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ABSTRACT 
 

In laboratory-based bioaerosol researches, the ability to reliably generate bioaerosols with minimal damage to the 
microorganisms is critical. In this work, a thermally consistent inkjet-based aerosol generation technique was adopted to 
generate bioaerosols, and its ability to preserve microbial survivability was assessed. The performance of the piezoelectric 
inkjet aerosol generator was evaluated using a potassium sodium tartrate solution and an aqueous suspension of 3-µm 
polystyrene latex spheres. An Aerodynamic Particle Sizer was employed to measure the aerosol number concentration and 
the size distribution. The main operating parameters of the inkjet print head for generating viable aerosols were the driving 
voltage, pulse duration, dispersion air flow, pulse frequency, and volume fraction of the solids in the nebulizing liquid. In 
the bioaerosol survivability experiments, yeast was used as the test microorganism. The nebulized yeast cells were 
sampled at different distances from the outlet of the inkjet aerosol generator and thus exposed to varying degrees of 
relative humidity for different residence times. Three bioaerosol samplers, namely, a BioSampler, a gelatin filter cassette, 
and a Marple cascade impactor with Mylar film, were used to collect the airborne yeast samples. Yeast survivability was 
determined by methylene blue viability staining. This study successfully demonstrated the feasibility and the advantages of 
using a piezoelectric inkjet print head to generate viable aerosols. Applying a square wave with appropriate combinations 
of voltage and pulse duration enabled the inkjet system to produce a liquid with rheological properties similar to those of 
water, and the particle generation rate was manipulated by adjusting the pulse frequency. Moreover, dispersion air was 
required to reduce coagulation. Although the number of droplets containing PSL spheres increased with the volume 
fraction of the spheres (Fv), a high Fv also reduced the probability of singlets forming. 
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INTRODUCTION 
 

Airborne infectious agents have received much more 
attention after the epidemic outbreak of the severe acute 
respiratory syndrome (SARS) in 2003, and airborne 
infectious diseases like influenza and tuberculosis are still 
critical issues to public health. Pathogens can be aerosolized 
by an infected person via coughing, sneezing, talking, and 
even just breathing. From the viewpoint of infection control, 
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the survival of an airborne pathogen in the environment 
plays an important role. Furthermore, bioaerosols can 
remain airborne for a long period of time depending on the 
size and are therefore widely spread. In the past decades, 
there have been numerous studies focusing on viable aerosol 
generation, sampling and control (Reponen et al., 1997; 
Lever et al., 2000; Mainelis et al., 2005; Wu and Yao, 
2010; Tolchinsky et al., 2011; Roux et al., 2013; Zhen et al., 
2014; Zuo et al., 2014; Sung et al., 2018). For laboratory-
based bioaerosol studies, an aerosol generator which is less 
detrimental to the survivability of microorganisms is 
needed, especially for sensitive species.  

Two nebulization methods, the pneumatic technique and 
ultrasonic technique, are often applied to generate droplet 
aerosols in a variety of research settings and applications. 
Based on the principle of pneumatic nebulization, the 
Collison nebulizer is probably the most commonly used 
bioaerosol generator in bioaerosol research (Reponen et 
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al., 1997; Agranovski et al., 2005; Zhen et al., 2013; Zuo 
et al., 2014). Nevertheless, the quality of the bioaerosols 
generated by the Collision nebulizer has been questioned 
since the high-speed jet flow and solid wall impingement 
may exert a strong stress on microbial cells. The Collison 
nebulizer has been shown to injure microorganisms due to 
impaction and shear forces (Reponen et al., 1997; Thomas 
et al., 2011). In addition, the fluid is recirculated every 6 
seconds in the glass reservoir containing 20 mL liquid as 
the collection solution. Microbial viability can be affected 
by frequent recirculation of the cell suspension and the 
concentration of suspension under prolonged nebulization 
can be changed due to the evaporation of the solvent (May, 
1973).  

