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ABSTRACT 

                   Bloodstain Pattern Analysis is a forensic discipline in which, the position of victims can be 
provoke at crime scenes on which blood has been shed. To dictate where the blood source was 
investigators use a straight-line approximation for the trajectory, ignoring effects of gravity and drag 
and thus over estimating the height of the source. We determined how accurately the location of the 
origin can be estimated when including gravity and drag into the trajectory reconstruction by fluid 
dynamics. We created nine bloodstain patterns at one meter distance from the wall. The origin’s 
location was determined for each pattern with: the straight-line approximation, our method including 
gravity, and our method including both gravity and drag. The latter two methods require the volume 
and impact velocity of each bloodstain. We conclude that by including gravity and drag in the 
trajectory calculation, the origin’s location can be determined roughly four times more accurately than 
with the straight-line approximation. Our study enables investigators to determine if the victim was 
sitting or standing or it might be possible to connect wounds on the body to specific patterns, which is 
important for crime scene reconstruction.  
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INTRODUCTION 

Bloodstain Pattern Analysis (BPA) 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.  
          For example, if an object (e.g., a hammer) strikes a volume of liquid blood (e.g., a victim), 
droplets diverge away from the origin through the air and when hitting a surface an impact pattern 
(Fig. 1a) will be formed. 
                                  In contrast to DNA analysis, which gives information about the donor of the 
blood (individualization), 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 provide 
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evidence to support or refute claims of, e.g., self-defense, which is very important in the court of law 
to avoid miscarriage of justice. Several methods exist to determine the region of origin, for example, 
the stringing method, the tangent method, or the mathematical method. Most methods assume the 
trajectories of the droplets to be a straight line instead of curved, neglecting gravity and air resistance 
(drag)[7]. This assumption causes an overestimation in height, which can be as large as 45 cm 
depending on the distance between origin and wall[3]. 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[5-6]. 
 

 
 
This research enables the investigator to determine the location of the blood source in the room, and 
connect it to the position of the victim (like standing or sitting), or connect specific wounds to certain 
patterns.  
      To determine the region of origin by taking gravity and drag into account, we require five 
parameters of each bloodstain: 1) location of the bloodstain in x, y, and z coordinates, 2) directional 
angle γ, 3) impact angle α, 4) volume of the original blood droplet, and 5) impact velocity of the blood 
droplet[7]. The first parameter is trivial and measured easily, which is done for the current methods in 
use. The directional angle γ is measured by comparing the direction of travel to the vertical (Fig. 1b,c).  
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Figure: 1. Example of a bloodstain impact pattern with a detailed photograph of a single 

bloodstain. (a) Impact pattern created by means of a hammer on spring released into a volume 

of 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. 

 
The impact angle α can be determined from the shape of the stain as the width  and length  

of the elliptical outline of the stain (Fig. 1c) are empirically related to the impact angle by[10]  
 

= .                                                                                           (1) 
It is possible to determine the volume of a bloodstain 9, however this has never been done before with 
bloodstains of an impact pattern. We will show that by means of a 3D surface scanner we can 
determine the volume of small (≈ 1 μl) bloodstains in a non-intrusive and objective manner (see 
supplementary materials). For the final parameter, the impact velocity, recent studies for simple fluids 
suggest that it can be inferred from the maximum diameter that an impacting drop of known volume 
attains. During impact upon a surface, droplets spread in a circular fashion, where spreading is driven 
by inertial forces and countered by capillary and viscous forces.  
These forces can be quantified in terms of the Weber number,  
 
                                                                                                  (2) 
the ratio between the inertial and capillary force,  
 
Reynolds number 
                                                                                                     (3) 
 
Where, the ratio between the inertial and viscous forces. Here ρ denotes the density of the fluid, the 
diameter of the droplet in flight, v the impact velocity of the droplet, σ the surface tension and η the 
viscosity of the fluid[7]. 
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a)  Volume fresh(µl)  and volume dried(µl) 

 

        
b) Hematocrit (%) 

Figure:2 Volume and drying ratio measurements of bloodstains. (a) The volume of dried 
bloodstains obtained with the AreaScan3D plotted as a function of the volume of the fresh 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[7], which in this case (Hct = 44%) equals 15%. (b) The 
drying ratio κ as a function of the hematocrit value. The red line is the fit to the data points of which 
the slope is the drying ratio. 
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BLOOD 
         Blood is a tissue that is move continuously within the body to accommodate other parts of the 
body. This connective tissue has adapt cells that sanction it to bear its tricky (complex) functions. For 
a healthy person, approximately 8% of their total weight is to  blood. For a 55kg (121.25 lb) 
individual, his equates to 8 US pints. 
 
