. 1.1c) are empirically

related to the impact angle by Eq. 1.1 [4]:

sinα = (Wmax/Lmax)

In addition, Chapter 3 described how the volume of the bloodstains can be de-

termined and Chapter 4 describes how the velocity of the droplet can be inferred

from volume, size and impact angle of the bloodstain, using Eq. 4.5:

Wmax/D0 = Re1/5 P 1/2 sinα

(A+ P 1/2(sinα)4/5)

where Wmax is the width of the bloodstain, α is the angle of impact and the impact

number P = WeRe−2/5. Here We and Re are the Weber and Reynolds numbers,

respectively. It is apparent that the spreading of a droplet is dependent on the

surface tension and viscosity of the blood. In Chapter 2 we have shown that for

an impact event of a single blood droplet, both the surface tension and viscosity

can be assumed to be constant. Accordingly, by measuring the width, the impact

angle and the volume of a bloodstain (D0), Eq. 4.5 can be solved numerically for

the impact velocity. Subsequently, it is possible to solve the equations of motion

for a projected droplet flying through the air, which is influenced by gravity and

drag [156].

5.2 Methods and Materials

5.2.1 Pattern creation and stain selection

We made bloodstain impact patterns at a distance of 0.5, 1.0 and 1.5 meters from

the wall at a height of 0.637 m, using a hammer on a spring setup (described in [7]

and [154]) and using the same measurement procedure to determine the impact
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angle and location of each bloodstain. For each bloodstain pattern we took ∼2 ml

of blood which was heated to 37◦ to simulate a real blood shedding event. The

blood was deposited on a plate under the hammer; the hammer was pulled back

and released thus hitting the blood, with roughly the same force each time. After

drying of the bloodstains a certified bloodstain pattern analyst chose any number

of appropriate bloodstains, according to the following criteria [2]:

1. directed upward

2. directed diagonal (−90◦ < γ < 90◦)

3. radiating neighboring stains

4. roughly within an arms length of the center (area of convergence) of the

impact pattern

5. elliptical shaped stains (10◦ < α < 60◦)

6. well defined in shape (not irregular)

7. bloodstains size between 1 mm and 1 cm width

8. preferred number of stains (10 left, 10 right)

9. complementing area of convergence (bloodstains’ directionalities point to-

wards a common origin on the y-z plane, i.e., the wall)

After selection, a picture of each chosen stain including a two centimeter reference

length was taken (Nikon D5200, 40mm macro lens) at a fixed distance from the

wall, to determine the width, length, directional angle γ and impact angle α of the

bloodstains. In addition, each selected stain was scanned with the AreaScan3D to

determine the volume. The locations of the stains were determined by measuring

the distance from the floor and a side wall with a digital distometer (Disto X310,

Leica). All measurements were performed in the same space on the same materials

(namely trespa, a high pressure laminate surface) in the Netherlands Forensic

Institute (NFI).
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5.2.2 Trajectory reconstruction

The locations of the origin were determined with three methods: (1) a straight

line approximation, (2) our method including gravity, and (3)our method includ-

ing both gravity and drag in the trajectory calculation. With the gravity included

method, the curved trajectories were determined by solving the equations of mo-

tion analytically for a ballistic object taking gravity into account:

m−→a =
−→
F g (5.1)

−→
F g = m−→g is the gravitational force with m the mass of the droplet and g the

gravitational acceleration. Eq. 5.1 can be solved for the motion in the x, y and z

plane separately:

x(t) = x0 + vxt with vx = vimpact sinα (5.2)

y(t) = y0 + vyt with vy = vimpact sin γ cosα (5.3)

z(t) = z0 + vzt−
1

2
gt2 with vz = vimpact cos γ cosα (5.4)

with the impact velocity vimpact. vx, vy and vz can be directly derived from Fig.

1.1b.

When a droplet flies through the air, the Reynolds number becomes very large,

because the air viscosity is very small (ηair ≈ 2 ·10−5). Accordingly, we can neglect

air viscosity and model the air drag using the Newton drag model[157]. To take

drag into account the equations of motion have to be solved numerically as they

cannot be solved analytically. The trajectories of the blood droplets were modeled

as described in Kabaliuk et al. [156] using a Lagrangian approach for Newton’s

second law of motion:

m−→a =
−→
F g +

−→
F b +

−→
F D (5.5)

where
−→
F b = π

6
D3

0ρair
−→g is the buoyancy force with ρair the density of air,

−→
F D =

−1
2
CDAρair

−→vrel2 is the drag force with CD the drag force coefficient, A the projected

area of the droplet and −→v the velocity of the droplet during flight. Eq. 5.5 can be
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rewritten for the motion in the x, y and z plane:

ax =
dvx
dt

=
1

2m
CDAρair

vx
|v|

(5.6)

ay =
dvy
dt

=
1

2m
CDAρair

vy
|v|

(5.7)

az =
dvz
dt

=
1

2m
CDAρair

vz
|v|
− gρblood − ρair

ρblood
(5.8)

with vrelx, vrely and vrelz the relative velocities in the x, y and z directions, re-

spectively. These equations are solved numerically for discrete time steps using

a fourth order Runge-Kutta algorithm. In addition, deformation of the droplet

shape during flight can be taken into account with the Taylor Analogy Breakup

model (TAB) [158]. For this study, the blood drops were modeled as solid spheres

(no deformation and a constant drag coefficient equal to 0.5 [156]). This model

was found to be the most suited for this practical situation.1

5.2.3 Location of Origin determination

We make a distinction between the point of origin (PO) and the region of origin

(RO). The PO is the exact location given in x, y and z coordinates (POorigin(x, y, z)),

which we calculated the pattern to be originated from. The RO represents the

uncertainty of our measurement. In general, the investigator wants to have the

probability of a pattern coming from a specific location. Therefore, the RO is

defined as twice the standard deviation (SD) of the shortest distance between the

PO and each trajectory, which represent a 95% certainty that the blood came from

within the calculated region.

Point of Origin

The intersections between the trajectories were determined within the x-y plane

(Fig. 5.1) [1]. The x and y coordinates of the PO were determined, by taking the

arithmetic mean of the intersecting points (O(xi, yi) =
∑

k O(xk, yk)/k)), where

k is the index number for the intersecting points and i the index number for the

pattern). Given an impact pattern, the calculated O(xi, yi) is the same for each

method used in this study, because the projection of the trajectories onto the

x-y plane does not change due to gravity or drag. For each trajectory, the zi

1All trajectory reconstructions including drag were done in cooperation with the group of
Mark Jermy from the University of Canterbury, Christchurch, New Zealand.
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coordinate was determined based on the mean of zk (the height of the trajectory

at the location O(xi, yi) for each trajectory);

POmethod(xi, yi, zi) =
∑
k

O(xi, yi, zk)/k) (5.9)

where negative values of zk were assumed zero due to the physical limitation of

the floor (z = 0). The obtained PO(xi, yi, zi) is defined as our point of origin.

Figure 5.1: A projection of the trajectories of the blood droplets onto the x-y
plane. The wall containing the bloodstains is on the top (x=0). The blue points
depict the intersections between the trajectories directed towards the right and

those directed towards the left within this x-y plane.

Region of Origin

The region of origin is determined by taking the standard deviation into account,

which was determined from the smallest distance between the point of origin and

each trajectory. The standard deviation reported is determined with the following

procedure. First of all, the PO is determined by means of Eq. 5.9. Next we define

the distance between the PO and each trajectory (index p) as a function of time.

Sp(t) =
√

(PO(xi)− xp(t))2 + (PO(yi)− yp(t))2 + (PO(zi)− zp(t))2 (5.10)

here xp(t), yp(t) and zp(t) are the time dependent trajectories of the droplets given

by equations of motion. To determine the shortest distance (for the straight-line

method and gravity included method) we solve the time derivative of Eq. 5.10
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equated to zero, yielding a tmin which is substituted for t in Eq. 5.10 for each

trajectory. For the method including both gravity and drag it is not possible

to determine the derivative of Eq. 5.10 because the trajectories are calculated

numerically. Thus, Eq. 5.10 is directly numerically calculated by determining

Sp(t) for each time step (∆t=0.1 ms). Accordingly, the shortest distance of each

trajectory is determined. Next, the standard deviation of the minimum distances

is calculated for each pattern.

SD =

√√√√ 1

L

L∑
p=1

(Sp(tmin)− µ)2 where µ =
1

L

L∑
p=1

Sp(tmin) (5.11)

where L is the total number of trajectories.

5.3 Results and Discussion

5.3.1 Impact pattern analysis

We tested our method on bloodstains of real impact patterns at the Netherlands

Forensic Institute. We show how accurate and precise we can determine the loca-

tion of the origin by determining the curved trajectory of each bloodstain chosen

by a BPA expert.

In Fig. 5.2 an example is shown of the analysis of a typical impact pattern con-

sisting of the straight-line approximation (red) and our method including gravity

(green). The blue dot represents the location of the true origin. The spheres

represent the RO and the black dot in the middle of the spheres represents the

PO. For this specific pattern 31 stains were analyzed (red dots). The true origin

of all patterns was at a height of 0.637 m, (true origin POorigin(x, y, z) = (1.00,

1.50, 0.637) in m). It is clear that the straight-line approximation overestimates

the point of origin height, zPO = 0.911 m, which is an overestimation of 0.274 m.

With our method we determine the height to be 0.585 m, which actually differs

only by -0.052 m, which is almost one order of magnitude more accurate, thus

providing a proof-of-princple of the accuracy of our method. The standard devi-

ation caused by measurement errors (width, length and volume measurements) is

somewhat larger for our method than for the straight-line approximation. Never-

theless, the true origin falls within the standard deviation of our method, which is
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Figure 5.2: Example of the region of origin visualization of an impact pattern
where red is the straight-line approximation and green is our gravity included
method. (a) front view, (b) side view, (c) top view, (d) 3D view. The red dots
represent the bloodstains chosen for analysis. The red lines and green curves
represent the trajectories determined with the straight-line approximation and
gravity included method, respectively. The blue dot depicts the true origin.

The red and green spheres represent the RO of the two methods.

not the case for the straight-line approximation. Next, we analyzed eight impact

patterns with the straight-line approximation, our method including gravity, and

our method including both gravity and drag. The precision and accuracy of all

the results of the three methods are compared to each other (Fig. 5.3).

5.3.2 Point of Origin

We determine the difference between the measured point of origin and the origin

where the blood actually came from, i.e., the PO that we measure and the true

origin for the x, y and z coordinates separately. Accordingly we determined the

mean deviation δ̄ between PO and true origin for the x, y and z coordinates for
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these impact patterns:

δmethod,i = POmethod(xi, yi, zi)− POorigin(xi, yi, zi) (5.12)

δ̄method,i =
n∑
i=1

δi/n (5.13)

where i is the index number of the patterns and POmethod is the point of origin

calculated with the various methods. When both POmethod and POorigin are equal

and accordingly δ̄ is zero, then we have perfect accuracy. Thus an increasing δ̄

corresponds to a decreasing accuracy. Comparing the results from the straight-

line approximation with our method including gravity (Fig. 5.3), it is clear that

the mean deviation for x and y are the same, as they should be, because they

are calculated identically. In contrast, for the z coordinate the mean deviation

is reduced dramatically for all distances between origin and wall when using our

method.

For all distances there is a negative mean deviation in the x-direction, thus each

pattern is determined too close to the wall. This deviation increases as the distance

between wall and origin increases. There is almost no mean deviation in the y-

direction, for any distance. As the distance between origin and wall increases, so

does δ̄ in the z-direction for the straight-line approximation, which increases from

10 cm (Fig. 5.3a) to 40 cm (Fig. 5.3c). For the gravity included method, δ̄ is

in almost all cases diminished by roughly one order of magnitude. For example,

at a distance of 100 cm, δ̄ decreases from roughly 20 cm for the straight-line

approximation to roughly minus 2 cm for the gravity included method, increasing

the accuracy tenfold. Until now it was not possible to determine the height of the

blood source with such a high accuracy.

The method including both gravity and drag has a higher mean deviation than

the method only including gravity. This is expected as due to drag, the point of

origin is always higher than when we only take gravity into account. It is clear

that the accuracy is highest for the method only including gravity. Finally, the

straight-line approximation has the largest systematic error and is thus the least

accurate of all methods used.
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Figure 5.3: The mean deviation from true origin for patterns created with a
distance from the wall of (a) 0.50 m, (b) 1.00 m, and (c) 1.50 m, for the x, y and
z coordinates and the standard deviation for the straight-line approximation
(red), the method including gravity (green), and the method including both
gravity and drag (blue). The bars represent the mean deviation measured for

the analyses performed. The error bars represent the variance of δ̄ and S̄D

5.3.3 Region of Origin

The calculated trajectories almost never come together in exactly one single point

in space (Fig. 5.1), but will rather spread out over a region of space. Therefore, we

determine the Region of Origin (RO), which is the space surrounding the point of

origin, for which we are 95% certain the blood came from. The radius of the RO is

determined by taking twice the mean standard deviation of the shortest distance

between the point of origin and each trajectory:

S̄Dmethod =
n∑
i=1

SDmethod,i/n (5.14)

where SDmethod,i is the standard deviation of the used method for one specific pat-

tern (see Eq. 5.11). In case all trajectories come together in one single point then

the mean standard deviation equals zero. Accordingly, an increase in S̄Dmethod

corresponds to a decrease in precision. Fig. 5.3 shows S̄D, i.e., the size of the

red and green spheres from Fig. 5.2. For all three methods, the size of the RO

75



Chapter 5

is very similar and the difference between S̄D of the three methods are negligible

taking the variance (error bar) into account. Accordingly, the different methods

have only a small effect on the spread of trajectories around the PO. In contrast,

as the distance of the origin to the wall increases, the precision diminishes as S̄D

becomes larger for all three methods.

