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Abstract 

Evaporation of droplet composed of insoluble materials provides a low-cost and facile route for assembling 

materials and structures in a wide spectrum of functionalities down to the nanoscale and also serves as a 

basis for innovating ink-solution based future manufacturing technologies. This review summarizes the 

fundamental mechanics theories of material assembly by droplet drying on both solid and liquid substrates 

and in a fully suspended air environment. The evolution of assembly patterns, material deformation and 

liquid flow during droplet drying and its response to external stimuli ranging from solution surfactant and 

pH value, surface geometric pattern and wettability, drying temperature, pressure environment, to electrical 

field has been highlighted to elucidate the coupling mechanisms between solid materials and liquid solutions 

and the manipulation strategies to material assembly through an either active or passive means. The recent 

progress in ink-based printing technologies with selected examples is also presented to illustrate the 

immediate applications of droplet drying with a focus on printing electronic sensors and biomedical devices. 

The remaining challenges and emerging opportunities are discussed.  
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Introduction 

Material assembly by droplet drying has been a subject of significant research interest over the last two 

decades thanks to its broad applications such as inkjet printing,1, 2 surface coating,3 biosensors,4, 5 and 

diagnostics.6, 7 Generally speaking, evaporation of droplet composed of insoluble materials can be 

summarized to three categorizations on the basis of evaporation substrate: solid substrate (liquid–solid 

system), liquid substrate (liquid–liquid system), and suspended in air (liquid–air system). 

 

The evaporation of droplets containing insoluble particles on solid substrates, often referred to as colloidal 

sessile droplet evaporation, has been the subject of numerous studies due to its significant scientific and 

industrial applications.8 For example, one of the seminal work demonstrated that the convective outward 

flow during evaporation drives the particles to migrate toward the pinned contact line, resulting in a ring-
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like deposition pattern, commonly referred to as the "coffee ring" effect.9, 10 Studies on the drying of colloidal 

sessile droplets have revealed the existence of various mechanisms that influence the final particle 

distribution, including internal flow dynamics,11, 12 evaporation dynamics,13 evolution of droplet profiles,14, 

15 and interparticle and interfacial interactions.16, 17 The dominative role among these mechanisms can be 

played by manipulating key controlling factors such as solute size and concentration, base fluid composition, 

environmental conditions, among others. The control and reproducibility of the deposition pattern currently 

remain a great challenge due to the associated contact angle hysteresis with the inhomogeneity and roughness 

of conventional solid substrate surfaces. 

 

Compared to droplet drying on solid substrates, the liquid substrate is more conducive to particle assembly 

due to its deformability and flexibility, and as a result the structures formed on liquid substrate are more 

easily transferred than those formed on solid substrates.18-20 Most of the work for material assembly largely 

focuses on droplet morphology in equilibrium21, 22 and contact line dynamics during droplet drying.23, 24 In 

fundamental, the spreading of droplets on solid substrates often follows the Tanner's law,25-27 that could be 

altered by adjusting liquid and solid properties, wetting scenarios, and early time dynamics. By contrast, the 

most critical factor influencing droplet drying on an immiscible liquid substrate is the interfacial tension 

between the two liquids. This tension arises from the attractive and repulsive forces between the molecules 

at the interface and determines the spreading behavior of the droplet. When the droplet is placed on the 

surface of the immiscible liquid, it spreads until the interfacial tension between the two liquids is balanced 

by the capillary forces of the droplet. The interface characteristics play a vital role in governing the dynamics, 

with perfectly rigid and flat substrates resulting in the classical Young's equation. In liquid substrate, the 

normal force component can deform the liquid-liquid interface, resulting in a lens shape. The state of 

equilibrium for this lens can be determined using Neumann's triangles.28, 29 

 

In terms of material assembly by drying of colloidal droplets in fully suspended air, it plays a crucial role in 

a wide range of industrial applications, including energy storage,30 spray cooling,31 and wastewater 

treatment.32 Current studies on the evaporation of suspended droplets primarily focus on the self-assembly 

of materials within the droplets due to the simplicity of their evaporation mode. The structures assembled 

after drying typically depend on the desired materials.33 For colloidal particles, the morphology depends on 

Péclet number determined by dominant transport mechanism - diffusive or convective. For example, slow 

drying with diffusive transport leads to spherical dense particles, while fast drying with convective transport 

results in shell formation, causing doughnuts, shriveled, or hollow particles. High Péclet number is necessary 

but not sufficient for shell formation.34, 35 In contrast to colloidal particles that typically do not undergo 

mechanical deformation, two-dimensional (2D) materials and one- dimensional (1D) materials can readily 

bend and fold when assembled through evaporative drying.36-38 Needless to say, the shape, size and material 

properties of 2D materials and 1D materials play a crucial role in the bulk forms after drying. 
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This work aims to provide a comprehensive overview of the recent progress for the material assembly by 

droplet drying. Droplet drying in solid and liquid substrates and suspended air environments from theoretical 

model development to applications will be reviewed. The mechanics and mechanisms of material assembly 

in these three systems and the assembled pattern morphologies are discussed in detail. The typical 

applications in ink-based printing technologies and printing of wearable sensors by droplet drying are also 

highlighted. It is important to mention that the droplets discussed in this review exclusively pertain to non-

reactive systems. When reactive components are introduced, such as chemically reactive particles or reactive 

solvents, the drying can result in unintended chemical reactions, alterations in particle properties, or 

modifications to the assembly dynamics39-41, which is out of scope in this review.  

 

Fundamental mechanics theory of droplet drying: a brief overview 

  
FIGURE 1 Fundamental mechanics theory of droplet drying. (a) Schematic of the sessile droplet with initial 

height (𝐻𝑖), contact radius (𝑅𝑐), and contact angle (𝜃𝑐). (b) Schematic of the droplet evaporating on another 

liquid surface, where 𝑅𝑐, 𝑅𝑠, 𝜃1, 𝜃2 is the contact radius, the upper spherical radius, the upper spherical cap 

angle, and the lower spherical cap angle, respectively. (c) Schematic of the evaporation of air suspended 

droplets with initial radius (𝑅𝑖). 

 

Drying on a solid substrate  

Sessile droplets are characterized by their initial height (H), contact radius (R), and contact angle (𝜃𝑐), and 

are liquid droplets that have been deposited on a solid substrate, where the contact line restricts the wetted 

area between the liquid and the solid surface. The evaporation of sessile droplets typically exhibits four 

modes (Figure1a), including the constant contact radius (CCR) mode, the constant contact angle (CCA) 

mode, the mixed mode, and the ‘stick-slip’ (jumping) mode.42-44 Generally, the evaporation mode on 

hydrophobic solid substrates is the CCA mode, while on hydrophilic solid substrates, the CCR mode is more 

prevalent. The Young's equation describes the equilibrium contact angle of a droplet on a solid surface, which 

is given by: 
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                                                               𝑐𝑜𝑠𝜃𝑐 = (𝛾𝑠𝑣 − 𝛾𝑠𝑙)/𝛾𝑙𝑣                                                                (1) 

where 𝜃𝑐 is the contact angle, 𝛾𝑠𝑣 is the solid-vapor surface tension, 𝛾𝑠𝑙 is the solid-liquid surface tension, 

and 𝛾𝑙𝑣 is the liquid-vapor surface tension. The competition between the forces acting on each particle at the 

contact line leads to particle deposition near the contact line. When the inward surface tension surpasses all 

other forces during evaporation, contact line depinning takes place, and the evaporation mode transitions 

gradually from CCR to CCA and/or MIX. Notably, another significant element influencing the deposition 

pattern is the flow field within the sessile droplet. The two most typical flows are capillary flow and 

Marangoni flow.11, 12 The liquid travels radially to the edge of the droplet to refill the evaporated liquid at 

the edge because the evaporation rate at the contact line is higher than the core portion of the droplet. This 

flow is known as capillary flow (Figure 1a), which often happens in the CCR mode and is given by45, 46:  

