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1. Introduction
1.1 Significance of understanding liquid diffusion in porous media
The impact and diffusion processes of liquid droplets in porous media is of interest
for a wide range of industry applications, including spray coating, solder jetting,
delivery of agricultural chemicals, as well as inkjet printing [2] [3] [14]. Among them,
the most notable community is inkjet printing because of its practical importance in
graphics output and non-graphic application such as device fabrication. The degree of
liquid extension and spreading on the printing media after deposition is directly related
to the resolution and ink-consumption in inkjet printing [2]. Therefore, the diffusion
phenomena of liquid droplets is scientifically and practically important to investigate.
However, there are two major challenges in the experimental study of the behavior
of inkjet-printed pico-liter droplets (10-30 ബm in diameter) on porous mediums. The
first difficulty is that the transient damping process lasts only a few micro-seconds,
which exceeds the time resolution provided by an optical camera, especially for the
oscillation process. Practically, the detailed behavior of printed droplets occurs in less
than several micro-seconds. Optical cameras can only study big-volume droplets with
micro and nano-liters that have slower-impact velocity. While the diffusion and
damping processes of liquid droplets that are more than 500ബm in diameter have been
studied extensively, few studies have been reported on real printed droplets with high
impact velocity (>10m/sec). The second challenge is the observation of wetting lines in
the cross section of the porous medium. For most studies that utilize optical cameras to
obtain optical images, the diffusion process can only be observed on the surface of the
media. Observation of the accurate diffusion depth is impossible due to the opaque
porous media.

1.2 Overview of existing technologies to study the inkjet droplet
behavior
Existing technologies characterize droplet behaviors in two ways: by explaining their
impact on impermeable surfaces (like glass slides) and on porous mediums (like papers).
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Some studies presented the spreading of a single droplet in milliliter or micro-liter
size on a solid surface [2] [14]. The theoretical approach involves the use of energy
conservation equation and contact angle relaxation. Comprehensive experiments which
were conducted to verify the simulation always use a high-speed CCD camera to capture
the droplet image. The CCD camera was also utilized to estimate droplet diameter and
speed. The sequential images of the droplet spreading are obtained by changing the
delay time of the CCD camera after droplet generation. The surface condition of solid
surface with deformed liquid droplet after varying time of impact is shown in Figure 1
[14]. The CCD camera can only record the basic shape of liquid droplet, and with 5
micro-seconds time resolution, most details and minor behaviors are missing.

Figure 1 Time resolved images of oscillating water droplet impacting on a silicon
substrate at room temperature.
Another studies have focused on the spreading and diffusion of inkjet printed droplet
on porous medium [4] [13]. The substrates used in those research have the uniform
porosity, which is quite far from the actual printing conditions, like porous ceramic beds
[4] and the porous glass filter [18]. Those substrates have much simpler structure than
the paper sample. To describe the dynamics of the wetting process, many theoretical
approaches have been studied, such as the molecular kinetics [13], different stages of
classification, [17] and Darcy’s law [6]. Due to the reduced volume on the surface in
the process of diffusion and spreading on a porous medium, the diameter of droplet and
contact angle were measured as a function of time using image captured by a CCD
camera with microscopy system. Figure 2 shows a time series of droplet images on
porous ceramic power beds [1]. The liquid droplet with about 50 ബm is close to the real
printed droplet, but without the cross-sectional image, the diffusion in vertical direction
is unable to be observed.
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Figure 2 Characteristic time series of droplet images of 54-micro-meters single droplet
as a function of time after impact on powder beds.

1.3 Research objectives and contributions
The research objectives of this thesis include:
 Our first aim is to use the optical scattering method to measure the dynamic process

of liquid droplet diffusion on paper. As a kind of porous medium, the paper consists
of fibers forming irregular air regions, which strongly scatter the incident light and
thus reduce the optical transmission. The diffusion of liquid droplets fills the air
regions and reduces the effect of scattering. Therefore, the transmission intensity is
enhanced. By measuring the transient response of the optical transmission, the
timescale of droplet diffusion, spreading and evaporation in porous medium can be
derived. In addition, the correlation between the optical transmission and the
penetration depth are explored to study the diffusion process in more details.
 The second goal is to capture the oscillation processes of the liquid droplets when

impacting the solid surface, which is a glass slide in my thesis. When the liquid
droplet leaves the nozzle of the inkjet printer, it gains a high velocity (>10ms/sec)
and impacts the glass surface after about 100 μs flying time [4]. The impact process
consists of several periods of oscillation due to its high velocity, which will
dynamically scatter incident light. The oscillation-induced optical scattering can be
monitored by a high-speed photodetector, which will determine the timescale and
relative amplitude of the damping processes by analyzing the transmitted optical
signals.
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 The last objective is to study the influence of the characterization system on the

diffusion and oscillation of the liquid droplets. In this thesis, the effects of laser
heating and impact velocity are studied. By increasing the laser intensity, the
evaporation process is accelerated, which results in less liquid volume. The variation
of impact velocity results will also affect the damping processing.
This thesis represents the first attempt to use the optical scattering method for realtime monitoring of high-speed liquid droplets on the surface and inside porous media
(various types of printing paper). The fundamental working principle is based on
correlating the optical transmission of a visible laser beam with the liquid droplet
scattering or the liquid infiltration inside porous media. This optical scattering method
can overcome the intrinsic drawbacks of conventional optical cameras that can only
provide surface imaging with low frame-rate.
Our characterization system consists of precisely aligned optical beam spot with ~50
μm liquid droplet. To improve the sensitivity and time resolution of the system, we used
a high speed photodetector with a transimpedance amplifier to provide 150MHz
bandwidth. We experimentally confirmed that our optical characterization system is
sensitive enough to detect a single droplet (~50pL) from a handheld thermal inkjet
printer that is provided by Hewlett Packard (HP). The transient signals from the
photodetector are captured by a digital oscilloscope with less than 10 ns time resolution,
which is sufficient to for real-time monitoring of the ultra-fast damping process (~1μs)
of the liquid droplet. Our experimental results agree very well with the numerical
modeling from HP.
In addition, we also confirm through our experiment that the spreading, diffusion,
and evaporation of liquid droplets on solid surfaces occur simultaneously. These three
competing mechanisms (spreading, diffusion, and evaporation) can be distinguished by
the rising and the falling times of transmission signals. For porous media such as
printing paper, the spreading, diffusion, and evaporation dominate at different stages of
the impacting process, depending on the media properties and the size, velocity, and
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angle of the droplets. Understanding these mechanisms will help to optimize the ink use
of thermal inkjet printers, which will save billions of dollars every year.

