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a b s t r a c t
The inﬂuence of the drying rate on pattern formation of a dried drop of whole blood is investigated. A
range of relative humidity (RH) between 12.0% and 66.5% is studied. Drops of whole blood of same volume
are gently deposited on microscope glass substrates. A top-view camera operates at a typical frame rate of
10 frames per second, which is sufﬁcient to monitor the drying regime of the drop (deposition, gelation,
and fracturation). Also, the evolution of the morphological structure of patterns made up of cracks and
their arrangement in the corona region is studied. For this purpose, a manual segmentation is used as a
reference method for the validation of our automatic developed segmentation method. This automatic
segmentation method enables automatic extraction and morphological characterization of patterns. We
show that the evaporation rate inﬂuences structural distribution of plaques, and consequently, the ﬁnal
plaques diameter at the end of the evaporation process. At low drying rate (high RH), plaques diameter
show good agreement between automatically and manually segmented plaques with a slight difference.
Also, automatic segmentation overestimates angular deviation. Our experimental results also show that
the length of the corona region remains constant whatever is the RH levels.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The topic of pattern formation and dynamics of cracks have
been subject to an increasing interest by researchers in recent
years. Ring stain formation, printing and coatings technologies
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[1,2], manufacturing of new electronic and optical devices [3,4],
and medical tests [5–7] from biological ﬂuids and DNA mapping
[8] are examples of exciting applications where the understanding
of pattern formation of sessile drops is crucial.
Previous studies on drying-induced fracture focus primarily
on observing the growth and morphology of crack patterns during the drying process. Hence, these studies focused on transport
phenomena and mechanics that occur when modifying several
factors such as the physicochemical properties of the solid substrate [9], the internal ﬂow ﬁeld [10], the material properties
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of the suspension, geometry (thin ﬁlm [11], sessile drop [12],
capillary [13], and ﬁlm [14]), external ﬁelds, and drying conditions (the relative humidity of the evaporation environment RH
[15]).
The dynamic and the morphology of cracks have been studied in polymeric and colloidal suspensions but this mechanism has
also been observed during the drying of biological ﬂuids [5,16,17].
Annarelli et al. observed a regularly radial fracture structure during
the drying of bovine serum. They showed that gelation characteristic time and initial crack spacing of the deposit are function
of protein concentration. Buzoverya et al. focused on the microstructural analysis of the facies of biological ﬂuids [18,19]. In their
work, the fascias of the drop of blood serum presented different
types and morphologies of crack depending on the individual’s
health condition [19]. This is due to the molecular constitution
of macromolecules protein that considerably contributes to the
structuring of biological liquid fascias. It was shown also that crack
morphology of human serum albumin depends on protein concentration [18]. Besides, Allain and Limat [11] observed that drying
of a colloidal solution in a directional geometry leads to the formation of a regular pattern made up of cracks. They observed that
variation of the measured wavelength is a function of the cell thickness. In the case of thin colloidal ﬁlm, different morphologies of
crack (straight array of cracks or arched cracks) can be observed
depending on the size and arrangement of particles [20]. This is
because of capillary pressure, which is generated in the solidiﬁed
region of the ﬁlm and of particle diffusion. Other work focuses on
the description of the hierarchical crack pattern by reconstructing
the history of the system from the geometry of the ﬁnal pattern
[21].
Moreover, investigations conducted by Deegan et al. [22]
revealed the formation of a ring-like structure “coffee stain” of
the deposit along the triple line. The reason for the formation of
such a pattern is the contact line pinning due to the particles suspended in the liquid and the movement of particles and liquid
together toward the rim to replenish the liquid that evaporates
much faster near the contact line. Recently, revisited studies of
“coffee stain” effect focused on the microscope local aspect by
using image velocimetry techniques ( PIV) or different microscopes (confocal, ﬂuorescence, electron microscopy). Bodiguel et al.
[23] proposed as an explanation for the coffee stain effect that
the local viscosity near the contact line increases during evaporation process. Due to the increase in particle concentration, this
causes a change in the ﬂow velocity near the contact line. However, this explanation is still not veriﬁed. For colloidal suspensions
composed of mono-dispersed particles (0.5–2.0 m of diameter),
the ring-shaped formed by the “coffee stain” effect reveals a structural transition [24]. This structural transition of particles is caused
by a change in the radial ﬂow velocity. Close to the contact line,
a square arrangement of particles within the ordered phase, followed by a hexagonal packing, and ﬁnally a disordered phase.
However, disordered phase exhibits a larger average cell surface
area as well as a wider dispersion, compared to the ordered phase.
For micelle solution drop with high polymer concentration, Ma
et al. [25] studied the structure of the resultant drying pattern using
atomic force microscopy (AFM). They showed that the mechanism
of the stripe and radial crack formation affect the ﬁnal patterns
and structures. This mechanism can be understood based on a
gel-like crust subjected to a stress perpendicular to the radial direction.
The competition between the adhesion of the gel onto the
substrate and the increasing internal stresses caused by evaporation leads to the formation of a different pattern made up
of cracks in order to release the excess of stored elastic energy.
Pauchard et al. [12] investigated the inﬂuence of suspension ionic
strengths (salt content) on crack patterns formed by desiccation of

