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Supplementary Note 1. Overview of coffee-ring suppression techniques 

Several strategies and methods have been examined to control the coffee-ring phenomenon. 

According to the recent reviews1, 2, 3, the coffee-ring occurrence can be generally suppressed 

through one of the following approaches: (i) hampering the contact line pinning, (ii) 

apportioning the edgeward capillary flow, and (iii) impeding the suspended particles being 

carried to the contact line through the capillary flow. We briefly explain each of the existing 

approaches, their advantages and shortcomings, which supports highlighting the benefits of the 

technique proposed in the current work (Table S1). For the sake of brevity, we only provide a 

summary of each technique. 

Table S1. Comparing the coffee-ring suppression techniques. 

Methodology Process Advantages Disadvantages Ref. 

Superhydrophobic 

solid surfaces 

Precipitated polypropylene 

particles, casting a fine 

reticulated structure 
 

Polymer surfaces that are 

oleophobic 
 

Hydrophobic inorganic 

solids include oxidized zinc, 

zinc hydroxide, silane-

treated, and etched silicon 

Passive method 
 

Easy-to-use 

 

The establishment of a 

superhydrophobic surface is 

costly 
 

Where the droplet contains 

surface-active materials (for 

example, in biological 

samples), there exists strong 

pinning of the contact line 
 

Medium uniformity 

 

4, 5, 6, 7, 8, 

9 

Controlling 

Marangoni flow 

Taking advantage of 

evaporation as an 

endothermic phenomenon 

Easy-to-use 

 

Marangoni flow due to 

temperature difference in 

the water droplet is not 

strong enough. 
 

Active method 
 

Low uniformity 

 

10, 11 

Using of volatile fluids 
Easy-to-use 
 

Passive method 

 

Demands additives (not 

applicable for several 

applications) 
 

May aggressively affect the 

performance of the 

deposited layer 
 

Medium uniformity 

 

12 

Locally heating the droplet 

surface using a laser beam 
No need for additives 

 

Applying heat to the 

substrate may inversely 

affect the composition of 

particle-laden drops and 

suspended particles, and 

consequently, the 

13 
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performance of the 

deposited layer  
 

Not applicable for 

biological samples 
 

Active method 
 

Low uniformity 

 

Rising the substrate 

temperature 
No need for additives 

 

Active method 
 

Not applicable for 

biological samples 
 

Low uniformity 

 

14 

Adding different solvents, 

surfactants, and polymers 

Easy-to-use 
 

Passive method 

 

Demands additives (not 

proper for many 

applications) 
  

May aggressively affect the 

deposited layer 

performance. 

 

Medium uniformity 

 

15, 16, 17, 

18, 19, 20 

Electroosmosis 

Using microelectrodes 

consist of a circular 

electrode around the rim of 

the droplet and a point 

electrode at the center of the 

droplet to generate a radial 

electric field 

No need for additives 

 

Requires external 

instrument 
 

Demands meticulous 

manipulating the droplet at 

the center of the electrode 
 

Active method 
 

Medium uniformity 

 

21, 22 

Electrowetting 

Applying an electric field 

between a circular electrode 

and the particle-laden 

droplet generates a radial 

inward electroosmotic flow 

next to the substrate, which 

can overcome the edgeward 

capillary flow and prevent 

coffee-ring occurrence 

Control the movement 

of particles 
 

No need for additives 

 

Demands meticulous 

manipulating the droplet at 

the center of the electrode 

and also induces a slight 

heating effect 
 

Limited to volume fractions 

below 1% and to particle 

diameters of 100 nm and 

larger 
 

Active method 
 

Medium uniformity 

 

23 

Controlling the 

shape of 

suspended 

particles 

Particle-particle interactions 

and/or particle-solid-liquid 

as well as particle-liquid-

gas interfaces interactions 

 

No need for any 

treatments  
 

Passive method 
 

High uniformity 

 

Restricted to a specific 

morphology of particles 
 

24 

Adjusting pH of 

the solution 
 DLVO interactions* 

Passive method 
 

Easy-to-use 

 

Intrusive to the substrate 
 

Restricted to solutions with 

specific pH values 
 

Medium uniformity 

 

