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ABSTRACT. Deposition morphologies of inkjet-printed colloidal drops are examined under 

various drying conditions, particle volume fractions, and particle sizes. Concentric multi-rings, 

radial spokes, spider web, foam, and island-like depositions are observed as a result of the 

competition between the receding contact line and particle deposition during drop drying. 

Experimentally measured multi-ring spacing, δR, shows good agreement with the model 

predicted linear correlation with the local ring radius R. The results also show that the instability 

near the contact line attributes to the radial spoke and saw-toothed structures. The resulting 

wavelength of the radial structures, λ, satisfies λ ~ R3  and λ ~ 1 1−RH3 , where RH is the 

relative humidity. A dimensionless parameter ξ , defined as the radial deposition growth rate to 

contact line velocity ratio, has been identified to determine the condition under which the entire 

contact line can be pinned to leave a continuous ring deposit. Increasing the particle size while 

keeping the volume fraction the same is found to suppress the formation of the multi-ring 

deposition, due to a smaller number of particles available to pin the receding contact line. 

  

                                                           
*
 Corresponding author. Tel: +1(215)895-1373; Fax: +1(215)895-1478; E-mail: ysun@coe.drexel.edu. 

Page 2 of 21Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

1. Introduction 

 Deposition morphology of colloidal drops containing solution-processed functional 

nanomaterials is crucial in applications such as inkjet and gravure printing, spray deposition of 

printable electronics, photovoltaics, and micro-batteries
1-4

. When a colloidal drop with a pinned 

contact line dries on a substrate, the solvent flow induced by the high evaporation rate at the 

contact line carries particles to the drop edge, forming the well-known coffee-ring deposit
5
. This 

evaporatively-driven, non-uniform distribution of functional materials in the deposit challenges 

the quality of printable electronics that often require uniform deposition patterns to achieve 

better performance. Several approaches have been introduced to suppress the coffee-ring effect 

by introducing bi-solvents of different surface tensions and vapor pressures to control the 

Marangoni flow inside the drop
6, 7

 or by enhancing capillary interactions among asymmetrically-

shaped particles (e.g., ellipsoids) on the drop surface
8
. 

 Contact line depinning can also occur during colloidal droplet evaporation, once the 

continuously decreasing contact angle reaches its threshold value for receding. The competition 

between the receding contact line and particle deposition near the contact line results in a variety 

of deposition patterns, from comb-like structures of stretched DNAs
9
 and multi-rings

10-16
, to 

spider web
17, 18

,  and spokes
16, 19-21

. By moving a meniscus containing colloidal particles at 

different speeds, Prevo and Velev
22

 systematically examined the dependence of deposition 

morphologies (e.g. stripes, uniform layer, foam, and islands) on the contact line velocity in a 

substrate coating process.  

 Despite these studies on particle deposition morphologies, quantitative analysis to correlate 

the characteristic lengths of deposition patterns with droplet drying conditions and colloidal 

suspension properties is still lacking. With the development of vastly available metallic, 

Page 3 of 21 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

semiconductor, and dielectric nanoparticles, nanowires, and polymers as ink materials
23-25

, the 

challenge now is to effectively assemble these nanoscale building blocks into useful 

microstructures and devices
26

. Current materials printing techniques are limited to high-speed 

production of complex patterns with >10 µm resolution
27

, not compatible with applications that 

desire nanoscale features
28

. However, by carefully tuning the interplay of wetting, evaporation, 

and particle self-assembly, the formation of highly repeatable, ordered nanostructures inside 

inkjet-deposited colloidal drops can potentially be achieved. 

 In this paper, we report our systematic analysis of the complex morphology transitions 

inside inkjet-printed evaporating picoliter droplets under different drying conditions, particle 

volume fractions, and particle sizes. As a result of the competition between contact line receding 

velocity and particle deposition growth rate, highly repeatable micron and sub-micron deposition 

structures such as multiple rings, spider web, radial spokes, saw-toothed structures, foams, and 

islands are observed. A dimensionless parameter that associates the radial deposition growth rate 

to contact line velocity has been identified to determine whether the entire contact line can be 

pinned to leave a continuous ring deposit. Both experimental measurement and model prediction 

of the multi-ring spacing as a function of local ring radius are presented and compared. The 

wavelengths of the spider web, radial spokes, and saw-toothed deposition structures are 

quantitatively analyzed using the Marangoni instability theory near the contact line. By varying 

the particle size while keeping other parameters the same, the effect of particle size on contact 

line pinning and subsequent deposition pattern is examined.  
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2. Experimental Section 

 Highly repeatable, pico-liter colloidal drops were generated by a piezoelectric inkjet 

printhead with an orifice diameter of 60 µm (MicroFab MJ-Al-01) driven by a waveform 

generator (JetDrive). A high-resolution (0.5 µm/pixel) camera system, consisting of a SensiCam 

QE CCD camera (Romulus, Michigan), a Navitar 12 Zoom lens (Rochester, New York), and a 

halogen strobe light (Perkin Elmer), was used to capture side-view images of drop ejection. 