a colloidal suspension. Depending on the ratio between the gelation time tG (depends on the ionic strength) and the characteristic
time of desiccation tD , they observed three types of structure: a
regular pattern of radial cracks when tG is very large, a disordered pattern for intermediate values of the ionic strength, and a
unique circular crack when tG is the smallest characteristic time.
Also, Pauchard [26] experimentally studied the inﬂuence of the
drying rate and the solvent on crack formation. This pattern is
caused by buckle-driven delamination in desiccated colloidal gels.
In this study, the authors reported that geometrical characterization (cell surface area, radius of curvature and interfacial energy
of the buckled region) depends on the drying rate of the gel.
Moreover, Dragnevski et al. [15] introduced a new scaling to determine the RH at which cracking occurs. The scaling relates the
controlled RH in the humidity chamber to the ﬁlm thickness. It
is suggested that the frequency of cracking and hence the average crack spacing come from balancing the elastic energy released
during fracture with the energy required to create the new surface.
Also, Pauchard and Allain [27] investigated the surface evolution of drying drops of polymer solution. They showed that the two
dominant parameters used to predict surface stability are the initial contact angle and the RH. However, a change in RH would affect
the evaporation and gelation times. Besides, some authors studied
the effect of RH on the evaporation time of pinned droplets for various substrate temperatures [28]. Caddock and Hull [29] studied the
drying proﬁles and cracking patterns of an aqueous silica solution
(silica of 30 nm diameter) in which the RH is controlled by varying the concentrations of sulphuric acid. At high drying rates, they
observed a fully cracked pattern with radial and circumferential
cracks. As drying rate decreases, a pattern of wrinkles is observed.
This is due to the rate of drying that has a strong inﬂuence on
the distribution of sol and gel in the drop. Furthermore, the ﬁnal
crack pattern depends on the mechanical properties of the ﬁlm of
a colloidal gel [14]. The authors showed that cracks are observed
as a function of the proportion of hard and soft deformable particles, leading to tunable elastic properties of the drying ﬁlm. they
measured the crack spacing as a function of various compositions
in hard and soft particles. Indeed, The formation of one crack is
favoured if the gain of elastic energy overcompensates the cost of
creating the crack surfaces. Thus, cracks appear successively.
A few studies have attempted to study the evaporation of sessile drops of biological ﬂuids [5,6,30]. whole blood has seldomly
been studied as the target ﬂuid for sessile drop evaporation, though
drops of nano-particles have been studied [31]. Brutin [31] investigated the inﬂuence of RH on the evaporation dynamics and pattern
formation of pinned drying drops of nanoﬂuids. He showed that
the ﬁnal pattern is identical and the evaporative mass ﬂuxes measured are slightly higher than the expected ﬂux, following a classical
purely diffusive model for pure ﬂuids. This is due to the diffusion
coefﬁcient of the nanoﬂuid in humid air, which is different from
that of pure water in dry air and to the spreading behaviour of
the nanoﬂuid. Recently, Bou Zeid and Brutin [32] investigated the
effect of RH on the spreading behaviour and on pattern formation
of a dried drop of whole blood. They observed that RH inﬂuences
the contact angle, and the ﬁnal wetting diameter and consequently,
the ﬁnal deposition pattern at the end of the evaporation process.
They observed that at high drying rates (RH ≤ 50.0%), the surface
area of mobile plaques become progressively larger with a lower
adhering region. This adhering region shrinks until the formation
of a circular adhering region, which leads to a delamination process. For low drying rates (>50%), mobile plaques are smaller with
a higher adhering region.
In this article, we will focus on the inﬂuence of the evaporation rate on the ﬁnal crack formation and on their morphological
evolution.
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Fig. 1. Equipement used for the evaporation of a sessile drop of blood on glass substrate: a computer (a), a fan to recirculate air inside the box (before the experiment starts)
(b), a EOS 7 HD digital camera (c), a digital micropipette (d), two cold light sources (e), a glass substrate (f), a digital balance (g), and a humidity controller (h).

