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In this paper, the influence of pulsed-periodic sequence of nanosecond 
electrical discharges on drying drops of coffee was examined. In the 
absence of discharges the well-known “coffee ring effect” on metal foil 
was observed. However, after exposure to discharges, the stain of dried 
droplets had another look and structure. The fundamental significance of 
the work is to provide a new method of controlling of coffee rings by 
using nanosecond repetitively pulsed electric discharges affecting the top 
of the drying droplets. In particular, it turned out that the coffee particles 
were distributed more evenly over the area of the stain due to electrohy-
drodynamic flows that occur in the drop under the action of discharges. 
This effect can be used, for example, in inkjet printing.
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1 INTRODUCTION 

In colloidal matter physics there is the well-known “coffee ring effect”, which 
is as follows. In the process of coffee drop drying landed on a flat, wettable 
surface, its edge is ‘fixed’ on this surface and the reduction of liquid volume 
during drop evaporation is not accompanied by a decrease of the radius but the 
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height of the drops. As a result, a capillary fluid flow is established in the drop 
from the center to the edge, and this flow drags particles suspended in the drop 
of coffee. When evaporation ends, the same “coffee ring” in stain pattern – a 
circular cluster of particles remains on the surface [1]. It is clear that not only 
coffee particles can act as micro- and nanoparticles suspended in the fluid.

In the last decade, a huge number of publications devoted to this effect has 
been published. The popularity of “coffee ring effect” for researchers can be 
explained by the following reasons. First, the simplicity and accessibility of 
the research object is evident even for school laboratories. Secondly, there are 
numerous applications of the effect in the inkjet printing, in the technology of 
electronic circuits [2−3], as well as in medicine [4]. Thirdly, the effect is 
within one of the modern trends in physical chemistry research that is the 
science of formation of complex micro-patterns and the growth of crystals in 
the drying colloidal droplets [5-8].

One important area of research is the search of physical mechanisms that 
suppress the “coffee ring effect” or control this effect. For example, it was 
reported that the effect may be suppressed by using elongated particles [9]. It 
may also be achieved by using acoustic impact on the drying droplet [10] or 
by the method of simultaneous adsorption and a long-range interaction of 
particles [11].

The suppression of the effect is also carried out at the expense of the elec-
tric control of contact angle of drops on the surface. To do this, a needle 
electrode is immersed into the drop and variable voltage amplitude of up to 
200 V at a frequency of 6 Hz to 100 kHz [12] is applied to it. The paper [13] 
provides the review of the control methods. It should be taken into consider-
ation that practically all of them are based on the change of drying drop fluid 
flow geometry. 

In this paper, a new method of controlling dried drop stain patterns with 
the help of periodic nanosecond pulse electric discharges affecting the top of 
the coffee sessile drop was investigated. It is found that after exposure to 
discharges the stain of dried droplets had another appearance and structure. It 
turned out that the coffee particles were distributed more evenly over the area 
of the stain due to electrohydrodynamic flows that occur in the drop under the 
action of discharges. This effect can be used, for example, in inkjet printing.

2 MATERIALS AND EQUIPMENT

In the research ground roasted coffee ‘Jacobs Monarch’ produced by ‘Mon-
delez Bulgaria Production Eood’ (Bulgaria) was used. The particles had 
irregular shapes and sizes of 20−100 μm. The photos of several particles are 
shown in Figure 1.

Coffee in the ratio of 2 teaspoons (1 ml) per 100 ml of water was cooked 
in a cezve for 5 min and cooled to room temperature. With the help of a 
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pipette the drops of coffee were deposited on aluminum foil with a thickness 
of 11 μm. Foil played the role of one of the electrodes.

Above the drop another electrode in the form of a stainless steel needle 
was fixed so that the gap between the top of the drop and the needle point was 
2-3 mm wide. The pulse generator was connected to the electrodes. As a 
generator a household transformer type electric lighter, the model ‹Iskorka-6› 
(Russia) was used, which provided a sequence of high voltage nanosecond 
pulses (~15 kV). Pulses followed at a frequency of 20 Hz. When the load in 
the form of a spark gap was connected to the generator output, discharge cur-
rent pulses appeared in the circuit.