Details of the experimental setup are described elsewhere
29

. 

 Colloidal suspensions of sulfate-modified polystyrene beads (Invitrogen) of 20 nm and 

200nm in diameters with volume fractions of 0.1%, 0.25% and 0.5% in DI-water were used in 

the printing experiments. The mixtures of water and particles are homogenized in a sonicator 

(Cole-Parmer 8891) for 5 minutes before printing.  

 The relative humidity (RH) levels were controlled at 20%, 40%, and 70% inside the custom-

built humidity chamber and the ambient temperature was kept at 22 ºC for all experiments. Glass 

microscope cover slips (Bellco, ~150µm thick) were sequentially cleaned by sonicating in 

Sparkleen-DI water, ethanol and acetone, and then treated by Argon plasma (2 mins at 18W and 

250 mtorr, Harrick Plasma PDC-32G). The root-mean-square (RMS) roughness of the plasma-

treated glass slides measured by an atomic force microscope (Digital Instruments/Veeco) is 0.5 

nm, much smaller than the particle diameter of 20 and 200 nm. Equilibrium contact angle of the 

cleaned glass substrates were measured to be close to 0º by using a custom-built goniometer and 

the LB-ADSA drop analysis plug-in of Image J (http://rsbweb.nih.gov/ij/), where the drop 

surface is assumed to be a spherical cap and the gravitational effect is neglected (the Bond 

number here is Bo = ρgD0

2 σ < 0.005 , where ρ is the drop density, g the gravitational 

acceleration, D0
 the drop diameter in flight, and σ the drop surface tension). 
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3. Results and Discussion 

3.1 Deposition morphology transition in droplets 

 Figure 1a-c shows the deposition morphologies of inkjet-printed drops on a cleaned glass 

substrate at 40% RH with 20 nm particles at volume fractions of 0.5%, 0.25% and 0.1%, 

respectively. It can be found that the deposition patterns transition from the edge to the center of 

the drop for all three cases, which are resulted from the competition between the receding contact 

line and particle deposition at the contact line. Both experimental evidence and models have 

shown that
30, 31

, for a pure liquid drop of spherical-cap shape evaporating on a hydrophilic 

substrate, the contact line velocity UCL
 continuously increases with the receding drop radius R. 

During colloidal drop evaporation, particles inside the drop enhance the stick-slip motion of the 

contact line, i.e., the contact line radius undergoes a step function that decreases with time. In our 

study, assuming the particles do not alter the drying properties of the dilute drop of spherical-cap 

shape, the substrate is very hydrophilic, and the evaporation is diffusion-limited, the velocity of 

the receding contact line can be approximated as UCL ~ 1/ R(t) (see derivation of Eq. (A9) in the 

Supplementary information), which implies that the contact line velocity gradually increases 

with the shrinking contact line. Assuming the particle concentration in the remainder of the 

evaporating drop keeps constant during drop evaporation, the radial deposition growth rate of 

particles, Up
, is a constant (see Eqs. (A10) to (A12) in the Supplementary information). Here, we 

introduce a dimensionless parameter, ξ =Up UCL
, to represent the competition between the 

particle deposition rate and contact line velocity. Figure 1d shows the linear increase of ξ  with 

drop radius R from the drop center to the edge within a single deposit following ξ = kR , using 

the case of particle volume fraction φ = 0.25% (Fig. 1b) as an example. Here, the slope k  

Page 6 of 21Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



6 

 

represents an interplay of the drop contact angle, the particle concentration and diameter, and the 

porosity and number of layers of the deposition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Deposition morphologies inside colloidal drops dried under 40% relative humidity with 