2. Materials and methods
2.1. Experiments
The experiment consists of the spontaneous natural evaporation
of a sessile drop of blood under controlled atmospheric conditions.
The mass m(t) is recorded using a digital high-precision balance
with a resolution of 10 g at 10 Hz (Mettler Toledo XS 105) during
the drying process. Initial evaporative rate J(t) is calculated from a
simple derivative of the mass loss. Simultaneously, visual monitoring was performed using a digital camera (Canon EOS 7D) coupled
with a 1× −5 × macro-lens. A top-view digital camera (resolution
of 5184 by 3456 pixels on an area of 22.3 mm × 14.9 mm) operates
at a typical frame rate of 10 frames per second, which is sufﬁcient to
monitor the drying regime (deposition, gelation and fracturation).
Then, the images are recorded onto a computer disk and analysed
by an image processing system. The optical diagnosis allowed a
visualization of the droplet in enough detail for further analysis
of speciﬁc areas. For the visualization, a cold cathode back light at
5000 K ± 270 K has been used as a unique source of light to avoid
reﬂection on the blood drop interface. The effect of the density of
light on the drying process was studied to avoid any biological or
chemical disturbance on the phenomenon.
Blood samples were taken in a nearby medical laboratory and
stored in their original 10 l sterile tubes in a refrigerator at +4 ◦ C
in order to be able to perform several experiments at different
times within a period of 48 h. Seven desiccated drops for every
blood sample were investigated. Only one blood sample was studied because similar patterns of the dried drops were observed for
different blood donors. The blood sample used in this paper was
taken from the same healthy donor. Physical properties of blood
such as viscosity and surface tension had been determined previously in order to correctly analyse the ﬂow behaviour observed
and the pattern formation. The whole blood has been analysed in
terms of ﬂuid viscosity using a Physica MCR 501 “Anton Paar” and
the surface tension has been determined using the pendant drop
method [6]. At the same time, a full hematology and biochemistry
analysis of the blood has been performed to obtain the blood physical characteristics in terms of composition. The hematological and
biochemical analysis are performed to conﬁrm the blood physical
characteristics. These latter enable us to assume classical viscosity

and surface tension. These analysis are performed to conﬁrm the
blood physical properties and to identify any changes in pattern
that could be related to the change in physical characteristics.
The evaporation is carried out on in a parallelepipedic box
measuring 100 mm × 100 mm × 150 mm (Fig. 1) which remained
covered and the humidity controller is turned off during the experiment to avoid any external ﬂow perturbations and to help reduce
noise level. The volume of this box was sufﬁcient to preclude saturation of the atmosphere with the vapor generated.
Experiments are conducted at ambient room temperature of
24.5 ◦ C and a range of investigated RH between 12.0% and 66.5%.
In our experiments, the transfer of water in air is limited by diffusion and therefore controlled by the RH. Details of the experimental
setup are described in Table 1. A drop of blood of volume about
14.2 l± 1.0 % is injected using a digital micropipette (Eppendorf
stream) and gently deposited on a microscope glass substrate, and
the drop is allowed to evaporate spontaneously in an atmosphere
composed of air at a temperature Ta of 24.5 ◦ C ± 0.5 ◦ C and a pressure Pa of about 1 bar. The drop of blood spreads to its maximum
radius and wets the substrate with an initial contact angle  0 . The
experimental conditions (i.e., humidity H, temperature T, pressure
P) are measured using a weather station. Volume of drops was kept
the same in order to study the inﬂuence of the evaporation rate on
the ﬁnal crack patterns and on the evolution of fractures.
2.2. Uncertainties
The accuracy of the measured RH values inside the humidity
chamber is ı = 0.5%. As we turned off the humidity controller at
the beginning of the experiments to avoid internal convection in
the glovebox, values of RH may change at the end of the evaporation process, thereby, each RH value corresponds to the average RH
value between the initial and ﬁnal measurements. Absolute error
of each RH value is estimated by taking the maximum value of the
precision of the measuring device and the absolute error of the
RH value. Experimental values of mass m0 and of initial evaporative rate J0 are calculated from the evolution curves of mass and
mass loss while their absolute errors from the ﬂuctuated mass and
mass loss at initial time t = 0. The absolute error in the measured
quantities of wetting diameter D0 is considered to be 20 pixels
for the original image and for the reference image. Values of  0