                                              𝑄(𝑟) =
2𝑅𝑐𝐷Δ𝑐

𝜋𝜌
[√1 − (𝑟/𝑅𝑐)2 − (1 − (𝑟/𝑅𝑐)2)2]                                        (2) 

with 𝑄(𝑟)  the volume flow at a distance r from the center of the droplet, 𝑅𝑐  the contact radius, D the 

diffusion coefficient of vapor in air, and Δ𝑐  the disparity between the concentration of saturated vapor 

immediately above the interface between the liquid and air, and the concentration of ambient vapor far from 

the droplet. A surface tension gradient along the droplet's free surface is what propels Marangoni flow. The 

local temperature and the uneven distribution of concentration at the liquid-vapor interface are the two main 

contributors to this surface tension gradient.47 Marangoni convection occurs when liquid in evaporating 

droplets tends to move from areas of lower surface tension to areas of greater surface tension. The Marangoni 

number Ma can be used to quantify Marangoni flow. This number is defined as the ratio between the 

advective flow driven by the Marangoni effect and the diffusive transport of the property responsible for 

generating the surface tension gradient. In its most generic form, the Ma number provides a measure of the 

strength Marangoni flow:  

                                                                           Ma = 𝑈𝐿/𝐷𝜒                                                                      (3) 

where L is the length scale of the concentration gradient, and 𝐷𝜒 is the diffusion constant of variable 𝜒, 

measured in terms of area per unit time. An estimate of the order of magnitude of the Marangoni flow U can 

be obtained using the ratio of the surface tension difference 𝛥𝛾 to the liquid's dynamic viscosity μ. This 

equation describes how the gradient in surface tension drives the flow of the liquid within the droplet. Also, 

when the substrate was heated, Marangoni flow was shown to be more intense than capillary flow. In the 

case of cooled substrates, however, capillary flow is more significant than Marangoni flow.48, 49 

 

Drying on a liquid surface  

When a droplet is positioned on mutually incompatible liquid substrates, the contact line at the liquid-liquid 

interface is more likely to shrink compared to that at the solid-liquid interface. This is due to the differences 

in surface energies between the two liquids, which result in a gradient of interfacial tension that drives the 

droplet to adopt a more spherical shape. As a result, the evaporation of droplets on mutually incompatible 

liquid substrates primarily follows the CCA mode (Figure 1b).24 The Marangoni effect, which refers to the 
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flow of liquid caused by gradients in surface tension, is weak in this case due to the strong heat transfer in 

the liquid-liquid system.50 As a result, evaporative convection dominates the particle dynamics at the liquid-

gas interface. This can lead to the formation of convection currents that can transport particles within the 

droplet, affecting its evaporation rate and final shape. To determine the equilibrium state of a floating liquid 

on the surface of a denser liquid bath, it is necessary to consider various factors such as surface tension, 

intermolecular interaction between the floating liquid and the bath, as well as hydrostatic pressure. This is 

typically achieved through an analysis of the free energy per unit area, denoted as F, of the floating liquid 

film with thickness h.22 

                                                          𝐹(ℎ) = 𝛾𝑓 + 𝛾𝑓𝑏 + 𝑃(ℎ) +
1

2
𝜌𝑓𝑔𝛥ℎ2                                                (4) 

where 𝛾f and 𝛾fb are respectively the surface tension between the floating liquid and the gas and between the 

floating liquid and the bath, Δ = (𝜌𝑏 − 𝜌𝑓)/𝜌𝑏 and 𝑃(ℎ) is the interaction energy per unit area through the 

thickness of the floating liquid. Besides, At the edge of the floating droplet lens, the equilibrium is given by 

the Neumann condition:51 

                                                                       𝛾⃗𝑏 + 𝛾⃗𝑓 + 𝛾⃗𝑓𝑏 = 0⃗⃗                                                                   (5) 

The Neumann condition yields a direct expression for the contact angle of the lens, denoted as 𝜃0 in Figure 

1b, as a function of the surface tension. 

𝑐𝑜𝑠 𝜃0 =
𝛾𝑏

2−𝛾𝑓
2−𝛾𝑓𝑏

2

2𝛾𝑓𝛾𝑓𝑏
                                                                  (6) 

Hence, different equilibrium states can be identified depending on the evolution of 𝐹(ℎ) and the spreading 

parameter 𝑆𝑓𝑏 = 𝛾𝑏 − 𝛾𝑓 − 𝛾𝑓𝑏. 

 

Drying in a suspended air environment   

The evaporation process of the droplet suspended in air occurs in a concentric manner without the contact 

line pinning effect that is associated with solid surfaces, similar to the CCA mode (Figure 1c). In absence of 

a substrate, the evaporative flux from the droplet surface is uniform and directed radially outwards. In the 

diffusion-limited regime the evaporative mass flux 𝐽  and the rate of mass loss from the droplet are separately 

given by52 

                                                                         𝐽 = 𝐷𝛥𝑐/𝑅                                                                             (7) 

                                                                      
𝑑𝑀

𝑑𝑡
= −4𝜋𝑅𝐷𝛥𝑐                                                                        (8) 

The famous 𝑅2 law can be deduced by combing expressions (7) and (8): 

  𝑅2(𝑡) = 𝑅𝑖
2 − 2

𝐷Δ𝑐

𝜌
𝑡                                                                        (9) 

Importantly, the evaporative flux from the surface of a freely suspended drop does not induce any flow inside 

the droplet. Instead, as the droplet loses mass through evaporation, the interface of the droplet gradually 

moves inward to compensate for the reduction in mass. Hence, The assembly of particles within the colloidal 

droplet suspended in air is mainly driven by the contraction of the droplet surface rather than the evaporation-
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induced internal flow, and the influence of the liquid flow on the particles is almost negligible.33, 36 In other 

words, it is not the particles that get advected to the interface, but vice versa: the interface recedes inwards, 

assembling the particles together. 

 

Compared with the assembly of materials on these above different substrates/environments, a very broad 

variety of one-dimensional (1D) and two-dimensional (2D) nanomaterials are also employed for their 

assembly into large-scale structures by leveraging uniqueness of droplet drying process because of potential 

applications in various fields. For example, droplet drying based printing and aerosol technique has been 

used to print 2D materials-enabled functional structures and devices.53-55  In contrast to assembly of colloidal 

particles which are usually rigid and do not experience mechanical deformation during solution evaporation, 

1D or 2D nanomaterials are highly susceptible to experience deformation, wrinkling, and folding along with 

the assembly.56-58 This is due to very low out-of-plane mechanical flexibility associated with their high aspect 

ratio of geometric features. For instance, 1D nanomaterials, such as nanowires, are highly susceptible to 

bending or buckling during the drying process. For 2D materials like graphene, the formation of wrinkles or 

folds is expected as the droplet dries. Recently, an energy-based mechanics theory has been developed to 

describe the spontaneous mechanical deformation and assembly of 2D nanomaterials by droplet drying. 

Specifically, the deformation energy of 2D sheet can be defined as36 

                                                                𝐸𝑑𝑓 = ∑ 𝑘𝑠 (𝜃𝑡
(𝑖)

− 𝜋)
2

𝑛
𝑖=1                                                           (10) 

where 𝑘𝑠 is the constant of rotational spring that aims to describe the out-of-plane mechanical deformation 

of 2D materials and 𝜃𝑡 is the rotation angle corresponding the magnitude of out-of-plane deformation. Also, 

the assembly energy is given by 

                              𝐸𝑎𝑠 = ∑  
𝑛𝑙
𝑖=1 𝑘𝑏

(𝑖)
𝐴𝑏𝑖𝑛𝑑

(𝑖)
[si n (𝜃𝑡

𝑐(𝑖)
/2) − si n (𝜃𝑡

(𝑖)
/2)] 𝐻 (𝜃𝑡

𝑐(𝑖)
− 𝜃𝑡

(𝑖)
)                      (11) 

where 𝑘𝑏 is the constant of the mechanical slider that is implemented to describe the interactive binding 

energy in self-folding of a single 2D sheet or overlap of neighboring 2D sheets. 𝐴𝑏𝑖𝑛𝑑
(𝑖)

  represents the 

deformed area of wrinkling and self-folding, 𝐻(𝜃𝑡
𝑐 − 𝜃𝑐) is the Heaviside function, and 𝐻(𝜃𝑡

𝑐 − 𝜃𝑐)=0 at 

𝜃𝑡
𝑐 ≥ 𝜃𝑡, and 𝐻(𝜃𝑡

𝑐 − 𝜃𝑐)=1 at 𝜃𝑡
𝑐 < 𝜃𝑡, where 𝜃𝑡

𝑐 corresponds to the critical rotation angle of spring model, 

and at 𝜃𝑡 < 𝜃𝑡
𝑐, the associated two connected rigid parts of 2D sheets are considered to be close enough and 

the resultant binding energy needs to be considered. The theoretical analysis shows remarkable agreement 

with parallel coarse-grained computational simulation and independent experiments. This energy based 

theoretical model has also been extended to assemble composite particles with both 1D and 2D materials,37 

paving the foundation for assembling composite materials and structures by solution evaporation of droplets 

with a broad range of material compositions and their mixtures.   