Visualization of discharge was conducted using handheld digital 
microscope the model M44302, ‘Celestron’ (Chine). Photographs of dried 
droplets were made with a mobile phone camera, the model 1020, ‘Nokia-
Lumia’ (Finland) equipped with optional lenses for macro shooting. Pic-
tures of micro-fragments of drops were made with the help of a digital 
microscope, the model ‘Levenhuk’ D50L NG (Chine) equipped with a 
digital video camera D200. The photo of a single discharge is shown in 
Figure 2. 

FIGuRE 1
Photo of coffee particles.

FIGuRE 2
Photo of electric discharge over a coffee drop (oblique view).
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A typical waveform of the conductive current impulse in the gap is shown in 
Figure 3. The method of obtaining this waveform from the recorded total cur-
rent waveform has been described previously [14]. From Figure 3 it can be seen 
that during one pulse, current direction varies with a period of about 34 ns. It is 
the period of the oscillating circuit of the output circuit of the generator with a 
load. This current behavior is typical when the generator mismatches the load.

3 COFFEE STAIN PATTERNS WITHOUT DISCHARGES

Despite the extensive literature on the “coffee ring effect” there are no scien-
tific works in which this effect was investigated on a metal substrate. There-
fore, a series of control experiments to determine whether aluminum foil 
introduces any new features or not was conducted. 

FIGuRE 3
Oscillogram of the conduction current in the discharge.

FIGuRE 4
Photo of the dried control coffee drop not exposed to plasma (on the left) and its micro-fragment, 
which shows the formation of cracks (on the right).
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Figure 4 shows a typical coffee stain pattern on foil. The presented stain 
pattern shows that the foil use does not contribute to the appearance of new 
features. Thus, it may be concluded that the “coffee ring effect” is equally 
evident on both metal and dielectric substrates (compare the pattern on Fig-
ure 4 with patterns presented in [1,15−17]).

In addition, microscopic examination of the structure of the rings has 
shown that aluminum foil observed a radial cracks with the length of 20-50 
μm, width of 5-7 μm, and an average distance from each other of about 25 
μm, similar to those observed in other colloidal solutions [6,18−20]. It is 
noted in [20,21] that the distance λ between nearest cracks may be estimate 
in following manner: λ ~ (B/σrr)1/4r1/2, where B is the bending modulus, r is 
the radial distance from the center of droplet, and σrr is the radial stress due 
to surface tension.

4  THE INFLUENCE OF DISCHARGES ON THE COFFEE STAIN 
PATTERNS

Exposure of a coffee drop to electric discharges was carried out in a periodic 
pulse mode, with pulse repetition frequency of 20 Hz from the moment the 
drop was applied on the foil until it was completely dry. As a result, the pro-
cess of exposure took 5−10 min depending on the volume of the drop. Several 
tens of coffee drops were processed in this mode.

After drying the droplets visualization of coffee stains was made. It was 
found that the pattern of drop stain subjected to plasma discharges, was fun-
damentally different from the pattern of a dried control drop. The typical 
stain pattern of a treated droplet is shown in Figure 5.

Here, those particular patterns that emerged after plasma treatment of the 
drop are listed:

 • plasma treated stain always has a central part that is similar in its form to 
a circle with a diameter of 200-500 μm, while the central part looks like a 
coating in the form of coffee beads with a diameter of 10−30 μm;

 • stain which is located beyond the circle coincide with the initial drop 
boundary and may have internal concentric rings covering the central part 
of the circular;

 • between the outer and inner rings arms are formed, often 6 or 8 pieces 
having the shape of arcs of flat spirals and the width of the arc of 30−100 
μm;

 • no cracking anywhere;

 • coffee particles were distributed more evenly over the area of the stain. 
That is, the area occupied by the coffee particles in the stain is increased 
compared to the stain without discharges.
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The analysis of these changes in patterns of stains makes it possible to assume 
that they occur due to two reasons: plasma of discharge induces wettability 
enhancement of foil [22] and electric discharges excite circular electrohydro-
dynamic flows in liquid [23,24].

