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Crack density in bloodstains†

Junhee Choi,a Wonjung Kim *b and Ho-Young Kim *a

We construct a theoretical framework to understand the crack

density of bloodstains by modeling whole blood as a suspension

of binary size colloid particles. Our analysis based upon theories of

soft capillarity and porous flows explains the observed increase

of the crack density with increase of blood viscosity and decrease of

environmental humidity. The results have direct implications on

forensic science and medical diagnosis.

Human blood carries personal health information, which can
be exploited for disease diagnosis or forensic analysis. Obtaining
biomedical or forensic information from human blood typically
requires complicated processes including centrifugation, mixing
with cell biomarkers, and blood culturing.1,2 Recently, it was
suggested that cracks in bloodstains can reveal personal identity3,4

and the environmental conditions during dehydration.5,6 The
analysis of the cracks eliminates the need for complicated post
processes using bloodstains, which has thus raised great hopes
toward techniques for prompt forensic or biomedical analysis. In
this regard, a great deal of effort has been devoted to the
experimental observations of crack patterns in bloodstains,7–11

leading to the analysis of the dependence of the crack density
on the humidity,5,6 contact angle,12 size3 and thickness of the
droplet.13

Because human whole blood is a biological colloid suspension
including various cells and other viscoelastic biomaterials, the
crack formation in bloodstains can be understood based on the
theoretical framework for common colloid suspensions.14–19 For
instance, the increase of the inter-crack spacing in blood cracks
with the droplet thickness13 was rationalized by the results for an
aqueous colloidal silica suspension.14 Nevertheless, the remark-
able complexity of the colloid composition of the whole blood

has challenged a complete understanding of crack formation in
bloodstains.

Here, we propose a theoretical model to elucidate the
physical parameters that determine the blood crack density
by modeling human whole blood as a suspension of binary size
colloid particles. Our experimental observations of the crack
formation reveal that the bloodstain is covered by a skin
consisting of the blood plasma dispersion, which plays a key
role in the crack formation. We go beyond the previous work of
Lee et al. (2004),16 which analysed the crack density in a film of
mono-sized colloidal dispersions, by considering the different
roles of the binary size particles, i.e. large blood cells and small
proteins, in the crack formation. The results will bring us one
step closer not only to understanding the dehydration process
of biological substances but also to developing techniques for
prompt forensic or biomedical analysis.

Human blood is a colloidal dispersion consisting of blood
cells and plasma with each taking a volume fraction of approxi-
mately 50%. Among various kinds of blood cells such as red
blood cells (RBCs), white blood cells and platelets, RBCs occupy
approximately 90% of the entire cell volume. RBCs are an oval
biconcave disk with a diameter of approximately 8 mm. Plasma
contains water, proteins, and other substances such as minerals
and lipids, and the volume fractions of water and proteins in
plasma are 90% and 8%, respectively. The length of blood
proteins greatly varies,20 but albumin, a main constituent of
blood proteins, is formed from long-string chains cross-linked
with each other, whose single aggregation is assumed as a
colloid particle with a size on the order of 10 nm.21–24

Fig. 1a displays the crack formation of a human whole blood
droplet. The blood treated with an anticoagulant (K2EDTA)4

was obtained from Seoul National University Hospital. The
number of RBCs and the protein concentration were measured
to be 5.2 � 106 mm�3 and 7 mg mm�3, respectively, which were
in the normal range. Additional haematological data are available
in Table S1 (ESI†). A 5 ml blood droplet was placed on a bare glass
slide in a thermo-hygrostat, where the temperature and relative
humidity were kept at 20 1C and 40%, respectively. The water
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evaporation from the blood droplet caused a phase change from
liquid to solid state, and a desiccation line was formed at the
interface between the inner fluid and outer solidifying regions
along the droplet perimeter within 1 min. As the solidifying

region grew inwards, cracks began to appear behind the desicca-
tion line and propagated inwards from the edge. The cracks were
developed radially and thus orthogonal to the desiccation line.
After 24 min, the cracks stopped growing.