5.4 Discussion

5.4.1 General discussion

With the results reported in this chapter we show that with our novel method,

taking gravity into account, we estimate the height of the point of origin much

more accurately than the straight-line approximation. From our results we deduce

that the calculated trajectories which include gravity come closest to the actual

trajectories of the blood droplets. The height estimation for the gravity method

is on average around the true origin, if drag is not considered. Due to drag, the

velocity decreases as the droplet flies through the air. But when tracing back the

trajectory from the bloodstain to the source, time is inverted and the velocity

increases due to drag. Accordingly, the drag included trajectories will always be

between the straight line trajectory and the gravity trajectory, which explains why

the drag included model has a higher, positive mean deviation compared to the

gravity included model. On the other hand, the droplets might not truly originate

from a single point as, during an impact, the blood is first extruded into liquid

sheets and ligaments, which in turn break up into droplets [159]. Only after this

do the droplets follow the paths described by the gravitational and drag model. As

the sheets and ligaments are distributed over a region of space, no method will find

all trajectories crossing at a single point, i.e., (S̄D)=0, no matter how accurate

the measurement of the stain dimensions or how physically correct the trajectory

model. In addition, due to the physical limitations of our setup, the breakup

occurs around and above the actual point of impact of the weapon. Thus the

height estimation will always be slightly overestimated, i.e., δ̄drag for z will always

be nonzero and positive. The results from our model including both gravity and

drag reflect this overestimation well.
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5.4.2 Variations in the physical properties of blood

As seen in Chapter 2 and 3, the hematocrit (Hct) value of blood can have a large

influence on its physical properties, mainly in drying ratio and viscosity. If we know

the Hct value of blood, then it is relatively simple to calculate what the drying

ratio and viscosity should be. However, the question remains, if it is possible to

determine the Hct value from human remains or directly from bloodstains. Studies

performed by Skopp et al. [150] and Baandrup et al. [151] suggest that hematocrit

can be measured post-mortem. However, in the case that this is not possible, the

Hct value should be estimated, then the previously posed question will become:

how does the Hct value influence the point of origin determination. The range in

hematocrit values for women is approximately 38.7±3.5% and for men 42.8±4.0%

[67]. To investigate variations in Hct, the PO was determined of one pattern at

100 cm distance from the wall, for a range of assumed hematocrit values between

30% and 55% (norm value Hct = 40%). The drying ratio κ and viscosity η were

accordingly calculated using Eq. 3.5 and Eq. 2.8, respectively (see table 5.1).

Table 5.1: Variation in hematocrit value and its corresponding drying ratio κ
(Eq. 3.5) and viscosity η (Eq. 2.8).

Hct [%] Drying ratio κ [%] Viscosity [mPa·s]

30% 11.2% 2.89

35% 13.0% 3.33

40% 14.9% 3.8

45% 16.7% 4.34

50% 18.6% 4.91

55% 20.5% 5.52

The height (z-coordinate) of the PO was determined for the pattern for each Hct

value and corresponding values for κ and η (Fig. 5.4). For the Hct norm value,

the height estimation is 5 cm above the actual height of the origin, when using

the method which includes gravity. For this investigated pattern, the straight-line

approximation would result in a height estimation of 84.4 cm (red dotted line Fig.

5.4). The height estimation increases as the Hct value increases. This behavior

is expected and can be explained as follows. If the Hct value decreases, both

the drying ratio and the viscosity decrease. As the drying ratio decreases, one

would calculate a higher liquid volume. Accordingly, a higher liquid volume would
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result in a lower impact velocity according to Eq. 4.5 and thus a lower origin. In

addition, as the viscosity decreases, the calculated impact velocity is lowered even

more. However, the differences per data point are relatively small, in the order of

several centimeters. If we assumed a Hct value of 40% for women and 45% for men,

then even a variation of ±5% would have a small influence on the estimation of the

origin’s location. Only for Hct variations larger than 15%, these differences start

taking their toll on the PO determination. Of course, these physical properties

only had an effect on the height estimation, i.e., no variations were measured for

the lateral directions.
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Figure 5.4: The origin height estimation of a single pattern as a function of an
assumed Hct value (norm value = 44%). The dashed line represents the actual

height of the origin, at 0.637 m.

Finally, also the influence of the surface tension was investigated. As seen in

Chapter 2, the surface tension can vary over time between roughly 70 mN/m

and 50 mN/m. In these experiments, always a standard value of 60 mN/m was

assumed. Changing this value and recalculating the height of the origin, resulted

in:

Table 5.2: Variation in height estimation as a function of the surface tension.

Surface tension σ Height estimation

[mN/m] [cm]

50 67.0

60 68.2

70 69.5

To conclude, changing the surface tension has little influence on the actual height

estimation of the origin. These findings show that our method is very robust, and
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can be applied in situations where the physical properties of the blood found, are

unknown. Within this study, only human blood was used, mainly of the author

himself2.

5.4.3 Correction on the impact angle

From the results it is clear that there is a negative deviation in the x-direction,

i.e, the origin is determined too close to the wall, which is typical for directional

analysis [142, 160]. We argue that this deviation is a results of an underestimation

of the impact angle, which may be caused by either an overestimation of the length

of the stain or an underestimation of the width. To further investigate this, the

equations of motion and the velocity profiles were adjusted as follows:

x(t) = x0 + vxt with vx = vimpact sin(α + ∆α) (5.15)

y(t) = y0 + vyt with vy = vimpact sin γ cos(α + ∆α) (5.16)

z(t) = z0 + vzt−
1

2
gt2 with vz = vimpact cos γ cos(α + ∆α) (5.17)

Here ∆α is a correction for the impact angle given in degrees. Accordingly, the

point of origin for each pattern was recalculated, varying ∆α from 0 to 6◦.
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Figure 5.5: The mean deviation from the true origin for (a) the x-direction
and (b) the z-direction as a function of ∆α, for patterns created with a distance
from the wall of 50 cm, 100 cm, and 150 cm. The error bars in (b) have been

removed for purposes of clarity.

The deviation at ∆α = 0◦ for the x-direction can be quite large (Fig. 5.5a).

As ∆α increases, the deviation in x diminishes and thus the PO is estimated

2In the time span of roughly five years, approximately 1.5 liters of blood has been taken from
the author and used for impact, spatter, rheology, and drying experiments. Fortunately, the
author survived.
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more accurately. Moreover, there is an optimum around 2◦ where the deviation

approaches zero for all three distances between origin and wall. Changing the

impact angle did not have a significant effect on the y coordinate, i.e., the change

in y was smaller than 10% of its error. In addition, ∆α did not have an effect on

the z-coordinate for the straight-line approximation (for any distance) (Fig. 5.5b).

However, increasing ∆α did have an effect on the z-coordinate for the gravity

included method, which decreased. The further the distance from the wall, the

bigger the influence of ∆α. Correcting the impact angle with ∆α can cause a

larger deviation in the height estimation (e.g. for 100 cm). However, this increase

in deviation in the z-direction is much smaller than the decrease in deviation in the

x-direction. For example, at a distance of 100 cm from the wall the δ̄(x) decreases

from -7 cm to 0 cm (Fig. 5.5a), while δ̄(z) increases from -0.5 cm to -3.5 cm (Fig.

5.5b).

It is well known that a blood droplet impinging onto an inclined surface has the

tendency to be elongated due to an excess of volume, which we also show in

chapter 4. To account for this, an ellipse is fitted to the leading edge of the stain

[5, 6, 161]. However, even with the use of computer programs to fit such an ellipse,

the calculated impact angle is still underestimated, and accordingly, the PO is

determined too close to the wall [7, 160, 162]. A study showed that the relative

measured error (%) is smallest for x at a distance of 50 cm from the wall and seems

to increase linearly with increasing distance [163]. Thus based on these studies

and the results presented in this section, we must conclude that with either the

straight-line approximation or the gravity included method, a correction should

be made for the impact angle of approximately +2◦ for each bloodstain chosen if

we want to determine the correct distance between wall and blood source.

5.4.4 Outlook

Various studies have attempted to increase the accuracy of directional analysis [3,

8, 10, 11], but to our knowledge, none of these methods are used on the crime scene.

Nevertheless, there is a high demand for improving the scientific methods used

within BPA on the crime scene [164, 165]. Our new method enables investigators to

distinguish between a sitting and standing position. Accordingly, the investigator

will be able to reconstruct the events of the crime in more detail. This method

can be used on the crime scene as the 3D scanner can easily be transported. In
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addition, our method is non-invasive and contact-less, a prerequisite for using

it in forensic applications, considering contamination. These attributes make the

scanner suitable to use on the crime scene. With only one additional measurement,

namely the 3D scan, we create many possibilities concerning the reconstruction of

the trajectories. In addition, the analysis of the bloodstains does not increase in

complexity when compared to directional analysis.

Another important point is, that on a crime scene it is not unlikely that the ma-

jority of bloodstains found are downward directed. With our novel method it is in

principle possible to take downward directed bloodstains into account; this kind

of bloodstains are now excluded in the analysis as the height estimation becomes

very inaccurate. Finally, we apply our volume and velocity measurements only on

impact bloodstain patterns. However, this method might also be used for analyz-

ing other kinds of bloodstain patterns. For example, the drip trail pattern [166]

(stains resulting from droplets, created solely by gravity) could be investigated to

determine an approximate height of deposition. Moreover, cast-off patterns [167]

(patterns created due to the rapid movement of a bloody object) could be inves-

tigated to determine the swing radius and maybe even the radial velocity of the

object.

5.5 Conclusion

By means of these proof-of-principle experiments, we show that with our method

we arrive at a much more accurate and precise determination of the point and

region of origin when performing the analysis for stains that are selected by BPA

experts. We anticipate this study to be of considerable importance for investigators

who use BPA to reconstruct the events that took place on crime scenes. The

improved accuracy will allow them, for instance, to better determine the position

of the victim and may even allow them to connect bloodstain patterns to specific

wounds on the body, which differ in height. It is evident that the accuracy can be

further improved by taking also the downward directed stains into account that

are currently discarded on crime scenes. We anticipate that the findings of this

study will be a significant improvement for bloodstain pattern analysis, when one

wants to determine the location of a victim based on an impact pattern.
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6.1 Introduction

As described in Chapter 1 there are two problems which emerge when using the

straight-line approximation; the first problem being that directional analysis al-

ways overestimates the height of the blood source, and the second problem, that

downward directed bloodstains are not taken into account for the analysis. This

chapter covers the second problem and therefore we investigated if it is possible to

implement downward directed bloodstains into the trajectory analysis using our

method, i.e., determining the volume and impact velocity of the blood droplets

and calculating the curved flight path.

Downward directed bloodstains are usually not taken into account on the crime

scene, since this would increase the deviation in the origin estimation dramatically

because a straight line trajectory is assumed (Fig. 1.2). In addition, the majority

of bloodstains found on a crime scene can be downward directed. The number

of downward directed stains is directly correlated to the force of impact and the

distance between origin and wall. Thus there is a lot of potential evidence for

the reconstruction of the crime scene events that is not used, which potentially

could hold valuable information. With our novel fluid dynamical approach we are

able to determine the curved trajectories and investigate for the first time whether

downward directed bloodstains can be used for the determination of the origin’s

location. We require five parameters of each bloodstain (see Chapter 4 and 5):

1. location of the bloodstain

2. impact angle α

3. directional angle γ

4. volume of the original blood droplet

5. impact velocity of the blood droplet

The location of the bloodstains is measured in Cartesian coordinates, where x is the

distance from the wall, y the distance from the side wall, and z the height. The

directional angle γ is the angle between the vertical and the direction of travel

of the bloodstains (Fig. 6.2). For directional analysis, usually bloodstains are

chosen which have a γ roughly between (-)20◦ and (-)70◦. The use of downward
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directed bloodstains has been investigated in the past, but it was shown that

they were only useful for the determination of the origin within the x-y plane

and not for the height estimation [168]. Taking gravity into account enables us

to investigate if downward directed bloodstains can be used to determine the

height of the point of origin. However, we cannot select and include all downward

directed bloodstains. Selecting bloodstains is subjected to a number of selection

criteria, reported in section 5.2.1. Number 9 states that all bloodstains have to

point towards a common origin on the wall (y-z plane), the so-called ”area of

convergence”, Fig. 6.1. Accordingly, by taking downward directed bloodstains

into account, we have to investigate if they point towards the area of convergence.

After an expert has chosen any number of bloodstains available from an impact

Figure 6.1: Example of an impact pattern, with lines drawn through the long
axis of multiple bloodstains, following the directionality of those stains. The
intersections of the lines, within the red circle is called the area of convergence.

pattern, they often create the area of convergence. Simply put, the investigator

determines if the stains point towards a common origin. To do so, they draw

a straight line on the wall from the stains (with the same directionality) and

determine where the stains come together on the wall, Fig. 6.1. Usually, the lines

do not converge at one single point but are spread out over an area, hence the

name ’area’ of convergence. If a line is too far away from the area of convergence

(red line Fig. 6.1), the investigator might choose not to include the stain at all. No

objective rules exist for excluding a bloodstain and accordingly this procedure is

rather subjective. For our method, excluding stains which deviate from the area of

convergence, might not be necessary. To further investigate this and to determine

85



Chapter 6

any set of rules for excluding a bloodstain based on the area of convergence,

we introduce the variable ∆γ which is the angular deviation of the bloodstain’s

directionality with respect to the area of convergence.

The minimum number of bloodstains required for an accurate analysis of the loca-

tion of the origin, is still under discussion within the BPA community. According

to James et al. [2]; ’There is no ”magic number” of stains to be selected for the

determination of the area of convergence or area of origin’. On the other hand,

Bevel and Gardner [169] suggest a minimum of 4 bloodstains to be selected to

determine the location of the origin, i.e., the Point of Origin. The rule-of-thumb

is to take 10 stains on the right-hand-side (positive γ) and 10 stains on the left-

hand-side (negative γ)1. This total of 20 stains has been arbitrarily determined

from practice. Usually in practice, less stains are available or multiple patterns

overlap, in which case, much more bloodstains are required to distinguish between

multiple origins. In this chapter we investigated how many stains are actually

necessary for an optimum analysis with our method. Therefore we performed a

statistical analysis on our huge data set of over 700 bloodstains.