25 
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Adjusting 

confined 

geometries  

Pinning-depinning 

methodology 

Patternable 
 

High uniformity 

 

Needs external instrument 
 

Difficult to control the 

upper surface distance 
 

Active method 

 

26, 27, 28 

Dual droplets 
Spreading wetting a droplet 

over the supporting droplet 

High uniformity 
 

Passive method 
 

Easy-to-use 

 

Needs additives  
 

Invasive  

 

29, 30 

Controlling 

hydrophobicity 

Chemical treatment using 

hydrophobic molecules 

Easy-to-use 
 

Passive Method 
 

High uniformity 

 

Needs external instrument 

(inkjet printing) 
 

Needs hydrophobic surface 
 

9, 31, 32, 33 

Physical treatment by 

changing surface 

morphology via increasing 

surface roughness 

Easy-to-use 
 

Passive method 

 

Needs to change the 

substrate morphology 
 

Needs hydrophobic surface 
 

Low uniformity 

 

 

 

 

 

 

 

 

   (Present method) 

Combination of a mold with 

neutral wettability and a 

hydrophilic surface 

 

Passive method 
 

Repeatable  
 

Easy-to-use 
 

Low cost 
 

Scalable 
 

Independent from 

particle shape and liquid 

characteristics 
 

Self-assembly of multi-

layer deposition 
 

Patterning down to 

microscale features 
 

High uniformity 

 

 

Requires a shadow mold  
 

Requires a hydrophilic 

surface 

Present 

work 

* Boris Derjaguin and Lev Landau, Evert Verwey and Theodoor Overbeek (DLVO) 

 

Supplementary Note 2. Theoretical model of the proposed method 

The accumulation of particles depends on the pinning time. When the contact angle pins at the 

surface, the particles start migrating to the contact line due to the capillary flow. Therefore, the 

more the pinning time, the higher the accumulation of particles at the contact line. To calculate 

the pinning time, we begin with calculating the volume of the film inside the mold. Assuming 

negligible gravitational forces in this work (argued in section ‘Zeta potential measurement of 

nanoparticle suspensions), the volume of the film could be calculated as: 
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𝑉 =

{
 

 𝜋𝑅2𝐻2 −
𝜋𝑅3

3

(1 − 𝑠𝑖𝑛𝜃)2(2 + 𝑠𝑖𝑛𝜃)

𝑐𝑜𝑠3𝜃
                      𝜃 > 90°

𝜋𝑅2𝐻1 −
𝜋𝑅3

3

(1 − 𝑠𝑖𝑛𝜃)2(2 + 𝑠𝑖𝑛𝜃)

𝑐𝑜𝑠3𝜃
+ 𝜋𝑅2𝐻2    𝜃 < 90°

 (S1) 

Therefore, considering 𝐻1 =  𝑅[(1 − 𝑠𝑖𝑛𝜃)/𝑐𝑜𝑠𝜃] for 𝜃 < 90˚, the evaporation rate for the 

wetting and non-wetting phases can be derived as: 

  

𝑑𝑉/𝑑𝑡

=

{
 
 

 
 𝜋𝑅2

𝑑𝐻2
𝑑𝑡

−
𝑑

𝑑𝜃
[
𝜋𝑅3

3

(1 − 𝑠𝑖𝑛𝜃)2(2 + 𝑠𝑖𝑛𝜃)

𝑐𝑜𝑠3𝜃
]
𝑑𝜃

𝑑𝑡
                                   𝜃 > 90°

𝜋𝑅2
𝑑𝐻2
𝑑𝑡

+
𝑑

𝑑𝜃
[𝜋𝑅3

1 − 𝑠𝑖𝑛𝜃

𝑐𝑜𝑠𝜃
−
𝜋𝑅3

3

(1 − 𝑠𝑖𝑛𝜃)2(2 + 𝑠𝑖𝑛𝜃)

𝑐𝑜𝑠3𝜃
]
𝑑𝜃

𝑑𝑡
    𝜃 < 90°

 

(S2) 

