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A B S T R A C T   

In order to control ink droplet movement into the printing-paper layer, a set of pore-scale two-phase flow 
simulations were performed. The high-resolution three-dimensional pore space of the paper was obtained using 
focused ion beam scanning electron microscopy (FIB-SEM). Solving Navier-Stokes equations yielded details 
about dynamic movement of a droplet into the layer. To evaluate simulation results, for the first time, confocal 
laser microscopy imaging technique was integrated into a FIB-SEM chamber. Doing so, high resolution imaging 
of the droplet penetration inside paper was conducted and computed volume of penetrated ink at final stage was 
compared to the imaged volume. The ink penetration and spreading extent showed a good agreement with 
simulation results. Therefore, the developed simulation case was further investigated to study impact of liquid 
contact angle, real ink properties, and droplet arrival velocity on paper surface on final print quality. A faster 
penetration into the paper coating was observed for smaller equilibrium contact angles; meanwhile, more radial 
wicking was observed. In case of velocity of impact, higher velocity caused creation of irregular shapes of the ink 
footprint on paper surface. In addition to that, higher velocity caused ink splash which consequently created 
satellite droplets and lowered the print quality. Comparing ink-like liquid (representing real ink liquid proper-
ties) with water, water moves faster than ink-like liquid into the paper. This is mainly due to the higher viscosity 
and lower surface tension of the ink-like liquid.   

1. Introduction 

In the coating industry, nano-size granular materials are commonly 
used to modify properties of a layer or to improve the performance of a 
substrate. For instance, in case of printing paper, a thin layer of mineral 
material is usually applied on the fibrous layer to confine ink droplet 
movement into the paper layer and increase print quality. The coating 
layer is made of very fine grains, creating tiny pores which hold the ink 
and limits the spreading of ink [1]. As an example, Fig. 1 shows a light 
microscopy image revealing the effect of coating layer of paper on 
limiting ink spreading and consequently on print quality. In the left 
image, in the case of coated paper, the droplet’s footprint keeps the 
round shape of the droplet after reaching the paper surface. However, in 
the case of uncoated paper, the droplet spreads less controlled on paper 
after landing, resulting in a proper print quality. 

There are two commonly used methods of forming droplets in inkjet 
printing: the continuous inkjet (CIJ) technique and the drop-on-demand 

(DOD) technique [2]. In the continuous inkjet printing, droplets are 
continuously being created. However, since droplets are not constantly 
needed during the printing process, most of them are deflected back to 
the ink circulations or into a waste reservoir. The remaining droplets are 
let through and end up on the substrate. In the drop-on-demand method 
of inkjet printing, droplets are only released when they are actually 
required on the substrate (Le, 1998). 

When an ink droplet arrives on surface of a coated paper, capillary 
suction into pore space of the coating layer starts immediately. Subse-
quently, the solvent part of ink separates from colorant part and imbibes 
further into the pores based on surface energy of the pore surfaces. In 
addition to capillary suction, diffusion also plays a role and depends on 
concentration gradient and is a result of Brownian motion [2]. The most 
important properties of print substrate are pore space and chemical 
properties of grain surfaces. The chemical properties of the surface 
controls ink movement at the early stage of ink arrival. However, as soon 
as mobile part of ink starts to imbibe into the layer, pore network of the 
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layer dominates. Most often, the binder used in coating layer’s structure 
is hydrophilic and starts to swell due to contact with water part of ink 
solvent. 

Reis et al. [3] developed a numerical model to study the impact of 
droplet on a porous medium layer. They focused on free surface move-
ment inside layer and implemented surface tension effects inside and 
outside the porous layer; the free surface term is sued since the impact of 
the other fluid on the moving fluid is negligible. The modeling results 
were compared with experimental ones and showed good agreement 
between them was found. They used SIMPLEC algorithm to solve pres-
sure and velocity coupling. In another work, Rahimi et al. [4] presented 
pore-network simulations of simultaneous imbibition and drying of 
single droplets as well as of series of droplets in porous substrate. They 
developed a two-dimensional pore-network model that tracks the 
imbibition and drying of a droplet into a porous particle. They studied 
the impact of pore network on evolution of the droplet in porous media 
with mono and bi-model pore size distribution. They approximated the 
porous particles by a network of cylindrical throats interconnected via 
pores. Börnhorst et al. [5] did experimental investigations and numer-
ical simulations to study the effect of pore network, drying conditions 
and solute concentration on impregnation of particles in a porous media. 
They used an idealized pore network to represent the real support 
structure. They adopted the pore network model with pore size distri-
bution of a real support substrate and added drying condition. They 
performed simulations to study the influence of pore size distribution, 
drying rate, and solution concentration. They reported that some devi-
ation form experimental results were identified which can be due to 
simplicity of pore network model and neglecting film flow. 