 

As direction validations to these theories, numerous simulations in colloidal droplet drying have been 

conducted from particle assembly to pattern formation down to the nanoscale. At the continuum scale, for 
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example, bipolar coordinate-based models have been proposed to describe the capillary flow during colloidal 

droplet desiccation using the Stokes approach.59-61 Finite element method has also been developed to 

compute velocity fields within evaporating droplets12, 62 When the suspended particles are taken into account 

in the droplet, various models and simulations are proposed to replicate two distinct situations during 

colloidal droplet desiccation: the formation of porous media and the development of strong interparticle 

bonds. For instance, some models employ partial differential equations (PDE) to simulate these systems.63, 

64 At the nanoscale, Monte Carlo algorithms and molecular dynamics simulations are frequently employed 

to simulate the molecular drying process and assembly physics.65-67 For example, the Monte Carlo algorithm 

has been successfully validated for predicting the behavior of an ensemble of colloidal solid particles or 

coalescing liquid droplets suspended in a turbulent gas flow, as determined by the Reynolds Averaged 

Navier-Stokes approach (RANS).68 Molecular dynamics simulations could provide the intricate dynamics 

and interactions among individual molecules during the drying process.69 Coarse-grained models with a 

high-performance virtual force field between liquid and solid materials have also been developed to 

simultaneously simulate the dynamics and competition between mechanical deformation and assembly 

process of solid materials during evaporation.36, 37, 58 Simulations toward the potentially seamless integration 

with the rapid development of advanced computational algorithms such as machine learning could be an 

important topic in the study of material assembly by drying.70, 71  

 

Material assembly patterns and morphology evolutions 

Assembly on a solid substrate  

The evaporation of a colloidal droplet on a solid substrate results in the deposition of particles that can form 

intricate patterns, with the patterns being dependent on the evaporation mode. The deposition patterns can 

range from simple rings to more complex structures such as crack, fingers, dot-like and coffee rings. These 

patterns are influenced by factors such as the size and concentration of particles, the drying rate, and the 

presence of surfactants. Moreover, the assembly patterns formed by the particles in the droplet can be further 

manipulated by the materials present in the droplet. For instance, incorporating polymers, nanoparticles, or 

biomolecules into the droplet can influence the final assembly pattern. This manipulation can be achieved 

by altering the interaction between the particles and the substrate, resulting in the formation of specific 

structures. In addition to material manipulation, the environment in which the droplet dries can also play a 

crucial role in determining the assembly patterns. Factors such as temperature, humidity, and airflow can 

impact the rate and direction of the droplet's evaporation and, in turn, the final deposition pattern. 

 

Evaporation mode dependent deposition patterns  
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FIGURE 2 Classical deposition patterns of sessile droplet. (a) A dot-like pattern left after the drying of a 

sessile droplet following the CCA mode. Reproduced with permission.72 Copyright 2013,  American 

Chemical Society. (b)  A coffee-ring left after the drying of a sessile droplet following the CCR mode. 

Reproduced with permission.72 Copyright 2013, American Chemical Society.  (c)  Multiple concentric rings 

are formed on the substrate in the CCR mode. Adapted with permission.48 Copyright 2015, American 

Chemical Society. 

 

Upon complete evaporation of colloidal droplets in the CCA mode, a dot-like pattern can be most obtained 

on the substrate.73, 74 In the CCA mode, the wetted contact area decreases while the contact angle remains 

constant, resulting in a nonlinear decrease in volume over time (Figure 2a). Early in the drying process, 

particle adhesion to the substrate is inhibited due to the contraction of the contact line caused by evaporation. 

As evaporation continues, the particle concentration increases, and the particles begin to aggregate.72 The 

formation of this dot-like pattern is largely attributed to the CCA evaporation mode and inward Marangoni 

flow, which can move the particles to the center of the droplet during the drying process.75 In the final stages 

of evaporation, as the contact angle narrows over time, Marangoni flow decreases and forms radially outward 

near the substrate.73 However, given that the internal particle structure of the droplet has already been 

established at this point, the outward flow is unable to move the particles from the center to the edge. 

 

In the CCR mode, as the height of the droplet decreases while maintaining its spherical cap shape and 

constant radius (Figure 2b), liquid must be supplied from the interior of the droplet to replace the liquid 

evaporating at the contact line, resulting in an outward capillary flow within the droplet driven by free surface 

energy.12 This flow carries suspended particles towards the edge of the droplet, leading to their deposition 

near the contact line. The formation of a coffee ring requires that several conditions are met.76-79 Firstly, the 

CCR evaporation pattern must be established. Secondly, the interaction of droplet size, particle concentration, 

evaporation rate, and the recirculating Marangoni flow, driven by the surface tension gradient, must be 

considered. The particle concentration within a droplet of a given size must not exceed a critical threshold. 

The evaporation rate must not be too rapid, allowing sufficient time for the particles to reach the edge of the 

droplet. Additionally, the Marangoni flow must act in a secondary role relative to the capillary flow. 
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In the MIX mode, the evolution of the droplet resembles the Stick-Slip (Jumping) mode, with multiple 

instances of contact line pinning and depinning. Initially, the droplet proceeds through the CCR mode, 

however, depinning occurs once the contact angle reaches a predefined threshold (minimum value). Then, 

the droplet returns to the CCR mode until the next depinning occurs.43, 80, 81 The key difference is that the 

time intervals between successive depinning events are longer in the Stick-Slip mode, and the minimum 

contact angle required for depinning is smaller.82, 83 During the pinning phase, particles accumulate on the 

contact line and form a ring. Upon de-pinning, another ring is created as the contact line shifts to a new 

position (Figure 2c). Thus, the repeated cycle of pinning and de-pinning phases results in the formation of 

multiple concentric rings of particles on the substrate.48, 84 

 

Manipulation of assembly patterns by materials in droplet  

  

FIGURE 3 Deposition patterns obtained after evaporation of sessile droplets containing different 

compositions. (a) pH value of the liquid. Adapted with permission.85 Copyright 2010, American Chemical 

Society. (b) Initial contact angles of the droplet. Reproduced with permission.86 Copyright 2016, Springer 

Nature. (c) Sessile droplet containing multi-species nanoparticles on different substrate. Reproduced with 

permission.87 Copyright 2017, Elsevier.  (d) Combination of particle size and concentration. Adapted with 

permission.88 Copyright 2019, Elsevier. 