Simplifying equation (2) and considering 𝑑𝑉̅ 𝑑𝑡⁄ = dV/dt − π𝑅2d𝐻2/dt, one can estimate the 

pinning time by integrating equation (2) between 𝜃 =  𝜃𝑜 (initial contact angle) and 𝜃 =  𝜃𝑜 −

𝛿𝜃 (the contact angle in which the contact line starts receding). Assuming that the pinning starts 

at the equilibrium contact angle, the pinning time can be determined as: 

 

𝑡𝑃𝑖𝑛 =

{
 
 

 
 −

𝜋𝑅3

𝑑𝑉̅/𝑑𝑡

𝛿𝜃

(1 + 𝑠𝑖𝑛𝜃)2
      𝜃 > 90°

−
𝜋𝑅3

𝑑𝑉̅/𝑑𝑡

𝛿𝜃 𝑠𝑖𝑛𝜃

(1 + 𝑠𝑖𝑛𝜃)2
      𝜃 < 90°

 (S3) 

 

Considering the confinement of the liquid film within the cavities of the mold, one can assume 

𝑑𝑉̅ 𝑑𝑡⁄ ≈ 𝜋𝑅2𝐸̇ , where 𝐸̇  is the vertical interface velocity during evaporation. During the 

contact line pinning, particles migrate to the periphery due to the capillary-driven advective 

flux, where the advection time (𝑡𝐴𝑑𝑣) is scaled by 𝑅 𝐸̇⁄ . The advection build-up of particles at 

the contact line is warded off by diffusional backflow, owing to the development of particle 

concentration gradient. The diffusion time (𝑡𝐷𝑖𝑓𝑓) is also scaled by 𝑅2 𝐷⁄ . Given the use of 

almost spherical-shape particles at a uniform temperature and possessing the same kinetic 

energy in a quiescent fluid, the stokes-Einstein equation is considered for diffusion coefficient 

(𝐷 ). Therefore, normalizing the pinning time with  ∆𝑡 = 𝑡𝐴𝑑𝑣 − 𝑡𝐷𝑖𝑓𝑓 , knowing that the 

diffusion scale is much less than advection, and considering the Peclet number as 𝑃𝑒 = 𝐸̇𝐻 𝐷⁄ , 

the pinning time is approximated as: 
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|
𝑡𝑃𝑖𝑛
∆𝑡
| =

{
 
 

 
 𝐻

𝑅

𝛿𝜃

𝑃𝑒(1 + 𝑠𝑖𝑛𝜃)2
      𝜃 > 90°

𝐻

𝑅

𝛿𝜃 𝑠𝑖𝑛𝜃

𝑃𝑒(1 + 𝑠𝑖𝑛𝜃)2
      𝜃 < 90°

 (S4) 

To calculate the normalized pinning time, one needs to estimate δ𝜃, which is dependent on the 

potential energy barrier. Knowing the interface area 𝐴𝑖𝑛𝑡 = 2𝜋𝑅
2 (1 + 𝑠𝑖𝑛𝜃)⁄ , the associated 

Gibbs free energy, G, is estimated as: 

  

𝐺 = 𝜎𝐿𝑉𝐴𝑖𝑛𝑡 + 𝐴𝑤𝑒𝑡𝑡𝑖𝑛𝑔(𝜎𝑆𝐿 − 𝜎𝑆𝑉)

= 𝜎𝐿𝑉 2𝜋𝑅
2 (1 + 𝑠𝑖𝑛𝜃)⁄ + (𝜋𝑅2 + 2𝜋𝑅𝐻)(𝜎𝑆𝐿 − 𝜎𝑆𝑉) 

(S5) 

where, 𝜎𝐿𝑉 , 𝜎𝑆𝐿 , 𝑎𝑛𝑑 𝜎𝑆𝑉  are the liquid surface free energy, and solid/liquid and solid/vapor 

interfacial energies, respectively. Implementing Young’s equation34 one can replace 

(𝜎𝑆𝐿 − 𝜎𝑆𝑉) by -𝜎𝐿𝑉𝑐𝑜𝑠𝜃. For a given volume 𝑉, the initial contact angle is 𝜃𝑜 but when the 

liquid film is out of the thermodynamic equilibrium with 𝜃𝑜  − 𝛿𝜃, the excess free energy per 

unit length, 𝛿𝐺̃ = 𝛿𝐺 2𝜋𝑅⁄  is calculated as:  