Terrazas-Velarde et al. [6] presented simplified models, with help of 
Washburn equation, for binder droplet imbibition and drying on/in 
porous particles, in the context of spray fluidized bed particle formation 
processes. They also performed experiments on imbibition and drying 
process while a droplet was in contact with porous alumina particles. 
They concluded that agglomeration rate reduces due to imbibition of 
liquid into porous particles; for low binder concentration this process 
cannot be neglected. The simplified model gave insight in the order of 
magnitude of the penetration velocities. However, they concluded that a 
realistic pore network and accounting for contact angle inside pores are 
needed for an improved model to predict the behavior of the system. In a 
similar work, Rieck et al. [7] developed a stochastic modeling approach 
including deposition of droplet on porous particle, imbibition into the 
particle, and glass transition to study a lab-scale fluidized bed. The 

model was able to predict the influence of parameters, such as inlet gas 
temperature and spraying rate, on the agglomeration behavior. 

Sun et al. [8] discussed the residual distribution of moisture in 
partially saturated wipes with similar multilayer structure as coated 
paper. Using X-ray microtomography imaging, they acquire wet and dry 
sample structures and determined average structural properties and 
lotion distribution in the layer. A pore-network model was developed to 
simulate lotion distribution in the layer and the influence of equilibrium 
contact angel and viscosity on lotion distribution. Määttänen et al. [9] 
characterized a multilayer coated paper by determination of surface 
energy, based on contact angle measurements, and topography of layer. 
The study was done in order to evaluate printability of the layer for a 
semi-conductive polymer. Effect of surface roughness, thickness, and 
pore sizes on spreading of polymer droplet were studied. They 
concluded that the coated paper can be used as substrate, instead of 
plastic layer, in order to make disposable and recyclable diagnostic 
devices. In a similar work, Gigac et al. [10] studied the effect of chemical 
and structural properties of the coating layer on resulted print quality. 
For coating layer material, they used silica and calcium carbonate pig-
ments, polyvinyl alcohol and cationic starch binders combined with 
high-cationic polymers and studied their effect on print quality. They 
concluded that the best print quality, including sharpness, larger 
roughness, and largest ink wetting, was obtained using silica as main 
material and liquid/solid contact angle less than 15⸰. 

In order to control imbibition of ink into paper substrate, usually the 
surface of cellulose layer is covered with filler material. Liu et al. [11] 
characterized the imbibition using the viscus drag based equation, 
Lucas-Washburn, Bosanquet equation htat includes inertia. They re-
ported that in case of uncoated paper, none of mentioned equations 
describes the imbibition. However, fillers covering the layer, then the 
fluid behavior seems to follow inertial plug flow at early stage of imbi-
bition and then tends to viscosity drag-based flow over longer time. 

Two major phenomena that affect the status of droplet on paper or 
any other porous layer are; evaporation and imbibition into layer. Oko 
and Swerin [12] measured evaporation rate using high-speed camera. 
They used three paper samples; uncoated and coated papers (glossy and 
mat). A droplet of 60 pL was placed on sample surface and evaporation 
rate was determined. They concluded that in the case of uncoated paper, 
evaporation is dominant and in case of coated paper, mat and glossy, the 
imbibition is dominant and droplet disappears in 10− 150 ms. 

Suffield and Jokar [13] studied the penetration of a droplet into 
several different porous layers numerically and experimentally. The 

Fig. 1. The character A printed on coated and uncoated papers.  
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droplet impact and its infiltration into layer were simulated. The 
simulation results were then compared with experimental ones, which 
were collected using a high-speed camera. The results compared well 
with each other for times greater than 0.1 s. The simulation was done on 
the macroscale using FLUENT software and macro-scale properties of 
the layer being; porosity, permeability, and surface tension. 

In order to control ink penetration and spreading into the layer, 
which determines resulting quality of print, layer properties like 
porosity, thickness, permeability, hydrophobicity, temperature, and 
moisture content of the layer need to be optimized. An optimized 
coating surface will provide less bleeding, high sharpness, high resis-
tance to rub, high optical density, and bright colors [2]. Most of the time, 
the coating layer of paper is engineered to have high colorant fixation by 
addition of polymers as well as magnifying the chemistry of pigment 
surface. Ionic charge is distributed in the coating layer to enhance fix-
ation of dye-based ink. Lamminmäki et al. [14] studied addition of 
anionic and cationic polymers to the coating layer and its effect on 
spreading and penetration of the inkjet ink into layer. Addition of 
cationic additives resulted in slowing down ink penetration and 
increased fixation of anionic colorant part of ink. 

Macroscale modeling of fluid flow in thin porous layers under un-
saturated condition is a challenging work due to the fact that such a thin 
layer doesn’t contain sufficient number of pores along the thickness of 
the layer and fails to full fill Representative Elementary Volume (REV) 
requirement [15–19]. Therefore, in order to study tiny ink droplet 
infiltration into thin coating layer of a printing paper, pore-scale simu-
lation is needed. Examples of recent pore-scale studies of flow in thin 
porous layers can be found in Sweijen et al. [20,21], who employed 
discrete element model and pore unit assembly to study water transport 
in thin granular layer, Qin et al. [22] who studied water and vapor 
transport in GDL and MPL layers of fuel cell. 