6.2 Materials and Methods

6.2.1 Downward directed stains

The same patterns reported in Chapter 5 were used. Posterior to bloodstain

selection by the BPA expert, additional stains were chosen with downward directed

γ angles. For each distance between origin and wall (50, 100 and 150 cm) all

bloodstains were treated as if from one pattern with one origin. To investigate

the influence of the directional angle on the determination of the blood source

location, bloodstains were divided into separate γ groups of 30◦. No distinction

was made between positive or negative γ due to symmetry over the z-axis. In total

we created six γ groups, namely: 1) from 0◦ to 30◦, 2) from 30◦ to 60◦, 3) from

60◦ to 90◦, 4) from 90◦ to 120◦, 5) from 120◦ to 150◦ and 6) from 150◦ to 180◦,

(Fig. 6.2).

1This information was obtained from personal communications during a Basic Bloodstain
Pattern Recognition Course.
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Figure 6.2: Conceptual representation of γ and ∆γ, for three bloodstains;
one upward directed with positive γ (top right) pointing directly towards the
area of convergence, one upward directed with negative γ (top left) pointing
slightly away from the area of convergence, and one downward directed (bottom)

pointing away from the area of convergence.

The flight trajectory for each bloodstain was determined using three different

methods (see section 5.2.2):

1. the straight-line approximation

2. our method including gravity

3. our method including both gravity and drag

Subsequently, the shortest distance between each trajectory and the actual origin

was determined for x, y and z separately. To do so, we equate the time derivative

of Eq. 6.2 to zero (also see Chapter 5):

Sp(t) =
√

(PO(xi)− xp(t))2 + (PO(yi)− yp(t))2 + (PO(zi)− zp(t))2 (6.1)

dSp(t)

dt
= 0 (6.2)
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Solving this equation for the minimum absolute distance will yield a time value

tmin, which is substituted into the equations of motion for x(t), y(t) and z(t). Ac-

cordingly, we obtain a single point in space in Cartesian coordinates representing

the point on the trajectory which is closest to the actual origin (Omin(x1(tmin), yi(tmin), zi(tmin))).

Next, we determine the deviation δ from this point to the actual point of origin

(POorigin):

δi = Omin(xi(tmin), yi(tmin), zi(tmin))− POorigin(x, y, z)) (6.3)

where i is the index number of the bloodstains. The deviation δi between the

actual origin and each trajectory is determined for x, y and z separately. Finally,

we calculate the average of each deviation δ̄method,i:

δ̄method,i =
n∑
i=1

δi/n (6.4)

where n is the total number of stains. Based on this procedure, the results obtained

for x and y, for the three different methods will not be similar, in contrast to the

results reported in Chapter 5.

Area of convergence

To investigate the area of convergence we introduce the variable ∆γ, which is

defined as the difference between the measured directional angle γ and the angle

between the area of convergence2 and the stain (within the y-z plane), see Fig. 6.2.

If a bloodstain flies in a straight line and hits the wall, it will be pointing directly

towards where it came from. Accordingly, the bloodstain is directly pointing at

the area of convergence (top right stain Fig. 6.2) and it will have a ∆γ which

equals zero. However, in general, the flight trajectories of the blood droplets are

curved due to gravity which changes the direction of flight. Consequently, when

the droplets hit the wall, they will slightly point away from the area of convergence

(top left stain Fig. 6.2). Accordingly ∆γ increases, in this case to 9◦. When a

droplet starts its trajectory upwards and progresses to a downward direction, and

then hits the wall (bottom stain Fig. 6.2), ∆γ can increase dramatically (in this

case up to 55◦). ∆γ has been divided into sets as follows: 0-10, 10-20, 20-30,

30-40, 40-50, 50-60, 60-70, 70-80, 80-90, and 90-120, 120-150, 150-180. The latter

2For convenience we assume that the area of convergence is only one single point and equal
to the coordinates of the origin in the y-z plane.
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three sets have a larger span as only a few bloodstains were found within these

values for ∆γ.

Minimum number of stains

To determine the minimum number of bloodstains required for an accurate anal-

ysis of the origin’s location, pairs of bloodstains were randomly selected from our

data set. Subsequently, the deviation was determined using Eq. 6.4. Pairs of

bloodstains were chosen with both positive and negative γ values to ensure the

resulting trajectories were intersecting in the x-y plane. The following rules apply

to each set of the bloodstain selection procedure:

• Each pair contained one stain with a directionality between 0◦ < γ < 180◦

and one stain with a directionality between 0◦ < γ < −180◦.

• A stain could not be selected twice within one set.

• Stain selection was repeated 20 times.

Finally, the procedure was performed twice, first, by only taking upward directed

stains into account, and secondly, taking both upward and downward directed

stains into account.

6.3 Results and Discussion

6.3.1 The influence of γ and ∆γ

The results for the directional angle γ (left graphs) and the the area of convergence

∆γ (right graphs), for a distance between wall and origin of 50 cm, 100 cm and 150

cm are shown in igures 6.3, 6.4 and 6.5, respectively. The deviation δ represents

the distance between the calculated trajectories and the actual origin. If δ is near

zero, then the trajectories are very close to the actual origin and the Point of

Origin (PO) is determined very accurately.

50 cm distance - Figure 6.33

The determination of the PO at a distance of 50 cm between wall and origin

3For a distance of 50 cm there were no stains available with a directional angle between 90◦

and 120◦ (Fig. 6.3a,c,e) or with ∆γ > 40◦ (Fig. 6.3b,d,f).
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shows similar results for all three methods (Fig. 6.3). Due to the close proxim-

ity to the wall and the short time of flight, the trajectories of the droplets are

barely influenced by either gravity or drag. In general, upward directed stains
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Figure 6.3: The average deviation δ for x, y and z between POorigin and each
trajectory, as a function of the directional angle γ (left) and ∆γ (right) for the

three different methods at a distance between origin and wall of 50 cm.

(−90◦ < γ < 90◦) have the smallest deviation and thus the highest accuracy, for

all coordinates and methods. Downward directed stains (−180◦ < γ < −90◦ and

90◦ < γ < 180◦) cause a much larger deviation.
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For the x-coordinate, an increasing γ causes a larger negative deviation, i.e., the

origin is determined too close to the wall (Fig. 6.3a). This effect significantly in-

creases for downward directed stains. In addition, only stains with a ∆γ < 10◦ will

accurately determine the origin (Fig. 6.3b). For ∆γ > 10◦ the deviation increases

and once more the origin is determined too close to the wall; approximately be-

tween 10 and 25 cm, which is a lot considering the distance to the wall is only 50

cm.

For the y-coordinate the deviation does not significantly increase for either γ or

∆γ; only the variance (error bar) increases (Fig. 6.3c,d).

For the z-coordinate, an increasing γ causes an increasing deviation, i.e., the origin

is determined too high, specifically for the straight-line approximation (Fig. 6.3e).

However, this effect is diminished for upward directed stains, when gravity and

drag are taken into account. For all three methods, the origin was determined too

high when taking downward directed stains into account. In accordance to the x

and y coordinates, the highest accuracy is achieved when ∆γ < 10◦ (Fig. 6.3f).

For 50 cm distance between origin and wall, the best approximation of the PO is

given when only upward directed bloodstains are taken into account, that actually

point towards the area of convergence. Bloodstains that point away from the area

of convergence with a ∆γ larger than 10◦ should not be taken into account for any

of the used methods.

100 cm distance - Figure 6.44

In contrast to the results of 50 cm, these results show a clear difference between

the three methods.

For the x-coordinate, there is a very large negative deviation for downward directed

stains when using the straight line approximation (Fig. 6.4a). Accordingly, when

choosing stains with 150 < γ < 180, the origin is then determined 80 cm too close

to the wall. This deviation is significantly diminished when including gravity (and

drag). However, when including gravity, there is a larger deviation for upward

directed stains. This result is in accordance with the results found in Chapter

5, where a correction of 2◦ for the impact angle α resolves the deviation in the

x-direction. It is worth noting that there is a sudden increase in deviation when

∆γ becomes larger than 50◦ for the straight-line approximation (Fig. 6.4b), for

4For a distance of 100 cm between wall and origin, there were no bloodstains available with
∆γ > 120◦ (Fig. 6.4b,d,f).
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Figure 6.4: The average deviation δ for x, y and z between POorigin and each
trajectory, as a function of the directional angle γ (left) and ∆γ (right) for the

three different methods at a distance between origin and wall of 100 cm.

which we do not have an explanation. The sudden increase in deviation is not

present for the other methods.

For the y-coordinate, there is no increase in deviation as a function of γ, only the

variance (error bar) increases (Fig. 6.4c). Similar to the x-coordinate, there is a

sudden increase in variance for the y-coordinate, when ∆γ > 40◦ (Fig. 6.4d).

For the z-coordinate, there is a clear distinction between the three methods. First

of all, for the straight-line approximation the deviation gradually increases as γ
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increases, up to a deviation of 60 cm (Fig. 6.4e). The deviation increases rapidly

for increasing ∆γ (Fig. 6.4f). Accordingly, only stains with ∆γ between 0◦ and 60◦

should be taken into account. On the other hand, for the method only including

gravity, the deviation does not become much larger than 10 cm, only the variance

(error bar) increases for downward directed stains. Moreover, bloodstains with a

∆γ up to 80◦ can still be used for determining the PO, which is in clear contrast

to the straight-line approximation. For the drag included method the deviation

significantly increases as γ becomes larger than 120◦ and only stains with a ∆γ

below 40◦ should be taken into account.

These results show that the method only including gravity yields the best results

when determining the location of the origin, whereas almost all bloodstains chosen

can be taken into account.

150 cm distance - Figure 6.55

The results of 150 cm distance are almost identical to those of 100 cm, however,

the deviations and variances increase for all results.

For the x-coordinate, it is clear that bloodstains with γ > 120◦ (Fig. 6.5a) or

a ∆γ > 40◦ (Fig. 6.5b) should not be taken into account with the straight-line

approximation as the negative deviation increases rapidly. Even for ∆γ > 150◦

the deviation becomes almost just as large as the distance between the wall and

the origin, which means that by taking these stains into account, one would find

an origin at the wall, instead at a distance of 150 cm from it. For the method

with gravity included, the deviation only slightly increases as a function of γ, and

remains within 20 cm. In addition, only stains with ∆γ > 90◦ show irregular and

large deviations. When including drag, the deviations decrease even more, with

the exception of the stains with γ > 150◦ and ∆γ > 80◦, which show a sudden

increase in deviation.

For the y-coordinate, all results for all methods are distributed around δ = 0 (Fig.

6.5c), mostly only the variance increases for either γ or ∆γ. However, the gravity

included method shows the most accurate results, whereas bloodstains with a ∆γ

up to 80◦ can still be used for an accurate analysis (Fig. 6.5d).

For the z-coordinate, the straight-line approximation always overestimates the

height of the origin, which could increase up to a meter when taking downward

5For this distance between wall and origin, there were no bloodstains available with ∆γ > 150◦

(Fig. 6.5b,d,f).
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Figure 6.5: The average deviation δ for x, y and z between POorigin and each
trajectory, as a function of the directional angle γ (left) and ∆γ (right) for the

three different methods at a distance between origin and wall of 150 cm.

directed stains or stains with a large ∆γ into account. In addition, there is also

an increase in deviation as a function of γ for the drag included method as well

(Fig. 6.5e). However, if we only take gravity into account, all deviations are near

zero, for both γ and ∆γ.

General remarks All the results reported for the different distances (Figures

6.3, 6.4 and 6.5) show that by only taking gravity into account, it is possible to

determine the location of the blood source very accurately. In addition, downward

directed bloodstains can be taken into account for distances between wall and
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origin larger than 50 cm, as long as the bloodstains point towards the area of

convergence, i.e., ∆γ is not larger than 80◦. Until now, no objective method existed

to determine when a bloodstain should not be taken into account, based on the

area of convergence. Bloodstains were simply excluded based on a ’feeling’ if they

were not complimenting the area of convergence [2]. Based on these results, we

give a quantitative value for when a bloodstain should excluded from the analysis,

namely, when ∆γ > 40◦ for the straight-line approximation and ∆γ > 80◦ for

our gravity included method (both methods for distances between wall and origin

bigger than 50 cm).

In practice

For the results discussed in the previous section we have assumed that the area

of convergence has the same coordinates in the y-z plane as the actual origin of

the bloodstains. However, on a crime scene one does not know the location of the

blood source beforehand and in general, the area of convergence is higher than the

actual blood source. Therefore, before applying these results on crime scenes, an

in-depth investigation is required wherein the area of convergence is determined

for a multiple impact patterns and compared to both the actual coordinates of the

blood source and to the values of γ and ∆γ for the chosen bloodstains.

6.3.2 Minimum number of stains

In this section we report preliminary results concerning how accurate we can de-

termine the location of the origin as a function of the number of stains chosen for

analysis. To determine how many stains are required for an accurate analysis, δ̄

(Eq. 6.4) was determined for multiple pairs of randomly chosen bloodstains; this

process was repeated 20 times (Fig. 6.6). This specific analysis was done for all

three distances between wall and origin, but only for the method including gravity.

For all distances, the spread in data points diminishes as the number of blood-

stains increases. However, when taking downward directed stains into account,

the spread is on average larger than when downward directed stains are excluded.

For a distance of 50 cm, the spread in the mean deviation δ̄ converges towards a

value of roughly 3 cm, when only upward directed stains are taken into account.

In this case, taking 6 bloodstains could already be enough for an accurate deter-

mination of the PO. In accordance to the results found in the previous section
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(Fig. 6.3a), the mean deviation is much larger when downward directed stains are

taken into account (Fig. 6.6b). Nevertheless, only 12 bloodstains are required.
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Figure 6.6: Results of the PO estimation, for x, y and z for γ and ∆γ at a
distance of 150 cm.

For a distance of 100 cm, the spread in δ̄ converges towards a value of roughly 4

cm, taking only upward directed stains into account (Fig. 6.6c). For this distance

we suggest choosing at least 20 stains, if available, to determine the PO, which is

in accordance with current practice. When taking downward directed stains into

account, the spread in data points increases significantly (Fig. 6.6d). Accordingly,

more than 20 bloodstains are required for an accurate determination of the PO.