2. Theoretical Background
2.1 Modeling of liquid droplet using microfluidic theory
A number of dimensionless physical constants are used to describe the dynamic
process of liquid droplets after ejecting from the nozzle. After a simple calculation based
on the parameters in this experiment, a qualitative evaluation of the droplets can be
archived. Here, three constants related to the splashing, satellite droplets, and oscillation
frequency of the droplet are introduced respectively.
In inkjet printing, droplets of ink are projected toward the receiver surface. On
reaching the surface, the droplets start to spread, driven initially by both inertia and
capillary forces [6]. The Weber number, We, characterizes the ratio of those driven
forces. If We > 50, splashing will occur [19] For the inkjet process, We is given by
ඁඉ ඔ

ൠറ ൶

(1)



where ρ, ഡ, ν and γ is the density, characteristic length (set to the diameter of the liquid),
impingement velocity, and surface tension of the droplet respectively. The properties of
the printed liquid, water, are shown in Table 1. At 20 degrees, the density, viscosity,
and surface tension are shown. These three values are the inherent properties of the
water and will not change due to the experiment. The landing condition of the droplet
is shown in Table 2. The droplet impact velocity, droplet volume, and droplet diameter
is derived from the datasheet of the water droplet. In this experiment, We is 42, which
is less than 50. So, although inertia is important and waves can be observed on the
surface of the liquid, no splashing occurs.
Liquid

Density റ (kg/එൿ )

Viscosity ധ (Pa )

Surface Tension ണ (N/m)

Water

998.2

0.001

0.0728

Table 1 Printed liquid properties at 20 degrees.
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Impact

ක Droplet Volume V (pico-liter)

Velocity

Droplet Diameter D (ബm)

(m/s)
8.0

58

48

Table 2 Landing conditions of liquid droplet
The Ohnesorge number, Oh, which is identified by Fromm [7], describes droplet
formation. Only when the parameter Z= 1/Oh is in a range can the droplet form stably.
This analysis was further refined by Reis & Derby [8], who used numerical simulation
of droplet formation to propose the range 10 > Z >1 for stable droplet formation. At low
values of Z, viscous dissipation prevents droplet ejection, and at high values of Z, the
primary droplet is accompanied by a large number of satellite droplets. The satellite
droplets can cause confusing signal fluctuations following the main droplet. The
Ohnesorge number is:
൹ඌ ඔ

ൖ
(ൠ)൵ൈ൶

(2)

with η the dynamic viscosity and α the characteristic length. Using the data from this
experiment, the result shows that the Ohnesorge number is about 0.017 and the
parameter Z is above 50, which is far beyond the stable droplet formation range. So a
series of satellite droplets will hit the sample following the primary droplet. Figure 3
shows a representative photo sequence of droplet formation for fluids with values of Z
= 17.32 [9]. In practice, ink is a complex medium which includes many ingredients.
Some pigments, dyes, or other organic solvents can increase the viscosity and reduce
the surface tension so stable printing can be conducted.

Figure 3 Representative photo sequence of droplet formation for fluids with values of Z
=17.32.
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Because of the uniform surface tension, an isolated liquid droplet which is free from
external force is a spherical shape. If the droplet undergoes a small-amplitude
axisymmetric oscillation, then the droplet shape is in a weak damping limit. The
resonant oscillation frequency ഹ is [14]


ഹ ඔ ටൠഅ൷

(3)

For thermal inkjet printers, ഹ is about 25.7 kHz, and the period of the damping
process is about 39 ബs. The oscillation period is a theoretical value which does not
consider any energy dissipated due to viscous force or capillary force. However,
oscillation is not the ideal elastic impact. Although the practical situation is more
complicated, this calculation can also provide information for a rough evaluation of the
order of magnitude for the parameters. Compared with the experiment’s data, the
expected values limit the basic range of constants and can be used to confirm the
correctness of the process analysis.
The calculation of the three constants can be set as the ideal case, but there are several
elements affecting the experiment. The water used in the experiment is not pure water,
so there may be minor variations in the surface tension, density, and viscosity of the
water. The velocity of the droplet is also assumed as the highest limitation. However,
the velocity decreases significantly during the flight out of nozzle, so the impact velocity
is influenced by the flight distance. Because of the projecting angle and air drag, the
liquid droplet cannot maintain the sphere shape, so the radius changes over time. To
involve the correction related to the practical case, the simulation of the complete device
is more accurate. Like with computational fluidic dynamics (CFD), a variety of relevant
parameters and properties can be investigated [11]. In this thesis, the numerical
calculation related to the qualitative analysis is enough to verify the trend of experiment
data.

2.2 Mechanisms of spreading and penetration
Resolution in inkjet printing is directly related to the ratio of spreading and
penetration processes. As Figure 4 [12] shows, when the infiltration speed is much
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higher than the spreading, the ink can form a smaller pixel size. When the liquid droplet
is observed by the porous medium, the wetting line in the medium is time-dependent.
The final (equilibrium) radius of the droplet in the porous medium determines the image
resolution.

Figure 4 The wetting lines for different ratios of infiltration and spreading time.
The behavior of a liquid droplet after deposition in a porous medium is controlled by
gravitational force, inertia force, and capillary force [5]. Because of the ultra-small size
of the liquid droplet in thermal inkjet printers, the gravity effect can be safely ignored.
Thus, the dominant forces will be inertia and capillary. The observations indicate that
the spreading and penetration of a liquid droplet happen simultaneously. Actually, the
timescale of spreading and penetration processes are comparable, and a coupling of
these two processes may exist. After the impacting on the porous sample, the droplet
will exhibit a dynamic advancing contact angle, which will relax until it reaches the
equilibrium value. Incomplete wetting means no penetration of the liquid, like on the
glass slide. The final equilibrium ratio can be calculated assuming the geometry of the
droplet is spherical cap [13]. The radius can be set as the upper limit:
ൿഗ

ඖ ඔ (ൟ

മതഩ൷ (ൗ)

ൽൈൿ

)
ൾඇൿ ඩඵඹ(ൗ)ආഞപമ൷ (ൗ)