In this work, we have performed pore-scale simulations of ink 
droplet infiltration into the coating layer of printing paper. Imaging of 
fluid flow within the pore space of a dense thin layer is also very chal-
lenging. In recent studies, CT-scanning and confocal laser scanning 
microscopy (CLSM) have been used to visualize the movement of liquid 
in a fibrous layer (uncoated paper). These methods however are not 
applicable to provide information on the penetration of liquid into a 
tight porous medium such as the coating layer of paper with pore sizes of 
about 200 nm. FIB-SEM have been employed to characterize the pore 
space of a coating layer [23]. However, identifying pores invaded by 
aliquid using FIB-SEM or TEM has proven to be not possible. Even 
adding gold nano particles (of about 2 nm in size) didn’t help; we were 
hoping to be able to “see” nanoparticles deposted on the pore walls. In 
this work, we present a novel technique for the visualization and iden-
tification of pores of the coating layer penetrated by a liquid. The 
technique is based on combining FIB-SEM with CLSM. For the simula-
tion, a reconstructed layer of coated paper has been used. The recon-
struction was based on real images of the layer obtained using Focused 
Ion Beam-SEM (FIB-SEM) imaging [23]. This allowed us to include 
detailed geometrical and topological information about the coating 
layer pore space. As Oko and Swerin found in their work, the droplet 
imbibition into the coating layer is capillary dominated and evaporation 
is negligible. Based on their experimental observations, the droplet of 49 
pL has an evaporation + infiltration time of about few milliseconds to 
occur. For such a droplet size, it takes about 1 s for droplet to evaporate 
on impermeable glass surface. Therefore, here in this work, just capillary 
suction is considered and evaporation in neglected. Imaging of droplet 
jetted on paper and its final penetration status is performed using a novel 
technique, which combines FIB-SEM and CLSM imaging techniques. 
Results of simulation and observations are compared. Furthermore, the 
effect of change in ink properties have been studied. 

2. Materials and methods 

2.1. Paper and ink samples 

Samples of a commercial coated paper (Magno Gloss, Sappi global, 
South Africa) were used in this work. The paper has a thickness of 85 μm 
and made of three layers; a fibrous layer sandwiched in between two 
coating layers. The coating layer on both sides are mainly made of 
CaCO3 with a thickness of about 15 μm each, porosity of 34 %, and mean 
pore size of 180 nm [23]. Calcium Carbonate is in the form of fine 
powder with grain size of 190 nm held together by a binder. For printing 
purposes, an HP inkjet printer, with HP red ink, was used to print a 
certain pattern (a dashed line). The ink is dye-based, so it has no pig-
ments or particles inside. Fig. 2 shows an example of tiny droplets 
printed on the paper sample; the droplets have an almost circular foot-
print becasue as seen in the figure, the coating layer confines the 
spreading of ink. 

2.2. Imaging 

A Confocal Laser Scanning Microscope (CLSM) was used for fluo-
rescence imaging purposes. The setup consists of a commercially avail-
able Focused Ion Beam Scanning Electron Microscopy (FIB/SEM) unit 
(Scios, ThermoFischer) and a custom built, integrated CLSM with a 
Nikon industrial inspection objective lens (ELWD series, Plan Apo 100x 
NA0.9). Fig. 3 shows a schematic of the integrated imaging setup. 
Switching between CLSM and FIB/SEM imaging modes is accomplished 
by shuttling of the sample. 

A 532 nm laser (LightHUB with an AOM, Omicron) coupled via a 
single mode optical fiber was used as an excitation source. The detected 
light was fed into a multi-mode fiber with a core diameter of 10 μm 
(FG010LDA, Thorlabs); this corresponds to 1 Airy spot in this system. 
The light from the multi-mode fiber was split with a second dichroic 
mirror (T565LP, Chroma) into fluorescence and reflected parts. The 
light passing through this dichroic mirror was dominated by the back 
reflection of the excitation light. It was detected by a photomultiplier 
(PMT) operating in current mode (PMMA01, Thorlabs). The reflected 
light signal allowed for imaging of the non-colored paper surface. It also 
allowed for correcting the small translation errors in switching from 

Fig. 2. A light microscopy image showing printed pattern and size of one 
droplet foot-print on Magno-gloss coated paper. 
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CLSM to FIB/SEM (and back) and the the stage drift. Fluorescence signal 
was additionally filtered by a long-pass filter (E542lp, Chroma) and 
detected by a photon counting PMT (H7422P-40, Hamamatsu). 