 

𝛿𝐺̃ =
𝜎𝐿𝑉𝑅𝛿𝜃

2

4
[
4 + 2𝑠𝑖𝑛𝜃 − 2𝑠𝑖𝑛2𝜃

(1 + 𝑠𝑖𝑛𝜃)3
+ (1 +

2𝐻

𝑅
) 𝑐𝑜𝑠𝜃] (S6) 

 

When the contact line is pinned, 𝛿𝐺̃ increases due to the fact that δ𝜃 physically ascends during 

evaporation. Whenever the excess free energy exceeds the potential energy barrier (𝑈), the 

contact line is depinned. The value 𝑈  is variable according to the chemical and physical 

heterogeneities of the surface. The value 𝛿𝜃  depends on the value 𝑈 . One reasonable 

assumption is that increasing the wettability increases the potential energy barrier; therefore, 

δ𝜃  could be estimated as δ𝜃 ≈ 𝑎 𝜃𝑏⁄ , in which a and b possess positive values. One can 

consider 𝑎 = 𝑏 = 1 and calculate the normalized pinning time in equation (4). 

 

The particles impinge to the interface with a flux of 𝐹𝑖𝑚𝑝𝑖𝑛𝑔𝑒 = −𝑐𝐸̇ , where 𝑐  is the 

concentration of the particles at the interface. Hence, the impinging flux is estimated as: 

   

𝐹𝑖𝑚𝑝𝑖𝑛𝑔𝑒 = −
𝑚𝑝

𝑉𝑖𝑛𝑡
𝐸̇ (S7) 
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where 𝑚𝑝  and 𝑉𝑖𝑛𝑡  are the particle mass and fluid volume at the interface control volume, 

respectively, and can be defined as: 

 

𝑚𝑝 = 𝜌𝑝𝑁𝐴4/3𝜋𝑟𝑝
3    and    𝑉𝑖𝑛𝑡 = 𝐴𝑖𝑛𝑡𝛿 (S8) 

 

where 𝜌𝑝 and 𝑟𝑝 are the particle density and radius of the particles, respectively. 𝑁𝐴 denotes the 

number of particles at the interface, and 𝛿 is the thickness of the interface control volume. The 

impinging flux is evaluated as: 

𝐹𝑖𝑚𝑝𝑖𝑛𝑔𝑒 = −
𝜌𝑝𝑁𝐴4/3𝜋𝑟𝑝

3

𝐴𝑖𝑛𝑡𝛿
𝐸̇ (S9) 

 

Assuming 𝛿 value is equal to 2rp, the normalized impinging flux, 𝐹̅𝑖𝑚𝑝𝑖𝑛𝑔𝑒 is calculated as: 

     𝐹̅𝑖𝑚𝑝𝑖𝑛𝑔𝑒 =
1

3

𝑁𝐴𝑟𝑝
2

𝑅2
(1 + 𝑠𝑖𝑛𝜃) (S10) 

 

The saturated monolayer deposition of particles is achieved when 𝑁𝐴𝑟𝑝
2 = 𝑅2. For 𝑁𝐴𝑟𝑝

2 < 𝑅2  

or 𝑁𝐴𝑟𝑝
2 > 𝑅2  based on the contact angle, one might experience an unsaturated monolayer 

regime or a particle accumulation regime, respectively. 
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Figures 

 

Figure S1. Particle deposition morphologies. a-c) Polystyrene microparticle deposition on a glass slide 

with contact angle= 7o±1o, where a significant percentage (> 80%) of the particles are transported to the 

contact line; b) scale bar: 1000 μm, c) scale bar: 500 μm. d-f) Polystyrene particle deposition on a glass 

slide with a contact angle of 30o. About 50% of particles migrate to the initial drop contact line while 

the remaining microparticles form rings as the contact line recedes; e) scale bar=500 μm, f) scale 

bar=100 μm. g) Three-dimensional (3D) image of particle accumulation with increased thickness of the 

deposited layer in the middle of the wetted area compared to the area close to the perimeter. h) 3D 