(4)

where r is the base radius, V is the volume of the droplet, and ന is the instantaneous
dynamic contact angle. If the penetration process happens, some volume of liquid
diffuses into the porous medium, and part of the liquid also evaporates. Hence, the
depletion of liquid stops the spreading before completion. As described in printing
resolution, modifying the relative rates of spreading and penetration will affect the final
radius. More rapid penetration can stop the spreading of the liquid more quickly,
resulting in a smaller feature.
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There are numerous publications concerned with the spreading of a liquid droplet on
a variety of surfaces. Only the important features of spreading are cited here. According
to Blake and Haynes [15], the macroscopic behavior of the wetting line depends on the
overall statistics of the individual molecular displacements which occur close to the
wetting line. This is called molecular-kinetic theory. The radial velocity, ක, of the
wetting line can be characterized using the dynamic contact angle, ന:
ක ඔ ൵ ർ ഫඍඒඌ [

അഏ
ൾഩദ ക

ඳඇඓ(ന ർ ) ඎ ඇඓ(ന)භ\

(5)

where ൵ ർ is the quasi-equilibrium frequency, ഫ is the distance between two neighboring
adsorption sites, ണഗ is the surface tension of the liquid, n is the number of adsorption
sites per unit area, ඏഃ is Boltzman’s constant, and T is the temperature.
Another approach to predict maximum droplet spreading ratio (the maximum
spreading diameter divided by initial diameter of the liquid droplet) is using the energy
conservation equation[16], which means the system at impact is set equal to system
energy at maximum spreading:
൯ഌൽ ඍ ൯ഔൽ ඍ ൯ഔഔൽ ඔ ൯ഌൾ ඍ ൯ഔൾ ඍ ൯ഔതൾ ඍ ൯ഗൾ

(6)

where ൯ഌ is the kinetic energy of the droplet, the ൯ഔ is the surface energy of liquid, ൯ഔഔ
is the surface energy of substrate, ൯ഔത is the interfacial energy between the liquid droplet
and solid substrate and ൯ഗ is the energy viscously dissipated in the droplet. State 1 and
2 represent impact and maximum spread. The parameters of the system and the
maximum spreading ratio are substituted for the energies. By solving the equation, an
expression for the spreading ratio can be investigated.
Yarin [17] divides the behavior of impacting the liquid droplet into a number of
timescales determined by the dimensionless time after impact. The initial impact stage
is governed by kinetic behavior and followed by impact-driven spreading, recoil, and
oscillation. This process dissipates very rapidly, and then the capillary force begins to
dominate until approaching true equilibrium. The final spread of the droplet will have a
contact diameter, ඈഞപഩ , determined by its volume and the equilibrium contact angle,
നഠബന . For droplet sizes typical of inkjet printing, the diameter is ඈർ , the spread droplet
shape can be taken as a segment of sphere, with
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ඈഞപഩ ඔ ඈർ ൷√


യജഩ

൏ഘതഠ
൶

පൿආയജഩ൶

൏ഘതഠ
൶

൰

(7)

Thus the droplet diameter increases with a decreasing contact angle and is
approximately 3ඈർ at a contact angle of 10ഁ.
The theoretical analysis described below approaches the physics of damping,
spreading, and penetration of liquid droplets from different points of view. But the
experiments supporting the theory have limitations of time resolution and lack the real
condition of printing. For example, the measurement tool used in most papers are highspeed cameras, which can only provide ബs sampling time. Spreading and penetration
processes are available in this timescale, but the starting period is missed. For the
damping process, the timescale of CCD camera cannot capture the entire process. So in
papers related to the damping process, a large volume liquid droplet of millimeter size
is always used. However, the analysis of that kind of droplet impact is not suitable for
a printed droplet. The experiment presented in this paper provides a good reference to
verify the correctness of the theories.

2.3 Numerical calculation of the diffusion, evaporation and damping
Process
To analyze the experiment result more accurately, a numerical calculation is needed.
The calculation can give the clues of the timescale for the processes. One of the most
important calculations is to make sure the process happens for different stages of the
liquid motion. For example, both the evaporation and spreading can reduce the filling
liquid in porous medium. According to the timescale of these two processes, we can
confirm that the domain process happens.
First, the absorption value is calculated. The absorption process is related to the paper
sample and the liquid droplet, so knowing the properties of the uncoated paper sample
is necessary (shown in Table 3). The absorption time is [14]
ധ൶ ധഩ

ട
അ

ഴജഝമ ඔ ഌ ൈൖ
ഖ

(8)
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In this equation, ඐ is the radius of wetted region and L is the radius of droplet base. K,
ൺഞ ഩ ധ is the permeability, capillary pressure, and viscosity of the water respectively.
According to the properties of liquid and paper, the absorption time is about 0.15ms for
this experiment. In reality, there is a series of satellite droplets follows the main droplet
and also diffuse into paper sample, so the diffusion time is longer than absorption time,
but still in the several milli-second range.
Radius of Wetted Region ඐ (ബm)

58.5

Radius of Droplet Base L (ബm)

44.5

Permeability K (එൾ )

5.77ඐ රයඇൽ

Capillary Pressure (pa) ൺഞ ඔ ണ ෙෝ(ന) ൈඈ

1.09ඐ රයඁ

Table 3 The properties of the uncoated paper sample
Water Vapor Diffusion @25 C ഇ (එൾ ൈ)

2.5×10-5

Saturated Vapor Concentration ൭മജയ

0.02(kg/m3)

Table 4 The thermal properties of water
To confirm the process that causes the transmission signal to fall, the timescale of the
evaporation is analyzed. To simplify the complicated condition of paper sample, we
assume the evaporation happens to a sessile droplet on solid surface. The temperature
difference is assumed to be ൧ൾ = 5K with air flow at U = 0.1m/s. The thermal properties
of water is shown in Table 4. The evaporation time is:
ഴഠറജ ඔ යബ

ൠഅ ൶
ഇഄദഔധ

(9)

After the calculation, the time scale for evaporation is 0.9 seconds. This result is much
longer than the falling time in uncoated paper. To verify the accuracy of this calculation
estimation, we measured the transmission signal for a liquid droplet on a glass substrate
in long time range. As Figure 5 shows, when the liquid droplet impacts on the glass
slide, the transmission signal decreases due to the presence of the scattering effect of
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the liquid droplet. After about 400ms, the transmission signal goes back to the initial
level. Because of the huge difference of the oscillation period and the rising time, we
can consider the rising time is all due to the evaporation. So the liquid with kinetic
energy impact on the solid surface needs about half a second to evaporate. Here we need
to consider the deformation process of the liquid, like the spreading, which accelerates
the evaporation process. So the evaporation process for a liquid droplet is quicker than
for the sessile droplets, but the basic timescale for liquid droplet evaporation on a solid
surface is in the several seconds range.

