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Abstract 
 
Convectional, sedimentation and drying dissipative structural patterns on a cover glass, a watch glass and others in the course of 

drying colloidal dispersions and polymer solutions have been reviewed. Cell convections and convectional flow of solvent and solutes 
from central area toward outside edges along the bottom substrates were observed. Primarily sedimentation patterns were macroscopic 
broad ring and vague microscopic structures. Sedimentary solutes moved in the balance between convectional flow and the sedimentation 
flow. Principal macroscopic drying patterns were broad rings and spoke-like ones. The microscopic drying fractal patterns such as 
star-like, needle-like, street road-like, blanch-like, string-like, cross-like, etc. were formed. The stratified structures formed from macro to 
micro scales. Importance of the shape and size of solutes on the dissipative patterns was clarified. 
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1. Introduction 
   Generally speaking, most structural patterns in nature form 
via self-organization accompanied with the dissipation of free 
energy and in the non-equilibrium state. In this aspect, three 
dimensional colloidal crystals, which have been studied by the 
author, is also one of the self-organization but close to the energy 
conservative and equilibrium state [1-7]. Among several factors 
in the free energy dissipation of aqueous colloidal suspensions, 
evaporation of solvent at the air-solvent interface and the 
gravitational convection are very important. In order to 
understand the mechanism of the dissipative self-organization of 
the simple model systems instead of much complex nature itself, 
the authors have studied the convectional, sedimentation and 
drying dissipative patterns of suspensions and solutions as 
systematically as possible. 
   Several papers on the pattern formation in the course of 
drying the colloidal suspensions have been reported so far [8-23]. 
Most of the papers, however, studied the liquid-like suspensions 
in the particle distribution. Electrostatic interparticle interactions 
have been pointed out as one of the important factors for the 
dissipative structures. Hydrophobic and hydrophilic interactions 
are also demonstrated to be important in the drying processes 
[21-23]. Gelbart et al. [11,12,14] examined the mechanism of 
solvent dewetting in broad rings formed by drying metal colloids 
on a substrate. Haw [24], Narita et al. [25] and Mahesh et al. [26] 
have studied the dynamic and phase transitional processes in 
dryness have been studied. Shimomura et al. and other 
researchers have studied intensively the dissipative patterns in 
drying polymer solutions [27]. 
   In the author’s laboratory drying dissipative patterns have 
been studied for suspensions and solutions of many kinds of 
colloidal particles [28-40], linear-type polyelectrolytes [41], 
water-soluble non-ionic polymers [42], biopolymers [43], gels 
[44] and detergents [45-47] on a cover glass. Recently, the 
sedimentation patterns have been studied in the course of drying 

suspensions of colloidal silica spheres and green tea in a glass 
dish, a watch glass and others [34-36]. Furthermore, convectional 
patterns were studied for Chinese black ink and 100 % ethyl 
alcohol suspensions of silica spheres [30,33]. The existence of the 
small cell convections, proposed by Terada et al., for the first time, 
was supported [48-50]. 
 
2. Drying Patterns of Colloidal Suspensions 
 
2.1 Drying Patterns of Spherical Colloidal Suspensions Including 
Colloidal Crystals 

Figure 1 shows the typical patterns formed in the drying a 
series of suspensions of colloidal silica spheres, their diameters 
ranging from 29 nm to 1.09 m and at the concentration at 
0.0333 in volume fraction. [31]. The broad rings and the 
spoke-like cracks were observed. There were quite few spheres in 
the central region, whereas broad ring region was occupied with 
many spheres. The spoke-like cracks were formed from the 
outside edge toward the center. Clearly, the cracks were formed 
in the process of shrinking of the wetted films [39]. Interestingly, 
the cracks were introduced in the final stage of drying the 
colloidal suspensions along the outer edges first, where the 
dryness proceeds in advance. The cracks curved and then 
developed straight toward the center of the film. It is impressive 
that the new cracks developed successively keeping the same 
angle with the adjacent elder cracks [39]. Clearly, film is 
transparent and so many cracks are observed for small spheres. 
When sphere size increases, film becomes white and the number 
of the cracks decreases sharply. Increase in size will result in the 
increase in elastic modulus of the film and then in decrease in the 
crack number. It should be noted here that so many potential 
cracks are formed already in the suspension state by the cell 
convections and the convectional flow of spheres and solvent. 
The spoke-like cracks and the broad ring patterns were observed 
for almost all the suspensions and solutions so far. 