20 nm particles at different particle volume fractions: (a) 0.5%, (b) 0.25%, and (c) 0.1%. (d) 

deposition morphology transition in (b) as a function of the dimensionless parameter, ξ =Up UCL
, 

where R1  
corresponds to the evaporating drop radius when ξ = ξ ∗ , the critical value to warrant 

pinning of the entire contact line. Due to the difficulty in measuring the particle deposition 

growth rate at a sub-micron scale, ξ  versus R shown in Fig. 1d is a schematic illustration based 

on the analysis. The scale bars are 20 µm in (a) – (c) and 2 µm in (d).  
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 As shown in Fig. 1b, for a drop with particle volume fraction of 0.25%, the initial pinning of 

the contact line induces the outmost ring-like deposit. As the drop continues to evaporate, the 

decreasing contact angle at the pinned contact line reaches the critical receding contact angle (a 

small but finite angle) so that the contact line depins from the outmost ring. At this time, the 

contact line speed UCL
 cannot keep up with the particle deposition growth rate Up

, leading to the 

continuous accumulation of particles at the contact line region until they reach a critical number 

to pin the contact line again at a distance away from the outmost ring. A new ring is 

subsequently formed at this newly pinned contact line before another slip motion occurs as the 

drop evaporates
19, 32-34

. The repetitive stick-slip motion of the contact line drives nanoparticles to 

self-assemble into multi-ring structures for the regime of R > R1  in Fig. 1d and near the drop 

edge in Fig. 1b, where R1  corresponds to the radius when ξ = ξ ∗ , the critical value to warrant 

pinning of the entire contact line. For the case of φ = 0.25%, R1 R0 = 0.77, where R0

 

is the drop 

deposition radius. Note that the value of ξ ∗  is determined by the particle size, volume fraction, 

and wettability, solvent vapor pressure, relative humidity, and substrate wettability, among 

others. In this study, we focus on the effects of particle volume fraction, relative humidity and 

particle size while keeping other parameters unchanged.  

 As the drop continues to recede, it yields ξ < ξ ∗  for the regime of R < R1  as shown in Fig. 1d. 

The contact line velocity keeps increasing but the particle deposition rate is not high enough to 

pin the entire contact line. This yields only parts of the contact line undergoing the stick-slip 

motion to form concentric rings, and other parts of the contact line are pinned to produce radial 

spokes, governed by the instability of the receding drop
35, 36

. The combination of stick-slip 

motion and instability near the contact line leads to the formation of the spider web deposition at 

0.77 > R R0 > 0.59 . Further receding of the contact line and the increasing of UCL  
yield the 
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deposition morphology transition into interconnected foam structures and finally isolated islands 

at the drop center where ξ << ξ ∗, as shown in Fig. 1d and Fig. 1b. 

 Similar deposition morphology transitions are also observed for the particle volume fraction 

of 0.5%, as shown in Fig. 1a. Due to the decrease of ξ  during drop evaporation, the deposition 

morphology consecutively shows multi-ring, foam and islands from the drop edge to the center 

where the transition radius R1 R0 = 0.29 . However, for the case of φ = 0.1% (Fig. 1c), the 

deposition morphologies are distinctly different from the ones with higher concentrations. Once 

the contact line depins from the outmost ring, due to the low particle volume fraction, the 

particles accumulated at the contact line region do not reach an enough number to form multi-

ring structures. Instead, the particles accumulate and subsequently deposit periodically at the 

peaks of the sinusoidal contact line resulted from interfacial instability. The contact line depins 

locally while leaving periodic regions of the contact line pinned. As the drop evaporates, the 

magnitude of the finger-like instability grows and the continuously receding contact line pushes 

the particles to accumulate in the pinned regions and in turn enhances the local pinning of these 

regions. The radial spoke-like pattern of nanoparticles is hence formed near the edge of the 

deposit as shown in Fig. 1c. As the contact line continues to recede, the deposition pattern 

transitions from spokes to foam and islands in the drop center. It is important to note that, the 

transition radius R1 R0  
decreases with the particle volume fraction. 

 

3.2 Interfacial instability near the drop contact line 

 When a droplet recedes on a very hydrophilic substrate, finger-like instability can be 

observed at the drop contact line
35

, where the thicker parts recede more slowly than the thinner 

parts leaving behind the radial deposition structures (spokes, spider web, saw-toothed structures) 
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as shown in Fig. 1. For diffusion-limit evaporation of a thin film on a solid substrate, Marangoni 

instability arises as a result of the evaporation-induced thermal gradients
36

. For the case of an 

evaporating droplet, the wavelength of the instability follows λ ~ 1/ Ca3 = σR / (µ j0 )3 , where 

µ  is the liquid viscosity, σ  the surface tension, R the drop radius, and j0
 the characteristic 

evaporation rate
36

. Considering an aqueous drop evaporating on a very hydrophilic substrate with 

a contact angle θ ~ 0
°
, the characteristic evaporation rate can be given by 

j0 = 0.65D(1- RH)cv / ρl

35-37
, where D is the diffusivity of water vapor in air, RH the relative 

humidity, cv
 the saturated vapor concentration, and ρl

 water density. For the case of constant 

RH, j0
 is a constant, which follows the scaling law of λ ~ R3  for Marangoni stress induced 

instability. 