For a distance of 150 cm, the results with (Fig. 6.6e) and without (Fig. 6.6f) down-

ward directed bloodstains are very similar. When taking only upward directed
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bloodstains, the mean deviation converges with increasing number of stains. In

contrast, taking downward directed stains into account results in a larger spread

of data points for a large number of stains. We suggest that for a distance between

wall and origin of 150 cm, as many bloodstains as available should be taken into

account, either upward or downward directed.

The values reported in this section are only an indication of the amount of blood-

stains required for analysis. These results are based on a total of 20 individual

bloodstain patterns consisting of more than 700 bloodstains. More work is required

to quantify the exact number of bloodstains required for analysis. We therefore

suggest that many more bloodstain patterns should be created and analyzed and

that a more in-depth statistical analysis should be performed. Nevertheless, based

on these results we are able to conclude that choosing more bloodstains for analy-

sis will result in a more accurate determination of the location of the blood source,

e.g., the victim.

6.4 Conclusion

In this chapter several bloodstain selection criteria of directional analysis have been

investigated namely: the directional angle, the area of convergence and the number

of stains required for analysis. The latter has been specifically investigated for our

method. The goal of this investigation was to determine if downward directed

bloodstains could be taken into account for the analysis of an impact pattern and

how many bloodstains are actually required for an accurate determination of the

origin. We have shown that for distances between wall and origin of more than

50 cm, downward directed bloodstains with a directional angle up to 150◦ can be

taken into account. For distances of 50 cm and less, downward directed stains

should be neglected, as they will overestimate the height of the origin.

Never before was such an extensive study performed on the influence of the di-

rectional angle γ allowing to determine whether downward directed stains could

be taken into account. Bloodstain pattern analysts often remove bloodstains from

their data set if the bloodstains do not point towards the area of convergence,

which is completely subjective. We report a quantitative value for ∆γ, which rep-

resents the angle how far a bloodstain points away from the area of convergence.
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If ∆γ of a bloodstain is too large compared to the threshold values for the dif-

ferent distances between wall and origin (as reported in this chapter), then those

bloodstains should not be taken into account. Within BPA it has always been

assumed that roughly 20 bloodstains are required for an accurate analysis of an

impact pattern to determine the location of the origin. However, from the results

reported in this chapter it is clear that this ’Rule of Thumb’ is not always suffi-

cient and for distances between wall and origin of more than 100 cm, more than

20 bloodstains are required for analysis. Overall, this investigation improves the

scientific basis of bloodstain pattern analysis and in particular that of directional

analysis and our method including gravity.
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All models developed and experiments and results shown in this chapter have been

done in collaboration with the group of Jan Carmeliet of the EMPA1 (Swiss Federal

Laboratories for Materials Science and Technology). Acknowledgments go to Jae-

bong Lee, Dominique Derome, Jan Carmeliet (of EMPA) and Georgios Skantzaris

and Noushine Shahidzadeh (of UvA).

7.1 Introduction

Predicting the maximum diameter of a droplet impacting and spreading on porous

media has been a long standing problem, not only within the physics community,

but also within bloodstain pattern analysis. An example of the latter is the David

Camm case2. In 2000 Camm’s wife and two little children were found deceased in

the garage of their own house, they were all shot. David Camm’s wife, Kim, was

found next to the car and the two children were still sitting in the car. Camm

claimed that he was playing basketball from 7 till 9 p.m. and coming home he

found his wife and his children. At first he thought that his son was still alive

so he turned over his daughter to get his son out of the car. Investigators found

eight small blood droplets on the t-shirt Camm was wearing on the night of the

murders. The defendant claimed that the bloodstains found were transfer stains,

from the moment that Camm was turning over his daughter to get to his son.

But the bloodstain pattern analysis from the prosecutor stated that after they did

some experiments, they concluded the droplets came from a high velocity impact,

like a shooting. In 2002 Camm was found guilty for the murder of his wife and two

children. It wasn’t until his third trial in 2013 that Camm was found not guilty

of all charges, due to (among others) contradictory expert statements concerning

the manner of creation of the bloodstains found on the t-shirt, of the defendant.

This example shows that it is very important to be able to distinguish a blood-

stain created by means of an impacting droplet, or due to blood transfer from

another object. To do so, more understanding is required concerning the behavior

of droplet impact and spreading on porous surfaces in general.

When a droplet impacts on a porous media, several effects could influence spread-

ing depending on the properties of the liquid and the surface, namely: impact

1Eidgenössische Materialprüfungs- und Forschungsanstalt
2INDIANA COURT OF APPEALS, 2004. David Camm v. State of Indiana. Indiana Court

of Appeals.
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velocity, viscosity, surface tension, size of the droplet, wettability, porosity, rough-

ness. Depending on these properties the droplet may spread, splash, bounce,

and/or be absorbed into the substrate [28]. In Chapter 4 the spreading behavior

for droplets impacting on a flat surface given by:

Dmax

D0

·Re−1/5 =
P 1/2

(1.24 + P 1/2)
(7.1)

here Dmax is the maximum spreading diameter, D0 the diameter of the initial

droplet, and P the impact number defined as P = WeRe−2/5. This spreading

model has been validated for liquid droplets impinging on a smooth partially wet-

table surface with relative high impact velocities (v > 1 m/s). However, some

limitations exist for this model, namely; its validity for low impact speeds and

other kinds of surfaces have not yet been shown. As will be shown, the inter-

action between liquid and solid becomes of importance for irregular and porous

surfaces. This chapter reports some preliminary investigations concerning: 1) the

liquid/solid interactions (between droplet and surface) at low impact velocities,

2) impact and spreading on irregular surfaces, and 3) impact and spreading on

porous surfaces.

A number of studies have taken surface interactions into account concerning im-

pact and spreading of droplets [27, 35, 36, 38, 39]. A theoretical investigation

of Bennett and Poulikakos [39] predicted that the equilibrium contact angle (θeq)

would have a large influence on the spreading dynamics and accordingly the max-

imum spreading ratio. However, experiments of both Mao et al. [35] and German

and Bertola [38] showed that the surface wettability only had a very small effect

on the maximum spreading ratio. To our knowledge, none of these studies have

investigated the interactions between surface and droplet in the low impact ve-

locity regime. Therefore, we have investigated the initial spreading diameter and

the maximum spreading ratio of droplets crossing over from a wetting dominated

regime to an inertia dominated regime.

Sperical Cap Approach

Eq. 7.1 predicts that if the impact velocity goes to zero, the maximum spreading

diameter will also go to zero. Evidently this is not possible, because a droplet

deposited upon a surface (without an impact velocity) will always have a finite

size, i.e., Dmax/D0 ≥ 1. Accordingly, droplets with a very low impact velocity

(vimpact < 1 m/s) are not captured by our model. In addition, the initial spreading
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diameter is depends on the wetting properties of the surface for this low impact

regime. When a droplet comes in contact with a surface, and inertial forces do

not play a role, it is energetically favorable for the droplet to spread upon that

surface, unless that surface is non-wetting. The final shape of a droplet can be

described as a spherical cap. For sessile droplets in the form of a spherical cap

[170], the size (Dmax) depends on the wetting properties of the surface, which can

be quantified by the contact angle θ (Fig. 7.1). It is necessary to discern between

Figure 7.1: Spherical cap representation of a sessile droplet with height h,
contact radius a, spherical radius R and a contact angle of (a) θ < 90◦ and (b)

θ > 90◦.

the case where the contact angle is below and above 90◦. For θ < 90◦ the initial

spreading radius is given by the radius a (Fig. 7.1) and for θ > 90◦ the initial

spreading radius is given by radius R. The expression for the volume Vcap of a

spherical cap is (Appendix 1 of [171]):

Vcap =
π

3
h(3a2 + h2) (7.2)

with:

a = R sin θ (7.3)

h = R(1− cos θ) (7.4)

and using volume conservation, we can deduce:

∆SC =
Di

D0

=


(

4 sin3 θ

2− 3 cos θ + cos3(θ)
)1/3 if θ < 90◦

1

((2 + cos θ) sin4(θ/2))1/3
if θ > 90◦

(7.5)
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here Di is the diameter of the spherical cap and ∆SC is the spreading ratio based

on a spherical cap approach. Using Eq. 7.5 we are able to determine what the

initial spreading ratio actually is and how it depends on the contact angle.

Energy Balance Approach

In section 1.2.2 we have shown that if deforming the droplet is completely depen-

dent on the convergence of kinetic energy into surface energy, then the maximum

spreading should scale as:

Dmax/D0 ∼ We1/2 (7.6)

However, Eq. 7.6 implies that Dmax/D0 goes to zero when the impact velocity

goes to zero. However, for low impact velocities, Dmax/D0 approaches a constant

value. If we take the initial surface energy of a spherical droplet into account, the

energy balance will become in the form of Ekin + Es.prior = Es.post:

1

2
mv2 + πD2

0σ =
π

4
σ(1− cos θ)Dmax (7.7)

here m is the mass of the droplet. Eq. 7.7 can be rewritten as:

(
Dmax

D0

)2 ∼ We

(1− cos θe)
+

4

(1− cos θ)
(7.8)

Taking the limit of vimpact → 0, reduces Eq. 7.8 to

∆EB =
Dmax

D0

∼

√
4

(1− cos θ)
(7.9)

here ∆EB is the initial spreading ratio based on an energy balance approach.

Based on Eq. 7.5 or Eq. 7.9 we are able to determine an initial spreading ratio,

how it depends on the contact angle and compare those values to the actual initial

spreading ratio we measure.

Rough surfaces

Some research has been done on the influence of surface roughness on splashing of

liquid droplet impact [28, 172, 173]. However, not much research has been done

on the influence of roughness on the maximum spreading diameter. Kannan et

al. [174, 175] performed droplet impact experiments on grooved surfaces which

showed that spreading was reduced perpendicular to the length of the grooves,

reasoning that an increasing in roughness results in a decrease in the maximum
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spreading ratio. Moreover, simulations of droplet impact on topographically ir-

regular porous materials [176] showed that increasing roughness causes decreasing

spreading. However, this was only simulated for micro droplets which are two

orders of magnitude smaller than the droplets used in this study. It is well known

that no surface is perfectly flat. In contrast, it is unclear how roughness of non-

homogeneous surfaces influences the maximum spreading ratio. Moreover, there

are many different kinds of parameters to describe surface roughness [177], e.g.,

height, width, curvature, and homogeneity of the irregularities.

In this study, four different partial wetting surfaces are selected in a same range of

average roughness (average height irregularities), Ra ≈ 0.42µm which is a common

surface roughness created by abrasive finishing, i.e., grinding, electro-polishing,

polishing and lapping [140]. The Ra value is usually not sufficient to define rough-

ness, but it is sufficient to show the difference between smooth surfaces (generally

used in droplet impact experiments [178]) and rough surfaces (Ra > 1µm).

Porous surfaces

When a surface is rough and porous, the maximum spreading ratio does not nec-

essarily follow the behavior described by Eq. 7.1, simply because porous surfaces

inhibit spreading, due to volume loss during spreading caused by imbibition of

liquid into the pores [179]. The effect of imbibition may be enhanced when a

porous substrate is hydrophilic, and reduced when hydrophobic. However, to our

knowledge, no quantitative relation exists which correlates the maximum spread-

ing ratio to the impact velocity, wettability, roughness and porosity of a porous

substrate.

7.2 Methods and Materials

We investigate the maximum spreading of liquid droplets on wetting, partial wet-

ting and non-wetting substrates, with varying roughness. To determine the spread-

ing behavior of an impinging droplet, we measured the spreading diameter and

contact angle from high-speed camera recordings, ranging from low impact speed

(with We ≈ 1) to high impact speed until splashing occurs, which in our exper-

iments was roughly around We ≈ 500, on Steel, Aluminum, glass and Parafilm

substrates. We analyzed the influence of the surface tension and the viscosity on

the droplet impact using five different liquids: pure ethanol, de-ionized water, and
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three different of glycerol-water mixture (see table 7.1). The roughness parame-

Table 7.1: Physical properties of ethanol, water and water-glycerol mixtures

Vol.
frac.

Density
[kg/m3]

Surface Tension
[mN/m]

Viscosity
[mPa·s]

Temp.
[◦C]

ethanol – 789 23.2±2 1.2 22

Water [146] – 998 73 1.0 22

Water-glyc. 1:1 1124±2 65.69±0.07 6.0 22

Water-glyc. 1:1.2 1158±2 65.0±0.1 10.0 22

Water-glyc. 1:3.2 1204±2 64.5±0.5 51.0 22

ters were measured by a contact profilometer (Surftest-211, Mitutoyo), of which

the results are given in table 7.2. The roughness Ra ranges between 0.41 µm and

0.45 µm for glass, steel aluminum and parafilm, which we consider to be smooth.

In addition, droplet impact experiments were performed on rough surfaces (sand-

paper), semi-porous surfaces (a glass slide with a mono-layer of sintered glass

beads, Fig. 7.2) and porous surfaces (bulk sintered glass beads and various kinds

of stone), table 7.3. The mono-layered glass beads surfaces (Fig. 7.2) were created

Figure 7.2: Example of top view of glass slide with a mono-layer of sintered
glass beads. Courtesy of Georgios Skantzaris

by sintering the glass beads to a glass slide. To do so, glass slides were covered

with a thin layer of fat and a single layer of glass beads were distributed over the

entire slide. Due to the fat the beads stick to the surface and are homogeneously

distributed. The glass bead covered slide was baked in the oven at 700◦C for

roughly 2 min. (excluding warming up and cooling down) which sinters the beads

to the surface of the slide and evaporating the fat. Any fat residue was removed
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afterwards. To investigate the influence of wetting on spreading on porous mate-

rials, the mono-layered sintered glass beads were made hydrophilic by means of a

plasma treatment of (the substrates were placed into a plasma chamber (Zepto,

Diemer, Germany) for 10 min.) and were made hydrophobic by silinization. For

the latter, the substrates were cleaned with alcohol and submerged in a silane

solution (Dynasytan OCTEO, Evonik) for 2 hours after which they were dried for

12 hours in an oven at 60 ◦C.

The wettability of the substrate is characterized by the equilibrium (θeq), the

advancing (θadv) and receding (θrec) contact angle which was measured by using

the sessile drop method and the dynamic contact angle (θd(Tmax)) at maximum

spreading (table 7.2).