The dry stains of commercial red ink on the paper sample were 
clearly visible in CLSM. When the stain with the desired size and shape 
was found, the same area of paper was imaged under SEM. In our in-
tegrated 3D CLSM setup, the orientation of frames of CLSM and SEM 
images was fixed to be the same. The translation of the sample from one 
modality to the other is reproducible within several microns (typically 
10 μm). The reflected light signal was used to register the modalities 
within the resolution of CLSM (i.e. sub-micrometer accuracy). The FIB 
was then used in order to remove away part of the sample to make it 
possible to optically image the regions that the ink had penetrated the 
coating layer of paper. Fig. 4 shows schematically the concept of the 
imaging work; removal of the coating layer by ion beam and imaging of 
the droplet penetration by CLSM. Note that the FIB beam is coming at an 
angle of 38◦ relative to the XY plane. This angle has to be taken into 

account when the XY plane images (SEM images and XY projections of 
CLSM images) of excavated stains are analyzed. 

The FIB was used with acceleration voltage of 30 kV and maximal 
current of 13 nA to remove some parts of the coating layer and make it 
possible to see the droplet penetration from the cross-sectional view. 
Surfaces not removed by FIB did not produce any detectable fluores-
cence. The SEM images taken after milling showed the microstructure of 
the coating layer. The acceleration voltage of 2 kV and probe current of 
50 pA were used for SEM imaging. An Everhart-Thorley detector for 
Secondary Electrons was used. The SEM image and the 2D projections of 
3D CLSM stack could be then overlaid using the coinciding features of 
reflection image of CLSM and SEM images to correct for the translation 
error. 

In order to obtain 3D images of dye distribution in the coating layer 
the same measurement procedure was performed multiple times on a 
same dye stain. Each time a new sub-micrometer layer of the sample was 
removed by the FIB (this was taking 1− 2 min, depending on the size of 
the droplet), the sample was transferred again under the integrated- 
CLSM and a new 3D CLSM image was recorded. The whole sequence 
of 3D CLSM data stacks constitute effectively a 4D data stack (fluores-
cence intensity depending on x, y and z coordinates and on the number 
of FIB milling/CLSM imaging step). A 3D distribution of the dye in the 
opaque sample was reconstructed by the following. First of all, the 3D 
CLSM stacks were aligned along x, y and z dimensions. A fiducial volume 
in the first 3D CLSM stack with the sizes larger than the translation error 
(typically 2− 3 μm) was selected. The volume was chosen from the 
sample area with only the original paper surface (not milled by FIB). The 
reflection signal acquired from this patch of sample surface was used for 
alignment of the recorded 3D data stacks. The fiducial volumes were 
used to align the whole stack relative to each other. The 2D maximal 
intensity projections were used to detect the lateral offset via correlation 
of the images. The error in axial direction was corrected by the position 
of the maximal intensity plane in the fiducial volume. The maximum 
intensity projection over the fourth dimension (FIB milling/CLSM im-
aging step) was used to create the 3D stack afterwards. 

2.3. Modeling 

There are several methods to simulate two-phase flow at the pore 
scale. One of the most commonly used methods is the finite volume 
method (FVM) [24]. In the finite volume method, the governing equa-
tions are integrated over a small but finite control volume, after which 
the equations can be discretized [25]. The Volume of Fluid (VOF) 
method is a Eulerian approach too that falls in the category of finite 
volume methods. 

In the Volume of Fluid method, the interface between two phases is 

Fig. 3. Integrated CLSM-FIB-SEM setup. (a) a sample is studied under SEM/FIB (b) the sample is studied under CLSM.  

Fig. 4. The imaging setup using FIB/CLSM/SEM setup explained. A part of 
paper sample (gray block) with a red stain remaining from ink is milled with a 
Focused Ion Beam (yellow arrow) coming at an angle of 38◦ to the XY plane. 
The sample can be imaged with SEM and CLSM, their axis (green arrow) 
coinciding with Z direction. The projections of the 3D CLSM data stack on the 
main plains are shown. The projections on YZ and XZ show the real penetration 
depth, while projection on XY plain can be overlaid with the SEM image. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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not explicitly tracked. Instead, an indicator function I( x→, t) is used, 
whose value in domains containing an α-phase region (Rα) or a β-phase 
region, (Rβ) are defined as [26]: 

I( x→, t) =
(

1 for x→∈ Rα at time t
0 for x→∈ Rβ at time t (1) 

This indicator function can then be used to assign a volume fraction 
(γ) of phase α to each computational cell Ωi of the model, by integrating 
it over the corresponding cell: 

γ( x→i, t) =
1

|Ωi|

∫

Ωi

I( x→, t)dV (2) 

From these definitions, it follows that the volume fraction that is 
assigned to a cell must be equal to 1 if the cell is completely occupied by 
phase α and equal to 0 if the cell is completely occupied by phase β. In 
cells where both phases are present, then 0 < γ( x→i, t) < 1, which means 
that an interface between phases α and β must be present in that cell. 

The standard interFoam solver assumes incompressible, immiscible, 
isothermal two-phase flow conditions. However, modified versions of 
the solver are available that support compressible and non-isothermal 
flow (compressibleInterFoam), miscible fluids (interMixingFoam), and n- 
phase flow (multiphaseInterFoam). In this work, only the standard inter-
Foam solver is used. 