The formation of a circular central part and inner rings on the spots of 
dried drops of colloids at the Marangoni convection was observed before 
[25,26]. The formation of arms was noticed here for the first time. It must be 
due to electrohydrodynamic circular flow of the liquid excited by the dis-
charge. At the same time, the mechanism of arms formation is similar to the 
formation of mechanisms of a wavy surface shaping on a sandy bottom of the 
riverbed [27].

FIGuRE 5
Photo of the dried control coffee drop exposed to plasma (in the center) and its micro-fragment 
(at the top, on the right, on the left – coffee spokes, at the bottom – central spot with spherical 
particles).
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Coffee beads were also studied by pushing them with a thin needle. It was 
found that the balls have thin walls and there is gas inside. Each such   
bubble can be formed during electric breakdown in a viscous fluid [28,29].

5 CONCLUSIONS

In this paper, the effects of pulse-periodic sequence of nanosecond electric 
discharges on drying drops of coffee are examined. In the absence of dis-
charges, the well-known “coffee ring effect” is observed. However, after 
the exposure to discharges the shape of the stain of dried droplets had 
another look and the structure in the form of concentric rings and spiral 
arms. The explanation of the observed effect is based on the mechanism of 
excitation of electrohydrodynamic circular flow under the influence of dis-
charges. The fundamental significance of the work is to provide a new 
method of controlling of patterns of dried colloidal droplets by using nano-
second repetitively pulsed electric discharges affecting the top of the drop-
lets. In particular, it turned out that the coffee particles were distributed 
more evenly over the area of the stain due to electrohydrodynamic flows 
that occur in the drop under the action of discharges. This effect can be 
used, for example, in inkjet printing.

REFERENCES

 [1] Deegan R.D., Bakajin O., Dupont T.F., Huber G., Nagel S.R., and Witten T.A., Capillary 
flow as the cause of ring stains from dried liquid drops. Nature 389 (1997), 827–829.

 [2] Zhang L., Liu H., Zhao Y., Sun X., Wen Y., Guo Y., Gao X., Di C., Yu G., and Liu Y., Inkjet 
printing high-resolution, large-area graphene patterns by coffee-ring lithography. 
Advanced Materials 24 (2012), 436–440.

 [3] Kuang M., Wang L., and Song Y., Controllable printing droplets for high-resolution pat-
terns. Adv. Materials 26 (2014), 6950–6958.

 [4] Zhou W., Hu A., Bai S., Ma Y., and Su Q., Surface-enhanced Raman spectra of medicines 
with large-scale self-assembled silver nanoparticle films based on the modified coffee ring 
effect. Nanoscale Research Letters 9 (2014), 87.

 [5] Tarasevich Yu.Yu., Mechanisms and models of the dehydration self-organization in bio-
logical fluids. Physics-Uspekhi 47 (2004), 717–728.

 [6] Routh A.F., Drying of thin colloidal films. Reports on Progress in Physics 76 (2014), 
046603.

 [7] Paria S., Chaudhuri R.G., and Jason N.N., Self-assembly of colloidal sulfur particles on a 
glass surface from evaporating sessile drops: influence of different salts. New Journal of 
Chemistry 38 (2014), 5943-5951.

 [8] Cazabat A.-M. and Guéna G., Evaporation of macroscopic sessile droplets. Soft Matter 6 
(2010), 2591–2612.

 [9] Yunker P.J., Still T., Lohr M.A., and Yodh A.G., Suppression of the coffee-ring effect by 
shape-dependent capillary interactions. Nature 476 (2011), 308–311.

[10] Mampallil D., Reboud J., Wilson R., Wylie D., Klug D.R., and Cooper J.M., Acoustic sup-
pression of the coffee-ring effect. Soft Matter 11 (2015), 7207–7213.



94 AlexAnder e. dubinov et al.

[11] Crivoi A. and Duan F., Elimination of the coffee-ring effect by promoting particle adsorp-
tion and long-range interaction. Langmuir 29 (2013), 12067–12074.