 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Drying patterns of colloidal silica spheres on a cover glass at 25 
oC. a CS22p (29 nm in diameter), b CS45 (56.3 nm), c CS82 (103 nm), d 
CS161 (183 nm), e CS301 (311 nm), f CS1001 (1.09 m), in water,  
= 0.0333, 0.1 ml, length of the bar is 5 mm. 

 
A main cause for the broad ring is due to the convectional flow 

of solvent and colloidal spheres. Especially, the flow of the 
colloidal spheres from the central area toward outside edges in 
the lower layer of the liquid drop is important, which was 
observed directly from the movement of the very rare aggregates 
of the particles [30]. The flow is enhanced by the evaporation of 
water at the liquid surface, resulting in lowering of the suspension 
temperature in the upper region of the liquid. When the spheres 
reach the edges of the drying frontier at the outside region, a part 
of spheres will return upwards and go back to the central region. 
However, the movement of most spheres may stop at the frontier 
region because of the disappearance of water. These processes 
must be followed by the broad ring-like accumulation of the 
spheres near the round edges. It should be noted here that the 
importance of the convectional flow of colloidal spheres in the 
ring formation has been often reported in the process of film 
formation [16]. 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Fig. 2. Drying patterns of polystyrene spheres (D1W52, 88 nm in 
diameter) on a cover glass at 25 oC. In water, a  = 0.011, 0.2 ml, 
length of the bar is 1.0 mm, b 0.011, 0.2 ml, 0.2 mm, c 0.001, 0.1 ml, d 
(a) D1W52, 0.000885, 0.1 ml, 10 m, (b) CS82 (103 nm in diameter), 
0.00133, 0.1 ml, 10 m. 

Figure 2 shows the drying patterns from macro- to micro-scale. 
Most extended micro-scale. Most extended micro-scale patterns 
of colloidal crystals of polystyrene and silica spheres are shown 
in Fig. 2(d), left- and right-hand side, respectively. Clearly, the 
stratified structures from macro to micro scales. These 

microscopic patterns must be made by the movement of spheres 
to associate with each other, especially in the final stage of drying 
processes. Branch-like fractal patterns were observed for a series 
of colloidal silica spheres ranging from 29 nm to 311 nm and in 
the only limited conditions of sphere concentrations. The fractal 
dimensions of drying patterns of polystyrene and silica spheres 
were 1.45 and between 1.3 and 1.9 [29], respectively. 

Interestingly, the single crystals were observed during the 
drying processes. The size of single crystals increased in the 
course of drying, which clearly shows that the contamination of 
the suspensions with air, especially carbon dioxide, progresses 
with time. It is well known that the crystal size becomes largest at 
the salt concentration of crystal melting [1,5]. The crystal size 
began to decrease after passing the maximum as time proceeded. 
The single crystals were not recognized in the wet drying state. 
However, the peak appeared even for the wet film and for the 
completely dried film in the reflection spectroscopy. The peak 
wavelength at the beginning stage of drying shifted to the longer 
wavelengths, and then decreased with time, especially drastically 
in the final stage of drying [28]. 

Drying patterns of colloidal crystals of silica spheres in water, 
methyl alcohol, ethyl alcohol with other solvents have been 
studied on a cover glass [51]. The broad rings were observed. 
Much distinct broad rings appeared in the inner area when 
solvents were ethyl alcohol, methyl alcohol and their mixtures. 
Profiles of the thickness of the dried films were sensitive to kind 
of the organic solvents, and explained well with changes in the 
surface tensions, boiling points and viscosities of the solvents. 
Drying patterns of the binary mixture of colloidal silica spheres in 
a watch glass were composed of the outer broad ring of small 
spheres and the inner ring of large spheres. The width ratio of the 
rings changed in proportion to the mixing ratio in volume fraction 
[52]. On a cover glass the width of the broad rings of small 
spheres at the outside edges increased as the mixing ratio of small 
spheres increased. Clearly, observation of the sedimentation and 
drying patterns is one of the novel semi-quantitative analysis 
techniques. 