 

To mitigate the coffee ring effect, numerous studies have documented experiments regarding the pH control 

of liquids in the literature. It has been demonstrated that the DLVO forces, which are composed of 

electrostatic and van der Waals forces, influencing the deposition pattern of particles on the substrate are 
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impacted by the solution’s pH. At pH ≥  5.8, there exists an attractive and a repulsive DLVO force, 

respectively (Figure 3a).85  The fundamental difference between low pH and high pH deposits is that low 

pH results in particles being attracted close to the substrate, leading to the formation of thick and 

homogeneous deposits, whereas high pH causes a substantial proportion of particles to not be attracted to 

the substrate, resulting in nearly all particles being deposited in the peripheral ring. In general, coffee rings 

are more likely to form when the pH of the solution is over neutral.89 This is because solutions with a pH 

higher than neutral have a lower surface tension than acidic or basic solutions. Lower surface tension means 

that the liquid is less likely to flow back into the center of the droplet after evaporation, resulting in a higher 

concentration of solutes at the edge of the droplet, which leads to the formation of the coffee ring.90-92 

 

The initial contact angle determines how well the droplet spreads over the surface. A hydrophobic substrate 

will cause the droplet to form a more compact shape with a higher contact angle, while a hydrophilic 

substrate will cause the droplet to spread out more thinly with a lower contact angle. Figure 3b illustrates 

the deposit of particles on various hydrophilic surfaces86 (initial contact angle). On substrates with high 

wettability and smaller contact angles, drying droplets tend to form ring patterns. Conversely, on substrates 

with lower wettability and larger contact angles, a greater concentration of nanoparticles is observed in the 

center of the peripheral rings.93 However, it is important to note that the effect of substrate wettability on the 

coffee ring effect is also dependent on other factors such as the size and concentration of the particles in the 

droplet, the rate of evaporation, and the surface tension of the liquid.94, 95 

 

Experimental research is done on the effects of multi-species nanoparticles on the deposition patterns from 

evaporating sessile droplets.87, 96 For hydrophobic substrates, the evaporation mode is CCA, and the 

microparticles and nanoparticles are well mixed in the final deposition. On hydrophilic substrates with a 

contact angle, 0° <𝜃𝑅𝐶𝐴 < 45°, there are three distinct regions, starting from the outermost part of the droplet 

and extending towards the center (Figure 3c). These regions consist of a nanoparticle-only region, a region 

of mixing between microparticles and nanoparticles, and an internal region of microparticles only. For 

hydrophilic substrates with a contact angle 𝜃𝑅𝐶𝐴=0, the nanoparticles are heavily aggregated at the contact 

line (CL), thus preventing the CL from receding. In this case, the nanoparticles and microparticles are almost 

completely separated. Multi-species nanoparticles will also influence the near-wall particle motion and 

evaporation rate.97 Take the sessile droplets containing a hybrid of tracer particles and Si/Ag nanoparticles 

as an example, the tracer particle motion showed a circling pattern at the initial evaporation stage due to non-

uniform evaporation rates. The addition of Si/Ag nanoparticles enhanced the droplet evaporation rate and 

influenced the pinning and depinning of the contact line, resulting in an irregular deposition pattern.  

 

Recent studies have also investigated the coupling effect of the particle size and concentration on deposit 

formation. For a constant particle size, the ring width increases with concentration and that three distinct 

deposit types–- discontinuous monolayer rings, continuous monolayer rings, and multilayer rings can be 



11 
 

produced through the combination of different particle concentrations and sizes (Figure 3d).88 It has also 

been observed that, for smaller particle sizes, the particles readily adhere to the contact line and can be tightly 

packed with each other during evaporation, leading to the formation of ring patterns on substrates with 

smaller contact angles.66, 98, 99 On the other hand, larger particle sizes tend to result in the formation of internal 

deposits or uniform deposit patterns on various substrates.100  

 

Manipulation of assembly patterns by droplet drying environment  

 

FIGURE 4 Deposition patterns obtained after evaporation of sessile droplets in different drying 

environments. (a) Ambient pressure. Adapted with permission.101 Copyright 2012, Elsevier. (b) Surfactants. 

Adapted with permission.76 Copyright 2012, American Chemical Society. (c) Electrowetting. Adapted with 

permission.102 Copyright 2011, The Royal Society of Chemistry. (d) Combination of substrate temperature 

and substrate hydrophobicity. Adapted with permission.95 Copyright 2016, American Chemical Society. 

 

The effective diffusion coefficient of water vapor in the atmosphere increases as the ambient pressure 

decreases, leading to an increase in the evaporation rate. The evaporation of droplets at different pressures 

leads to distinct deposition patterns.101 At 750 mbar, evaporation results in 'stick-slip' behavior, while at 500 

mbar, a uniform ring forms. At 250 mbar, a wider ring is produced, while at 100 mbar, a strong outward flow 

occurs, causing increased particle deposition near the contact line (Figure 4a). A slower evaporation rate at 

low ambient pressure leads to a more pronounced coffee ring effect as the suspended particles have more 

time to move towards the edge of the droplet. Conversely, a faster evaporation rate at high ambient pressures 

results in a less pronounced coffee ring effect as the suspended particles do not have enough time to move 

towards the edge of the droplet.103, 104. Moreover, the ambient pressure affects the shape of the droplet during 

evaporation, with low ambient pressures leading to symmetric evaporation resulting in a circular deposit and 

high ambient pressures causing asymmetric evaporation resulting in an elliptical or irregular deposit.105, 106 

Similar findings have also been found when the ambient temperature changes. For example, experiments on 

water droplet with drying temperature from room to near boiling point temperature (90 °C) demonstrate that 
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polystyrene nanospheres accumulate at the air-liquid interface rather than at the droplet edge.107 

 

The addition of surfactants significantly influences the deposition pattern during droplet evaporation. An 

increase in surfactant concentration results in the creation of a strong Marangoni flow towards the center of 

the droplet, preventing most of the particles from reaching the contact line and resulting in more uniform 

particle deposition (Figure 4b).76 Furthermore, surfactants can reduce the surface tension and alter the 

contact angle of the droplet, leading to a more uniform spreading and a more homogeneous deposition pattern, 

with less pronounced coffee ring formation.108, 109  Surfactants can also have a destabilizing effect, leading 

to non-uniform deposition patterns of so-called ‘fingers’ or ‘channels’110, 111 particularly for certain types of 

surfactants, such as ionic surfactants, which can induce electrostatic interactions between the droplet and the 

substrate. 

 

Electrowetting alters the wetting behavior of a droplet on a substrate by applying an electric field. This 

technique can reduce the coffee ring effect and lead to more uniform deposition by reducing the 

concentration gradient caused by differential evaporation rates.112, 113 Researchers have found that 

electrowetting hinders coffee ring formation at low AC frequencies,102 as the internal flow field generated 

by electrowetting prevented the accumulation of solutes along the contact line, resulting in a shift from a 

coffee ring to a dot pattern (Figure 4c), but at high frequencies above 100 kHz, the contact line becomes 

pinned and produces a coffee ring-like pattern due to inertia. In addition to the reduction of the coffee-ring 

effect, electrowetting can also be used to induce the formation of specific patterns during droplet evaporation 

by applying a spatially varying electric field,114 leading to the creation of complex structures with potential 

applications in microfabrication and surface patterning. 

 

Substrate heating has a significant impact on the evaporation dynamics of droplets, which can affect the final 

deposition pattern. The rate of evaporation at the center of the droplet increases as the temperature of the 

substrate rises, leading to the formation of Marangoni flow that can reduce the coffee ring effect. However, 

in some cases, such as on hydrophobic substrates, substrate heating can change the evaporation mode from 

CCA to CCR, resulting in the formation of ring-shaped deposits.95 On hydrophilic substrates, heating 

promotes the formation of thinner rings with internal deposits due to enhanced Marangoni convection at 

higher substrate temperatures (Figure 4d). Heating the substrate is also effective in separating nanoparticles 

from larger particles at the contact line of a droplet by generating a "strong" Marangoni circulatory flow 

inside the droplet that can counteract the coffee ring effect and allow for separation based on size.115 

 

Assembly on a liquid substrate 

The utilization of liquid-liquid interfaces as a substrate for the drying of colloidal droplets has recently 

garnered considerable attention as a promising approach for the creation of organized structures. The 

capacity to manipulate the interfacial properties of the liquid-liquid interface, such as its surface tension and 
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wettability, provides control over the arrangement and deposition of colloidal particles on the interface. One 

key advantage of liquid substrates is their flexibility and deformability,116, 117 which allows for greater 

freedom in the assembly and transfer of colloidal particles, thereby reducing the probability of defects and 

cracks that can occur with solid substrates. Additionally, the liquid-liquid interface can act as a self-healing 

surface, enabling the removal and repositioning of particles without leaving behind any visible traces. The 

formation of ordered structures on solid substrates can be impeded by surface defects and impurities, which 

can act as nucleation sites for defects within the patterns. However, the liquid-liquid interface can effectively 

serve as a purification mechanism, effectively filtering out any impurities and defects during the assembly 

process. In addition to the aforementioned advantages, liquid-liquid interfaces offer versatility in terms of 

the materials that can be deposited and organized at the interface. For instance, particles that are not 

compatible with solid substrates due to their size, shape, or surface properties can often be easily assembled 

and transferred on a liquid-liquid interface. 