142

W. Bou Zeid et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 432 (2013) 139–146

Table 1
Experimental details regarding the evaporation of a blood drop of volume V = 14.2l ± 1.0 % on a microscope glass substrate with different RH levels.
RH (%)
12.0
19.0
28.5
37.5
47.5
58.5
66.5

RH (%)

m0 (mg)

m0 (%)

D0 (mm)

D0 (%)

 0 (◦ )

 0 (%)

J0 g/s

J0 (%)

tF (min)

tF (%)

1.0
1.0
1.5
1.5
2.5
3.5
1.5

13.8
15.0
14.3
14.4
14.8
14.1
14.6

1.0
0.7
0.6
1.3
1.0
2.4
0.8

8.1
8.4
8.7
9.1
9.3
8.5
9.3

0.5
0.4
0.5
0.4
0.4
0.4
0.4

14.4
13.8
12.0
10.5
10.4
12.7
10.2

2.8
2.6
2.7
2.4
2.5
2.6
2.7

7.2
7.1
6.9
7.2
6.6
4.9
3.2

6.1
5.2
4.7
7.5
12.8
18.0
12.5

31.2
32.5
32.9
33.4
36.2
44.0
59.4

3.8
3.7
3.7
5.6
5.5
4.8
3.4

are measured by comparing the experimental volume of blood of
drop to the theoretical ones. Error for this quantities ı 0 is calculated using the maximum and minimum theoretical volume with
its uncertainty. The uncertainty on DImageJ and on DiBlood are measured as a standard deviation from the statistical measurements of
all plaques in the corona as well as for ˛ImageJ and ˛iBlood .
2.3. Morphological analysis conﬁguration
The drying drop of blood exhibits a complex pattern, which is
one of the problems in the ﬁeld of image segmentation. The purpose
of our morphological analysis is to segment automatically the patterns surrounded by white cracks in the corona region of the dried
drop of blood at the ﬁnal stage of evaporation. In this study, a manual segmentation is used as a reference method for the validation
of our automatic developed segmentation method. Therefore, this
technique of manual segmentation is used like a comparison tool
in order to validate and assess our automatic segmentation method
implemented in the algorithm tool of “iBlood”, which is described
in the next section.
Segmented crack patterns give access to detailed morphometric data and orientations measurement. However, the technique
allows us to obtain statistical analysis of patterns distribution (i.e.,
ellipses dimension, number of plaques, cell surface area of plaques,
. . .). Based on these morphological measurements, and for patterns
comprised in the corona region of the drop, angular deviation and
diameter of plaques for different RH levels are calculated and presented in Table 2. The angular deviation (˛) corresponds to the
standard deviation of the angle between the main direction of the
ellipse and the direction to the drop centre (Fig. 2). Plaque diameter is obtained by averaging the lengths of all the minor axis of the
ellipses.
2.3.1. Manual segmentation
In our study, a manual segmentation is performed using a
graphic tablet “WACOM”. Therefore, this approach is a good technique to attain a good extraction of contours and close patterns in