 
2.2 Drying Patterns of Spherical Colloidal Suspensions Including 
Colloidal Crystals 
  Drying patterns of fractionated bentonite suspensions were 
studied [32]. The broad rings were observed and their widths 
increased sharply as particle concentration increased. There 
appeared a hill in the central region in addition to the broad ring 
at the outside edge. These hills in the central area have not been 
observed for the suspensions of any kind of spherical particles. 
The rotational movement must be highly restricted for the 
anisotropic-shaped particles (plate-like ones here), and the sliding 
movement will be in major especially in the area close to the 
substrate. This restricted Brownian movement must be correlated 
deeply with the appearance of the hill in the center. 

Figure 3 shows the pattern formation processes of the bentonite 
suspension. The drying frontier moves from right to left with time 
in the pictures. The border between the liquid and solid regions is 
the frontier zone of drying. Soon after setting the suspensions, 
vague wrinkle patterns appeared. As time elapsed, the drying 
frontier moved to the left side, and the vague patterns formed in 
the liquid phase became clearer and finer in the course of 
solidification. These observations suggest strongly that the 
patterns grow and already fixed in the suspension phase. Broad 
ring patterns in the deionized suspensions shifted toward the 
single round hill pattern by the addition of sodium chloride. 
Association of the plate-like particles is highly plausible. 
Substantial decrease in the translational movement of the 
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associated particles is one of the main reasons for the very 
interesting change in the patterns. 

 
   

 
 

Fig. 3. Patterns formed in the drying process of bentonite 
particles on a cover glass at 25oC. In water, w = 4.6 mg/ml, 0.05 
ml, a 46 min 30 s after dropping the suspension, b 48 min, c 48 
min 45 s, d 49 min 50 s, length of the bar is 10 　 m. 

 
Drying patterns of Chinese black ink on an unrinsed cover 

glass have been studied. The broad rings are observed at the outer 
edges irrespective of concentration. The width of the broad ring 
regions increased when ink concentration increased. The 
spoke-like hills appeared but cracks did not. Chinese ink contains 
the glue component and the film must be strong enough to make 
cracks. 
 
3. Drying Patterns of Solutions 
 
3.1 Drying Patterns of Polymers Including Gels 

Drying patterns of poly (allylamine hydrochloride), one of the 
cationic polyelectrolytes, were studied on a cover glass [41]. 
Figure 4 shows the typical examples of the patterns. Fractal 
dimension increased from 1.2 to 1.6 as polymer concentration 
increased from 1x10-6 monoM to 0.01 monoM. Drying patterns 
of poly (4-N-alkylpyridinium Halide) were studied [54]. The 
patterns were influenced significantly with the hydrophobicities 
of the polyelectrolytes. Drying patterns of aqueous solutions of 
biological polyelectrolytes, sodium poly (, L-glutamate) and 
poly (L-lysine hydrobromide) were studied on a cover glass [43]. 
Below the critical polymer concentration, m* the dried patterns 
shrank only around the critical area. Above m*, on the other hand, 
drying area extended throughout the initial solution area. The 
macroscopic broad rings and the spoke-like crack patterns were 
observed. Microscopic patterns such as cross-like, rod-like, 
block-like and further city road-like patterns appeared. 

Drying dissipative patterns of thermo-sensitive gels of poly 
(N-isopropyl acrylamide) were studied on a cover glass [44]. As 
the suspension temperature rose, the small size of drying area 
extended transitionally at the critical temperature ca. 35 oC. The 
principal patterns at 25 oC were the single or multiple broad rings 
of the hill accumulated with gels. At 50 oC, on the other hand, the 
beautiful flickering spoke-like patterns were observed at the inner 
area of the broad ring (see Fig. 5). These observations support 
that the extended gel spheres at low temperatures apt to associate 
weakly to each other, whereas the gels at high temperatures apt to 

associate weakly to each other, whereas the gels at high 
temperatures shrink and move rather freely with the convectional 
flow of water, though the very weak inter-gel attractions still 
remain. It should be mentioned that the flickering spoke-like 
patterns show the traces of the cell convection of water and gels. 

 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 

Fig. 4. Patterns formed for poly (allylamine hydrobromide) on a 
cover glass at 25 oC. In water, 0.1.ml, length of the bar is 0.2 mm, 
a 1x10-7 monoM, b 1x10-6 monoM, c 1x10-5 monoM, d 1x10-4 
monoM, e 1x10-3 monoM. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Drying patterns of thermo-sensitive gels. In water, 0.05 ml, 
w = 0.01 g/ml, a 25 oC, length of the bar is 2.0 mm, b 25 oC, 0.5 
mm, c 45 oC, 2.0 mm, d 45 oC, 0.5 mm. 