Figure 5 The oscilloscope trace of single liquid droplet impact on the glass slide in a
long time range.
The comparison between the experiment’s result and the calculation is a focus on the
order of the magnitude because many parameters used to calculate are based on a best
guess instead of direct measurement. The experiment also has many uncertain
conditions, like the variation in different nozzles. The calculation assumes the liquid
droplet impact on the sample in a normal direction, which is different from the about 30
degree angle in the experiment. So if only the value extracted from the experiment and
the calculated value are in the same order of the magnitude, the experiment’s result
matches the numerical calculation.

2.4 Optical scattering of liquid droplet and porous media
When a laser beam is shined through paper sample, the random fibers and air regions
among them formed the irregularities and the scattered reflection is commonly referred
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to as diffuse reflection. This kind of reflection involves both the rough surface and
porous structure beneath the paper surface. As illustrated in Figure 6 [18], the different
position and shape of fibers generate random interfaces, and the light can get reflection
and transmission when impinging into one interface. The leakage of energy on
propagation direction cause big loss in transmission signal.

Figure 6 Mechanism of light scattering on and beneath of a solid surface
The reflection on the interface of two different materials is always related to the
difference of their refractive index. If the air regions are filled with the water, the more
similar refractive index and more energy can be delivered. As a result, the transmission
signal is increased significantly. The diffusion, spreading and evaporation processes
vary the volume of liquid filling the porous medium. Therefore by analyzing the
transmission signal, different stages of liquid behavior in paper sample can be classified.

3. Optical Characterization System
3.1 Thermal inkjet printer
The printer used in this project is Thermal Inkjet PicoJet System (TIPS). The TIPS
research kit includes a controller, project tips, and accessories. The portable controller,
which is handheld or mountable, can program droplet quantity, number of nozzles,
droplet energy, etc. The controller can also be controlled with a USB interface and
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because any tiny movement of printer position influences the measurement significantly,
a remote control using USB is better than pressing buttons.
The replaceable tip uses robust materials and can guarantee continuous, long-term
ejections. The tip (printer head) used here has 12 nozzles. The droplet weight for water
in this kind of tip is 58ng, i.e. 58pl. As the liquid used in experiments is distilled water,
this volume can be considered the basic volume for a single droplet. The firing
frequency, die temperature, and use of pre-cursor pulse can also give different droplet
weights. But for 58pl scale, those variations are small enough to be neglected.
Precursor Pulse Width (μSecond)

0

Gap (μSecond)

0.50

Pulse Width (μSecond)

1.00

Voltage (Volts)

25.00
Table 5 The parameters for a typical printing

The parameters for a typical printing are shown in table 5. The energy pulse is the
combination of precursor and main pulse. Several energy pulses with fixed frequency
form the pulse burst. For single droplet research, one pulse is set in one burst and only
one nozzle is selected. The burst can be repeated to see the impact of multiple droplets.
The burst energy is determined by the applied voltage of the printer head, and the
voltage can affect the impact velocity of liquid droplet. The parameters value is in the
range of “good jetting” for water droplets.

3.2 Examination of printer paper
The presence of porous structure among the fibers in paper changes the wettability
and spreading conditions of the medium. Two kinds of paper samples are investigated
in this thesis. The uncoated paper is the main sample, which is studied deeply from
different points of view. The coated paper is used as a comparison to the uncoated paper.
The coated paper has a coating layer which can block the liquid from diffusing on the
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paper sample. The coated paper sample also has a denser structure, which can be
characterized by the paper weight. When light transmits on the paper sample, more
compact structures block more light. So the SNR of transmission signal for a coated
paper sample will be very low even if no clear peak can be measured.
The structural features of printing papers lead to strong optical scattering. The
features includes porosity, the distribution of rough tangles of fibers, and impurity
during paper manufacturing. To analyze the features, a detailed observation of paper
samples is needed. The scanning electron microscopy (SEM) images for uncoated paper
samples and coated paper samples are shown in Figure 7 (a) and (b). The images are
taken using FEI Quanta 600 FEG Microscopy and the magnification for both paper
samples are both 10000. Compared with the uncoated paper sample, the coated paper
has a smaller fiber grain and a smaller air region among the fibers. This dense structure
makes the optical transmission for a coated glossy paper sample only half that of the
uncoated sample.

(a)

(b)

Figure 7 The SEM images of paper porous structure (a) Fiber structure of uncoated
paper sample. (b) Fiber structure of coated paper sample.
For the substrate of the paper sample, the glass slide can support the paper sample,
reduce its curvature, and fix its position. But the scattering in the glass reduces the
transmission signal. There are two kinds of glass slides used as substrate and also as
samples for measuring the damping process: the Corning 1737 glass with 1.1mm

16

thickness and the Corning Cover slides with 0.14-0.19mm thickness. Basically, using
the thinner glass substrate can reduce scattering loss significantly. For example, the SNR
of multiple-droplets diffusing into the uncoated paper sample is 53 when using Corning
Cover glass slide, as compared to an SNR of 38 using Corning 1737 glass slide. To
improve the SNR further, the substrate can be removed, and the paper can contact the
detector directly, though the paper vibration due to the impact of a printed droplet can
cause small fluctuations in transmission signal. The primary goal of measuring paper
samples without the substrate is to prove the scattering effect on glass.

3.3 Optical system setup
Figure 8 shows the optical arrangement for measuring the diffusion rate of a paper
sample. A HeNe laser with 5mW maximum output power is used as the light source and
is reflected by a 45-degree tilted mirror. To get obvious signal change, most of the laser
beam should be covered by the liquid droplet. A convex lens with 38mm focal length is
used to focus the laser beam to a spot smaller than 50 ബm. The printer head is aligned
to make sure the liquid droplet and the ultra-small laser spot overlap. A high-speed
Silicon photodetector with a trans-impedance amplifier is used to detect the
transmission signal. The bandwidth limit of the photodetector is larger than 150MHz,
which meets the high time-resolution measurement requirement. The paper sample with
glass substrate is mounted on the photodetector and moves with it. The output signal is
traced by a digital oscilloscope with maximum sampling rate of 2.5G samples per
second.