[12] Eral H.B., Mampallil Augustine D., Duits M.H.G., and Mugele F., Suppressing the coffee 
stain effect: how to control colloidal self-assembly in evaporating drops using electrowet-
ting. Soft Matter 7 (2011), 4954–4958.

[13] Anyfantakis M., and Baigl D., Manipulating the coffee-ring effect: Interactions at work. 
ChemPhysChem 16 (2015), 2726–2734.

[14] Dubinov A.E., Kozhayeva J.P., L’vov I.L., Sadovoy S.A., Selemir V.D., and Vyalykh D.V., 
Rapid crystallization of natural sugars in bee’s honey under the influence of nanosecond 
microdischarges. Crystal Growth & Design 15 (2015), 4975−4978.

[15] Deegan R.D., Pattern formation in drying drops. Physical Review E 61 (2000), 475−465.
[16] Han W. and Lin Z., Learning from “coffee rings”: ordered structures enabled by controlled 

evaporative self-assembly. Angewandte Chemie International Edition 51 (2012), 1534–
1546.

[17] Zhang L., Nguyen Y., and Chen W., “Coffee ring” formation dynamics on molecularly 
smooth substrates with varying receding contact angles. Colloids and Surfaces A: Physi-
cochemical Engineering Aspects 449 (2014), 42–50.

[18] Esmonde-White K.A., Esmonde-White F.W.L., Morris M.D., and Roessler B.J., Charac-
terization of biofluids prepared by sessile drop formation. Analyst 139 (2014), 2734−2741.

[19] Sobac B. and Brutin D., Desiccation of a sessile drop of blood: Cracks, folds formation 
and delamination. Colloids and Surfaces A: Physicochemical Engineering Aspects 448 
(2014), 34–44.

[20] Zhang Y., Qian Y., Liu Z., Li Z., and Zang D., Surface wrinkling and cracking dynamics in 
the drying of colloidal droplets. The European Physical Journal E 37 (2014), 84.

[21] Huang J., Juszkiewicz M., de Jeu W.H., Cerda E., Emrick T., Menon N., and Russell T.P., 
Capillary wrinkling of floating thin polymer films. Science 317 (2007), 650-653.

[22] Dubinov A.E., Kozhayeva J.P., Lyubimtseva V.A., and Selemir V.D., Plasma as a surfac-
tant: a new capillary effect and a new wetting effect induced by nanosecond spark dis-
charges. IEEE Transactions on Plasma Science 45 (2017), 3094−3099.

[23] Dubinov A.E. and Maximov K.A., Agglomeration of solid microparticles floating on the 
surface and in the bulk of salted water under nanosecond spark discharges. Magnetohydro-
dynamics 25 (2016), 453-460.

[24] Berendsen C.W.J., van Veldhuizen E.M., Kroesen G.M.W., and Darhuber A.A., Maran-
goni flows induced by atmospheric-pressure plasma jets. Journal of Physics D: Applied 
Physics 48 (2015), 025203.

[25] Still T., Yunker P.J., and Yodh A.G., Surfactant-induced Marangoni eddies alter the coffee-
rings of evaporating colloidal drops. Langmuir 28 (2012), 4984–4988.

[26] Bhardwaj R., Fang X., Somasundaran P., and Attinger D., Self-assembly of colloidal par-
ticles from evaporating droplets: role of DLVO interactions and proposition of a phase 
diagram. Langmuir 26 (2010), 7833–7842.

[27] Langlois V. and Valance A., Formation of two-dimensional sand ripples under laminar 
shear flow. Physical Review Letters 94 (2005), 248001.

[28] ushakov V.Y., Impulse Breakdown of Liquids, Springer-Verlag, Berlin Heidelberg. 2007.
[29] Dubinov A.E., Kozhayeva J.P., and Danchenko N.G., Peculiarities in optical visualization 

of nanosecond electric discharges inside a gas–vapor microbubble floating in a viscous 
liquid. IEEE Transactions on Plasma Science 46 (2018), 2930−2934.