 

Morphology evolution of droplets on a liquid substrate 

 

FIGURE 5 Droplet evaporating on another immiscible liquid surface. (a) Schematic diagram of the cross 

section of a droplet. Adapted with permission.23 Copyright 2021, American Chemical Society. (b) The side 

view of the morphology evolution. Reproduced with permission.118 Copyright 2019, American Chemical 

Society. 

 

A theoretical framework was proposed for predicting the morphological transformation of droplets during 

evaporation on an immiscible liquid substrate.23, 119 The droplet shape is characterized by two spherical 

crowns (Figure 5a). The angles between the upper spherical crown, the lower spherical crown, the liquid 

substrate surface, and the horizontal plane at the contact line are denoted as α, β, and γ. The interfacial 

tensions between the droplet and the liquid substrate 𝜎AB, the droplet and the air 𝜎AC, and the liquid substrate 

and the air 𝜎BC are also considered. In this study, it was deemed appropriate to employ the Neumann triangle 

equation rather than the Young's equation in analyzing liquid surfaces.23 In the CCA evaporation mode, 

droplet evaporation on the surface of the liquid substrate is the dominant scenario. However, a gradual 
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decline in the contact angle is noted during the later stages of evaporation, along with a contraction of the 

contact line (Figure 5b). Drops spreading on a liquid-fluid interface show similarities to those on a rigid 

wall during early stages, suggesting interface properties don't play a major role. However, the spreading 

behavior is logarithmic, resembling coalescence. This raises questions about the role of interface curvature. 

Low viscosity liquids require attention due to drop shape oscillations before reaching equilibrium.118 

 

 
FIGURE 6 Cross section schematic of the droplet on a liquid-infused porous surface. Reproduced with 

permission.120 Copyright 2015, American Chemical Society. (a) The theoretical model. (b) The side view of 

the morphology evolution.  

 

Different from a sole liquid substrate, when a solid substrate possesses porosity, the liquid can infiltrate the 

pores and forms a liquid-infused porous surface, commonly known as SLIPS (Superhydrophobic Liquid-

Infused Porous Surfaces).120 SLIPS represent a distinct form of liquid substrate, distinguished by the 

presence of an immiscible lubricating liquid infused into the porous surface. Further, wetting ridges will be 

formed at the edge of droplet, different from a spherical crown that is observed in droplet on a solid substrate 

as shown in Figure 6a. More important, the resultant balance between the three interfacial tensions at the 

contact line between the droplet, the lubricating liquid and the air can be well described by the Neumann 

force triangle that are used to describe the droplet on a liquid substrate. This type of surface was found to 

support high apparent contact angles (~100°) for droplets and exhibit high mobility at the apparent contact 

line, enabling evaporation in the CCA mode (Figure 6b). The lubricating liquid creates a low-energy 

interface that is responsible for the unique properties of the surface, including its repellent behavior towards 

various substances. The presence of the lubricating liquid on the surface also enables evaporation in the 
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Cassie-Baxter mode, which enhances the efficiency of heat transfer and reduces the formation of bubbles or 

hot spots.121, 122 This makes SLIPS a promising material for use in cooling systems, such as in power plants 

or electronic devices123. 

 

Assembly patterns after complete drying on a liquid substrate 

 

 

FIGURE 7 Assembly of particles on liquid substrates. (a) The theoretical model and the top view of the self-

assembly of particles at the liquid−air interface as the droplet evaporates. Reproduced with permission.124 
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Copyright 2019, American Chemical Society. (b) The collapse of liquid marbles (LMs) and LM-mediated 

assembly by controlling the surface tension of the liquid substrate. Adapted with permission.125 Copyright 

2019, American Chemical Society. 

 

An ordered particulate monolayers is created through the evaporation of colloidal droplets situated at the 

liquid-air interface on liquid substrates and the deposition of central bumps at the liquid-liquid interface.124 

At the liquid-air interface, there were individual particles and small islands sparsely scattered. With the 

ongoing process of evaporation, these particles began to aggregate, and the islands expanded in size. 

Eventually, a single layer structure formed at the liquid-air interface (Figure 7a, i). The central bump 

deposition of disordered particles at the liquid-liquid interface was noted to arise from the rapid convergence 

of descending particles and the ascending liquid-liquid interface (Figure 7a, ii & iii). The formation of 

ordered structures is attributed to evaporative convection and capillary forces, which were able to assemble 

the patterns into monolayer formations at the liquid-gas interface as a result of weak capillary flow and triple 

line contraction. The liquid substrate plays a crucial role in this drying process, as the properties of the liquid 

substrate, such as its surface tension and wettability, can influence the final structure and ordering of the 

particles in the monolayer.126 The role of surface tension is also critical in the collapse of multilayered liquid 

marbles (LMs).125 The surface tension required for collapse depended on the volume of the LMs, with larger 

LMs being less stable and requiring a higher surface tension for collapse. The collapse occurred when the 

surface tension force approached the weight of the LM, as determined through force analysis.  As shown in 

figure 7b, the addition of surfactants decreases the surface tension of the liquid substrate on which the 

particles were placed resulted in a steeper meniscus shape and stronger capillary forces, leading to a denser 

assembled structure. The release of the core liquid of the LM during collapse and the resulting Marangoni 

flow also contributed to the denser assembly. 

 

 

FIGURE 8 Droplet drying on a porous liquid-infused substrate. Reproduced with permission.127 Copyright 

2015, American Chemical Society. (a) The three stages of drop deposition (i, ii and iii) and particle motion 

(iv). (b) Comparison of deposition on glass without pores (upper panel) and on nanoporous anodic aluminum 

oxide (AAO) substrates with a pore diameter of 55 nm (lower panel) 

 

The deposition process of colloidal droplets on a porous substrate was found to consist of three stages127: 
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spreading, infiltration, and evaporation (Figure 8a). The deposition was determined by the interaction 

between particle motion, solvent evaporation, and permeation. When the solvent could be completely 

absorbed by the porous substrate, the competition between particle motion towards the contact line and 

solvent permeability was crucial in determining the final deposition morphology. The coffee-ring effect is 

not observed on nonporous glass substrates unlike the porous AAO substrate, which suggests that an increase 

in porosity can prevent the coffee-ring effect (Figure 8b). Further, if the time required for the particles to 

form the first layer of coffee rings was longer than the time required for complete solvent permeation, then 

solvent permeation dominated, and the coffee ring effect was suppressed. Conversely, if the time required 

for the particles to form the first layer was shorter than the time required for complete solvent permeation, 

particle deposition dominated and coffee ring deposition was formed. The influence of substrate pore size 

on the extent of capillary-driven coffee ring effect is investigated.128 The results indicate that a decrease in 

pore size is associated with a reduction in the observed coffee ring as a result of the slower capillary flow. 

On the other hand, when the pore size is excessively large, the nanoparticles become absorbed into the 

substrate along with the draining solute, resulting in a lack of particle deposition. 

 

Assembly in a suspended air environment 

The evaporation of droplets suspended in air can bypass solid surfaces and boundary effects, and a fully 

suspended air-water interface provides the necessary conditions for fabricating freestanding 

nanocomponents. In the process of droplet drying in a fully suspended air environment, the morphology of 

the dried materials is especially influenced by the competition between the diffusion of dispersed material 

in solution and the rate of solvent evaporation.129, 130 This section will examine the evaporation of air-

suspension droplets containing colloidal particles, 2D materials, and 1D materials (nanotubes). 

 

Assembly of rigid particles 

 

FIGURE 9 Assembly of rigid particles by spray drying (a) Morphology changes with the particle size, the 

droplet size, the viscosity of droplet, the drying temperature, the gas flow rate, and the addition of surfactant. 