Figure 8 The optical arrangement for measuring the diffusion rate of a paper sample.
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The printer injects liquid droplets at about 45ഁ with respect to the incident light,
which is limited by the focal length of the lens to avoid the overlap with the laser beam
before the liquid hits the sample. A more vertical injection reduces the effect of the
horizontal velocity portion of the liquid droplet on the impacting process. The injection
angle should be about 60ഁ. Precise alignment between the laser, the mirror, and the lens
is critical for high-detection sensitivity, so two X-Y-Z stages are used to control the
positions of the printer tip and the detector. The best alignment is achieved by carefully
adjusting the two stages through monitoring the detected power. More alignment detail
is described in 3.4. To ensure a high-speed response to the optical signals, the input
impedance of the oscilloscope is set to a minimum value of 50 ൻ to increase response
time.

3.4 Improvement of detection sensitivity
The improvement of system sensitivity can be divided into two aspects: reducing the
noise and increasing the signal intensity. The noise of the system has many sources. For
the photodetector, the shot noise, dark current, and thermal noise are three sources of
noise signal. As we all know, light is made of photons, which are emitted by the source
randomly. So the amount of photons emitted by the source is not constant, but exhibits
statistical signal change, which is a kind of noise called shot noise. Because it is from
the nature of the quantum effect of particles, it does not depend on properties of the
detector. Dark current is the response of a detector period when it is not exposed to light.
It is related to the reverse bias leakage current which is present in all diodes. The dark
current present is also affected by the photodetector material and the detecting area size.
The silicon photodetector with transimpedance amplifier used in the experiment
generally produces a low dark current compared with germanium devices. Thermal
noise, which is also called Johnson noise, is generated by the thermal agitation of
electrons inside electrical conductor. It happens independent of the applied voltage.
Those three kinds of noise are unavoidable, and besides selecting optimal material,
little can be done to eliminate the noise. For other parts of the experiment, the
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environmental light is totally blocked to reduce the background noise, and the cables
between instruments are of the short length needed to avoid the piezoelectric charge
generation that occurs when cables are mechanically moved or stressed. Another noise
that exists in power density measurement is pink noise, which is inversely proportional
to the signal frequency. An ultra-short sampling time is used to reduce the effect of the
slow scan-speed.
Because the laser has a fixed power output, the initial power is constant, and ensuring
that most of the light and the liquid droplet can be detected is the main method to
increase the signal amplitude. Due to the small volume of a signal liquid droplet,
alignment between the laser spot, the liquid droplet, and the photodetector is very
critical. The first step is to arrange the light path of the laser beam onto the active area
of the photodetector. Then, if we create a Cartesian coordinate in three dimensions, the
x-y plane will be parallel to the horizontal plane. The alignment of the photodetector is
conducted in three directions when the laser position is fixed. For alignment of the x-y
directions, the position of the photodetector in x and y directions should be adjusted
respectively, and the laser spot should be collected by the region of the photodetector.
This can be observed by the output power of the photodetector, and the maximum value
means the x-y plane is aligned. To align the z direction, because of the known focal
length of the lens, a rough position of the paper sample can be confirmed. The goal is
to ensure the surface of the paper sample, not the surface of the active region of
photodetector. Although the sample sticks to the detector and moves with it, the small
space between the paper sample and the detector also causes misalignment in the z
direction. The rough alignment is followed by a more precise adjustment. Because the
minimum beam spot at that focal length is very small, a magnifying lens is used to
observe the spot size on a paper sample by varying its position in the z direction.
After the alignment of the laser beam and the photodetector, ensuring that the printed
liquid droplet can cover the laser spot—which can affect the transmission signal
significantly—is the more challenging task. Since a single liquid droplet is as small as
48 ബm in diameter, it cannot be observed by the naked eye. Using multiple droplets,
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which can cause a large, visible wet area, is helpful to determine the droplet position.
Then, the number of droplets can be reduced to a single droplet. When the amount of
the droplet decreases to 20 droplets, a magnifying lens is used, and when there are fewer
than 5 droplets, the alignment is mainly based on the signal change on the oscilloscope.
As we expected, the diffusion of the liquid droplet on the paper sample should cause a
peak in transmission, so the printer head position should be adjusted until the peak
reaches its maximum. For the damping process, a liquid droplet can cause fluctuation
in the transmission signal, and the strongest fluctuation means the best position of the
printer head. The experiment shows that a precise alignment can improve the SNR by
1.5 times more than a rough alignment for a single droplet diffusing on paper.

3.5 Data collection and processing
The single shot of the oscilloscope is used to capture the transient signal caused by
the diffusion or damping process. The waveform can be saved as a snapshot image, and
the time and voltage value of every spot on the oscilloscope trace can be saved in a csv
file. We can use the cursors of the oscilloscope to measure the time range for processes
or intensity value, or analyze the data in the csv file using Excel software. To observe
the details of the signal, data with different sampling times is used, especially to see the
tiny change that needs the ultra-short sampling time. To study the process from
overview to specific properties, zooming the frame continually can provide sufficient
evidence.
To investigate the trend and profile of the signal properties, statistical analysis was
implemented to produce a clear summary. To get sufficient data for statistical
measurement, 60 random spots on the paper sample were tested. The transmission signal
varied according to the different thickness, density, and surface conditions of those
different spots.
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4. Experiment Results and Discussion
4.1 Single droplet diffusion in uncoated samples
Figure 9 shows the snapshot of the oscilloscope for the transmission signal recording
single liquid droplet behavior after hitting the paper surface. The initial voltage value
indicates the light intensity transmitted by the pure paper sample. The liquid droplet
quickly diffuses into the paper due to the high velocity gained from the printer. The
diffusion process makes the liquid fill the air region between fibers in paper and reduces
the optical scattering of paper to increase the amplitude of the optical signals. The
decrease of the signal can be explained as the drying process of the liquid droplet. The
mechanism of liquid drying can be evaporation or the horizontal spreading of liquid.
Because of the different timescale for those processes, using simulation to estimate the
time needed for evaporation and spreading is helpful to confirm the mechanism of signal
decrease. Because of the drying of the paper, the signal gradually goes back the initial
power level. Figure 10 is a zoomed view of the snapshot image. There are three
parameters describing the properties of the signal, the rising time, the falling time, and
the maximum signal change.