The interFoam solver employs the volume of fluid method to solve the 
momentum balance and mass balance equations for two-phase flow. 
Since both phases are assumed to be incompressible, and thus have 
constant densities ρα and ρβ, the density at every point in the domain can 
be expressed as: 

ρ( x→, t) = ραI( x→, t) + ρβ(1 − I( x→, t)) (3) 

Thus, although incompressible flow is assumed, the density is not 
constant in cells where both phases are present but depends on the phase 
that is present at a certain point. Introducing this expression into the 
mass conservation we obtain: 

∂(ρα − ρβ)I( x→, t)
∂t

+∇
→⋅

((
ρα − ρβ)I( x→, t)U(x, t)

̅̅̅̅→)

+ρβ∇
→⋅U→(x, t) = 0

(4) 

Integrating this equation over a single computational cell Ωi results 
in: 
∫

Ωi

∂I( x→, t)
∂t

dV +

∫

Ωi

∇
→⋅I( x→, t)U→dV = 0 (5)  

which can be rewritten as 

∂
∂t

∫

Ωi

I( x→, t)dV + ∇
→⋅

∫

Ωi

I( x→, t)U→dV = 0 (6) 

Finally, substituting Eq. (2) into the equation above gives: 

|Ωi|
∂γ( x→i, t)

∂t
+ |Ωi|∇

→⋅(γ( x→, t)U→) = 0 (7)  

or simply: 

∂γ
∂t

+ ∇
→⋅(γU→) = 0 (8) 

The equation above describes the transport of the volume fraction γ. 

2.3.1. The continuum surface force (CSF) model 
Since the standard interFoam solver assumes incompressible flow, it 

makes use of the incompressible Navier-Stokes equation, modified to 
take into account forces at the interface. The method that the interFoam 
solver uses to include interfacial forces is the continuum surface force 
(CSF) model presented by Brackbill et al. [27]. Here, instead of treating 
the interface as a discontinuous jump from one phase to the other, the 
interface is modelled as a continuous transition zone with a finite 
thickness h. The interfacial force then becomes a volume force, which 
holds that it must be equal to the surface force per unit area when h → 0: 

lim
h→0

∫

ΔV
F→σ,VdV =

∫

ΔA
F→σ,AdA (9) 

For two fluids that are inviscid and have a constant surface tension, 

Fig. 5. Stereolithography image of the paper coating layer obtained by FIB-SEM imaging [23].  
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the surface force per unit area is: 

F→σ,A = σκ n→ (10) 

Outside of the interfacial transition region, it should hold that F→σ,V =

0. 
The CSF model is used to rewrite the expression of surface force over 

the interface in a computational cell as a volume integral are the whole 
cell: 
∫

Γ∩Ωi

σκ n→ dΓ( x→s) =

∫

Ωi

σκ∇→γ dV (11)  

2.3.2. Fluid properties 
For the simulation of droplet spreading and penetration into a paper 

coating layer, two different fluids were used: water and an ink-like 
liquid. In the case of water, the fluid density and kinematic viscosity 
were set to 1000 kg m− 3 and 10-6 m2s-1. For the ink-like liquid, the fluid 
density and kinematic viscosity were set to 2050 kg m− 3 and 2 × 10− 6 

m2.s− 1, respectively. For both of these two droplet types, the sur-
rounding fluid was assumed to be air, with a density of 1.225 kg.m− 3 

and a kinematic viscosity of 1.48 × 10− 5 m2.s− 1. The interfacial tension 
between water and air was set to 0.0707106 N.m− 1, while the interfacial 
tension between the ink-like liquid and air was set to 0.03571 N.m− 1. 
The contact angles between the liquid droplets and the paper coating 
were varied in the simulations, but as a basis, a contact angle of 45 
degrees was picked based on the measurements of Järnström et al. [28]. 

2.3.3. Reconstructed layer 
For the paper coating geometry we used a piece of coated paper that 

was imaged previously [23], using focused ion beam scanning electron 
microscopy (FIB-SEM) imaging. The porosity and permeability of the 
piece of coating layer were determined to be approximately 0.34, and 
0.1 mDarcy, respectively. The representative elementary volume of the 
coating layer was found to be 4 × 4 × 4 μ m3. The resulting images were 
then analyzed using the Avizo Fire software, and the geometry was 
somewhat simplified by removing disconnected pores and smoothing its 

surfaces, in order to increase the quality of the mesh that to be used in 
simulations. The geometry resulting from these steps is shown in Fig. 5. 