order to perform a morphological description. Because also of discontinued contours and white cracks in some pattern, two types
of plaque (Fig. 2) can be distinguished in order to overcome any
problem that could be related to statistical measurement errors:
• The ﬁrst type (P1) is consisted of large patterns or plaques completely surrounded with white cracks.
• The second type (P2) is consisted of plaques larger than the ﬁrst
type, where fracture initiated and nucleated from the center of
this plaque, propagates but cannot completely divide the structure into two equal adjacent ones.
Once the patterns are manually segmented, we used the segmentation tool of “ImageJ” and we obtained the best ellipse ﬁt
and therefore, the corresponding statistical measurements of each
manually segmented patterns. Moreover, this technique highlights
the importance of developing automated methods that enable
high-throughput morphometric and morphological assessment.
2.3.2. Automatic segmentation with “iBlood”
In order to perform quantiﬁed automatic extraction of patterns
and to improve morphological segmentation, an automatic method
has been developed in a lab-made software named “iBlood”. The
software is written in C++and uses QT4 for the graphical interface.
The method is based on the 2D watershed transform on distance
map. The quality of the pattern segmentation depends on the automatic markers extraction. To identify the relevant markers, we use
our previous segmentation method presented in Brun et al. [33] that
we adapted to the 2D case. Watershed transform is then applied on
the cell distance map using the balls center as a markers. We made
the assumption that pattern have convex shape and that only one
complete ball is comprised into one pattern. This can be a problem in the case of elongated patterns where over segmentation can
occurs. To overcome this problem, we developed an algorithm in
the segmentation tool of “iBlood”. This algorithm consists to merge
two patterns radially arranged when they are partially separated
with white cracks in the original image of blood drop. For this
purpose, the successive steps of the algorithm are as follows:
• Constructing of the adjacency graph in order to represent the
different connections between each pattern in the image. Each
pattern is assigned to a unique number (labelling).
• Merging of the neighbouring patterns that are radially arranged
and for whom their restricted area is not too wide. The algorithm
computes and compares the maximum distance to the white
cracks for points located at the interface and for any points of
the two labelled patterns.

Fig. 2. Closer viewer of patterns: angular deviation (˛) and different types of plaque.

Fig. 3(c) shows the improved morphological decomposition
made by “iBlood”. This morphological decomposition provides a
mosaic picture of the dried plaques. Each plaque has a unique colour
to easily identify the different domains. However, due to the small
size of cracks at the drop center, the morphological decomposition
is not accurate. Thus, this area has been occulted.
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Table 2
Geometrical characteristics of a blood of drop at the ﬁnal evaporation process (microscope glass substrate, 24.5 ◦ C and 1 atm surrounding conditions, RH varying between
12.0% and 66.5%).
RH (%)
12.0
19.0
28.5
37.5
47.5
58.5
66.5

RH (%)

DImageJ (m)

DImageJ (%)

DiBlood (m)

DiBlood (%)

˛ImageJ (◦ )

˛iBlood (◦ )

1.0
1.0
1.5
1.5
2.5
3.5
1.5

233
248
243
244
287
350
465

9.9
11.7
10.6
11.3
11.4
12.0
14.6

293
290
285
289
335
350
451

7.7
10.7
8.1
8.9
9.1
11.9
11.8

1.1
1.5
1.9
2.6
5.1
6.2
10.9

5.1
4.9
5.5
7.0
8.7
9.2
8.9

Angular deviations of automatic segmentation is calculated
from averaging all values less than 20◦ , because a maximum value
of 20◦ is observed in the case of manual segmentation (reference
method).
Finally, to calculate the length of the corona region as a function of RH, we used the intensity proﬁle method implemented
in “iBlood”. However, this method is based on the light intensity
cumulated of all drop radii.
3. Experimental results

tF =

3.1. Inﬂuence of the evaporation rate on cracks’ formation and
their morphological evolution
Fig. 4 shows the variation of the drying time, the calculated
plaques diameter and the angular deviation as function of RH values. Due to the low roughness of the glass substrate and its low
surface energy, an hydrophilic behaviour of blood on the glass substrate is observed with an apparent contact angle  0 < 40◦ . This
contact angle is an apparent angle as opposed to the classical microscopic one, which is far below the scale of observation. The drop of
whole blood was deposited onto the glass substrate and the edge
was pinned throughout the drying process. In the situation where
the wetting radius remains constant during the drying process and
with the approximation of weak contact angle, the expression of
the desiccation time tD can be written as follows [7]:
tD =

0 R0 S0
,
4J0

of evaporation tF , it is deﬁned as the time for complete evaporation
(null mean signal of the drying rate) and for which the mass no
longer changes with time during the entire drying process. This
evaporation time tF increases with increased RH values as shown
in Fig. 4(a). However, tF is related to the difference between the
saturated pressure and the air pressure P and can be expressed
as below. This total time of evaporation comes from a simpliﬁed
version of Stefan’s law assuming an evaporation mainly driven by
convection, diffusion and gelation mode:

(1)

where the subscript speciﬁes that parameters are considered at
the initial time,  the density of the ﬂuid, S0 the free surface of the
drop and J0 the initial evaporative rate. The gelation time tG has
been taken as the time at the end of sol–gel transition [7]. After
the complete gelation, the evaporation continues since the mass
still decreasing. This phase corresponds to the evaporation of the
remaining water trapped in the gelliﬁed matter. As for the total time