Table 7.2: Mean and standard deviation of surface roughness parameters (in
µm) and the various contact angles (in ◦) for the liquids used on glass, steel

aluminum and parafilm.

Roughness in µm

Parameter Glass Steel Aluminum Parafilm

Ra – 0.42±0.05 0.41±0.06 0.45±0.06

Rz – 1.64±0.25 2.12±0.31 0.94±0.05

Rmax – 1.78±0.33 3.01±0.25 1.81±0.30

Liquid Wettability Contact angle in ◦

Ethanol θeq 03 0 0 22±2

θadv 0 0 0 23±2

θrec 0 0 0 ∼ 0

θd(tmax) 49±4 44±3 47±4 63±8

Water θeq – 61±1 88±3 110±2

θadv – 62±4 94±1 115±5

θrec – 7±1 ∼0 86±2

θd(tmax) – 103±7 116±6 107±7

Water- θeq 22±3 52±4 60±7 94±3

glycerol θadv 25±3 49±3 60±3 105±7

1:3 θrec 0 ∼0 ∼0 71±6

θd(tmax) 121±5 120±10 107±4 116±7
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For the contact angle measurements, a 3.0 µl droplet is passively (very gently)

deposited on the surface. Once the droplet is in equilibrium the contact angle

θeq was measured. θadv and θrec are measured by quasi-statically expanding and

contracting a sessile droplet, respectively. The contact angle measurements using

the sessile drop method were repeated 10 times for each sample to guarantee

reproducibility. θd(tmax) is determined from dynamic contact angle of drop impact

at maximum spreading. The θd(tmax) reported is the mean value of more than 50

drop impact tests with different impact velocities.

To study the impact and spreading of droplets, a needle attached to a syringe

filled with fluid, was secured in a suspended syringe pump. By slowly pressing the

plunder of the syringe, a single droplet was created. The impact of the droplets

upon the surface was recorded with a high speed camera (NX7-S2 IDT or Phantom

v7). From the recordings the size of the droplets D0, the maximum spreading

diameter Dmax and the impact velocity (vimpact) were measured by means of a

reference length.

7.3 Results and Discussion

7.3.1 Droplet impact at low impact velocities

The spreading diameter Ds of the droplets during impact was measured from the

high-speed recordings. To investigate the effect of viscosity and surface tension, Ds

was measured for ethanol, water and a water-glycerol mixture. Fig. 7.3a shows the

time evolution of the spreading diameter for the three different kinds of droplets.

As a droplet impacts on a surface it will rapidly spread, in a time on the order

of milliseconds, until it reaches the maximum spreading ratio Dmax/D0. Subse-

quently, the droplet will either retract or remain pinned to the surface. It is clear

that ethanol spreads much further than water or the water-glycerol mixture. The

time required for the droplet to reach Dmax/D0 equals tmax; this time increases

with increasing surface tension. Fig. 7.3b shows the time evolution of the contact

angle for the three liquids. During the first millisecond the contact angle slightly

increases. Subsequently, the contact angle decreases. We determined the dynamic

contact angle θd(tmax) at the time tmax when the maximum spreading ratio has

been reached. These measurements were repeated for droplet impact with impact

velocities from 0.2 m/s to 4 m/s on glass, steel, parafilm and aluminum.
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Table 7.3: Rough and porous surfaces

Kind Name particle size Porosity rough/porous

Sandpaper P120 125 µm – rough

P240 58.5 µm – rough

P600 25.8 µm – rough

P2500 8.4 µm – rough

Sintered glass
beads

Monolayer SGB1 30-50 µm - semi-porous

SGB2 70-80 µm - semi-porous

SGB3 90-150 µm - semi-porous

Bulk SGB-bulk ∼ 110µm 38% porous

Stone Pore radius

Sandstone B 30-50 µm ∼6% porous

Sandstone C 70-80 µm 23% porous

Sandstone R 90-150 µm 22-31% porous

Limestone Savonnière 100 µm 27% porous

Meuliere 5 µm 16.6% porous

Pietra Serena 5 nm 2.9% porous

Benthemeir – 50% porous

Fig. 7.4a shows the rescaled maximum spreading ratio as a function of the impact

number (P = WeRe−2/5) for three different kinds of liquids, over a large range of

We and Re numbers, on steel. As P becomes smaller, the data points for water

and water-glycerol deviate from the predicted curve (the first order Padé approx-

imant, Eq. 7.1). Moreover, for even smaller P , the rescaled maximum spreading

ratio tends to increase. In fact, for very low impact velocities, Dmax/D0 becomes

constant (Fig. 7.4b), while Re keeps decreasing, which causes the apparent increase

for very low P . The data points of the ethanol droplets do not lay on the curve

at all. For low impact velocities, the ethanol droplets spread much more than

the water droplets, and the increased spreading due to inertia is much smaller,

compared to water (Fig. 7.4b).

Plotting Dmax/D0 as a function of the impact velocity (Fig. 7.4b) reveals several
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Figure 7.3: (a) The spreading ratio and (b) the contact angle for droplet
impact at 1 m/s, as a function of time for ethanol, water and water-glycerol.
The vertical lines represent the time (tmax) at which the droplet reached the
maximum spreading ratio Dmax/D0. At this point in time the dynamic contact

angle θd(tmax) was determined.
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Figure 7.4: (a) The rescaled maximum spreading ratio as a function of the
impact number P = WeRe−2/5, ethanol (square) water (circle) and water-
glycerol mixture (triangle), on steel (log-log scale). (b) the maximum spreading
ratio as a function of the impact velocity, ethanol (square) water (circle) and
water-glycerol mixture (triangle), on steel (log-log scale). The colored curves

through the data points are the fits given by Eq. 7.11.

things. First of all, for low impact velocities, water and the water-glycerol mixture

spread similarly, because these liquids have similar surface tensions. Accordingly,

for low impact velocities (v < 0.4m/s), spreading is dominated by wetting. For

higher impact velocities (v > 0.4m/s), the data points for water cross over from

those of water-glycerol towards the data points of ethanol, as ethanol and water

have similar viscosities. Accordingly, for higher impact numbers, spreading will

be dominated by the viscous regime. Moreover, water spreads less far (for v → 0)

than water-glycerol, which is counter-intuitive, because water has a slightly higher

surface tension than the water-glycerol mixture. This difference in spreading sug-

gests that viscosity influences Dmax(v → 0), which is in clear contrast to the
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current believe that only the surface tension and the contact angle determine the

maximum spreading ratio for sessile droplets in equilibrium [170]. On the other

hand, according to Tanner’s law [180, 181] a sessile droplet spreads as:

Ds(t)

D0

≈ (
σt

ηD0

)1/10 (7.10)

where Ds(t) is the spreading diameter as a function of time t, η the viscosity and

σ surface tension. Droplets keep spreading until equilibrium is reached. However,

in these experiments spreading has been recorded over a very short time scale,

in the order of microseconds. Within this timescale water spreads further than

glycerol due to the lower viscosity, which explains why water seems to spread more

than the water-glycerol mixture in Fig. 7.4b. It is clear the initial spreading ratio
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Figure 7.5: Initial spreading ratio ∆ as a function of the dynamic contact
angle for glass, steel, aluminum and parafilm. The line represents the theoretical
spreading ratio based on the spherical cap approach (Eq. 7.5). (Inset) ∆ as a

function of all the contact angles; errorbars have been removed for clarity.

∆ (at vimpact = 0) is required to predict spreading for low impact velocities. We

determine ∆ (Fig. 7.4b) by interpolation Dmax/D0 towards an asymptotic value

(∆ = limv→0Dmax/D0). Therefore, each data set was fitted using (Fig. 7.4b):

Dmax/D0 = ∆ + A
vCimpact

B + vCimpact
(7.11)
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where A, B, C and ∆ are fitting parameters. Eq. 7.11 was fitted to each data

set shown in Fig. 7.6 (see table 7.4). Only for water on glass, water-glycerol (6

mPa·s) on glass and water-glycerol (51 mPa·s) on stainless steel no value for ∆

was obtained as the interpolation was not possible due to a lack of data (there is

no recorded data for We < 20 for these data sets).

∆ were plotted as a function of θd (Fig. 7.5). The obtained values for ∆ do

not coincide to either theoretical curves (∆sc or ∆EBA), even though the follow

the same trend. Within the the spherical cap approach there are no adjustable

parameters, accordingly, we are not able to rescale the ∆sc onto the data. On

the other hand, at 180◦ ∆EBA should approach a value of one, as the spreading

diameter should be equal to the droplet diameter. Taking this boundary condition

into account, we can normalize Eq. 7.9, which then takes on the form of:

∆EB(normalized) =
Dmax

D0

∼

√
2

(1− cos θ)
(7.12)

Eq. 7.12 shows a very good agreement with the measured values of ∆. Accordingly,

based on our energy balance approach, we are able to predict what the initial

spreading ratio is, if θd is known for a specific liquid/solid combination. We found

no correlation between the initial spreading ratio and the other three contact angles

(θeq, θadv, θrec), Fig. 7.5(inset).

The previous results show that for low impact velocities, the dominating forces for

spreading are inertia, wetting and capillarity. Accordingly, we argue that for low

impact velocities, Dmax/D0 should scale as:

D2
max/D

2
0 ∼ We+ ∆2 (7.13)

Table 7.4: ∆ values for the various fluids on the different substrates. ∗value
has been determined manually.

∆ Steel parafilm glass aluminum

ethanol 2.37±0.03 1.93±0.06 2.18±0.07 2.26±0.04

Water 1.35±0.01 1.25±0.02 1.4∗ 1.22±0.03

Water-glyc. 6 mPa·s 1.17±0.05 – 1.24∗ –

Water-glyc. 10 mPa·s 1.20±0.01 1.16±0.04 1.1±0.1 1.2±0.02

Water-glyc. 51 mPa·s 1.24∗ – – –
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which can easily be rewritten as:

(D2
max/D

2
0 −∆2)1/2 ∼ We1/2 (7.14)

For high impact velocities the maximum spreading ratio will scale according to

Re1/5 (section 1.2.1). Given these two limits, we postulate that the transition of

the maximum spreading ratio from ∆ to Re1/5 is a function of solely the Weber

number:

(D2
max/D

2
0 −∆2)1/2Re−1/5 ∼ f(We) (7.15)

Fig. 7.6a,b shows the maximum spreading ratio as a function of the Weber number

on both a linear and logarithmic scale. It is clear that all data sets do not overlap,

have different ∆ values and are not a simple function of the Weber number, in

contrast to previous reported results [42, 43]. Plotting the ∆-corrected rescaled

maximum spreading ratio (Eq. 7.15) as a function of the Weber number, Fig.
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7.6c,d, succeeds in collapsing all data points onto one single curve. For three

data sets the values for ∆ were determined manually, because they could not be

determined experimentally, by scaling the data onto the curve, treating ∆ as an

adjustable parameter, table 7.4.

to quantitatively relate the ∆-corrected rescaled maximum spreading ratio to the

Weber number, the data is fitted with a padé approximant with a power of a 1/2,

thus once more finding the We1/2 scaling:

(D2
max/D

2
0 −∆2)1/2 = Re1/5 We1/2

C +We1/2
(7.16)

where only one fitting parameter is required, namely C = 6.9 with R2 = 0.96. Near

zero impact velocity, Dmax/D0 approaches the value of ∆. In addition, for high

impact velocities or high viscosity, spreading is dominated by viscous dissipation

and accordingly, Dmax/D0 scales with Re1/5. Based on these results we show that

all data for different kinds of liquids and surfaces, from wetting (glass) to non-

wetting (parafilm), can all be described by one single relation. In addition, the

scaling relations obtained by means of an energy conservation approach are still

valid when the interaction between liquid and surface is taken into account.

7.3.2 Inclined surfaces

These findings are all based on liquid droplets impinging onto a surface under an

impact angle α of 90◦, i.e., perpendicular. When a droplet impinges on an inclined

surface, the resulting droplet will have an elliptical shape, which is empirically

correlated to the angle of impact by means of sinα = Wmax/Lmax, where Wmax

and Lmax are the width and length, respectively, of the elliptical shape of the

resulting stain. To take the impact angle into account, we correlate the width

of the stain and the velocity component perpendicular to the surface by using

v⊥ = vimpact sinα. Accordingly, we can rewrite Eq. 7.16 as:

(W 2
max/D

2
0 −∆2)1/2 = (Re sinα)1/5 We1/2 sinα

C +We1/2 sinα
(7.17)

In Eq. 7.17 ∆ should not influenced by the impact angle, simply, because at zero

impact velocity, the width and length of the stain are equal, independent on the

inclination, i.e., the effects of gravity are negligible. To check the validity of Eq.
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7.17 data is required of droplet deposition on inclined surfaces for a large range of

impact velocities.

Based on the results of our huge data set reported in this section, we have shown

that we are able to rescale all data points of droplet impact onto one single curve.

This rescaling takes into account different kinds of fluids, with a large range of vis-

cosities and surface tensions, for impact onto substrates with varying wettabilities.

In addition, we have shown that spreading of a droplet is dependent on the initial

spreading ratio of droplets at zero impact velocity and that the scaling laws for

the maximum spreading ratio can directly be derived from energy conservation.

It is clear that our new found relation (Eq. 7.16) is valid over a larger range of

impact parameters, compared to our prior reported relation from chapter 4 (Eq.

7.1). However, we do require additional input, namely the initial spreading ratio

∆, which is dependent on the kind of surface. On the other hand, Eq. 7.1 is not

valid for very low impact velocities (v < 1 m/s) or low surface tension. For the

application of bloodstain pattern analysis, one generally does not know what ∆ is

given a specific blood donor and the target substrate, whereupon the blood is sit-

uated. Therefore, if these parameters are unknown for a given bloodstain pattern,

it is recommended that the prior found relation is used (Eq. 7.1); this is valid for

blood when the impact velocity is higher than 1 m/s, which is generally the case

for an impact pattern.