In simulations, droplets were assigned a radius of 2 μm. Some pre-
liminary simulations indicated that the domain size was not large 
enough to contain the spreading and penetration of droplets with a 
radius of 2 μm. The imaging of a bigger domain size using FIB-SEM 
imaging technique would have been very time consuming. Therefore, 
for simulation purposes, the domain was mirrored over the two axes that 
were aligned with the coating surface. This resulted in a geometry with a 
size of approximately 12.2 × 2.9 × 8.9 μ m3, which was sufficient for 
modeling the droplets with a radius of 2 μm. However, the thickness of 
this geometry (2.9 μm) was not sufficient to contain the penetration of 
the droplet, and thus the geometry was mirrored once more in the 
vertical direction to obtain a thickness of about 5.9 μm. This geometry, 
which was mirrored from Fig. 5 in all three axes is shown in Fig. 6. 

To convert this geometry into a mesh that could be used as the 
domain over which interFoam solves the governing flow equations, the 
blockMesh and snappyHexMesh utilities were used. The blockMesh utility 
can be used to create meshes with relatively simple geometries based on 
a set of blocks, each with eight vertices. The edges of these blocks can be 
either straight lines, arcs or splines. For the purpose of this work, the 
blockMesh utility was employed to create a cubic mesh of which the grid 
cells were a constant size. This simple cubic mesh then served as the 
basis for the more complex mesh made to represent the micro-model 
shown above. This more complex mesh was generated using the snap-
pyHexMesh utility. 

3. Results and discussion 

3.1. Imaging results 

We studied several ink droplets footprints deposited on a coated 
paper while printing a dotted line. In order to print dots, the cartridge 
usually produces several tiny droplets (about 9 pL each) and jets them on 
top of each other to make a dot; this results in a main footprint of 
droplets at the landing location and some tiny satellite droplets follow 

Fig. 6. Stereolithography image of the paper coating layer, mirrored over all three axes to produce a larger domain for simulation of droplets of at least 2 μm 
in radius. 
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Fig. 9. Overlays of SEM images (monochrome) and maximal intensity projections (XY) of CLSM data stacks (false color) a) paper surface before milling. b, c, d) 
perspective images of milled paper at three steps of milling. 

Fig. 8. a: the spreading of one of the small droplets on surface of the layer. The droplet was milled and imaged using FIB/CLSM. b: the projections of full 3D stack 
(generated as a result of FIB/CLSM imaging with 13 slicing steps) of the small droplet on XZ plane indicating penetration depth. 

Fig. 7. Foot print of a large droplet (>100 μm)(a). A maximum intensity projections of 3D confocal image taken in the green square showing the milling zone in XY 
(b) and XZ (c) projections visualize of ink penetration in depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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the main one. Therefore, surface imaging showed several dropletsfoot-
prints. For one of the biggest foot prints, we have undertaken full 3D 
acquisition using the 3D FIB/CLSM approach described in the Methods 
section. We have also studied footprints of several small satellites. 

One of the large footprints that we imaged is shown in Fig. 7. It has 
an irregular shape of several overlapping circles and a size of about 100 
μm (Fig. 7(a)). An area close to the middle part of the footprint was 
treated with FIB and a trench was made there (Fig. 7(b)) in order to 
make the underlying dye visible. A 3D stack was acquired at the trench 
area (Fig. 7(c)) and it shows that the ink penetration into the paper was 
no deeper than 15 μm, which is much smaller compared to the lateral 
extent of the footprint. In general, the maximal penetration of less than 
20 μm was observed among the large footprints. 

An advantage of small droplets is that numerical simulations can be 
done much faster and, therefore, the verification process of modeled 
results is easier. Furthermore, these small foot prints show the lower 
limit of how precise the ink-jet print can be. Fig. 8 shows one of the small 
foot prints. The 3D stack was acquired as a result of the FIB/CLSM im-
aging procedure described previously. The foot print size is not larger 
than 11 μm in XY plane and penetrates almost 5 μm into the paper 
(Fig. 8b). 

One can also notice two faintly visible tiny stains to the right of the 
main body of dye which penetrated about 0.5 μm into the paper. The fact 
that such small separate deposits of dye can be formed means that even 
the small droplet of ink which lead to the formation of main stain can be 
split even further under certain conditions. Some ideas about the con-
ditions which actually lead to the formation of these microscopic de-
posits of dye can be inferred from SEM images we have acquired during 
the acquisition of FIB/CLSM data, shown in Fig. 9. 

In Fig. 9, one of the patches of ink is shown to be situated near one of 
the wider pores connecting the area to the paper surface near the main 
body of stain. This particular case gives a valuable insight into the 
process – it is not the amount of ink in a droplet but the pore size which 
crucially determines how deep ink will penetrate. 

In summary, a set of imaging was done on several droplets and their 

satellites of different sizes. Since evaporation is neglected and capillary 
suction is the dominant process, volume of ink droplet and its satellites 
can be calculated using image analysis. The smallest satellites corre-
spond to droplet volume of 0.034 pL, Therefore, for the droplet used in 
the model we chose to have a radius of 2 μm. Table 1 shows an overview 
of the measurements. For the purpose of modeling results evaluation, 
smaller size droplets were most useful. Therefore, here the focus was on 
smallest droplet sizes, which yield spreading and penetration of 6− 8 μm 
and 2− 3 μm, respectively. 