Figure 9 The snapshot of the oscilloscope for the transmission signal recording single
liquid droplet behavior
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Figure 10 Zoomed view of the snapshot image for one droplet in the uncoated paper
sample
The rising time, which is the time taken by a signal change from 10% to 90% of the
step height, is used to characterizing the timescale of the diffusion process. Figure 11(a)
shows the statistic results of the rising time, and most spots have 10~15 milliseconds of
rising time. The average rising time is about 12.87ms. The statistical results of the
falling time—the time of the signal change from 90% back to 10% of the step height—
is shown in Figure 11(b). The falling time of most spots is in the 100~150ms time range,
and the average falling time is about 179ms. The maximum signal change is the peak
value of the signal subtracted by the transmitted optical power for pure paper. The data
for this property is shown in Figure 11(c). The horizontal axis is the transmission change
divided by the input optical power. The average optical signal change is 0.07% of the
input optical power and 10% of the transmitted optical power. The maximum signal
change indicates the degree of liquid affecting the scattering on paper samples.
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Figure 11 The statistical results of the rising time (a), falling time (b), and transmission
signal change (c) for a liquid droplet on an uncoated paper sample
The variation in different spots’ measurement is due to the non-uniform thickness,
different fibers filling condition, and the different properties of every liquid droplet.
Because of the noise effect and low signal intensity, the measurement is estimated based
on the average value of the trace, and errors exist. But errors can be controlled in several
milliseconds for timescale and several millivolts for voltage. As a result, the order of
magnitude of experimental data and simulation results should match. The exact time for
diffusion should be a little bit longer than the rising time. Although the signals begin to
decrease, the diffusion process still exists but is compensated by the processes causing
signal decrease. Because the diffusion time after signal peak is controlled in several
milliseconds, rising time can still be used as a parameter to characterize the diffusion
process. No matter what the evaporation or spreading processes are, they happen along
with the diffusion process, and thus a coupling between the three processes may exist.
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When the signal begins to decrease, it means the depletion and spreading have
dominated the liquid droplet behavior.

Figure 12 The data of rise time and fall time for 50 points.
When comparing the timescale for different spot transmission signals, we can find a
correlation between rising time and falling time. As Figure 12 shows, in the rising time
and falling time curve, most of the measured data falls within the two straight lines. The
trend for the spots in lines is that the spot that has a longer rising time also has a longer
falling time. The correlation is probably due to the density variation of the porous
medium. Because the surface condition for an uncoated paper sample is fairly uniform,
it can be assumed that the volume of every droplet diffusing into the paper sample is the
same. A longer rising time means the diffusion process is slowed by the crowded fibers.
This slowing also affects the escaping of the evaporated liquid molecules and spreading
process, so the drying process is decelerated, causing the longer falling time.

4.2 Multiple droplets diffusion in uncoated samples
Measuring the diffusion of multiple droplets indicates how to use an optical
transmission signal to derive the diffusion depth. As the drying process duration time is
much longer than the diffusion time, the optical transmission vs. the number of liquid
droplets can be explicitly observed by firing a train of liquid droplets with appropriate
time intervals. For example, if measuring the signal change of 10 droplets, the time
interval is set at 10 milliseconds, which is comparable to the diffusion time but much
shorter than the evaporation time. The result of the diffusion of 10 droplets is shown in
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Figure 13, and every droplet that caused signal change is shown clearly. It is difficult to
observe the wetting line on the cross section of the paper sample, but by observing the
optical transmission signal, every diffusion step from the surface to the bottom of the
paper can be indicated.

Figure 13 The oscilloscope trace for the diffusion of 10 droplets.
When the liquid diffuses through the whole paper on one spot and arrives at the
bottom, the air region is filled with the liquid, so no matter how many droplets impact
the paper surface, no scattering effect can be reduced. As a result, the transmitted signal
stops increasing. The droplets causing the saturation of the transmission signal are the
ones needed to fill the whole paper sample. Every signal peak indicates a diffusion step
for the droplets, if we assume the diffusion process for every droplet is independent
from the previous and following droplets. After constructing an approximate model for
liquid droplets, the diffusion depth for every droplet is the whole thickness of paper
divided by the number of droplets.
For example, we can build the simplest model that the liquid diffuses into the paper
in a hemisphere shape and the following droplets push the previous ones into the porous
medium. From the data sheet of the tip we used, the droplet weight of water is 58ng,
assuming the diffusion shape of the liquid front is a hemisphere in paper sample and the
porosity of the paper sample is 100%. The radius of that hemisphere is 30 ബm. When N
droplets hit the sample
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where V and ർൽ is the volume and radius of one droplet respectively. ർഏ is the radius
of hemisphere with N droplets. According to this relationship, we can obtain the
diffusion depth distribution curve, which is shown in Figure 14. As the number of
droplets increases, the diffusion depth increases as the cubic root of N. It is a curve from
numerical calculation, and when there are 40 droplets diffusing into the paper sample,
the liquid penetrates though the whole paper. Assuming the porosity of uncoated paper
sample is 53.925%, the number of droplets needed for filling the whole paper on one
spot is about 22. The transmission intensity with the number of droplets profile is also
shown in Figure 14. With a sufficient number of liquid droplets, the optical transmission
saturates to a certain value. For the uncoated paper samples, the optical transmission
saturates after about 30~40 droplets. The reason why the number of droplets in this
experiment’s result is larger than the calculation is that the spreading and depletion of
liquid droplets in the paper exists, so the real shape of the wetting region is not the ideal
hemisphere, but a semi-ellipsoid in shallow depth under the surface. When the train of
droplets diffuses into the paper, the following liquid droplets push the previous liquid
droplets. The depletion of liquid reduces the effect of the previous droplets. As the result,
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Figure 14 The diffusion depth distribution curve (blue) and the transmission intensity
distribution curve (black) for multiple droplets in uncoated paper sample.
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Figure 15 The relationship between transmission signal according to experiment result
vs calculated penetration depth. The dashed line is the trend line which shows a linear
relationship.
However, the tendency of the penetration depth and transmissions signal can be
compared, and as Figure 15 shows, the relationship of those two values is almost linear,
which means the transmission signal change can cause the proportional penetration
depth change. If no penetration exists, the transmission signal should be zero. But from
the curve, if we estimate the penetration depth when the transmission signal change is
zero, the liquid can still penetrate into 10% of the paper thickness. The reason for that
non-zero intersection is that when the liquid size is smaller than one droplet, it cannot
totally cover the laser spot, and the optical transmission change is not very significant.
Because of the limited paper thickness, no more droplets can be tested, so the linear
relationship is valid in <100 droplets. For a large number of liquid droplets, the linear
correlation is possible as a part of a complicated function, for example, the exponential
relationship.