With a special focus on minimizing damage to 
microorganisms, several new generators have been developed 
for bioaerosol research, for example, a flow-focusing aerosol 
generator (FFAG; Ingeniatrics Technologías, Seville, Spain) 
(Thomas et al., 2009) and a C-Flow concentric nebulizer 
(Savillex Inc., Eden, Prairie, MN, USA). With similar 
design based on the pneumatic technique, aerosol particles 
are produced by the breakup of generated microjets which 
are driven by the suction of a highly accelerated co-flow 
gas stream (Gañán-Calvo and Barrero, 1999). Other than 
the pneumatic technique, a single-pass bubbling generator 
was developed based on the bubbling technique called 
Liquid Sparging Aerosolizer (LSA) (Mainelis et al., 2005). 
All generators mentioned above use air to nebulize aerosol 
particles. It is sometimes difficult to generate high output of 
viable aerosols without increasing air flow or manipulating 
the characteristics of generated aerosols (for example, the 
amount of microbial cells contained in an aerosol and the 
surface coating). 

In addition to frequently used pneumatic nebulizers, 
ultrasonic nebulizers have been also used to aerosolize viable 
microorganisms (Meier, 2006; Woo et al., 2012; Roux et 
al., 2013). However, ultrasonic nebulizers are frequently 
used to generate droplet aerosols for inhalation studies 
(Kreyling and Ferron, 1982; Lahde et al., 2006; Lin et al., 
2011; Tsai et al., 2013). The increase of the temperature of 
the solution in an ultrasonic nebulizer is attributed to the 
energy generated from the piezoelectric crystal during 
prolonged nebulization. This may cause the evaporation of the 
solvent and therefore the increase of solution concentration 
(Porstendörfer et al., 1977). In fact, ultrasonic disinfection 
has been proven to be effective for killing bacteria such as 
E. coli, Pseudomonas aeruginosa, and Enterococcus avium 
(Stamper et al., 2008). In other words, ultrasonic nebulization 
of viable microorganisms may have a detrimental effect on 
microbial survivability. Moreover, ultrasonic nebulizers 
have been demonstrated to degrade heat-sensitive materials 
(Taylor and McCallion, 1997; Watts et al., 2008) and have 
difficulty in the aerosolization of particle suspensions 
(Nikander et al., 1999; Terzano and Allegra, 2002). 

With controllable and reproducible droplet generation, 
inkjet printing has been used in fields outside its traditional 
use of printing. The most common use is the piezoelectric 
drop-on-demand (DOD) method. The print head consists 
of a fluid-filled glass capillary bonded to an annular 

piezoelectric actuator. The droplet size in terms of droplet 
volume is governed by the characteristics of the inkjet 
nozzles and rheological properties of the inkjet solutions. 
The outlet diameter of the nozzle is typically 20–70 µm and 
the resulting droplets are in the size range of 10–100 µm 
(Reis et al., 2005). When using a piezoelectric inkjet print 
head to generate aerosols, it has been demonstrated that the 
nozzle diameter must be at least three times the particle 
diameter for stable particle ejection (Yamaguchi et al., 
2012a). Liquid properties such as viscosity, surface tension, 
and density have great influence on droplet formation. 
Generally, a DOD mode inkjet print head is capable of 
nebulizing liquid with a viscosity of 1–10 cP and a surface 
tension of 20–70 dyne cm–1 (Shimoda et al., 2003). Low 
viscosities usually lead to satellite formation. High surface 
tension can prevent the formation of satellite droplets 
(Kwon, 2010). 

In addition to inkjet nozzles and nebulizing solutions, 
droplet formation is significantly affected by the operating 
conditions of the piezoelectric actuator, such as driving 
voltage, pulse width, and waveform. The voltage is applied 
to the piezoelectric actuator and induces a pressure on a 
squeeze type piezoelectric print head. The voltage has to 
be high enough to overcome the surface tension and viscous 
force of the nebulizing liquid and squeeze out a droplet 
from the inkjet nozzle. As the pulse voltage increases, both 
the velocity and the volume of each droplet become larger 
(Lin, 2006; Shih et al., 2015). However, this can also lead 
to the formation of satellite droplets (Kwon, 2010). 

A simple trapezoidal waveform has been widely used in 
practice for controlling jetting behavior (Kwon, 2009). For 
this waveform, a fixed value is used for both the rising 
time and the falling time. The dwell time can be adjusted 
to suppress the satellite effect. However, a shorter dwell 
time (in terms of pulse width) may result in no droplet 
formation or require increased pulse voltage. After testing 
for three types of signal waveforms (single, double and 
bipolar waveform), Liu et al. (2013) concluded that a double 
waveform with an appropriate interval time between two 
pulses can generate a single droplet by creating additional 
negative pressure to avoid satellite droplets. Moreover, a 
bipolar waveform allows a high voltage difference without 
the application of excessively high voltage and can generate 
a single droplet for high viscosity fluid (Liu et al., 2013). 