3.2. Modeling results 

Fig. 10 is showing an example of the modeling results for an ink-like 
liquid with a contact angle of 45⸰ with grain surface. Even though the 
evaporation is not involved in the modeling, the final lateral spreading 
and penetration into paper depth match pretty well with the experi-
mental results. As seen in the Fig. 10, the max penetration depth is in the 
range of 2.5− 3 μm, which agrees well with the measured quantities 
(2− 3 μm) obtained by imaging. However, in case of spreading on the 
surface of the layer, modeling results showed a spreading length of 5− 6 
μm while imaging results showed 6− 8 μm. Since the modeling results 
match reasonably with the imaging ones, the developed model was 
further used to study the influence of key parameters of inkjet printing 
(such as droplet impact velocity) on the deposition on ink on substrate. 

3.2.1. Effect of contact angles 
For an optimized inkjet printing condition, radial wicking should be 

minimized in order to reduce the likelihood of adjacent droplets 
touching, which would reduce print quality, while vertical penetration 
should be limited in order to reduce the likelihood that the liquid rea-
ches the underlying fibrous layer. 

In the simulations of droplet spreading and penetration, three 
different values for contact angle were used: 1◦, 45◦ and 90◦. The fluid 
properties of the droplet were chosen to be that of water. At time step 
zero, the spherical droplet, with initial velocity zero, was placed on 
surface of the layer in contact with the layer, to initiate the infiltration. 
The results of simulations for a number of time steps, until penetration 
stopped, are shown in Figs. 11 and 12a. 

From Figs. 11 and 12, it can be seen that the equilibrium contact 
angle assigned to the water droplet has a significant effect on the 
development of the droplet through time, as well as on the distribution 
of the liquid after flow is stopped. Results of simulations with contact 
angle of 90◦ are very different from the other two simulations. The 

Fig. 10. Modeling results for the ink-like liquid with a contact angle 45⸰; from left to right: two side views and one surface view.  

Table 1 
Imaging results of five ink droplets: observed diameter of surface spreading and 
penetration depth into the layer.  

Droplet no. 1 2 3 4 5 

Spreading Diameter, μm 6 8 30 45 50 
Penetration Depth, μm 2 3 5.5 10 11  
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droplet remains fairly spherical, with very little infiltration occurring 
into the paper coating. In the application of inkjet printing, the latter 
result is most desirable, since the slight penetration into the coating with 
limited spreading of the droplet would make the coalescence of adjacent 
droplets much more unlikely. In reality, the part of the droplet that stays 
on top of the coating layer would have plenty of time to evaporate, 
leaving only the adsorbed dye attached to the paper coating. Between 
the contact angles of 1◦ and 45◦, where the droplet eventually fully 
penetrates, the case of a droplet with contact angle of 45◦ would seem to 
be preferable, as the droplet takes longer to penetrate into the coating, 
which would give evaporation more time to act on the droplet, leading 
to less volume entering the coating. This would be beneficial in the 
application of inkjet printing, since this either limits the radial wicking 
of the droplet, or the vertical penetration of the droplet, or both. Fig. 12 
also shows that the radial spreading of the liquid in the coating layer 
becomes more heterogeneous for smaller contact angle; this is 
happening due to the fact that for larger contact angles, the droplet stays 
longer on top of the paper and evaporation happens in that time and 
leaves limited amount of liquid left behind to penetration into paper 
heterogenous structure. This is another indication that a larger contact 
angle is preferable for inkjet printing applications on coated papers, as a 
more homogeneous spreading means less” mottle” in the printing results 

[17]. 
The simulation results are in line with the hypothesis that a smaller 

contact angle would result in both a faster penetration into the paper 
coating and more spreading of the droplet on the surface. Although 
indeed a faster penetration into the paper coating is seen for lower 
equilibrium contact angles, this does not coincide with more spreading 
of the droplet on the surface of the paper coating. Instead, more radial 
wicking is observed. 

3.2.2. Effect of impact velocity 
During the ink jet process, the ink droplet gets released from the print 

head and then arrives on the surface of paper with a certain speed called 
impact velocity. One important parameter controlling the impact ve-
locity is the distance between print head and the paper substrate. Some 
literature has reported a velocity of 5 m/s as a common impact velocity. 
In our simulations, two extreme values have been considered to find out 
the effect of impact velocity on penetration of the ink. We chose zero 
impact velocity as an ideal situation; it means placing the ink droplet on 
paper surface. As the second value, we chose 20 m/s; this is an extremely 
high impact velocity for inkjet printing. Fig. 13 shows the final distri-
bution of the ink droplet with velocities zero and 20 m/s. It’s fairly 
obvious from the results that with higher impact velocity, the ink foot 

Fig. 11. Results of simulations with θeq = 1◦, θeq = 45◦ and θeq = 90◦ at four different time steps. Droplet penetration as seen from the side.  
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print on the paper surface forms a highly irregular pattern resulting in 
loss of ink and print quality as seen in Fig. 13a. It is also obvious that the 
higher impact velocity causes some ink satellites; near the main droplet 
foot print. The last issue caused by high velocity is the excessive ink 
penetration. Fig. 13b (the zone pointed out by blue arrow) shows the 
undesired ink penetration into the paper. Since the fibrous layer is under 
the coating layer, and fibers are swelling material by nature, the unde-
sired ink penetration deeper in the coating layer can cause unwanted 
water reach to the fibers. It can cause swelling and consequently porous 
layer deformation [29]. 