7.3.3 Impact on rough and porous surfaces

Rough Surfaces

To investigate the influence of surface roughness on impact and spreading of

droplets, water was deposited on various kinds of sandpaper, differing in grain

size. For low impact numbers (P < 1), the water droplets seem to spread further

than would be predicted by Eq. 4.3 (Fig. 7.7a), which could simply be due to the

enhanced spreading caused by liquid-surface interactions. On the other hand, as

P increases, spreading would be overestimated by Eq. 7.1, which is in agreement

with the results of Kannan et al. [174], who measured a reduction in spreading

due to roughness.

For these data, it was not possible to determine the initial spreading ratio (∆)

experimentally, due to lack of data for low impact velocities. Therefore, ∆ was

treated as an adjustable parameters for the different kinds of sandpaper (Fig. 7.7b).
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Figure 7.7: (a) The rescaled maximum spreading ratio as a function of the
impact number P = WeRe−2/5 and (b) the ∆-corrected rescaled maximum
spreading ratio as a function of the Weber number for water on different sand-

paper substrates.

However, this procedure does not significantly improve the results. It is apparent

that ∆ is much smaller for water on sandpaper (∆ ≈ 1) than on steel (∆ = 1.41).

Furthermore, a decreasing grain size results in a decreasing ∆. The differences

of ∆ for the different sandpapers are small and should be further investigated.

Nevertheless, it is possible to rescale these data points onto one another by means

of an adjustable initial spreading ratio.

Semi-porous Surfaces

To distinguish between the effects of surface roughness and porosity, we used

mono-layered sintered glass beads slides (SGB) with three different bead sizes (ta-

ble 7.3). In addition, for the glass bead size of 90-150 µm the slides were made

hydrophobic and hydrophilic to investigate the wetting properties (Fig. 7.8). Fig.

7.8 shows the impact and spreading evolution in time of droplets hitting an un-

treated, a hydrophilic and a hydrophobic mono-layered surface (SGB3). As the

droplets impact, they all spread, where the rim of the spreading droplets is most

pronounced for the hydrophobic surface and least pronounced on the hydrophilic

surface. At roughly 3 ms the droplets on the untreated and hydrophobic surface

have reached the maximum spreading ratio. The droplet on the untreated sur-

face stops spreading and only fluid absorption into the mono-layer occurs. For

the hydrophobic surface, spreading stops and the fluid starts retracting. For the

hydrophilic surface, spreading of the volume on top of the surface does not stop,

and Ds keeps on increasing until all fluid is absorbed into the surface.

It is remarkable that for both low and high impact numbers, the droplets spread

similarly on the untreated and the hydrophobic surfaces (Fig. 7.9b). In contrast,

it is very clear that droplets on hydrophilic surfaces spread much more and the
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Figure 7.8: (top) Impact of water droplets from 20 cm height on untreated,
hydrophilic and hydrophobic mono-layered glass beads with a size of 90-15 µm
(SGB3), recorded with a high speed camera (vimpact ≈ 1.8 m/s). (bottom)
Spreading ratio as a function of time of the three droplets displayed above

(displayed on a lin-log scale).

data points are scattered. Consequently, impact and spreading of droplets on

hydrophilic mono-layered surfaces is very unpredictable.

For low impact numbers, water droplets impinging on SGB1 tend to spread sig-

nificantly further than on the other two surfaces (Fig. 7.9a). The initial spreading

ratio could therefore be much larger for SGB1 than for SGB2 or SGB3, because of
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Figure 7.9: The rescaled maximum spreading ratio as a function of the impact
number P = WeRe−2/5 for water impact on (a) an untreated, a hydrophilic
and a hydrophobic mono-layered surface (SGB3) and (b) three mono-layered

sintered glass beads surfaces (with three different bead sizes).

capillary action caused by the pores between the beads and the glass slide. More-

over, a bigger bead size (larger pores) causes a smaller maximum spreading ratio.

The P120 sandpaper (Fig. 7.7a) shows no significant reduction in Dmax/D0, while

there is a definite reduction in spreading for SGB3, which has a similar particle

size. We argue that volume loss occurs due to imbibition of the fluid into the pores

during the impact event, i.e., the effective volume left for the droplet to spread is

less. How this volume loss depends on the varying parameters (e.g., wettability,

bead size, porosity, pore size) is as of yet unknown. Due to the capillary action

and imbibition of the fluid into the pores during impact, the spreading continues

until all the fluid is absorbed into the porous media, similar to droplet spreading

on the hydrophilic SGB3 substrate (Fig. 7.8). Therefore, we have not yet been

able to determine an initial spreading ratio. To determine an initial spreading

ratio, data concerning droplet impact for low impact velocities (vimpact < 1 m/s)

on these substrates is required. Accordingly, we cannot scale these data by means

of Eq. 7.15.

Porous Surfaces

Preliminary experiments were performed for water droplet impact on various

kinds of stone and on a model porous surface, namely the sintered glass beads

(SGB-bulk, see table 7.3). Fig. 7.10 shows the results of droplet impact on SGB

and on savonniére limestone. Measurements were performed until splashing oc-

curred, which is represented by the red line. When splashing occurs, the secondary

droplets detach from the main droplet, volume loss occurs, and a clear maximum

spreading diameter cannot be defined. Similar to the previous reported results

for droplet impact on the mono-layered sintered glass beads, we were not able
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to determine an initial spreading ratio, and more data is required at low impact

velocities. Specifically for low impact numbers, there is a clear deviation from the
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Figure 7.10: The rescaled maximum spreading ratio as a function of the im-
pact number P = WeRe−2/5 for water impact on sintered glass beads (square)
and Savonnière limestone (triangle). The red line represents the limit where

droplets started splashing.

model for droplet impact on SGB-bulk, Fig. 7.10. Given the results of droplet im-

pact on rough and semi-porous surfaces, this is not surprising as capillary action

most probably enhances spreading. For high impact numbers, the droplets tend to

spread less than predicted. We argue that due to imbibition of the liquid into the

pores during impact, less volume is available for spreading and thus the droplets

tend to spread less far. The data of droplet impact on Savonnière limestone shows

a small reduction in maximum spreading ratio for impact numbers between 1 and

5. Nevertheless, there is a reasonable agreement with the our model (Eq. 7.1).

Impact experiments were repeated for water on different kinds of stone for three

different deposition heights (Fig. 7.11). There is a wide spread around the model

curve for the data points. For most surfaces, the droplets tend to spread more for

low P in accordance with the experiments on the model porous surface SGB-bulk.

For average impact numbers (P ≈ 1.5) most droplets spread less than would be

predicted by the model curve. At higher impact numbers (P ≈ 9), almost all data

points are rescaled back onto the curve. As of yet, we have no explanation for this

behavior.
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Figure 7.11: The rescaled maximum spreading ratio as a function of the
impact number P = WeRe−2/5 for water impact on various kinds of stone.

7.4 Conclusion

In this chapter we investigated and report on preliminary experiments on how

the wetting properties, surface irregularities and porosity of a substrate influence

impact and spreading of droplets. We have shown that wetting surfaces increase

the maximum spreading ratio compared to partial wetting or hydrophobic surfaces.

Moreover, it is possible to account for liquid-surface interactions by taking the

initial spreading ratio ∆ into account, enabling to rescale all data for droplet

impact (onto smooth surfaces) onto one single curve. Especially for liquids of low

surface tension, like ethanol, this is of importance, given the increased spreading.

Moreover, we can predict ∆ based on an energy balance approach, if the dynamic

contact angle is known, at the time Dmsx is reached.

We show that impact and spreading is governed by three regimes. At zero impact

velocity, we recover a wetting regime, where the size of the stain is almost com-

pletely dependent on the interaction between surface and liquid. As the impact

velocity increases, inertia starts playing a role, where the maximum spreading ra-

tio is dependent on the wettability of the surface, the surface energy and viscous

dissipation of the droplet. We are able to describe this behavior using an interpo-

lation of the scaling relations obtained by an energy conservation approach of a

spreading droplet.
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Rough surfaces decrease the maximum spreading ratio. Nevertheless, we are able

to scale our data onto one single curve using an adjustable initial spreading di-

ameter. However, based on our data and results it was not possible to determine

quantitatively how the maximum spreading ratio and the size of irregularities re-

late. More droplet impact experiments should be performed on irregular surfaces,

varying the size of the irregularities from sub-micron to millimeter scale.

When a droplet impacts on a porous surface, increased wetting and particle size

actually decrease the maximum spreading ratio, as the liquid will be absorbed

more easily into the pores. We have not yet succeeded in rescaling the data

unto a unified curve for droplet impact on porous surfaces, due to imbibition of

liquid into the pores, because the imbibition depends on pore size, wettability and

porosity, but probably also on the impact velocity. Further research is required to

fully understand how a droplet imbeds and spreads during impact onto a porous

surface.

The results reported in this study are of importance for numeral applications. First

of all, to distinguish an projected blood droplet on textile from a contact blood-

stain. Even though we are not yet able to make this distinction, we believe this

investigation is a step forward for bloodstain pattern analysis on textiles. Other

applications could be rain drop impact on concrete buildings or the maximum

coverage of paint for printing purposes.
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Figure 8.1: From the series Dexter.



Chapter 8

8.1 Future of Bloodstain Pattern analysis

We have shown in this thesis that it is possible to determine the location of a

blood source from a bloodstain impact pattern under laboratory conditions by

implementing fluid dynamics of impact and spreading of droplets. To do so, we

investigated how the physical properties of blood influence the maximum diameter

attained of droplets impinging on a surface. Moreover, by means of advanced

technology, a 3D surface-profiler, we are able to obtain the volume of the original

droplet from a dried bloodstain, which is required to determine its velocity at the

time of impact. Finally, we are able to apply the laws of Newton to describe the

flight path of a droplet through the air and accordingly, determine where it came

from. This method is to be applied on the crime scene, such that the investigator

can determine where the victim and maybe even the perpetrator where, when

the blood shedding event occurred. In this chapter we briefly describe what the

advantages are by applying our method on the crime scene, and how our method

can be brought to the courtroom.

Dexter is a fictional character (from the series Dexter), whom is portrayed as a

bloodstain pattern analyst from the Miami Metro Police department, moonlight-

ing as a serial killer1. In figure 8.1, we see Dexter standing on a crime scene,

investigating what has happened. For this aim he uses the stringing method to

determine where the victim was when the crime was committed. As we can see,

all the strings come together precisely at one single point. Accordingly, Dexter

can determine precisely where the victim and perpetrator were and exactly what

has happened. However, this is not reality and on a real crime scene this is not

possible, at least not yet.

There are several incorrect things in the image of Dexter concerning the current

methodology used on the crime scenes. The most obvious off all, the strings come

together at a single point, while in reality they cross each other in a larger region

of space, the Region of Origin. Even with our method we are not yet able to

reconstruct the trajectories with such a high accuracy they all come together at

one single point. Nevertheless, with technological advancements in 3D profilers

the accuracy of our method will increase, which might enable us to become as

precise as Dexter. Another peculiar thing is; the patterns the strings are attached

to are not impact patterns. While the stringing method is only applied to impact

1Dexter only kills the bad guys!
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patterns, we expect that our method can be applied to many more patterns, like

passive drips or cast-off patterns (see Appendix). Third, in the image, the strings

come from both upward and downward directed bloodstains, while the current

practice would disregard the stains with a downward direction. We anticipate

that with our new method, downward directed bloodstains would also be viable

for analysis.

In 2009 the National Research Council (NRC) wrote that there is a lack of scien-

tific methodology concerning bloodstain pattern analysis [165]; ”This emphasis on

experience over scientific foundations seems misguided, given the importance of

rigorous and objective hypothesis testing and the complex nature of fluid dynam-

ics. In general, the opinions of bloodstain pattern analysts are more subjective

than scientific”. An example of this subjectivity is the David Camm case (see

Chapter 7), where the opinions from experience were adopted before scientific fact

finding was applied resulting in a so-called miscarriage of justice. The ruling of

the NRC was a wake-up call within the BPA community, and ever since several

organizations2 have been improving the scientific method within BPA, making

it more reproducible and objective. In addition, many scientific groups around

the world have started investigating bloodstain pattern analysis on a much more

fundamental level, increasing the overall knowledge significantly (see [12] for an

overview of the literature up till 2013 and [182–190]). Ever since the document of

the NRC, the scientific community within BPA has been growing and the num-

ber of publications has been increasing. Our scientific investigations will ensure a

deeper understanding concerning the fluid dynamics of blood on one hand and a

more objective manner of bloodstain analysis on the other hand. Consequently,

our scientific additions increase the quality of the scientific methodology, which

we believe is a big step forward in improving bloodstain pattern analysis.

8.2 Research opportunities

Being able to determine the volume of a bloodstain and accordingly determine

where the origin was of the blood source, might not be the only forensic or BPA

application of this study. Our new method opens up a range of new research

2the International Association of Bloodstain Pattern Analysis (IABPA), the Scientific Work-
ing Group for bloodSTAIN pattern analysis (SWGSTAIN) and the Inernational Assosication for
Identification (IAI).

123



Chapter 8

opportunities, for both bloodstain pattern analysis but also other forensic appli-

cations.

- Other kinds of patterns

In case the droplet is not deposited solely by gravity but by a movement of a object,

the droplets detach and form so-called cast-off patterns, for example when droplets

fly of a bloody knife or baseball bat. Droplets detach tangential to the movement

direction of the object with the same velocity as that object [167]. Accordingly,

it might be possible to determine the movement of the weapon through space and

accordingly its speed and even possible, the position of the perpetrator. Other

patterns of interest are passive droplets, like the drip stain and trail or, for example,

the cessation pattern (see appendix).

- Movement of a blood source

Are there specific characteristics in an impact pattern from which we are able to

determine the movement of the blood source? Such characteristics could be, for

example, an asymmetrical velocity distribution between droplets with a right- or

leftwards directionality. To investigate this problem, one requires a moving blood

source to make the pattern, and a method to scan all the bloodstains of an impact

pattern.

- Multiple strikes

It is not unusual that multiple impact patterns overlap due to multiple strikes at

various locations in space. Is it possible to distinguish multiple strikes or impacts

of an object into blood, based on the analysis of an impact pattern with our new

method. How far apart should two impacts be, such that we are able to distinguish

them, based on the standard deviation (statistical error) of the point of origin that

is determined?