Fig. 1b presents the scanning electron microscopy (SEM)
images of the blood cracks. A shell structure covering the RBC
grains was observed. We found that the cracks observed with
the naked eye corresponded to the crevices on the shell. The
interior surface seen through the crack was fairly bumpy owing
to the RBC grains, and thus clearly distinct from the smooth
shell surface. Given the proportion and shape of the constituents
of the whole blood, we inferred that the shell was mainly
composed of proteins, allowing us to envision the role of the
proteins in the crack formation.

We start the theoretical analysis with a brief review of the
process of crack formation in a droplet of a mono size colloid
suspension.16 When a colloid suspension drop is dehydrated, the
solvent exclusively evaporates, leading to a rise of the colloid
density. While the water–air–substrate contact line is pinned due
to the aggregation of the colloid particles therein, a consolidated
region grows inward from the contact line, where the closely
packed particles create a porous structure.25,26 Further evaporation
yields concave menisci between the colloid particles, and the
liquid–gas interface eventually retracts into the porous structure.
Accordingly, the pressure inside the porous structure becomes
lower than the atmosphere by the Laplace pressure, up to a
maximum of PL B s/r with s the liquid–gas surface tension and
r the colloid particle radius.16,27,28 The magnitude of the Laplace
pressure can be sufficiently large to cause a shrinkage of the elastic
structure constructed by the closely packed particles. Meanwhile,
the deformation can be limited on the bottom where the colloid
particles stick to the surface due to the friction and adhesion forces.
The strain difference in the thickness direction brings about tensile
stresses on the top part of the porous structure. When the tensile
stress is greater than the yield strength of the porous structure,
cracking occurs, and the stored elastic energy is released through
the rearrangement of the particle packing.29,30

We now turn to the crack formation of human whole blood.
The above-mentioned experimental observations lead us to

Fig. 1 Cracks of bloodstains. (a) Sequential images of crack formation of a
blood droplet on a glass slide. The stain is thicker near the periphery,
resembling a donut, although not evident in the two-dimensional optical
microscope image. (b) SEM images of the cracks of a bloodstain. The right
upper image displays the top view of the crevice, and the right lower image
displays the interior surface seen through the crevice.

Fig. 2 Schematic illustrations of (a) bird’s-eye and cross-sectional views of the cracks of a blood droplet. (b) Dependence of the evaporation rate of the
whole blood and binary size colloid suspension on the relative humidity. The dashed line indicates the empirical model, ue = 6 � 10�4(1 � f) mm s�1,
obtained from the best linear fitting of the measured values. The error bars denote the maximum and minimum values in the multiple measurements.
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model human blood as a colloid suspension mainly consisting
of RBCs and albumin aggregations. We consider a particle cake
between two adjacent cracks, as shown in Fig. 2a. Continuous
water evaporation from the top surface causes local pressure
drop owing to capillarity, and any non-uniform pressure dis-
tribution yields the plasma flow through the closely packed
RBCs and albumin aggregation. Since the crack formation
locally relieves the pressure non-uniformity,14 the pressure near
the crack recovers to the atmospheric pressure. A pressure
gradient in the azimuthal direction normal to the crack, therefore,
scales as ryP B s/(rl), where r B 10 nm is the characteristic size
of the albumin aggregation covering the porous structure, and l is
the inter-crack distance (see Fig. 2a). The plasma flow through the
porous structure can be described by Darcy’s law, so that the
average flow speed in the direction normal to the crack is given by
uy = �KryP/m B Ks/(mrl), where K is the permeability of the
porous medium, and m is the solvent viscosity. While K of a mono
size (r) colloidal suspension is simply given by the Kozeny–
Carman equation,31,32 K = 2r2(1 � f)2/(75f2) with f the volume
fraction of particles, K of a binary size suspension of large RBCs
and small albumins depends on the sizes of both of the particle
kinds. Here we adopt a model of mean radius of colloids,33

rav = 2/[fR/R + (1 – fR)/r] with R and fR, respectively, being the
characteristic radius and volume ratio of RBCs and r the albumin
radius, which leads to K = 2rav

2(1 � f)2/(75f2) with f being the
volume fraction of RBCs and albumin.