Adapted with permission.131 Copyright 2003, Elsevier. (b) Schematic of the drying process at different Péclet 
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numbers and the resulting predicted morphologies of the final dried silica microparticles. Adapted with 

permission.33 Copyright 2020, American Chemical Society. 

 

Droplet size, temperature, and surfactant addition are some of the parameters that can be controlled to 

produce different rigid particle shapes and sizes.131, 132 For example, small droplets with large and small solid 

particles produced spherical particles, while toroid particles were produced with larger droplets, high 

temperature, high gas flow rate, and surfactant addition (Figure 9a). Another important factor that affects 

the morphology of dried particles is the Péclet number, which is the ratio of the evaporation rate to the 

diffusion coefficient.33 For instance, at a low Péclet number (below 23.8), the dried silica particles were 

spherical with a smooth surface due to a slow drying process allowing for inclusions to redistribute through 

diffusion. However, as the Péclet number increased, the surface of the particles showed pits, hollows, 

crinkles, and doughnut shapes due to the flexural process triggered by the solute-to-gel transition. This 

process caused the shells to become unable to withstand the pressure of the later stages of the drying process, 

resulting in the unique shapes and textures (Figure 9b).  In addition to the factors mentioned above, the 

viscosity of the droplets also plays a critical role in determining the morphology of the dried particles. High 

viscosity droplets tend to produce more irregular shapes due to their slower evaporation rate, leading to the 

formation of non-spherical particles with pits and crinkles. On the other hand, low viscosity droplets tend to 

produce smoother and more spherical particles due to their faster evaporation rate, which allows the droplet 

to maintain its shape during the drying process133, 134. 

 

The fabrication of freestanding nanocomponents using acoustic levitation self-assembly of nanoparticles is 

an innovative technique that allows for the precise control of particle morphology and structure135. The 

fabrication process involves casting a concentrated suspension of PS-Au NCs into droplets on the surface of 

suspended water. The droplet shrinks vertically but remains unchanged horizontally, forming a double-

layered building block (Figure 10a). A suspension of DNA-NSs is introduced into the droplet, forming a 

three-layer nanoassembly after drying (Figure 10b). Lastly, a three-dimensional hollow scaffold structure is 

formed by introducing CTAC solution along with DNA-NSs and adding a chloroform solution of PS-Au 

NCs at the bubble-water boundary. The resulting structure is composed of a network of hollow tubes with 

the DNA-NSs in the middle layer acting as a scaffold (Figure 10c). Similar to the spray drying method, the 

morphology and structure of the particles formed through this method can be also controlled by adjusting 

the concentration of the nanoparticle suspension, the type of solvent used, and the evaporation rate of the 

solvent.136, 137 For instance, increasing the concentration of the nanoparticle suspension can lead to the 

formation of larger and more irregular particles structures.  
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FIGURE 10 Levitation mediated self-assembly of various nanoparticles. Adapted with permission.135 

Copyright 2019, American Chemical Society. (a) The assembly of a bilayer nanoassembly. (b) Assemble 

sandwich nano-assemblies by injecting a concentrated suspension of DNA-NSs. (c) A levitated DNA-NSs 

droplet with bubbles.  

 

Assembly of mechanical deformable nanomaterials 

In contrast to colloidal particles, which generally do not experience mechanical deformation during solution 

evaporation, 1D and 2D nanomaterials are highly susceptible to deformation, folding, and stacking due to 

compression. The dispersion of these materials in liquid solutions also differ, with 2D materials tending to 

migrate towards the liquid-air interface while 1D materials remain in the droplet. During early stages of 

evaporation, graphene sheets tend to aggregate at the liquid-gas interface while carbon nanotubes remain 

within the droplet, with only a small fraction penetrating the droplet surface and being exposed to air. As 

evaporation continues, the graphene sheets crumple and assemble at the liquid surface while carbon 

nanotubes within the droplet deform and accumulate, resulting in crumpled graphene-assembled 

nanoparticles after complete evaporation of the encapsulated carbon nanotubes. A theoretical model was 

proposed to systematically characterize the wrinkling and self-assembly of two-dimensional materials.36 The 

model incorporates a rotating spring to describe the deformation of 2D sheets and a mechanical slider to 

model the bonding energy between a single 2D sheet or adjacent sheets during self-folding or overlap 
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(Figure 11a, i). This model offers valuable insight into the behavior of 2D materials during self-assembly 

and can provide a foundation for the development of advanced materials with tailored properties. The 

findings indicate that, at low evaporation pressure and small total graphene sheet area, self-folding of single 

sheets is minimal and assembly dominates, whereas at high evaporation pressure and large total graphene 

sheet area, both folding and assembly occur concurrently. Furthermore, another energy-based model was 

proposed to examine the migration, crumpling, and assembly mechanisms of carbon nanotubes and graphene 

suspended in liquid droplets during solution evaporation(Figure 11a, ii & iii).37 This model can predict the 

wrinkled morphologies of the composite particles resulting from varying graphene mass fractions and CNT 

diameters.  

 

Experimentally, a one-step aerosol method was utilized to assemble carbon nanotubes and graphene into 

hybrid nanospheres (CGHN).138 This aerosol-assisted assembly method prevents the formation of CNT 

bundles and restacking of individual graphene sheets, effectively increasing the specific surface area (Figure 

11b). The CGHNs are highly stable due to strong π–π interaction and can form efficient charge transfer 

pathways with improved electronic conductivity, resulting in superior oxygen reduction reaction 

performance to commercial Pt/C catalyst after nitrogen and phosphorus doping. In a similar experiment, 

isotropic compression of graphene oxide sheets to form a near-spherical particle has been achieved through 

aerosol-assisted capillary compression.139 The concentration of GO in aerosol droplets can affect the size 

and degree of crumpling of particles. Higher concentrations of GO result in larger particles with fewer ridges 

and vertices, while lower concentrations lead to smaller particles with more crumpling (Figure 11c). Thicker 

GO flakes with higher bending modulus from higher GO concentrations make the particles stiffer against 

deformation, resulting in less crumpling and larger particles.  

 

The above experiments highlight the use of aerosol methods in the assembly of nanomaterials, specifically 

carbon nanotubes and graphene. The aerosol method has the advantage of providing a suspended air 

environment for the assembly process, which can lead to more controlled particle formation compared to 

other techniques. For example, TiO2 hierarchical hollow microspheres with improved photocatalytic 

performance were made using an ultrasound-assisted aerosol-spray method followed by topotactic 

transformations. The microspheres were assembled from TiO2 mesocrystal nanosheets, and their unique 

structure allows for efficient light absorption, fast charge separation, and improved mass transport.140 An 

efficient method has been developed to synthesize 2D layered WS2 nanosheets assembled on 1D WS2 

nanostructures for the ultrasensitive detection of NO2.141 Researchers combined the aerosol-assisted 

chemical vapor deposition (AA-CVD) method with H2-free atmospheric pressure CVD, enabling direct 

integration of the sensing material onto the sensor transducer with high growth yield and uniform coverage. 

This has significant implications for the development of advanced sensing materials and detecting harmful 

gases. 
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FIGURE 11 The crumbled structures obtained by assembling 2D/1D materials. (a) Schematic illustration of 

assembly process of mechanical deformable 2D sheets by droplet drying in a air and snapshots of simulated 

assembly patterns of graphene sheets(i), nanotubes(ii), and mixture(iii) after complete evaporation of liquid. 

Reproduced with permission.37 Copyright 2020, American Chemical Society. (b) Experiments of drying 

droplets containing nanotubes and graphene into hybrid nanospheres (CGHNs). Reproduced with 

permission.138 Copyright 2016, John Wiley & Sons. (c) Particles of crumpled GO sheets by evaporating 

aerosol droplets at different concentrations. Adapted with permission.139 Copyright 2011, American 

Chemical Society. 
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Applications in ink-based printing technologies 

Ink-based printing technology has come a long way since the days of the Gutenberg press, where movable 

type was used to create printed pages. Today, modern inkjet printers can produce high-quality images and 

text with incredible speed and precision. One of the key innovations that have driven this progress is the 

ability to control the way ink droplets dry on paper. In this section, we will explore how the principles of 

colloidal droplet drying have been embodied in applications to ink-based printing technology.  