Commonly used bioaerosol generation methods, such as 
pneumatic nebulization and ultrasonic nebulization, are 
known to affect the viability of microorganisms. Piezoelectric 
inkjet printing is a thermally consistent process and 
therefore the viability of aerosolized cells is expected to be 
well preserved. Numerous studies have used piezoelectric 
inkjet print heads to eject tissue cells (Saunders et al., 2008; 
Parsa et al., 2010; Huang et al., 2012; Yamaguchi et al., 
2012b; Ferris et al., 2013; The et al., 2013) or microbeads 
(Yamaguchi et al., 2012a; Shih et al., 2015). One study 
utilized piezoelectric inkjet array print heads with 30-µm 
nozzles to nebulize 1-µm PSL spheres and bacteria spores 
(Dougherty et al., 2007). The experimental results show 
that the lower the concentration of PSL in the suspension 
solution, the smaller the resulting dried particles. For low 
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concentrations, the highest count of aerosol particles was 
composed of single PSL. At higher concentrations, clusters 
became evident. In accordance with the appearance of the 
clusters observed under an electronic microscope, a 
concentration of 90–100 spores per 30-µm-diameter droplet 
was suggested for the suspension of 6.5 × 109 # mL–1 
Bacillus globigii spores.  

As a reliable viable aerosol generator, the piezoelectric 
inkjet print head can also manipulate the surface coating of 
bioaerosols by altering the rheological properties of the 
nebulized fluid to mimic the bioaerosols in a real-world 
scenario. Generally, the infectious agents produced by an 
index case may become airborne with saliva or mucus 
coating, which may affect microbial survivability. The 
presence of surrounding organic materials (e.g., saliva and 
mucus) may protect airborne pathogens as they encounter 
harsh environmental conditions like dehydration, ultraviolet 
radiation (Woo et al., 2012) and so forth. A laboratory-based 
study found that a virus carried by larger particles may be 
surrounded by more organics (e.g., solutes in the nebulizer 
suspension) as compared with a virus existing as a singlet or 
in association with fewer organic materials (Zuo et al., 2014). 
As a result, virus carried by larger particles exhibited higher 
survivability. It has been speculated that the surface coating 
materials provide a shielding effect for microorganism 
survivability and may also reduce sampling stress such as 
desiccation and sampler dependent-mechanical forces. 

Focusing on infectious bioaerosols, previous studies 
have often used commercial or home-made nebulizers to 
generate polydisperse bioaerosols. However, the generated 
droplets may contain more than one microbial cell and 
form cell clusters with surface coating when dried. 
Varying characteristics of challenging viable aerosols may 
bias the effectiveness of infectious aerosol control measures 
in practical applications. Moreover, it is sometimes difficult to 
make generalizations. Few studies have described the 
generation of viable aerosols, especially with respect to the 
likelihood of multiplets and surface coating as well as their 

impact on microbial viability. In the present study, a 
piezoelectric inkjet print head was used to generate 
bioaerosols. The characteristics of the resulting bioaerosols 
were manipulated by adjusting the concentration of microbial 
suspension and the liquid properties. The objectives of this 
work were to characterize a piezoelectric inkjet system for 
generating viable aerosols with given characteristics and to 
set up a settling chamber with controllable airborne time 
for the study of bioaerosol survivability. 
 
MATERIALS AND METHODS 
 
Inkjet Aerosol Generation System 

The aerosol generation system, as shown in Fig. 1, 
consisted of an inkjet print head (MJ-AT-50, MicroFab 
Technologies Inc., Plano, Texas, USA), a function generator, 
a power amplifier, and a pressure control device. A squeeze 
mode piezoelectric print head with a 50-µm-diameter 
nozzle was used in the present study. It consisted of a glass 
capillary bonded to an annular piezoelectric actuator, for 
bipolar pulse excitation. This inkjet print head could be 
used to atomize liquid suspension with viscosity less than 
20 cP and surface tension between 20 to 70 dyne cm–1, 
which is similar to water. 