- Influence of surface irregularities

The larger the irregularities of a surface, e.g., stainless steel (very smooth) versus

wallpaper (very irregular), the more difficult the volume determination becomes

and the larger the errors. Is it possible to determine the volume of a bloodstain

when the height of the irregularities are larger than the thickness of the stain.

Advanced mathematical methods might enable us to do such an analysis.

- AreaScan3D

With the used 3D scanner, it is possible to do more than only scan in bloodstains.
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The scanner might be used for a range of other applications like the investiga-

tion into tool mark analysis on, for example, tools or weapons. In addition, the

scanner could be used to scan in powdered fingerprints and fingermarks. The big

advantage of using a 3D contact-less scanner, is that the mark will not be removed

or altered in comparison to lifting the fingermark by means of transparent tape.

Subsequently, the mark could be used for additional analysis, e.g., DNA analysis.

Moreover, with the scanner, 3D information concerning the mark is obtained in

contrast to 2D information gained from lifting and photographing the mark.

8.3 Visualization

8.3.1 3D CAVE

In 2014 we created a mock scene at the Netherlands Forensic Institute, on which

we analyzed a couple of bloodstains with our new method, by including gravity in

the trajectory reconstruction. The mock scene was in a room approximately 3 by 3

meters, containing a person sized doll (i.e., a victim), a chair and a small cabinet,

Fig. 8.2. The entire scene, including bloodstains, was scanned with a large scale

3D scanner (Faro) by the visualization department (Expert team Visualisatie en

Reconstructie) of the Korps landelijke politiedienst (KLPD). The obtained scans

were visualized inside a 3D CAVE located at the HLRS in Stuttgart, Germany.

A cave automatic virtual environment (CAVE) is a virtual reality environment

where projectors project an image onto several walls of a small room. In this case,

the 3D CAVE consisted of 5 projectors and walls and several sensors for track-

ing objects inside the cave. By means of object tracking (for example a pair of

glasses), the image projected onto the walls is altered depending on the location

of the object. Accordingly, a person walking through the CAVE would experience

walking through the actual virtual environment, being able to look around a cor-

ner, or under a virtual object. Fig. 8.2(bottom) shows a person standing inside

the CAVE where the 3D scans obtained at the NFI are displayed onto the walls.

Everything in the CAVE is virtual, except for the person standing/sitting in the

middle. In addition, the virtual flight trajectories of several analyzed bloodstains

are displayed in the cave, giving the user a direct visualization where they come

from, i.e., the point or region of origin. On the left side of the CAVE, a virtual

menu is displayed, enabling the user to select several display or analyzing options.
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Figure 8.2: (Top) Mock scene at the Netherlands Forensic Institute. (Bottom)
Virtual mock scene reconstructed in a 3D cave located in the HLRS (Stuttgart,

Germany) from a 3D scan recorded with a Faro scanner.

In this case, the trajectory analysis uses a list of input parameters of the blood-

stains consisting of (for each stain): location within the 3D environment, direction-

ality, width and length of the stain’s elliptical shape and the volume of each stain.

Based on these parameters, the impact velocity is calculated and the trajectory of

each stain is reconstructed in real time. Accordingly, the user can change options

concerning the trajectory analysis. For example, the user could choose to display

only the straight-line approximation, or could choose to turn air resistance on and

off. Subsequently, the trajectories are recalculated immediately and displayed,

opening up a range of new investigative possibilities.

This kind of visualization is not limited to one single room, as entire houses, even

neighborhoods, can be scanned, whereas the user can ’fly’ through the virtual

environment. Accordingly, an investigation and reconstruction of the crime could

be done anywhere in the world where such a CAVE is available. By simply pressing

a button one would be able to switch between several scenarios. As anyone can

be a user, investigators, police, lawyers, but also judges and jury can be brought

to the virtual crime scene and experience it. This experience can enhance the
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manner of crime scene analysis, but may also give the user a better insight of

the reconstruction of the crime. Subsequently, the modus operandi of the forensic

investigator can improve in several ways. For example, the visual appearance of

a crime scene is conserved in a 3D environment. This enables the investigator

to continue analyzing the scene, even if that scene is not available anymore. In

addition, such virtual scenes may become a learning environment for police and

forensic investigators in training. Finally, such a visualization may improve the

understanding and interpretation of evidence in the court of law.

Figure 8.3: Screen-shots of the augmented reality program. On the wall a
large printout is suspended of a photograph of an impact pattern, including two
markers. The program visualizes the trajectories of the analyzed bloodstains,
with the markers as a reference for the locations of the stains. In the bottom

picture, the green squares show how the program recognizes the markers.

8.3.2 Augmented reality

The biggest disadvantage of the 3D CAVE is that they are expensive and take up

a lot of space, and are accordingly not widely available to the forensic investigator.
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Nevertheless, by making use of augmented reality, the analysis of the crime scene

can be visualized in the courtroom itself. Using only a laptop, with a webcam and

a printout of a special marker (which can be recognized by the computer), the

analysis of an impact bloodstain pattern can be visualized (Fig. 8.3). By filming

the markers, the trajectories are visualized real-time in the program, overlaying

the obtained images. Accordingly, it is possible to move around the markers, zoom

in and out and look at the trajectories and region of origin from different points of

view. By placing one or more markers on the wall (specifying where those markers

are in the program, compared to one another) this visualization can be done any-

where, including the courtroom but also on the crime scene itself. Based on such

a visualization, investigators might observe and notice details, which otherwise

might have gone unnoticed. Because the trajectories are calculated real-time, one

can choose between several visualization options, for example, the straight-line ap-

proximation or the gravity included method, to observe the different results these

methods yield.

These visualization techniques can have a profound impact on the proceedings

of the court of law. We believe that the usage of these kinds of techniques will

enhance the analysis of the investigator, clarify the interpretation of the evidence

and strengthen the decision making process of the judges and jury.
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Recommended Terminology BPA

This appendix has been copied from the following website: http://www2.fbi.

gov/hq/lab/fsc/current/standards/2009_04_standards01.htm

Scientific Working Group on Bloodstain Pattern

Analysis (SWGSTAIN): Recommended Terminol-

ogy

This document provides a recommended list of terms to use when teaching, dis-

cussing, writing, or testifying on bloodstain pattern analysis.

The Scientific Working Group on Bloodstain Pattern Analysis (SWGSTAIN) com-

prises bloodstain pattern analysis (BPA) experts from North America, Europe,

New Zealand, and Australia. SWGSTAIN provides a professional forum in which

practitioners in BPA and related fields can discuss and evaluate methods, tech-

niques, protocols, quality assurance, education, and research. SWGSTAIN’s ul-

timate goal is to use these professional exchanges to address substantive and op-

erational issues within the field of BPA and to build consensus-based, or ”best

practice”, guidelines for the enhancement of the discipline of BPA.

SWGSTAIN has developed and defined a list of recommended terminology for use

in BPA. In developing this list, SWGSTAIN reviewed terminology in use across

BPA.

http://www2.fbi.gov/hq/lab/fsc/current/standards/2009_04_standards01.htm
http://www2.fbi.gov/hq/lab/fsc/current/standards/2009_04_standards01.htm
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Recommended Terminology

Absorbed* Blood that has been absorbed by materials e.g. a rug which has

absorbed blood. These stains usually can’t be seen until pressure is exerted

on the material.

Accompanying Drop A small blood drop produced as a by-product of drop

formation.

Altered Stain A bloodstain with characteristics that indicate a physical change

has occurred.

Angle of Impact The acute angle (alpha), relative to the plane of a target, at

which a blood drop strikes the target.

Area of Convergence The area containing the intersections generated by lines

drawn through the long axes of individual stains that indicates in two di-

mensions the location of the blood source.

Area of Origin The three-dimensional location from which spatter originated.

Backspatter Pattern A bloodstain pattern resulting from blood drops that

traveled 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.

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.

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.

Cessation Cast-off Pattern A bloodstain pattern resulting from blood drops

released from an object due to its rapid deceleration.
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Directionality The characteristic of a bloodstain that indicates the direction

blood was moving at the time of deposition.

Directional Angle The angle (gamma) between the long axis of a spatter stain

and a defined reference line on the target.

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.

Expiration Pattern A bloodstain pattern resulting from blood forced by airflow

out of the nose, mouth, or a wound.

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.

Forward Spatter Pattern A bloodstain pattern resulting from blood drops that

traveled in the same direction as the impact force.

Impact Pattern A bloodstain pattern resulting from an object striking liquid

blood.

Insect Stain A bloodstain resulting from insect activity.

Mist Pattern A bloodstain pattern resulting from blood reduced to a spray of

micro-drops as a result of the force applied.

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.

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.
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Satellite Stain A smaller bloodstain that originated during the formation of the

parent stain as a result of blood impacting a surface.

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.

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.

Target A surface onto which blood has been deposited.

Transfer Stain A bloodstain resulting from contact between a blood-bearing sur-

face 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 preexisting wet bloodstain.

* extra descriptions added to the list of recommended terminology
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[93] P. L. du Noüy. Surface tension of serum xv. the thickness of the monolayer of rabbit

plasma. The Journal of experimental medicine, 46(1):1–6, 1927.

[94] A. Krishnan, C. A. Siedlecki, and E. A. Vogler. Traube-rule interpretation of protein

adsorption at the liquid-vapor interface. Langmuir, 19(24):10342–10352, 2003.

[95] A. Krishnan, J. Sturgeon, C. A. Siedlecki, and E. A. Vogler. Scaled interfacial activity of

proteins at the liquid–vapor interface. Journal of Biomedical Materials Research Part A,

68(3):544–557, 2004.
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Summary

Bloodstain Pattern Analysis is a forensic methodology used by in-

vestigators to determine, among others, where the blood shedding

event happened and how. For example, a forensic investigator wants

to determine where the victim was when a specific bloodstain pattern

was created. To determine where the blood source was, investiga-

tors use a straight-line approximation for the trajectory of the blood

droplets, ignoring the effects of gravity and air resistance and thus

overestimating the height of the source. This height overestimation

depends on the distance between the origin and the bloodstain pat-

tern, but at a distance of one meter from the wall, it is not possible

to distinguish between, e.g., a standing or sitting position. Accord-

ingly, it is not possible to accurately determine the position of the

victim or the perpetrator which could be crucial for a claim of, e.g.,

self-defense.

To determine the curved flight path of a blood droplet by including

the effects of gravity and air resistance, the velocity at the moment

of impact of the droplet is required. This thesis presents the PhD

research on the dynamics of impact and spreading of droplets to

answer the following research question: Is it possible to determine

the impact velocity of a dried bloodstain, and accordingly calculate

its curved trajectory to determine where it came from?
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Chapter 1 describes the current modus operandi of forensic in-

vestigators to determine the location of the origin based on impact

bloodstain patterns, the assumptions the investigators make and the

consequences thereof. Moreover, it presents the current state of af-

fairs concerning the impact and spreading of droplets in general.

Determining the impact velocity from the size and volume of a dried

bloodstain is not straightforward. Within the fluid dynamical com-

munity, how exactly the maximum diameter that the droplet attains

varies with the experimental parameters, remains a much-debated

issue.

In Chapter 2 the physical properties of blood are reported, like

surface tension and viscosity. Within the forensic community it has

always been assumed that the surface tension of blood is constant

and the same for everyone. To test these assumptions, blood surface

tension was measured for various plasma/red blood cell concentra-

tions for a long time period. We found that the surface tension of

blood changes significantly over time periods in the order of min-

utes and hours. Nevertheless, the surface tension is independent on

plasma/red blood cell concentrations. A droplet flight and impact

event happens on a timescale in the order of milliseconds, for which

we assume that the surface tension of blood does not significantly

changes.

Blood is a so-called non-Newtonian fluid, which means that it does

not behave as normal liquids, like water. Blood is known to be

a shear thinning fluid; the viscosity decreases for high shear rates

or stresses. Therefore, we measured the viscous properties with a

rheometer and determined the viscosity over a large shear rate range.
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We found that for very high shear rates, the viscosity becomes con-

stant. In addition, based on calculations we show that the shear

rate of an impacting droplet is very high and we can assume that

the viscosity is constant during spreading.

A bigger droplet will create a bigger stain. Based on this simple

statement, it is clear that one requires the volume of a droplet to

correlate it to the impact velocity and the size of the resulting stain.

However, on the crime scene bloodstains are usually dried. In Chap-

ter 3 we report on how the volume of a dried bloodstain can be

determined with two different 3D scanners, namely Optical Coher-

ence Tomography and the AreaScan3D. In addition, we show that it

is possible to calculate what the original volume was based on the

percentage of blood left after drying.

In Chapter 4, we determined how impact velocity of a droplet (in

general) is correlated to the volume of the droplet and the maximum

diameter of the resulting stain. Therefore, we created droplet impact

events with simple fluids varying in viscosity and blood, which we

recorded with a high-speed camera. We show that the stain shape is

determined by a balance of capillary, viscous and inertial forces that

goes beyond commonly used approximations. Based on the relations

found, we were able to determine a general formula for the impact

velocity as a function of stain size and volume.

Next, we created actual bloodstain impact patterns on the Nether-

lands Forensic Institute where we measured all parameters necessary

to determine the origin (Chapter 5). Bloodstain patterns were

formed by using a hammer on a spring setup, which was placed at

several distances from the wall, 50 cm, 100 cm and 150 cm. By tak-

ing the effect of gravity into account we show that the accuracy in
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the reconstructed height of the origin of the bloodstains is increased

significantly, comparing to results obtained from the straight-line ap-

proximation. Never before was it possible to determine the position

and height of the blood source with such a high accuracy, enabling

to distinguish between a sitting and standing position.

In Chapter 6 we take it one step further by investigating if down-

ward directed stains could be taken into account in the analysis.

With the straight-line approximation, downward directed bloodstains

are discarded as they severely overestimated the height due to the

parabolic nature of the actual trajectory. As we can take gravity

into account, we open up the possibility that these kinds of stains

can be used for the determination of the origin’s location. There-

fore, additional bloodstains were chosen from the impact pattern

with downward directionalities, which we included in the analysis.