  

FIGURE 12 Ink-based printing technologies. (a) Schematic diagram of two types of inkjet printing systems: 

(i) continuous inkjet printer and (ii) drop-on-demand printer. Adapted with permission.142 Copyright 2020, 

Springer Nature (b) inkjet-printed lines with 200 Hz printing frequency for various droplet overlaps and 

substrate temperatures (continuous inkjet printer). Adapted with permission.143 Copyright 2018, MDPI. (c) 
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droplet shape for different surfactant strengths after pinch-off from the nozzle (drop-on-demand printer). 

Reproduced with permission.144 Copyright 2021, AIP. (d) The conditions of droplet formation and injection 

for the Ag nanopowder suspension with pulse voltage of ±33 V. Reproduced with permission.145 Copyright 

2008, IOP Publishing. (e) Time sequence of ink droplet at breakup at different nozzle inner wall contact 

angle. Reproduced with permission.146 Copyright 2019, Springer Nature. 

 

Inkjet printing systems can be classified into two types: continuous inkjet (CIJ) and drop-on-demand (DoD). 

The former employs a piezoelectric transducer to break up ink into droplets (Figure 12a, i), whereas the 

latter ejects single droplets using an actuator (Figure 12a, ii). CIJ technology is suitable for high-speed 

printing applications such as labeling, packaging, and coding, thanks to its high-resolution printing 

capabilities. The small diameter of the ink droplets (10-100 microns) facilitates high-resolution printing, 

making it versatile across various substrates like plastic, metal, glass, and paper. A recent study has shown 

that low-temperature adhesive bonding using continuous inkjet printing can be employed to bond fragile 

M(O)EMS devices, thus mitigating bonding-induced defects and enhancing device reliability. Drop-on-

Demand (DoD) technology is ideal for printing on materials such as textiles and ceramics, where precision 

and droplet control are critical.147 DoD technology allows for customization of droplet size by manipulating 

the voltage applied to the piezoelectric crystal or by adjusting the temperature of the thermal printhead, 

making it suitable for high-precision printing tasks.142 Additionally, DoD technology is well-suited for 

printing on irregular or non-flat surfaces. 

 

The principles of colloidal droplet drying have been integrated into inkjet printing in various ways to control 

ink droplet drying behavior and achieve high-quality prints. One approach is to modify the substrate by 

applying a pre-treatment, such as heating or plasma, that alters the droplets' interaction with the surface, 

resulting in smoother and more uniform prints. As the temperature increases, ink droplets solidify faster than 

the printing period, resulting in a distinct round edge on the substrate. Temperature control is crucial for 

optimal printing outcomes,143 and findings from a recent study indicate that the appearance frequency of 

bulges decreases with temperature increase due to rapid solvent evaporation (Figure 12b). Another approach 

is to modify the ink itself by adding additives, such as surfactants, that control the surface tension and 

viscosity of the ink, promoting optimal droplet spreading and merging on the substrate (Figure 12c).144 The 

pulse voltage can also have an effect on inkjet printing.145 A higher driving pulse voltage was needed for the 

silver suspension to form droplets, with a thinner and longer liquid column and longer pinch-off time. 

However, the characteristic adjustment time for droplet recombination was shorter than for deionized water. 

The minimum pulse voltage for ejecting the silver suspension at 30 𝑤𝑡% was ±33 V (Figure 12d). Below 

this, droplets couldn't be formed or ejected, and the liquid column broke up below the nozzle and quickly 

formed a spherical shape. Another study examined how the contact angle of the interior surface affects the 

optimal contracting angle.146 The nozzle inner wall contact angle from 𝑎1 to 𝑎5  are 10°, 50°, 90°, 130° and 

170° respectively (Figure 12e). A super hydrophilic surface produced thicker ligaments and higher droplet 

speed, while a super hydrophobic surface resulted in a thinner and longer tail ligament, potentially reducing 
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printing quality. A super hydrophilic inner surface was found to be more beneficial for printing quality and 

throughput rates. Organic and volatile solvents can also be used to control the ink's properties, including 

viscosity, surface tension, stability, particle size, density, contact angle, leveling performance, and 

evaporation rate.148, 149 Advanced droplet ejection technologies like thermal inkjet,150 piezoelectric inkjet,151 

and electrohydrodynamic (EHD) printing152 enable ink droplets to land on the substrate with high precision 

and accuracy, resulting in sharp and crisp prints.153, 154 Finally, controlling the environment in which inkjet 

printing takes place, such as using heated platens or drying chambers, is crucial for optimal drying times and 

producing high-quality prints. Overall, the principles of colloidal droplet drying have been embodied in 

inkjet printing technology to achieve greater precision, speed, and quality in printing. By understanding and 

controlling the complex physical and chemical factors that govern the drying behavior of ink droplets, 

researchers and engineers have been able to develop new techniques that enable more efficient inkjet printing. 

 

Applications in the printing of sensors 

Inkjet printing has revolutionized the way electronic sensors are fabricated and has become a popular 

technique in the field of printed electronics. As a non-contact, digital printing process, inkjet printing allows 

precise placement of small droplets of functional materials on a variety of substrates, including flexible and 

rigid materials, at high speed and low cost, and has various areas of application ranging from electronic 

sensors to biomedical applications. 

 

Electronic sensors for anti-counterfeiting 

Charged droplets have emerged as a promising tool for the precise printing of complex nanometer-scale 

patterns with minimal material transfer across different surfaces, facilitated by the voltage differentials 

between the inkjet and grounded substrate.155 Various inks were used during the printing process: 

Suspensions of Ag nanoparticles (Figure 13a, i), Ag nanowires in (Figure 13a, ii), and Ag nanotubes (Figure 

13a, iii). The peaks are reported to be approximately 150 nm in thickness and ∼0.25 V in electric potential. 

Inkjet printing has also been used as a cost-effective means of flexible electronic sensors, as multi-parameter 

sensors capable of temperature, humidity, and strain measurements have been produced using silver 

nanoparticle ink and PEDOT: PSS.156 (Figure 13b). The demand for stronger anti-counterfeit patterns grows 

with the advancement of modern materials and printing technology. Photonic crystals exhibit characteristics 

that allow them to alter light frequency and intensity, making them the ideal materials for printing anti-

counterfeit patterns.157-159 Utilizing inkjet-printing, The mono-layered, self-assembled photonic-crystal 

(SAPCs) patterns were produced on various substrates:160 Glass (Figure 13c, i), Si wafer (Figure 13c, ii), 

PP (Figure 13c, iii), and PDMS (Figure 13c, iv). Under daylight conditions the patterns become covert, 

while under illuminations the patterns display colorful holograms. Additionally, patterned fluorescent arrays 

of Perovskite materials have been produced161 via an in Situ crystallization process utilizing inkjet-printing 

as well (Figure 13d). This technology can be used in applications such as anti-counterfeiting labeling. 
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Figure 13 Flexible electronic sensors. (a) 3D KFM images of the samples printed with electrically charged 

droplet jets utilizing various inks. Reproduced with permission.155 Copyright 2010, American Chemical 
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Society. (b) Droplet spacing of multi-nozzle inkjet printing. Reproduced with permission.156 Copyright 2012, 

American Chemical Society. (c) Photonic crystal printing, self-assembly, and patterning. Reproduced with 

permission.160 Copyright 2016, Springer Nature. (d) Production of patterned fluorescent arrays composed of 

Perovskite materials via in Situ crystallization. Reproduced with permission.161 Copyright 2019, American 

Chemical Society.   

 

Apart from its traditional applications, inkjet printing has emerged as a powerful tool in producing flexible 

organic electronics. The electronics under discussion consist of thin films of organic materials, specifically 

polymers and small molecules.162, 163 These materials exhibit distinctive characteristics, including flexibility, 

low cost, and ease of fabrication, which render them highly promising for the transformation of the 

electronics industry. Inkjet printing's main advantage lies in its ability to print multiple materials in one go, 

which is crucial in the fabrication of multi-layer electronic devices. To achieve this, various print heads can 

be utilized to deposit different materials, including conductive inks, insulating inks, and functional materials, 

onto the substrate. Furthermore, inkjet printing allows for the accurate deposition of materials with the 

required thickness and pattern, an essential feature in the production of high-sensitivity and high-selectivity 

sensors. 