3.2.3. Water and ink-like liquid 
Water based ink contains about 60 % water. However, the other 

components, like co-solvent and surfactant in the ink, change the 
physical properties of the ink and consequently its movement in the 
paper. To investigate the effect of additives to water on ink movement 
into paper, a liquid with physical properties similar to real ink was 
chosen; it is called here ink-like liquid. Penetration of the ink-like liquid 
into paper was compared with water movement into the layer. Fig. 14 
shows the modeling results of ink-like and water movement into the 
paper sample at a certain time during simulation. The figure shows the 
ink distribution on the paper surface looking from top. As seen in the 
figure, at this certain time, the water has gone more than the ink-like 
liquid into the paper (unlike the right domain of Fig. 14, left domain 
shows a flatter red zone, without roughness to be seen, which relates to 
the amount of ink on the surface of layer). In other words, water moves 
faster than ink-like liquid into the paper. This is mainly due to the higher 

viscosity and lower surface tension of the ink-like liquid. 

4. Conclusion 

The Volume of Fluid method was employed to gain insight in the 
influence of the contact angle of a liquid droplet on its spreading on and 
penetration and into a paper coating layer. For this purpose, the inter-
Foam solver of the OpenFOAM software package was used to model the 
flow of air and liquid in a paper coating for three different contact angles 
(θeq = 1◦, θeq = 45◦ and θeq = 90◦). The hypothesis that a smaller 
equilibrium contact angle would result in more penetration and more 
spreading of the liquid droplet on the paper coating surface was partially 
confirmed. The penetration of the liquid droplet was indeed found to 
increase with lowering contact angles, however there did not seem to be 
an increase in droplet spreading on the surface of the coating. However, 
the radial wicking of a droplet with a low equilibrium contact angle was 
found to increase. Thus, the results indicate that for the application of 
inkjet printing on coated paper, a higher contact angle is preferable, as it 
leads to a lower likelihood of two adjacent droplets coalescing, which 
would be detrimental to the resulting print quality. 

We have been able to obtain the 3D structure of the ink stains pro-
duced on a coated paper surface using a 3D integrated CLSM-FIB/SEM 
setup. The FIB processing allowed using CLSM to image the dyes in-
side the coating layer normally unobservable because of the opacity of 
the paper. With initial ink droplets being spherical, results indicate that 
the droplets spread faster across the surface of the paper than they do 
penetrate into the paper. Consequently, most of the ink is spent close to 

Fig. 12. Top view of droplet footprint at four different time steps for θeq = 1◦, θeq = 45◦ and θeq = 90◦.  

H. Aslannejad et al.                                                                                                                                                                                                                            



Progress in Organic Coatings 151 (2021) 106054

11

the surface where it is still visible instead of going deeper into the paper. 
Furthermore, the impact of droplet velocity and its properties were 

investigated. Higher droplet velocity caused irregular footprint shapes 
and enhanced liquid movement into the layer. Later yields undesirable 
print process since ink is wasted since it doesn’t stay of surface of paper. 
Physical properties (viscosity, density, and surface tension) of the real 
ink was used; in this case liquid called ink-like liquid. Using ink-like 
liquid as droplet, caused slower movement of liquid into layer 
providing the ink more time to evaporate. 
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[2] J. Kettle, T. Lamminmäki, P. Gane, A review of modified surfaces for high speed 
inkjet coating, Surf. Coat. Technol. 204 (12–13) (2010) 2103–2109, https://doi. 
org/10.1016/j.surfcoat.2009.10.035. 

[3] N.C. Reis, R.F. Griffiths, J.M. Santos, Numerical simulation of the impact of liquid 
droplets on porous surfaces, J. Comput. Phys. 198 (2) (2004) 747–770, https://doi. 
org/10.1016/J.JCP.2004.01.024. 

[4] A. Rahimi, T. Metzger, A. Kharaghani, E. Tsotsas, Interaction of droplets with 
porous structures: pore network simulation of wetting and drying, Dry. Technol. 34 
(9) (2016) 1129–1140, https://doi.org/10.1080/07373937.2015.1099106. 

[5] M. Börnhorst, P. Walzel, A. Rahimi, A. Kharaghani, E. Tsotsas, N. Nestle, A. Besser, 
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