 Figure 2 shows the experimentally measured dimensionless wavelength, λ R0
, of instability 

induced radial structures (i.e., spacing of the peaks on saw-toothed structures in multi-ring 

deposits for φ = 0.5% and grid spacing of the spider web shape for φ = 0.25%) as a function of 

R R0
3  inside single drops. For both particle volume fractions of 0.25% and 0.5%, the 

wavelength of radial structures increases from the drop center to the edge.  Good linear fittings 

of λ R0 ~ R R0
3  for both volume fractions of 0.5% and 0.25% in Fig. 2 indicate that instability, 

resulted from Marangoni stress in diffusion-limited evaporating droplets, is indeed the driving 

force of particle deposition perpendicular to the contact line. It is important to note that when 

0.88 < R R0
3 < 0.90  for volume fraction of φ = 0.25%, the deposition pattern transitions from 

the spider-web shape to multi-ring structure, where the radial structures vanish. Similar slopes of 

λ R0 ~ R R0
3

 
for particle volume fractions of φ = 0.25% and 0.5% are due to the fact that the 

same viscosity, surface tension, drop size, and substrate wettability are used in both experiments. 
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Figure 2. Wavelength of the saw-toothed structures in multi-ring deposits for φ = 0.5% and the 

grid spacing of spider web for φ = 0.25% as a function of R R0
3  resulted from Marangoni 

instability within single drops containing 20 nm particles and RH = 40%. The scale bars are 20 

µm. Error bars are standard deviations from 15 measurements.  

 

 Figure 3 shows the wavelength of radial spokes for colloidal drops dried at relative 

humidities of 20%, 40% and 70% for φ = 0.1%. With the increase of humidity from 20% to 70%, 

the dimensionless wavelength of the spokes, λ R0
, increases from 0.047 to 0.087. Recall that the 

Marangoni instability near the contact line yields λ ~ 1/ Ca3 = σR / (µ j0 )3  and 

j0 =1.59D(1−RH)cv / ρl

35-37
. A linear correlation relating the wavelength and relative humidity 

is hence given by λ ~ 1 1−RH3 . As shown in Fig. 3, good linearity between the experimentally 

measured wavelengths of radial spokes λ R0
 (measured at R/R0 = 0.98) and 1 1−RH3

 for 
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relative humidities of 20%, 40% and 70% demonstrate is observed, consistent with the 

theoretical prediction.  

 

Figure 3. Wavelength of the radial spokes as a function of 1 1−RH3  for φ = 0.1% for drops 

containing 20 nm particles evaporating at relative humidities of 20%, 40% and 70%. Error bars 

are standard deviations from 5 measurements. The scale bars are 20 µm. 

 

 Figure 4 shows the ring spacing of multi-ring structures, δR , as a function of ring radius, R, 

for 20 nm particles with particle volume fractions of φ = 0.25% and 0.5% evaporated under 40% 

relative humidity. For both particle volume fractions, the ring spacing increases from the drop 

center to the edge and the δR versus R curves show very good linearity. This linear relationship 

between ring spacing and drop radius is consistent with the model prediction, δR ~ R , (see Eq. 

(A16) in the Supplementary information) that is based on a drop of spherical-cap shape right 

before and after a small slip motion on a very hydrophilic substrate where evaporation is 

neglected during slip. As discussed earlier, this stick-slip motion of the contact line is an 
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incremental step of the globally increasing contact line velocity as the drop recedes. Figure 4 also 

shows that, a larger particle volume fraction results in larger ring spacing at the same drop 

radius, and this is resulted from the enhanced pinning force (accumulation of more particles at 

the contact line) and depinning energy barrier needed for each ring deposition at a higher particle 

concentration
32

.  

 

  

Figure 4. Ring spacing of multi-ring structures as a function of ring radius for 20 nm particles at 

volume fractions of 0.25% and 0.5%. The relative humidity is 40%. The outmost ring is not 

included. Error bars are standard deviations from 8 measurements. The scale bars are 20 µm. 