4RTm0
,
PDDdiff

(2)

where Ddiff the coefﬁcient of diffusion, T the air temperature, R is
the gas constant, m0 is the initial drop mass, D is the initial wetting
diameter, and P is the difference between the saturated pressure
and the air pressure. During the last regime of evaporation, water
diffuses through the desiccated cellular components with a diffusion coefﬁcient that is 56 times smaller than the ﬁrst regime which
is driven by the diffusion of the solute phase into the air [7]. Stefans
law indicates also that the rate of evaporation by diffusion is proportional to the difference between the associated saturation and
vapor pressures.
The average diameters D of all radial plaques in the corona
region increase as a function of RH values of both “ImageJ” and
“iBlood” analysis as shown in Fig. 4(b). At 12.0% RH, The plaques
diameter D of manual segmentation is 233 m while at 66.5 %
RH, D is 465 m. Moreover, this average diameter changes slightly
between the automatically and manually segmented method. The
average difference is lower at low drying rates (high RH) than at
high drying rates (low RH). Given that manual segmentation is
considered as the reference standard approach, the observed difference indicates that the automatic segmentation overestimated
the plaques diameter at high drying rates.
We also observed that angular deviations of plaques in the
corona region increases progressively with RH (Fig. 4(c)). For manual segmentation, the typical angular deviation ˛ extracted from

Fig. 3. Original image of RH = 12.0% with manually segmented plaques of ﬁrst type (yellow) and second type (blue) (a), basic morphological decomposition (b), and improved
morphological decomposition (c). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of the article.)
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(a)

(b)

Fig. 5. Variation of the initial evaporative mass ﬂux J0 per drop perimeter as a function of the RH values (blood volume V = 14.2 l± 1 %, RH varying between 12.0% and
66.5%): experimental results (points) and theoretical diffusive model (dashed line).

Fig. 4. Variation of the ﬁnal drying time ts (a), the plaques diameter D (b), and the
angular deviation ˛ (c) of the drop of blood as a function of the RH (microscope glass
substrate, room temperature: 24.5 ◦ C, room pressure: 1 atm). The dashed line presented in (b) is the cubic ﬁt for the angular deviation ˛ passing by the measurement
points.

Fig. 4(b) are, respectively, 1.1◦ for 12.0% of RH and 10.9◦ for 66.5%
of RH. At low drying rates (high RH), on can notice that an increase in
diameter D leads to a structural disorder of plaques in the corona
region of the drop of blood. For automatic segmentation, plot of
angular deviation has been disregarded because of no signiﬁcant
variation.
In our experiments using a low-volatility ﬂuid drying under controlled RH, without heating, evaporation is limited by diffusion of
water into air. Thus, a theoretical diffusion model was used to predict the evolution of the initial evaporative rate J0 with RH (Fig. 5).
This theoretical diffusion model is validated in a previous article
[32]. However, our experimental points obtained for each RH from
the drying curves show also correlation with the theoretical diffusive model.
The cumulated ortho-radial light intensity for different RH levels
is plotted as a function of the dimensionless radial position (Fig. 6).
The central area is delimited in the ﬁrst half of the drop radius.
Between this central area and the plaques area of the corona, a transition area is located. This transition area is the location between
the central area composed of a network of small cracks and larger
cracks. The periphery of the blood drop changes slightly with RH.
Thus, the comparison between these proﬁles reveals the same transition between drop area when evaporating at different RH levels
(Fig. 6).

Central area

Transition area

Plaques area
(Corona)

Periphery

(c)

limited by diffusion and is controlled by the RH in the surrounding air. When increasing the values of RH, the environment of the
studied drops of blood becomes more saturated with vapor concentration. The effect of diffusion of the molecules is lowered and
thus the kinetics of evaporation slows down. However, evaporation time increases (Fig. 4(a)) and an important dependence with
the evaporation rate shows up. Close to the contact line and in the
corona region of the drop of blood, we observe that variations of
angular deviation and average plaques area decrease linearly with
the evaporation rate (Figs. 7 and 8). Also, top-view images of cracks
patterns presented in Figs. 7 and 8, highlight the disorder of plaque
arrangements as well as the average diameters of mobile plaque
according to the evaporation rate.
The drying process of a sessile drop of blood is characterized by
an evolution of the solution into a gel saturated with solvent. When
the gel is formed, the new porous matrix formed by the aggregation of particles continues to dry by evaporation of the solvent
which causes gel to consolidate. As the liquid progressively recedes
into the porous medium, it forms at ﬁrst menisci at the air/solvent