 
 

3.2 Drying Patterns of Ionic and Non-ionic Detergents 
  Cationic surfactant of n-dodecyltrimethylammonium chloride 
(DTAC) was studied [45]. At low concentrations the pattern area 
shrank in the center and the broad ring region distributed roundly 
in the outer edges. At the highest concentration at 0.01 M a broad 
ring was observed. Clearly, the microscopic patterns of DTAC 
are cross-like irrespective of the location. The microscopic 
patterns of DTAC coexisting KCl, CaCl2 and LaCl3 were also 
studied. When the concentrations of detergent and salt are 
comparable to each other, tree branch-like and arc-like patterns 
were observed, which are entirely different from those of the 
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purely detergent or salt solutions. The patterns are also similar to 
the microscopic structures of poly (allylamine hydrochloride) 
[41]. These results suggest that the micelle structure of DTAC is 
in the form of a long rod in the solution just before the 
solidification. The drying patterns of a series of anionic ones of 
sodium n-alkyl sulfates were studied on a cover glass [46]. The 
broad ring patterns are formed. The microscopic patterns of the 
small blocks, star-like and branched strings are formed. Figure 6 
shows the typical examples of the drying patterns. 
 

   
   
Fig. 6. Patterns formed for the anionic detergents on a cover glass 
at 25oC. In water, 0.1 ml, w = 1x10-7 M, a S6S, b S8S, c S10S, d 
S12S, e S16S, f S18S, length of the bar is 200 　m. 

 
The drying patterns of aqueous solutions of polyoxyethylene 

alkyl ethers have been studied [47]. The shift from the single 
round hill to the broad ring patterns occurred as the HLB 
(hydrophile-liophile balance) of the surfactant molecules 
increases. Microscopic patterns of small blocks, star-like patterns 
and branched strings are formed. Size and shape of the surfactant 
molecules and their micelles themselves influence the drying 
patterns. The pattern area and the time to dryness have been 
discussed as a function of surfactant concentration and HLB of 
the surfactants. 

 
3.3 Drying Patterns of Dyes and Simple Electrolytes 

Drying dissipative structural patterns formed in the course of 
drying ethyl alcohol solutions of rhodamine 6G, uranine, 
7-hydroxy coumarin and 7-amino-4-(trifluoro methyl) coumarin 
were studied on a cover glass [55]. The macroscopic broad ring 
patterns formed for all the solutions examined, which supported 
importance of the convectional flow of ethyl alcohol and dye 
solutions. Dried area increased as dye concentration increased 
above the critical dye concentration. Microscopic fine patterns 
including street-like, needle-like and flower-like crystal structures 

were formed in the solidification processes. Change in the 
functional side group moieties of the dye gave the strong effect 
on the microscopic patterns even the main chemical structures are 
same. Kinetic aspect of the drying patterns was also studied. 
Drying patterns of KCl, NaCl, CaCl2 and LaCl3 and the binary 
mixtures among them were studied on a cover glass [56]. Patterns 
were determined greatly in the process of the solidification, i.e., 
crystallization. 

 
4. Sedimentation and Convectional Patterns of Suspensions 
 
4.1 Sedimentation Patterns of Colloidal Dispersions 

The author observed the sedimentation dissipative structures, 
which must play an important role for the drying patterns, for 
several kinds of colloidal suspensions. Frankly speaking, the 
author became aware of the importance of the convectional flow 
for the broad ring formation of Ocha (plate-like and colloidal size 
of Japanese green tea particles, ca. 7 mm in the largest axis) 
accumulating on the slope of the inner surface of an Ochawan 
(tea bowl) [34]. The sedimentation patterns of broad rings have 
been always observed when Ocha was prepared by swing a tea 
bag in an Ochawan containing hot water. Formation of the 
broad-ring patterns were retarded when a tea cup is covered with 
a cap, which demonstrates the important role of convectional 
flow of water and tea particles. The sedimentary particles were 
suspended above the substrate of the cell and always moved by 
the convectional flow of water. The broad ring patterns became 
sharp just before the solidification occurs. Interestingly, the broad 
rings were formed even in an inclined glass dish, though the rings 
were transformed slightly, which demonstrates the strong 
convectional flow of tea particles. The drying broad rings and the 
microscopic fine structures were formed in the solidification 
processes on the basis of the convectional and sedimentation 
patterns in suspension state. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Microscopic drying patterns of silica spheres (1.205 　m 
in diameter) in a glass dish at 24 oC. 　 = 0.00129, 10 ml, a 
[NaCl] = 0.0003 M, b 0.0006 M, c 0.001 M, d 0.003 M. 