 

3.3 Effect of particle size 

 Deposition patterns of colloid drops containing 200 nm particles with volume fractions of 

0.5%, 0.25% and 0.1% are shown in Fig. 5a-c, respectively. Similarly to those containing 20nm 

particles, ring-like deposits are formed for the cases of φ = 0.5% and 0.25% as shown in Fig. 5a 

and 5b. As evaporation continues, the depinning forces overwhelm the pinning forces leading to 
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contact line depinning from the outmost ring. In contrast to the repetitive stick-slip motion of the 

contact line leading to the formation of concentric rings for the cases of 20 nm particles (Fig. 

5d), the contact line is only partially pinned for drops containing 200 nm particles resulting in 

radial spoke structures as shown in Fig. 5a-c. We have shown, by examining the forces acting on 

particles close to the contact line, that it is the number of particles not the particle size which 

dictates particle pining
29

. For drops of the same particle volume fraction but different particle 

sizes, there are 1000 times more 20 nm particles in a drop than 200 nm particles. As a result, the 

number of 200 nm particles remaining in the drop after the deposition of the outmost ring is not 

enough to initiate entire contact line pinning (shown in Fig. 5e). The contact line is only pinned 

locally to form a series of radial spokes for drops containing 200 nm particles shown in Fig. 5a-c. 

For the case of φ = 0.1%, the number of 200 nm particles is so small that even a single ring 

deposit can not be formed and the radial spokes break into segments as shown in Fig. 5c.  
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Figure 5. Scanning electron microscopy images of particle deposition morphologies in colloidal 

drops containing 200 nm particles at particle loadings of (a) 0.5%, (b) 0.25%, and (c) 0.1%. 

Schematic illustrations of (d) multi-ring formation in drops containing particles 20 nm in 

diameter, and (e) radial spokes in drops with particles 200 nm in diameter. Scale bars are 20 µm 

in (a) to (c). 
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3.4 Deposition morphology map 

 The deposition morphology map of multi-ring, spider web, spoke, foam and island 

structures from inkjet-printed evaporating colloidal drops as a function of particle concentration 

and radial position inside the drop is summarized in Fig. 6. Ring deposition occurs in the regime 

ξ > ξ ∗  while the contact line is only partially pinned when ξ < ξ ∗ . With the increase in particle 

loading, the region for ring-like deposition increases, while the region resulting in island-like 

deposition decreases. For a drop with a given particle loading, as the drop evaporates, the contact 

line velocity keeps increasing, leading to deposition morphology transitions from the top to the 

bottom of the morphology map shown in Fig. 6. At a higher particle volume fraction (e.g., φ = 

0.25% for 20 nm particles) corresponding to a high deposition growth rate, the deposition 

consequently shows multi-ring, spider web, foam, and islands from the edge to the drop center. 

However, for a drop with a lower particle volume fraction (e.g., φ = 0.1% for 20 nm particles) or 

a low deposition growth rate, the deposition consequently shows spoke, foam, and islands. 
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Figure 6. Deposition morphology map of inkjet-printed colloidal drop with 20 nm particles, 

dryed under 40% relative humidity showing multi-ring, spoke, spider web, foam and island 

patterns as a function of the radial position and the particle concentration. Ring deposition occurs 

for ξ > ξ ∗  while the contact line is only partially pinned when ξ < ξ ∗ . Error bars are standard 

deviations from 8 measurements. 

 

4. Conclusion 

 In this paper, we showed that nanoparticles self-assemble into highly repeatable deposition 

patterns, including concentric multi-ring, radial spokes, spider web, foam, and islands inside 

inkjet-printed pico-liter colloidal drops. The mechanism governing these deposition morphology 

transitions in freely evaporating droplets is found to be a result of the competition between the 
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contact line velocity and particle deposition growth rate during drop receding. A variety of 

particle volume fractions and drying conditions are used to effectively control UCL
 and Up

, 

thereby determining the deposition patterns and the critical morphology transition parameter ξ ∗

 

to warrant pinning of the entire contact line. Experimental measurements agree well with the 

model prediction on the linear correlation between multi-ring spacing δR and ring radius R. 

Marangoni instability near the contact line attributes to the radial spoke and saw-toothed 

structures whose wavelengths λ agree well with the scaling laws of λ ~ R3  and λ ~ 1 1−RH3 . 

In addition, larger particles are found to suppress the multi-ring deposition as compared to 

smaller particles.  

 Besides revealing evaporatively-driven nanoparticle self-assembly mechanisms inside a 

colloidal drop, this study offers a simple, fast way to produce complex patterns from an inkjet-

printed single drop, and hence extends inkjet printing applications to fabricating patterns at sub-

micron scales. Future work will focus on the effects of solvent type, as well as substrate and 

particle wettability, on the deposition morphology map.  
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