A crack propagates from the drying edge to the central
region of the droplet. Crack propagation speed is known to
be proportional to the radial speed ur of the plasma flow from
the fluid region to the solidifying region (see Fig. 2).15 Ignoring
inertial effects, the radial flow in the thin droplet can be
described by DrP/L B Zur/H

2, where DrP is the pressure difference
across the solid–liquid transient region, L is the length scale of
the transient region, Z is the dispersion viscosity, and H is the
liquid film thickness. The dispersion thickness varies in the
transient region, and the interface curvature of the droplet film
scales as H/L2, so that DrP B sH/L2 via the Young–Laplace
equation. The evaporation causes plasma flow in the vertical
direction to the glass substrate,34 and the continuity equation
yields ur B (L/H)ue with ue being the rate of evaporation
volume per unit area. As a result, we get L/H B [s/(Zue)]1/4, and
ur B (s/Z)1/4ue

3/4. Because the azimuthal speed of the solvent uy

is on the same order of magnitude as the radial speed ur in the
vicinity of the crack apex,16,34 the scaling of uy B ur leads to the
expression for the crack density as 1/l B mrue

3/4/(Z1/4s3/4K). Note
that Z may increase during the evaporation process, but it can be
assumed to be constant because of the quarter power of Z, which
makes only small error.16

The evaporation rate ue depends on the relative humidity f.
For a sessile water droplet, the evaporating mass is known to be
proportional to (1 � f).35 We measured the changes in the
mass m of a 5 ml blood droplet and polystyrene colloidal
dispersion on a 15 mm � 1 mm slide glass at 20 1C and at
different relative humidity levels. Assuming dm/dt = �rAue with
t being time, the projection area of the droplet on the substrate
A and the water density r, we found an empirical relation,

ue = 6 � 10�4(1 � f) mm s�1, which holds for both the
biological and artificial dispersions (see Fig. 2b). Then the
crack density f = 1/l is given by:

f � mrð1� fÞ3=4
Z1=4s3=4K

(1)

which reveals the physical parameters that determine the crack
density.

We validate the model by examining the dependence of
crack density on the solvent viscosity m and the relative humidity
f using whole blood and colloidal dispersions of binary size
polystyrene particles with diameters of 20 nm and 8 mm (Sigma-
Aldrich). The zeta potential due to surface charge of the poly-
styrene particles is �20 mV,36 which is similar to that of blood
cells, approximately �14 mV.37 The colloidal dispersions were
sonicated at 40 kHz for 2 h. We controlled the volume ratio of the
small to large particles to be approximately 0.1, comparable to
the volume ratio of the albumin aggregation to RBCs. The
volume ratio of the suspensions to liquid was set to be 0.5. We
covered a 15 mm � 1 mm slide glass with a 5 ml droplet of blood
or the polystyrene particle, and dried them in an environmental
chamber (see Fig. 3a). Because the evaporation rate and solvent
viscosity of blood depend on the temperature, we proceeded with
the crack tests under a standard temperature condition (20 1C).
The thickness of the droplet was measured to be approximately
0.3 mm for all cases. The droplet was pinned at the glass
substrate edge, so that the contact angle did not affect our
experimental results.12 As shown in Fig. 3b, the cracks were

Fig. 3 Drying experiments of whole blood and colloidal dispersion dro-
plets. (a) The sample droplet deposited on a glass substrate of 15 mm �
1 mm. Optical (left) and SEM (right) images of cracks of (b) blood and (c) the
binary size colloid dispersion on the glass substrate edge. The red solid
lines and white arrows indicate the substrate edge and the cracks,
respectively.
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formed mostly in the direction orthogonal to the glass edges in
both cases, which facilitated the quantification of the crack
density. We estimated the crack density f by measuring the
number of cracks for the edges with a length of approximately
22 mm in each sample.

Fig. 4 presents the effects of the environmental humidity
and the blood viscosity on the crack density. In Fig. 4a, the
crack density decreases with the relative humidity, showing
good agreement with the model prediction indicated by the
solid line. Fig. 4b shows the effects of the viscosity on the crack
density. Noting that the blood viscosity, approximately 4 mPa s
in the normal condition, can be as large as 10 mPa s for persons

with diabetes due to glucose content, we varied the suspension
viscosity by adding glucose to the normal whole blood and the
polystyrene dispersion. The results show that the crack density
increases with viscosity, and a viscosity change of 10 mPa s
results in approximately 25% increase in the blood crack
density, as predicted by eqn (1).