4.3 Single droplet diffusion in coated samples
Compared with the uncoated sample, more light is blocked and even reflected by the
polished surface of coated paper. As a result, not so much light can transmit into the
surface of the uncoated sample. When consider the inside of paper, the coated sample
has smaller grains and air regions between the fibers which can cause more significant
scattering effect, so the basic transmission signal for the coated sample is smaller than
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for the uncoated paper sample. The situation of liquid droplets is similar to the light, a
smaller volume of liquid droplets can diffuse into the paper inside because of the coating
layer, and it also slows due to the denser structure. Hence the signal change is also
smaller for the coated sample.
To improve the signal change, the glass substrate holding the paper sample is
removed to reduce light scattering in glass and improve the SNR by up to 4 times.
Removing the glass substrate can only affect the transmission signal change, but not the
rising time and falling time. Figure 17 shows the oscilloscope trace of single droplet
diffusing into the coated paper sample. After measuring 60 spots of coated sample, the
falling time is shown in Figure 16. The average falling time is about 200 milliseconds,
which is longer than with the uncoated sample. The drying process of the coated sample
is decelerated by the denser structure of coated sample as we described in 3.2.
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Figure 16 The statistic results of the falling time for liquid droplet in coated paper
sample.

Figure 17 The oscilloscope trace of a single droplet diffusing into the coated paper
sample
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4.4 Characterization of the damping process
When the liquid droplet impacts on a surface, it refracts the laser beam and reduces
the transmission intensity through the glass slide. So, a dip appears in the transmission
signal due to the presence of the liquid. The shape of the liquid is deformed and the
thickness of the liquid droplet varies as the time after impact. The deforming process
causes complicated fluctuation in the main dip. To increase the sensitivity, a glass slide
with a smooth surface is used to replace the uncoated paper sample as the substrate to
measure the damping process.
From the analysis of large liquid droplet [2], when the liquid droplet contacts the
glass slide, the kinetic energy and the effect of gravity pushes the liquid droplet to spread
to the maximum diameter. At the maximum spreading, the liquid droplet is at its thinnest,
and the refraction effect is weakest, so there is a small peak in the dip of transmission
signal. The ratio of maximum diameter and the initial diameter of the liquid droplet
depends on the surface energy of the substrate. In some cases, splashing happens, but
as we calculated in 2.1, no splashing occurs for our sample. After spreading to its
maximum, the droplet begins to retract and causes a liquid mountain to form in the
center. The thick liquid in the center refracts a much of the laser beam, so the sharp dip
forms with the lowest transmission signal. The spreading and retracting process repeats
several times until the energy of the liquid droplet dissipates totally and the droplet
reaches the equilibrium stage. The droplet also needs some time to evaporate. Because
of the ultra-small size of the printed liquid droplet, the damping process for printed
liquid is different from the millimeter size droplet, but the basic stages are similar.
We start our observation of the damping process by low-resolution and long-duration
data recording. In the 400 ns sampling frame, which is shown in Figure 18, there is a
sharp dip showing the damping process, followed by a long evaporation process. In
detail, after the dip, the transmission signal increases to be close to the initial intensity
which is caused by the spreading of the liquid droplet. The liquid droplet reaches the
equilibrium stage slowly, so the transmission signal begins to decrease, and then the
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liquid begins to evaporate. But some aspects are missing because of the long sampling
time (400ns/sample) the dip and peak is just a random sampling of the whole process.
Little information about the transient damping process can be obtained. To reveal more
details, the sampling time is reduced to 40 ns/sample, the oscilloscope trace is shown in
Figure 19. We can observe the damping process of the main droplet, which is the big
dip in the center of frame. After the primary droplet, there are many small dips following
the big dip in transmission signal. The mechanism for those following small droplets
has two explanations: the damping process of the satellite droplet and the maximum
stage of the main droplet damping process. That means the time interval between the
primary dip and following dips is the time between the main droplet and the satellite
droplet or the oscillation period. As we calculated in 2.1, the oscillation period should
be in the tens of micro-second range, but the time interval is longer than 100 micro
seconds. So we can confirm that the small dips are caused by the satellite droplets.

Figure 18 The oscilloscope trace for the single droplet damping process in 400ns
sampling time frame.

Figure 19 The oscilloscope trace for the single droplet damping process in 40ns
sampling time frame.
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When we zoomed the primary dip and the sampling time decreases to 4 ns/sample,
the oscilloscope trace for transmission signal is shown in Figure 20. The pre
deformation, the primary damping, and the following damping can be clearly observed.
The sharp dip corresponds to the primary damping, and the minor dips, which are after
about 15 ബs, are due to the satellite droplets. When the liquid droplet impacts on the
glass slide, the transmission signal begins to droplet, spreads, and then causes a small
peak in the transmission signal. That small peak can be observed just after the signal
decreases. Because of the maximum spread ratio limitation, the liquid layer still exists
and refracts the laser beam, which make the peak value still lower than the initial level.
When the droplet begins to retract and arrives at the maximum retracting stage, more
light is refracted and causes the sharp dip. The time for one round of spreading and
retraction can be defined as the oscillation period. From the figure 20, we know it is
about 10 micro-seconds, which matches the calculation. After the primary dip, there are
many fluctuations caused by vibration after the hitting.

Figure 20 The oscilloscope trace for the single droplet damping process in 4ns sampling
timeframe.

4.5 Influence of laser heating effect
The HeNe laser in this experiment is used as the light source and provides the optical
signal. But it can also induce the thermal energy, which can heat the liquid droplet. How
much the heating effect influences the droplet behavior is a question. The initial output
power of the He-Ne laser in this experiment is about 3.66 mW. If we insert a polarizer
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between the laser and the lens, the power can be reduced to about 1.02mW. The
comparison of the rising time and falling time under different laser power is shown in
Figure 21. We measured 10 random points on one uncoated paper sample and the basic
trend shows the rising time and falling time under lower laser power is longer than the
ones under higher laser power, especially for the falling time.