FLUID MECHANICS 

                                     Knowledge about the mechanics of fluids is of great importance within blood 
pattern analysis. The flight of the blood drop, but even more importantly, the impact of a drop can be 
described with fluid mechanics. This section describes how droplets impact on solid surfaces and 
which physical parameters play a role. First introducing the physics of a flying drop and in what 
manners it can impact on a surface. Properties like density, viscosity and surface tension are described 
which influence the dynamics of an impacting droplet. Next, wetting and dewetting is introduced 
which influence the size and shape of a drop after impact. Finally, parameters are described which 
cause the creation of spines and the splash effect. 
 

 
Figure 3: Survey of characteristics governing the impact of a liquid drop 

 

Due to air resistance the drop changes shape. Right after creation of the drop, the drop oscillates in 
shape. Surfactants play a role in the shape of the drop and how the shape is maintained during flight 
and impact. A droplet may impact on either a fluid or solid surface[15]. This study only covers solid 
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surfaces. The surface of a solid can be plane, curved, smooth, rough, yielding or unyielding. These 
previous factors determine the size, shape and uniformity of the drop after impact on the solid surface. 
 

 
 

Figure 3.1: Impact of a drop on a solid surface: bouncing, spreading, and possible splashing[14]. 
 
The blood drop itself might bounce, spread out, or splash on the surface as is shown in figure 3.1 
depending on the kind of surface and impact velocity. Bouncing depends on the shear rate of a droplet. 
Non-Newtonian fluids have a variable shear rate which counteract the effects of bouncing, therefore 
blood drops usually do not bounce[12]. Three biophysical properties of blood concerning the impact of 
a drop are: viscosity, surface tension, and density.  
                       Viscosity is a measure for the resistance of a fluid. It can be described as the thickness 
or internal friction of a fluid. A fluid with low viscosity is thin, like water. Fluids of high viscosity are 
thick, like syrup or honey. Blood is a so called non-Newtonian fluid, it doesn't behave like normal 
fluids because it exists of a fluid and multiple kinds of particles. As a result the viscosity of blood is 
not constant.The viscosity of blood will be assumed 0.0048 N s/m2 and constant for blood of 37 
degrees Celsius. 
                    Liquid surfaces are in a state of tension, as if they possessed an elastic skin, because fluid 
molecules at or near the surface experience uneven molecular forces of attraction. Since abrupt 
changes in molecular forces occur when fluid properties change discontinuously, surface tension is an 
inherent characteristic of materials. 
                   Surface tension results in a microscopic, localized surface force that exerts itself on fluid 
elements at interfaces in both the normal and tangential directions. The higher the surface tension, the 
more the drop remains a spherical shape while other forces are exerted in it. The surface tension for 
blood equals 0.056 N/m[15].Density is defined as mass per unit volume. The density of blood is usually 
assumed to be 1062 kg/m3. 
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 Physical properties of blood 

 
             
 
 
 

 
 
 
 
 We used human blood which was obtained with the same procedure as. For each blood sample 
collected[7], the hematocrit (Hct) value (the percentile amount of red blood cells in blood) was 
determined by means of a capillary centrifuge. 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  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  . The volume of the object is determined by subtracting   from . 

 
                                                       

   
 
Figure: 4 (a) A single bloodstain from an impact pattern. (a) a photograph of a bloodstain 

including a scale bar. 