We found that the majority of the downward directed bloodstains

could be used for our new method, as long as they pointed towards

a common origin, the area of convergence.

In Chapter 7 we further investigate the impact and spreading of

droplets, by including the effects of the substrate like wetting, rough-

ness and porosity. In Chapter 4, only smooth partial wettable sur-

faces were used, where we found no significant differences in spread-

ing between the substrates. However, how the properties of the sur-

face influence spreading, especially at low impact velocities (vimpact <

1 m/s), is of high importance for a number of applications, in ad-

dition to bloodstain pattern analysis. To determine if and how the

surface influences spreading, droplets of ethanol, water and water-

glycerol mixtures were deposited over a large range of impact veloc-

ities on many different kinds of surfaces. We found that for very low
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impact velocities and fluids with low surface tension, the droplets

tend to spread much more than our model predicts. Therefore, we

corrected the model to account for the size of the stains at zero

impact velocity, by using an initial spreading ratio. This enabled

us, once again, to describe the spreading of droplets by means of

one equation. In addition, we report on preliminary experiments of

droplet impact on irregular and porous materials.

Finally, in Chapter 8, we describe how our method can change

bloodstain pattern analysis and what needs to be done before the

method can be applied on real crime scenes. We show the future

of forensic science and how 3D visualization can improve the imple-

mentation of our method. We anticipate that our model will be of

considerable importance for forensic scientists who use bloodstain

pattern analysis to reconstruct events that have taken place on the

crime scene.
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Samenvatting

Bloedspoorpatroonanalyse is een forensische methode die gebruikt

wordt om, onder andere, te bepalen waar het bloederige delict heeft

plaats gevonden en wat er is gebeurt. Bijvoorbeeld, een forensisch

onderzoeker wil bepalen waar het slachtoffer was toen een speci-

fiek patroon gecreëerd werd. Onderzoekers gebruiken een rechte-lijn

benadering om te bepalen waar de oorsprong was van het bloed.

Daarbij verwaarlozen zij het effect die zwaartekracht en luchtweer-

stand hebben waardoor de oorsprong altijd te hoog wordt bepaald.

De grootte van deze overschatting hangt af van de afstand tussen

oorsprong en bloedspoorpatroon. Vanaf een afstand van één meter

is het doorgaans niet meer mogelijk om bijvoorbeeld te bepalen of

het slachtoffer zich in een zittende of staande houding bevond. Met

deze methode is het dus niet mogelijk om te achterhalen wat de ex-

acte positie en houding was van zowel slachtoffer als dader, terwijl

deze informatie cruciaal kan zijn om het verschil te maken tussen

zelfverdediging of een aanval.

De snelheid waarmee de druppel op de muur is gekomen, is nodig

om zwaartekracht en luchtweerstand mee te kunnen nemen in de

berekening van de gekromde vliegbaan van die druppel. In deze the-

sis presenteer ik mijn promotie onderzoek betreffende de dynamiek

van impact en spreiding van druppels om de volgende vraag te beant-

woorden: Is het mogelijk om de impactsnelheid te bepalen van een



Samenvatting

bloeddruppel, vanuit de opgedroogde bloedvlek om vervolgens, de

gekromde baan te bereken waar die vandaan kwam?

In hoofdstuk 1 beschrijven wij de modus operandi van hoe foren-

sische onderzoekers de locatie van de oorsprong bepalen gebaseerd

op een bloedspoor patroon. Daarnaast beschrijven we de huidige

stand van zaken betreffende de impact en spreiding van druppels in

het algemeen. Het bepalen van de snelheid van een druppel is niet

makkelijk noch vanzelfsprekend. Welke experimentele parameters

er een invloed hebben op de maximale spreiding van een druppel,

staat binnen de gemeenschap van vloeistof dynamica nog steeds ter

discussie.

In hoofdstuk 2 rapporteren wij de fysieke eigenschappen van bloed

waaronder oppervlaktespanning en viscositeit. Binnen de forensische

gemeenschap wordt doorgaans aangenomen dat de oppervlaktespan-

ning van bloed constant is en voor iedereen hetzelfde is. Om deze

aannames te testen werd de oppervlaktespanning van bloed gemeten

voor verschillende plasma-rode bloedcel concentraties gedurende een

lange tijd. We vonden dat de oppervlaktespanning van bloed sig-

nificant verandert over lange tijdseenheden in de orde van minuten

tot uren. Desalniettemin, is de oppervlaktespanning van bloed niet

afhankelijk van de plasma-rode bloedcel concentratie. De tijdschaal

van een bloeddruppel die door de lucht vliegt, na een inslag van een

object in bloed, en neer komt op een oppervlak, is in de orde van

milliseconden. Binnen deze tijd nemen we aan dat de oppervlakte

spanning van bloed niet significant verandert.

Bloed is een zogenaamde niet-Newtoniaanse vloeistof, wat betekent

dat het zich niet gedraagt als een normale vloeistof zoals bijvoorbeeld

water. Bloed is een ’shear thinning’ vloeistof, de viscositeit neemt af
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met toenemende druk of afschuifsnelheid. Daarom zijn de viskeuze

eigenschappen gemeten met een reometer en is de viscositeit bepaald

over een groot bereik van afschuifsnelheden. We vonden dat voor hele

hoge afschuifsnelheden de viscositeit een constante waarde bereikt.

Daarnaast, laten we, gebaseerd op onze berekeningen, zien dat de

afschuifsnelheid van een druppel die neer komt op een ondergrond

met een bepaalde snelheid, een hele hoge afschuifsnelheid heeft en

dus een constante viscositeit gedurende spreiding.

Hoe groter de druppel, hoe groter de vlek. Gebaseerd op deze een-

voudige verklaring is het duidelijk dat het volume van de druppel

nodig is om de grootte van de vlek te koppelen aan de snelheid

waarmee die gecreëerd is. Echter, op plaats delict zijn de meeste

bloeddruppels opgedroogd. In hoofdstuk 3 beschrijven wij hoe het

volume van een opgedroogde bloedvlek bepaald kan worden door

middel van twee verschillende scan methodes, namelijk Optische

Coherentie Tomografie en met een apparaat genaamd AreaScan3D.

Daarnaast, tonen wij aan dat het mogelijk is om het originele volume

van de druppel te berekenen aan de hand van het percentage bloed

dat is overgebleven na opdrogen.

In hoofdstuk 4 hebben we bepaald hoe de impactsnelheid van een

druppel (in het algemeen) gecorreleerd is aan het zowel volume van

de druppel als de maximale diameter van de resulterende vlek. Der-

halve hebben we druppels van allerlei vloeistoffen met verschillende

viscositeit en bloeddruppels laten vallen waarbij de impact gefilmd

werd met een hogesnelheidscamera. Daarmee laten wij zien dat het

spreiden van de druppel bepaald is door een energiebalans tussen

de capillaire, viskeuze en inertie krachten welke verder gaat dan de
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standaard gebruikte benaderingen. Gebaseerd op de gevonden re-

laties was het mogelijk om een algemene formule te maken voor de

impactsnelheid als een functie van de grootte van de vlek en het

volume.

Vervolgens beschrijven wij in hoodstuk 5 hoe we echte impact

bloedspoorpatronen hebben gemaakt in het Nederlands Forensisch

Instituut, waarbij alle parameters gemeten werden die nodig zijn

om de oorsprong te kunnen bepalen. De bloedspoorpatronen wer-

den gemaakt door een hamer, die vast zat aan een veer, in een plasje

bloed te laten slaan. De hamer werd op afstanden van 50 cm, 100 cm

en 150 cm geplaatst van de muur. Door het effect van zwaartekracht

mee te nemen, was het mogelijk om de oorsprong veel nauwkeuriger

te bepalen dan wanneer de rechte lijn benadering toegepast werd.

Nooit eerder was het mogelijk om de hoogte van de oorsprong met zo

een grote nauwkeurigheid te bepalen, waardoor we met de beschreven

techniek nu een zittende en staande positie van een slachtoffer kun-

nen onderscheiden.

In hoofdstuk 6 gaan we één stap verder door te onderzoeken of

neergaande bloedvlekken meegenomen kunnen worden in de anal-

yse. Met de rechte lijn benadering worden neergaande vlekken niet

meegenomen in de analyse omdat deze de hoogte van de oorsprong

zeer hoog kunnen overschatten, door de parabolische beweging van

een druppel door de lucht. Door zwaartekracht in onze berekeningen

op te nemen, is het mogelijk om dit soort vlekken voortaan ook te ge-

bruiken om de locatie van de oorsprong te bepalen. Daarvoor hebben

we extra bloedvlekken gekozen van impact bloedspoor patronen met

een neerwaartse richting. De meerderheid van de bloedvlekken kan

gebruikt worden voor de analyse van onze nieuwe methode zolang
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gericht zijn naar een gezamenlijke oorsprong, het gebied van conver-

gentie.

In hoofdstuk 7 hebben we het onderzoek voort gezet naar de impact

en spreiding van druppels door het effect van de ondergrond mee te

nemen. Hierbij bekeken we met name de hydrofobiciteit, de ruwheid

en de porositeit van de ondergrond. In hoofdstuk 4 werden alleen

gladde oppervlaktes gebruikt die niet erg hydrofoob waren. Daar-

bij troffen we geen verschillen aan in spreiding bij de verscheidene

ondergronden. Daarentegen zijn de eigenschappen van het opper-

vlak die spreiding bëınvloeden belangrijk en in het bijzonder bij lage

snelheden (vimpact < 1 m/s). Om te bepalen of en hoe een opper-

vlak de spreiding bëınvloedt, hebben we druppels van ethanol, water

en water-glycerol mengsels, laten vallen met verschillende snelhe-

den op verschillende ondergronden. Hierbij vonden we dat voor hele

lage snelheden en vloeistoffen met een lage oppervlakte spanning, de

druppels verder uitspreiden dan het voorgaande model voorspelde.

Vervolgens hebben we het model aangepast door de grootte van de

vlek bij een snelheid van nul er in mee te nemen. Dit stelde ons

instaat om nog eenmaals het spreiden van druppels te beschrijven

doormiddelvan één vergelijking. Daarbij rapporteren wij de nieuwe

resultaten van druppel impact op onregelmatige en poreuze media.

Tot slot beschrijven we in hoofdstuk 8 hoe onze methode bloed-

spoorpatroonanalyse ten goede kan veranderen en welke stappen nog

ondernomen moeten worden zodat deze methode toegepast kan wor-

den op een plaats delict. We laten ons toekomstbeeld zien van de

forensische wetenschappen en hoe 3D visualisatie de implementatie

van onze methode kan verbeteren en ondersteunen. We verwachten

dat ons model van groot belang is voor forensicshe wetenschappers
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en onderzoekers welke bloedspoorpatroonanalyse gebruiken om de

gebeurtenissen die hebben plaats gevonden op plaats delict te recon-

strueren.
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The investigation into the improvement of bloodstain pattern analy-

sis started a long time ago. I was working on the Academic Medical

Center (AMC) in Amsterdam, doing a short project for Maurice

Aalders and Rolf Bremmer. Rolf was doing a PhD concerning the

age of bloodstain for whom I did experiments concerning the spec-

troscopic properties of (blood) phantoms. At that time I was looking

for a subject for my master project, but as a physicist there weren’t

many subjects out there which peaked my interest. One day, some-

where in November in 2009, Maurice came to me asking if I was still

looking for a master project. He told me about Karla de Bruin, a

woman working for the Netherlands Forensic Institute (NFI) who

had a very interesting research question, namely: Could the volume

of a dried bloodstain be determined by means of Optical Coherence

Tomography? So I called her about this project and she invited me

to the NFI to make acquaintance. For me this project was really

appealing as I would be working for the NFI (even getting paid by

them) by I had to perform most of my experiments on the AMC in

Amsterdam (so I didn’t have to travel to The Hague every day). So

I started doing this project and over a period of nine months I was

able to answer my research questions, which was “YES”. Yes, we

could determine the volume of dried bloodstains and not only that,

we determined a volume ratio between liquid and dried blood, which
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enabled us to calculate the original volume of a blood droplet, from

its dried stain. Both Karla and I saw the potential of this project

for the near future, because if you are able to determine the volume

of the original droplet, then maybe we could determine the impact

velocity of that droplet by means of the volume and stain size. Ac-

cordingly, knowing the impact velocity would enable us to take into

account gravity and maybe even drag for trajectory reconstruction.

This problem, this challenge, beckoned us to be solved.

After the master project I stayed a while longer as an intern at the

NFI by writing an article about the findings of the project. It was

somewhere in January 2011 that Karla came to me and told me that

she wanted me to continue the project. Whereupon I decided that I

didn’t want to do some research for a couple of years and then move

on to the next thing. Somewhere inside me ambition rose. I wanted

to do a PhD, I wanted to become a Doctor. Karla agreed and I think

she decided at that moment to do her very best to make this happen,

where I would do my best to make this project a success. However,

we didn’t have any supervision (of a professor), we didn’t have a

place to do experiments and most importantly, we didn’t have any

money. So Karla and I went to Daniel Bonn, who at that time was

the examiner of my master project, which means, he had to read my

thesis, be at my presentation and give me a grade. Karla told him

that we needed a supervision, a place to work and money, whereupon

Daniel reacted as “ So where are we going to get some money?”. It

was a big risk starting this PhD, because in the beginning no one

could give me the insurance that I would be able to finish the PhD.

But I took the risk and now here I am, having achieved everything

I wanted to achieve and more when starting this adventure.
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Nick Laan

What is a PhD? Imagine a circle that contains all of human knowl-

edge, of which the center is basic knowledge which you know by the

time you finish elementary school. By the time you finish high school,

you know a bit more and the center becomes bigger. As we become

older and get a bachelor’s degree, we specialize and the our center

of knowledge forms into a certain direction. Going to the university

and studying physics is like a large cone of knowledge expanding

from the middle for your Bachelor’s and Master’s. Reading research

papers takes you to the edge of human knowledge. Once you’re at

the boundary, you focus and you push at the boundary for a few

years. Until one day, the boundary gives way. And, that dent you’ve

made is called a PhD.

”Keep Pushing.”

Matt Might
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