Figure 21 The comparison of the rising time and falling time under different laser power.
The explanation for the difference in time is that the thermal energy provided by the
laser accelerates the liquid evaporation. The evaporation process happens after the burst
of the liquid droplet. After the liquid droplet impacts the paper sample, a part of the
liquid is turned into air and escapes the paper sample due to the evaporation process,
and the acceleration of the evaporation causes less volume of liquid left to diffuse or
spread. The diffusion and spreading processes are terminated more quickly by the
depletion of the liquid. Because of the earlier end, the rising time and falling time is
shorter for the higher laser power. If we consider the effect of laser power, the real rising
time and falling time is a little longer than the measurement.

4.6 Effect of the distance between the inkjet head and the sample
The space between the printer head and glass slide determines the flight distance of
the liquid droplet before impacting the sample. The initial velocity of the liquid droplet
leaving the printer head is very high and when the droplet begins to fly, it meets the air
drag, which reduces the velocity significantly. Even 1 mm distance can cause huge
change in the velocity. In this experiment, we set the printer head to uncoated paper
sample distance to be 2.5mm and 5mm. The impact velocity for 2.5mm should be higher
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than the velocity after 5mm flight. By compare the rising time, falling time, and the
degree of the damping signal, we can characterize the effect of different impact velocity
to liquid droplet behavior in paper sample and on a glass slide.
The transmission signal for the liquid droplet after different flight distance is shown
in Figure 22. The most obvious is that the signal change for the shorter flight distance
is much higher than the longer distance. The reason is that the liquid droplet with higher
velocity can diffuse more deeply and fill more air regions. Thus the scattering effect is
reduced more, which causes more transmission signal change. Comparing the rising
time under two conditions, we find that the rising time for the 2.5mm is shorter than the
one of 5mm. The higher impact velocity makes the liquid droplet diffuse into the paper
more rapidly. For the falling time, the liquid can diffuse deeper into the paper, and the
vapor from the evaporation also needs more time to escape the paper sample. If taking
the spreading process into consideration, the liquid droplet with higher impact velocity
also has more kinetic energy and can spread farther. The increased spreading can also
increase the falling time.

Figure 22 The transmission signal for the liquid impact on the uncoated paper sample
after 2.5mm and 5mm flight distance.
For liquid on the glass slide, the transmission signal for four different flight distances
is shown in Figure 23. From the figure, as the distance between the printer head to the
glass slide increases, the magnitude of the damping signal increases. This can be
explained by the energy transformation theory. The longer flight distance reduces the
impact velocity and the kinetic energy of the liquid droplet. When the liquid hits the

33

glass, the energy dissipates and transfers to the deformation of the liquid droplet. With
the higher impact momentum, the liquid can spread to a bigger range and retract more.
The stronger deformation causes the violent fluctuation in the transmission signal.

Figure 23 The transmission signal for the single liquid droplet impact on a glass slide
after 2.5mm, 5mm, 7.5mm and 10mm flight distance.
On the other hand, the distance of the main droplet and the satellite droplet is also
affected by the flight distance. As the figure 23 shows, there is a delay for the satellite
droplet compared to the main droplet. The delay time increases as the printer head to
glass distance decreases. When the main droplet and the satellite droplets leave the
printer head, they have different velocities, and because of their relatively small size,
the air drag for the satellite droplets is much smaller than the main droplet. As a result,
the velocity of the satellite decreases slower than the main droplet. After such long flight,
the satellite droplet gradually catches up to the main droplet. So for longer flight
distance, the time interval for the main droplet and satellite droplets increases.
Besides adjusting the printer head to sample distance, changing the burst energy can
also affect the impact velocity and experiment result shows the similar result.
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5. Summary and recommendation for future work
The stages of the impact process of a droplet in a porous medium can be considered
as the diffusion, spreading, and evaporation. When the liquid droplet impacts on the
paper surface, because of the kinetic energy, the droplet diffuses into the paper sample
rapidly and deeply. Meanwhile, the spreading process also occurs, but because of the
small size of the laser spot, the increased transmission signal is mainly due to the
diffusion process. So the rising time can be used as the timescale of the diffusion stage
time. The absorption of the fibers in paper also contributes to the diffusion process, but
because of the high kinetic momentum, the real diffusion can last longer than just the
absorption driven by the capillary force. The kinetic energy of one liquid droplet can be
varied by changing the impact velocity. We can find that the liquid droplet with higher
velocity can diffuse into the paper sample deeper and more rapidly.
The diffusion is halted by the depletion of the liquid. That depletion can be the result
of spreading and evaporation. According to the calculation, the falling time for a
transmission signal is much shorter than the calculated evaporation time. So the
dominant process after the end of diffusion is spreading. The evaporation process
happens just after the liquid leaves the printer head, but for such small liquid droplets,
the spreading process is more significant. The evaporation process can be accelerated
by the heating effect of the laser. So the real rising and falling time is a little longer than
the measurement.
For the droplet oscillation on the solid surface, the detailed behavior which lasts only
several micro-seconds is observed by the transmission signal. After the analysis of the
timescale, the oscillation period from the numerical calculation matches the experiment
result. On the maximum retraction, the scattering effect in the liquid droplet induces a
huge dip which can be observed clearly in the transmission signal. A part of the kinetic
energy dissipates in the impact process, and some energy transforms to the deformation
of the liquid droplet. So the degree of the deformation depends on the impact velocity.
We can verify the effect of impact velocity by varying the printer head to a sample
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distance. The experiment results show that the higher impact velocity can cause stronger
oscillation, which supports the energy transformation theory in the damping process.
In the future, the characterization of liquid behavior can be improved by the
theoretical and experimental aspects. For the theory analysis, besides the numerical
calculation, a simulation about liquid droplet on solid surface using beam propagation
method can provide more specific and accurate information of light scattering in liquid
and paper sample. The three-dimensional simulation about the deformation and fluidic
dynamics of liquid droplet in the spreading and diffusion process is also required. In
this thesis, the experimental results were compared with calculation results from several
established equations. We can develop or create analytical models describing the
diffusion, spreading and damping kinetics in the future work.
On the other hand, the advanced experiment method and sample preparation is also
necessary. Although the conventional optical camera lacks the higher time resolution to
catch the transient liquid droplet motion, the real time camera observation is needed to
give evidence of the liquid shape. The liquid used for this work is water which has high
surface tension, and it prevents the splashing phenomenon occurs. But practically, the
printer ink has different properties, and the experiment based on the real polymer ink is
suggested to be investigated.
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