                             Hct                Density              Surface tension           Viscosity              At temp 

                                %                   kg/                                          mpa.s                       °C 

Blood                        41%        1055±3                     60±2                              4.8                         22 

Blood(dried)               --          1274±3                        --                                  --                            -- 
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+ 
 
(b) The intensity graph of the bloodstain obtained from the AreaScan3D. (c) The cross-section of 

the bloodstain corresponding to the red curve from (b), where the height variation is plotted as a 

function of the lateral axis (x-direction). 

 

 

 

DETERMINING THE AREA OF ORIGIN 

                                This section describes how the area of origin is determined by means of the 
stringing method. To estimate the area of origin by means of the stringing method, the directionality 
and the angle of impact need to be determined. The directionality is a characteristic of a bloodstain 
that indicates the direction blood was moving at the time of deposition[2]. As a passive blood drop falls 
on a straight surface under an angle of 90 degrees with respect to the surface, it will create a circular 
bloodstain. If the same drop falls on the same surface but tilted under an angle e.g. 40 degrees, it will 
not create a circular bloodstain but an elliptical one. These differences can be seen in figure 4. 

          
 
FIGURE : 5 Blood drop impacts on inclined surfaces with the height of the fall being 14 cm, 0o 

corresponding to a drop falling perpendicular to the surface and 90o corresponding to a drop 

falling parallel to the surface. 
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Sometimes the bloodstain has a tail (blood trail) at the end as a result of the drop having momentum, 
causing a bit of blood to continue traveling downwards.  
In figure 5.1 a typical impact bloodstain is shown. The drop was traveling upwards as can be seen by 
its directionality i.e. its tail going upwards[13]. 
 

                                               
Figure 5.1: Upward moving bloodstain showing proper ellipse placement. 

 
The directional angle[13] is introduced to determine the directionality of the bloodstain 
quantitatively.The directional angle gamma is defined as the angle between the z-axis and the long 
axis (direction axis) of the bloodstain, which is shown in figure 5.2. 
 

                                  
 
Figure 5.2 : Two bloodstains on a wall. Gamma ( ) is the angle between 

the directionality of the bloodstain and the z-axis. Alpha (α) is the impact 

angle of the drop with respect to the wall. 
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The W and L correspond to the width and length respectively of the bloodstain as shown in figure 4.2. 
 

                                                                 (4) 

 
If the angles gamma and alpha are known, a formula can be composed to determine the straight line 
trajectory of the bloodstain[3]. The trajectory can be visualized by means of a string attached to the 
wall or by means of a computer program. The highest density of intersecting lines within the three 
dimensional space is considered to be the area of origin. 
 

MAXIMUM DEVIATION 

The average maximum deviation εmax based on the different methods with a 98% confidence stage, 

                                 (5) 

 

For the straight-line approximation we can have a deviation as much as 42 cm which is in 
agreement[3]. Even though the straight-line approximation has a high precision, the accuracy is low 
because gravity and drag are neglected. For the gravity method, this maximum deviation decrease to 
roughly 20 cm. In contrast to the straight-line approximation, the gravity included method has a very 
high accuracy and a high precision. 

 Finally,  slightly increases for our drag method (roughly 26cm), because the accuracy is lower 
even though the precision is higher. These results show that including gravity and drag, the origin can 
be determined at least three times more accurately than with the straight-line approximation, having a 
98% confidence level. 

 

DISCUSSION 

       The results reported in this paper show that we are able to determine the volume of small (≈1 μl) 
and large bloodstains to determine the impact velocity of those stains and accordingly, the position 
where they came from. In addition, with our method we estimate the PO much more accurately than 
the straight-line approximation. As expected, the height estimation for the gravity method is on 
average below the true origin, because 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 stain to its origin, 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. 
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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. It is evident that the accuracy can 
be further improved by taking also the downward directed stains into account which are usually 
discarded on the crimes scene, but this is subject of future study. When using the straight-line 
approximation, only upward directed bloodstain can be considered for analysis as downward directed 
bloodstains could have been influenced by gravity. If so, this introduces an unacceptably large margin 
of error for the downward directed stains, which could constitute the majority of stains found at a 
crime scene. The improved accuracy will allow them, for instance, to better determine the position of 
the victim or it might be possible to connect bloodstain patterns to specific wounds on the body, which 
differ in height. 
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