 

Biomedical sensors for healthcare 

Biomedical sensors play a crucial role in the monitoring and diagnosis of various medical conditions, and 

the development of inkjet printing technology has enabled the fabrication of sensors that are highly accurate, 

reliable, and cost-effective. Inkjet printing technology has been used to fabricate a variety of biomedical 

sensors, including glucose sensors and pH sensors. These sensors are critical in the monitoring and diagnosis 

of various medical conditions, including diabetes, cancer, and cardiovascular disease.  

 

Utilizing printed inkjet droplets with the evaporation-induced spontaneous flow on photonic crystal basilica 

can increase the detection limit for optofluidic analysis from the traditional pipette-dispensed surface-

enhanced Raman scattering (SERS) method (Figure 14a)164. The bioaccumulation resulting from the 

evaporation-induced flow substantially increased the sensitivity of the SERS for optofluidic analysis by a 

factor of 106 to 107. Microfluids have also been used in the array-based single-cell reverse transcription 

quantitative PCR (RT-qPCR) assay method for cellular genetic analysis (Figure 14b).165  Droplets containing 

cell suspension are deposited on the hydrophilic spots of the silicon underneath a layer of cover oil in an 

array, and after cell counting and thermal lysing, reverse transcription (RT) mix is injected into the droplets 

to convert RNA to cDNA, then PCR mix is added to the droplets before real-time fluorescence PCR is 

conducted for genetic analysis. Such sensitive methods have potential applications in rare cell and 

transcriptional analysis.  
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Figure 14 Flexible biomedical sensors. (a) Sub-nanoliter liquid droplets inkjet-printing on photonic crystal 

basilica. Reproduced with permission.164 Copyright 2016, The Royal Society of Chemistry. (b) Droplet array 

system for single cell gene expression analysis. Reproduced with permission.165 Copyright 2015, Springer 

Nature. (c) Schematic of the fabrication process of a SWCNT-based pH sensing electrode. Reproduced with 

permission.166 Copyright 2016, Elsevier. (d) Schematic illustration of a pressure monitoring sensing unit. 

Reproduced with permission.167 Copyright 2019, MDPI. (e) Photograph of glucose biosensors inkjet-printed 

on paper with a loop on the device geometry/configuration. Reproduced with permission.168 Copyright 2018, 

Springer Nature. 

 

A method has been developed for depositing functionalized single-wall carbon nanotubes using inkjet 

printing, which can serve as both electron conduction and pH-sensitive layers.166 The mechanism for pH 

sensing involves doping and de-doping of the carbon nanotubes by hydronium and hydroxide ions (Figure 

14c). To enhance electron conduction and pH sensitivity, multi-pass printing was utilized to deposit tightly 

packed thin films and lower electrode resistance. Another area where inkjet printing technology has shown 

promise is in the development of wearable biomedical sensors. Inkjet printing technology allows for the 

printing of sensors directly onto flexible and stretchable substrates, which can conform to the contours of 
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the body. A conductive rubber with surface processing was designed to create a pressure-sensitive insole for 

real-time planar pressure monitoring.167 The sensor displayed stable contact resistance, easy manufacturing, 

and high mechanical durability (Figure 14d). Experiments demonstrated its ease of assembly and good 

sensing performance with inkjet-printed electrodes and a flexible substrate. One novel analytical tool that 

enables the measurement of physiologically relevant glucose concentrations in human saliva through 

enzymatic electrochemical detection is presented.168 This study utilizes inkjet-printing technology to deposit 

all the necessary components of the glucose sensor onto commercially available paper substrates in a rapid 

and cost-effective manner (Figure 14e). This disposable device includes both electronics and biorecognition 

elements, making it an efficient and comprehensive solution for glucose monitoring. 

 

Biosensors are critical in the diagnosis and monitoring of various medical conditions, including infectious 

diseases, cancer, and autoimmune disorders. Inkjet printing technology has become an increasingly popular 

method for the fabrication of biomedical sensors due to its numerous advantages over traditional 

manufacturing methods, such as allowing for the deposition of specific biomolecules onto the sensor 

substrate, enabling the development of highly sensitive and specific biosensors. Inkjet printing technology 

has enabled the fabrication of microfluidic channels and reaction chambers directly onto the diagnostic 

device substrate.169, 170 This allows for the integration of multiple steps in the diagnostic process, including 

sample preparation, detection, and analysis, into a single device. Inkjet printing technology has also been 

used to fabricate biosensors that can detect specific biomolecules, such as proteins or nucleic acids, in a 

sample.171   

 

Conclusion and outlook 

This literature reviewed the evaporation of droplets containing colloidal particles, 1D materials, and 2D 

materials on solid substrates, on liquid substrates, and suspended in air, from mechanics theories to 

applications. The final dried products depend on a variety of factors, which basically come from the external 

environment (e.g., temperature, pressure), the base droplet (e.g., wettability, Ph) and the solute (e.g., size, 

concentration). Despite the considerable research efforts dedicated to this field in recent decades, several 

challenges remain to be tackled to fully leverage the potential of this approach. The random motion of 

particles in the droplet can result in non-uniform packing and clustering, leading to the formation of 

undesired structures.8 There is still room for improvement in these strategies such as controlling the droplet 

evaporation rate, applying external fields, or using surfactants to stabilize the particle dispersion. For 1D 

materials such as nanowires, the challenge lies in controlling their orientation and alignment within the 

droplet.172 In the case of 2D materials such as graphene or MoS2, the challenge is to achieve controlled 

stacking and interlayer spacing within the droplets.173, 174 Methods such as layer-by-layer assembly or 

chemical vapor deposition can be used to achieve these goals, but needs a careful tuning of the growth 

parameters. 
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Looking forward, despite facing challenges, droplet drying-assisted assembly of materials offers emerging 

opportunities for further exploration. For example, printing nanomaterials-based electronics and biomedicine 

often requires materials assembly with complex structures, that help promote the interactions of devices with 

surroundings. Developing new strategies of droplet evaporation that could control the materials assembly 

with three-dimensional structures or hierarchical assemblies is considered to provide a facile solution. The 

integration of droplet evaporation with microfluidic systems also represents a promising area of worthy 

exploration. This integration is expected to achieve a precise control to both geometric morphology and 

material composition of droplet, thereby significantly benefiting the sensitivity and selectivity for next-

generation microfluidics-based sensors and actuators. For another example, with the emerging of new 2D 

nanomaterials and soft materials whose structural features, physical, mechanical, and chemical properties 

are significantly different with bulk counterparts, assembly them with desirable structures via droplet drying 

may lead to new mechanics and assembly theory. Besides, the flow field may in turn affect both mechanical 

deformation and assembly process of materials, and development of theoretical models and simulation 

approaches that could reflect their dynamic coupling mechanisms will advance fundamental science of 

materials assembly by droplet drying. In parallel, exploration of new experimental measurement techniques 

that allow to uncover in situ dynamic mechanical deformation and assembly process during droplet drying 

is of critical importance, and certainly techniques that help measure full three-dimensional flow fields of 

liquid in droplet will also be highly needed in the future. Last but not the least, droplet drying based 

manufacturing or printing large-scale functional structures usually needs a continuous, uninterrupted layer-

by-layer or line-by-line material assembly with seamless integration (sometimes desirable assembly 

interfaces/boundaries for multiple materials), where the individual droplet spreading, coalescence, and/or 

collision may be necessary, and extension of existing assembly theories and manipulation technologies and 

control strategies to droplet formation, drying and its response to external stimuli could be of a future 

research focus in fundamental science and application manufacturing technologies. 
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ToC figure: 

Droplet drying provides a low-cost and facile route for assembling materials and structures in a wide 

spectrum of functionalities down to the nanoscale and also serves as a basis for innovating ink-solution based 

future printing technologies. The fundamental mechanics theories that are underpinned for material assembly 

by droplet drying on solid and liquid substrates and in a fully suspended air environment, along with the 

challenges and future opportunities, are highlighted with representative applications in printing electronic 

devices.  
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