In the insets of Fig. 4a and b, we included the crack density
data of mono size colloid suspensions containing 20 nm particles.
We found that the mono size dispersion also generates cracks,
whose density increases with increase of viscosity and decrease of
relative humidity. However, the crack density of the mono size
colloid dispersion is much higher than that of the binary size

Fig. 4 Measurement and visualization of the crack density on relative humidity and blood viscosity. Crack density (a) decreases with the relative humidity
and (b) increases with the blood viscosity. The humidity and viscosity were fixed at 4 mPa s and 20%, respectively, when these were not changed. The
insets include the crack density of the mono size colloid dispersion containing 20 nm particles. The error bars denote the maximum and minimum values
in the multiple measurement (n = 3 or 4). Optical images showing the cracks of (c) the bloodstains and (d) the binary size colloid dispersion. The white
arrows indicate the cracks. Scale bars, 300 mm.
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colloid dispersion, clearly indicating the importance of considering
binary size distribution of colloid particles in analysing human
bloodstain cracks.

As we have verified that the cracks of bloodstains can be
understood based on the binary size colloid assumption, it is
possible to investigate the role of particles of each size in crack
formation. Fig. 5a and b compare the dried stains of mono size
colloid suspensions of 8 mm (a) and 20 nm (b) polystyrene
particles. We see that suspensions containing only 8 mm
particles fail to exhibit cracks when dry, while suspensions of
20 nm particles generate cracks. Thus, we find that RBCs alone
cannot induce cracks, while proteins are a main factor of blood
cracking. But the crack density is modulated by RBCs as the
permeability K depends on the radius and volume ratio
of RBCs.

To further verify the role of RBCs and proteins in crack
formation, we created a binary size colloid dispersion with an
increased volume ratio of small to large particles, 0.26, so that
most of the pores between large particles are filled with smaller
particles. The experimental results displayed in Fig. 5c reveal
lower crack density (greater spacings between cracks) in the
binary size colloid dispersion than in the mono size colloid
dispersion of Fig. 5b. This distinction can be explained based
on the permeability K from eqn (1), where K is proportional to

the square of particle diameter.16,33 As the mean diameter of the
binary size colloid dispersion is larger than that of the mono size
colloid dispersion, we can deduce that Kbinary/Kmono 4 1, which
means fbinary/fmono o 1. Therefore, we can anticipate that the
large particles hinder the crack formation, which is caused
mainly by small particles, allowing us to envision the role of
the large blood cells and small proteins in the crack density.

Although our model successfully predicts the crack density in
normal blood, the crack patterns in bloodstains with diseases,
such as anemia, hyperlipidemia, jaundice, and thalassemia, are
known to differ from that of bloods obtained from healthy
people in terms of the direction and thickness of cracking.3,4

Since it is still unclear how the biological properties of blood
affect crack density, in future work it will be valuable to examine
the crack density of bloods with various biological properties.

In summary, we have proposed a theoretical model to
understand the crack density in a bloodstain. The visualization
of cracks formed on the dried blood droplet has allowed us to
model blood as a binary size colloid suspension. Building upon
the classical theory of crack formation in a colloid suspension,
we have suggested a mathematical model for the crack density
of bloodstains, which has been validated by experiments using
the binary size colloid suspension and the whole blood. The
model has revealed the effects of the relative humidity and the

Fig. 5 Optical images showing the cracks of (a) 8 mm and (b) 20 nm mono dispersion and (c) the binary size colloid dispersion. The volume ratios of
suspensions to liquid are comparable to those of blood constituents. The white arrows indicate the cracks. Scale bars, 300 mm.
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viscosity on the crack density. Given that blood viscosity
changes sensitively for patients with diabetes, AIDS, and
atherosclerosis,38–40 our results can provide insight into deve-
loping techniques for disease diagnosis. Furthermore, the
humidity of the dehydration environment inferred from blood
cracks can serve as useful forensic information.
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