representation of the coffee-ring phenomenon illustrating a large portion of particle accumulation at the 

initial contact line.   
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Figure S2. The wettability of the pressure-sensitive adhesive (PSA) and the treated glass slide measured 

by placing a drop of water on the substrate. a) The contact angle of a plasma-treated glass substrate 

verifies its superhydrophilic surface treatment (θs < 5 o); scale bar: 1000 μm. b) Contact angle of a 

pressure sensitive adhesive (PSA) layer is around 90 o, confirming the neutral wettability of the PSA; 

scale bar: 800 μm. c) The average contact angle of the PSA with particle-laden liquid, measured over 

time in different measurement step numbers, shows that the contact angle remains unchanged over time.  

 

Figure S3. The topography and roughness of the PSA wall, characterized using atomic force microscopy. 
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Figure S4. Non-uniform deposition of CNHs nanoparticles on a glass slide with a contact angle of 32○.  

 

Figure S5. Reproducibility of the CNH particle coatings formed on gold electrodes under coffee-ring 

and coffee-ring-free conditions, characterized using an electrochemical sensing method. a) In the coffee-

ring condition, the deposition of CNH particles is not reproducible, indicated by the difference in 

electrochemical signals. This difference in electrical current among various deposition tests in the 

coffee-ring condition could reach 16 μA, showing the lack of reproducibility in the coatings (RSD=7.69). 

b) Under the meniscus-free and coffee-ring-free protocol, the successful reproducible deposition of 

CNHs nanoparticles was characterized using electrochemical sensing (RSD= 0.48). 
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Figure S6. Particle tracing during the liquid film evaporation, characterized using microparticle image 

velocimetry (μPIV). a) Snapshots of the xy position of particles with a size of 1 μm during the film 

evaporating, representing the zero directional (radial) movements of particles during their precipitation; 

scale bars: 100 μm. b) Pathline of selected particles showing the trajectory of particles during the liquid 
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film evaporation. The particles follow almost a vertical line trajectory. The particles are monitored at 

the plane 3 ± 0.5 μm above the substrate. As a thin liquid film is used, the particles can be traced during 

evaporation, and the vertical motion of the particles does not change the camera focus.   

 

 

Figure S7. Deposition of CNHs nanoparticles with different mold patterns. Uniform deposition of the 

particles on a) square shape and b) A-like shape, representing the negligible effect of the wall curvature 

on the particle deposition patterns. a) Scale bars: subsection II is 500 μm and subsections III and IV are 

100 μm. b) Scale bars:100 μm.   
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Figure S8. Deposition of 10 µm polystyrene particles on a glass slide. Drop-casting 10 µm particles 

reveal coffee-ring deposition, confirming that there is a non-uniform deposition of particles even in large 

particle sizes.  
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Figure S9. Stratification of polystyrene particles (1000 nm and 200 nm in diameter) at the increased 

concentration of φ0= 0.1 (compared to the case with φ0= 0.01 in Figure 4b) and the initial film thickness 

of approximately H=500 nm. a) 3-dimensional confocal microscopy image of the particles depicts the 

extended transition zone. b) The bottom layer (left) and the top layer (right) of the stratified deposition, 

shown in Figure S9a, represent the uniform deposition of particles; Scale bars:500 μm.   

 



     

15 

 

 

Figure S10. 3D confocal imaging of the auto-organization of mixed fine- and microparticles over time. 

During evaporation, the red polystyrene microparticles (1000 nm diameter) trap at the descending liquid-

air interface while the fine green particles (200 nm diameter) diffuse away from the interface, leading 

to auto-stratification of these two particle sizes. The stratification in the last deposition steps is 

minimized because of the high cross interactions among the concentrated particles. The cubic size for 

all images is 148 μm × 148 μm × 300 μm.  
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Figure S11. The monolayer zone dependency on Pe and 𝐻/𝑅. The zone is narrowing down when 𝐻/𝑅 

decreases as θc1 and θc2 converge to θ = π/2, meaning that the control over monolayer deposition in large 

surface area is higher than the small one. The θc1 and θc2 boundaries also depend on the |𝑡𝑃𝑖𝑛/𝛥𝑡|  values. 
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