4. Results analysis
When the drop of blood has completely evaporated, most of
the colloidal particles have aggregated into a half-doughnut shape.
Under our experimental conditions, the transfer of water in air is

Fig. 6. Evolution of the cumulated ortho-radial light intensity (I/Imax ) versus the
dimensionless radial position (r/Rmax ). Radial pixel intensity proﬁle obtained from
“iBlood”.
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Fig. 7. Variation of the angular deviation as a function of the initial evaporative rate
per drop perimeter of drops of blood of volume V = 14.2l ± 1 %. Top-view images
of crack patterns are taken for RH = 66.5% and RH = 12.0% at the ﬁnal stage of the
drying process. Ellipses (marked in blue) inside each radial plaques of the corona
region correspond to the angular deviation. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of the article.)

interface due to capillary tension between the particles and then
causes liquid bridges between the particles. During solvent evaporation curvature of the solvent-air menisci is responsible for a high
capillary pressure. However, this depression induces shrinkage of
the porous matrix that is constrained by the adhesion of the deposit
to the glass substrate and the evaporation of the solvent. As tensile
stresses builds up, the internal stresses become too great and fractures appear so as to release mechanical energy. Thus, the crack
network develops during the initial stage of the drying process.
Assuming that gelation is due to particles accumulation, we
attribute these differences in crack formation and evolution to the
competition between the drying process (solvent loss) and the formation of the gel. Indeed, these processes are characterized by a

145

gelation time tG and a desiccation time tD . This latter depends on
the initial drying rate J0 * of water in air. By changing the drying
rate, the ration tG /tD is modiﬁed and thus, the behaviour of the
mechanical constraint ﬁeld of the drying gel network. This mechanical constraint modiﬁes the drying stresses and consequently the
crack formation. However, average diameter of mobile plaques in
the corona region of drops of blood becomes larger with decreased
value of J0 *. At high drying rates (low RH), mobile plaques are selforganized, structured and radially arranged in the corona region
while at low drying rates (high RH), mobile plaques are unstructured and disordered in the corona region. In desiccated colloidal
gel dried at RH = 70% and RH = 46%, Pauchard [26] experimentally
showed an increase in cell surface area Acell . Also, our results are in a
good agreement with the work of Marin et al. [24] who studied particle arrangements in an evaporating colloidal solution drop with a
pinned contact line. They showed that disordered phase exhibits a
larger average cell area as well as a wider dispersion, compared to
the ordered phase.
The comparison between the manual and automatic segmentation reveals an under-segmentation problem that occurs in the
watershed image. This problem is due to the lack of white cracks
at the interface between the two neighboured patterns and to the
fact that one marker ball exists between these two patterns. Also,
plot of angular deviation (automatic segmentation) has been disregarded because there is no signiﬁcant variation. However, this is
due to the fact that areas of plaque located at the drop periphery
have small rectangular shape and not elongated one in the watershed image of “iBlood”. Thus, high angle value is obtained for these
areas, which affect the average value when taking into account the
ellipses in the corona region of the blood drop.
5. Concluding remarks
The inﬂuence of the evaporation rate on the ﬁnal crack formation and on their morphological evolution has been investigated.
Drops of blood of same volume are deposited gently on a microscope glass substrate and evaporated spontaneously inside a
humidity chamber with a controlled range of RH between 12.0%
and 66.5%. Our experiments show that the evaporation rate inﬂuences surface area and arrangement of plaques in the corona region
of a dried drop of blood. At low drying rates (high RH), disordered
plaque arrangements exhibit a larger plaques area, compared to
high drying rates (low RH). Crack dynamics and formation at the
end of the drying process is due to the competition between the drying regime and the gelation inside the drop of blood. Morphologic
assessment showed good agreement between automatically and
manually segmented plaques with a slightly high average diameter,
demonstrating an under-segmentation problem. Also, automatic
segmentation overestimates angular deviation because of small
rectangular areas at the drop periphery. Our experimental results
also show that the length of the corona region remains constant
whatever is the RH levels. Thus, controlling evaporative rate impact
strongly the morphological and structural evolutions of crack formation of a drying drop of blood.
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