 
Systematic studies on the sedimentation patterns have been 

made for colloidal silica spheres of 1.2 m and 305 nm in 
diameter on a glass dish, a watch glass and a cover glass [35, 36, 
40]. The macroscopic broad ring patterns were formed on the 
inner inclined watch glass in suspension state within a short time 
after suspension was set [35]. It was clarified that the sedimentary 
spheres move toward upper and outer edges along the inclined 
cell wall by the cell convection and hence the patterns are formed 
by the balancing between the outside movement and the 
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downward sedimentation of the spheres. Beautiful microscopic 
drying patterns were observed from the optical microscopy. It 
should be mentioned here that the drying patterns of the colloidal 
silica spheres containing NaCl were star-like ones, which 
strongly supports the synchronous cooperative interactions 
between the salt and colloidal spheres in the suspension state. 
Figure 7 shows the typical examples of the dendric drying 
patterns of silica spheres with coexistence of small amount of 
NaCl and the star-like patterns of NaCl surrounded by the 
dendrite patterns of silica spheres at high salt concentrations on a 
glass dish. 

 
4.2 Convectional Patterns of Colloidal Dispersions 
  At the special experimental conditions on the convectional 
patterns of Chinese black ink, 0.001 g/ml at 25 oC, the 
convectional flow of the particles was visible with the naked eye 
[30]. At 1 min after setting, the particles met together and the 
associated particles distributed at random. However, after 36 min, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Convectional, sedimentation and drying patterns of 100% 
ethanol suspensions of colloidal silica spheres (110 nm in 
diameter) in a watch glass at 25 oC. 　 = 0.00427, 4 ml, a after 7 
min, b 25 min, c 40 min, d 50 min, e 60 min, f 62 min, g 65 min, 
h 70 min, i 75 min, j 90 min, k 122 min, and l 125 min, dry 
the particles started to orient themselves as a result of the 
convectional flow. Surprisingly, after 136 min, the spoke-like 

lines both in the liquid and in the solid phases just coincided to 
each other. This observation supports that the spoke-lines were 
already formed in the suspension phase by the convectional flow. 
The drying frontier at the border between gray (center part) and 
black regions (edges) moved inside with time. The clear-cut 
spoke-lines appeared especially around the outside region of the 
liquid area. 

A further study on the convectional flow in the course of 
drying was made using a large amount of the ink suspension in a 
glass dish on a hot plate keeping the suspension temperatures 
between 25 and 80 oC [30]. (a) Cyclic cell convections around the 
outside edges of the suspension, (b) grain-like convection 
patterns and (c) smoke-like convectional patterns were observed. 
The patterns of the dried films were spoke-like lines, fine circles 
and the surface patterns of the Japanese earthenware called 
“Shigaraki Yaki”, respectively. 

Dissipative structural patterns formed in the course of drying 
ethyl alcohol suspensions of colloidal silica spheres (110 nm in 
diameter) were studied in a glass dish and a watch glass [33]. 
Figure 8 is the typical examples showing the dynamic change of 
the patterns. Vigorous cell convectional flow was observed with 
the naked eyes, and the patterns changed dynamically with time. 
Within 50 min after suspension was set, the spoke-like patterns 
formed outside of the mother suspension in the central area. The 
suspension drops in the outer region were bridged sometimes 
with the mother suspension in the central area, disappeared when 
most of the suspension drops flow down to the mother suspension, 
and then the suspension flow takes place from the mother 
suspension pool toward outside edges resulting in the appearance 
of the spoke-like suspension drops again. Between 60 min and 75 
min, the mother suspension area decreased with time and the 
initial patterns changed drastically to the different kind of 
patterns like the section of lotus-root. After 90 min the 
suspension remained in the central area only, and the broad rings 
were formed in the final course of dryness. Broad-ring-like 
sedimentation patterns were observed in the suspension state just 
before the suspension was dried up, and the principal 
macroscopic drying pattern was also broad-ring, though the 
colorful and fine microscopic structures were observed from the 
microscopy. 
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