The piezoelectric inkjet print head was driven by a 
series of square pulses produced from a function generator. 
The signal was acquired by a data acquisition card (DAQ 
card, NI PCI-6251, National Instruments Co., Austin, TX, 
USA) with the maximal output of 10 V. A power amplifier 
(HA-400, PINTEK Co., Ltd., Taipei, Taiwan) was employed 
to amplify the output signal up to 100 V. The signal 
waveform was controlled using a LabVIEW program 
(LabVIEW 2011, National Instruments Co.) and the rising 
and falling times for a square wave pulse were both less 
than 100 ns. To visualize the droplet formation and print 
head clog, a charge-coupled device (CCD, SuperIris-360-
CA, New Image Co., Ltd., Taipei, Taiwan) and a strobe 
LED were used. The CCD achieved a frame rate of up to 

 

 
Fig. 1. Schematic diagram of the inkjet system. 
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30 frames per second (fps) with a resolution of 1280 × 960 
pixels. The LED was operated at a frequency of 1000 Hz 
and exposure time of 1 µs. 

 
Characterization of Inkjet Aerosol Generator with  
Non-Biological Particles 

The performance of the aerosol generation system was 
characterized using potassium sodium tartrate solution 
(PST) and 3-µm polystyrene latex (PSL) suspension. The 
PST solution was used to evaluate the characteristics of 
droplets generated by an inkjet print head with a 50-µm-
diameter nozzle. The solubility and density of PST (MW 
282) in water is 0.63 g mL–1 and 1.79 g cm–3. The 3-µm 
PSL was used as a surrogate in this case because the size is 
close to microorganisms such as yeast. 

The operating parameters including driving voltage, 
pulse width, dispersion air flow rate, pulse frequency and 
volume fraction of solids in the suspension were evaluated. 
To prevent the formation of satellite droplets, bipolar 
square pulses were generated to drive the inkjet print head 
and the time needed for a square pulse to rise and fall was 
less than 100 ns. The test driving voltage and pulse width 
varied from 10 to 55 V and from 6 to 23 µs, respectively. 
The particle concentration measurements were conducted 
with dispersion air supply varying from 0 to 1 L min–1 in 
increments of 0.2 L min–1. The particle generation rate is 
solely controlled by the frequency of voltage pulses sent to 
the inkjet print head and a drop-on-demand inkjet print 
head typically generates droplets at a rate in the range of 
0.1–10 kHz (Reis et al., 2005). Based on the preliminary 
observation, the inkjet printing head cannot properly 
generate droplets with uniform size at a pulse frequency 
higher than 9000 Hz. Therefore, in this work, the pulse 
frequency was set to vary from 10 to 7000 Hz to suppress 
the formation of satellite droplets. Under the studied pulse 
frequency range, only one droplet was generated each time 

as the single electrical pulse was applied to the inkjet print 
head. The droplet generation rate can be estimated by the 
applied pulse frequency. Subsequently, the aerosol number 
concentration can be predicted by the following equation. 
 

pulse frequency

T

C
Q

  (1) 

 
where QT is the total air flow rate. In this work, QT was 
6.0 L min–1, unless otherwise specified. 

The test PSL suspension concentration varied from 5 × 
105 to 5 × 107 particles mL–1. The fluid reservoir was 
pressurized negatively to overcome any capillary dripping 
under idle mode. Under jetting mode, a Y-connector attached 
to a vacuum pump and a compressed air supply fed negative 
and positive pressure to the fluid reservoir and back 
pressure was adjusted to provide stable droplet generation. 
An Aerodynamic Particle Sizer (APS; Model 3321, TSI 
Inc., St. Paul, MN, USA) was employed to measure the 
aerosol number concentration and size distribution in the 
range of 0.5–20 µm. 

 
Preparation of Yeast Suspension for Nebulization 

The yeast survivability study was performed using a 
settling chamber, as shown in Fig. 2. The yeast 
(Saccharomyces cerevisiae) was chosen due to the low 
health risk, easy cultivation and short generation time. The 
yeast was first cultivated on yeast extract peptone dextrose 
(YPD) medium. After overnight incubation at 30°C, a single 
colony was picked and inoculated into 10 mL YPD broth. 
The broth cultures were incubated in a shaking water bath 
at 100 rpm, for 18–24 hours at 30°C. The yeast broth was 
centrifuged at 4000 rpm for 10 minutes to remove the 
broth. Then the cell pellet was re-suspended and washed 
with disinfected water twice. The concentration of the yeast 

 

 
Fig. 2. The settling chamber for the yeast survivability test. 
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suspension was measured using a counting chamber. The 
yeast suspension was then diluted with disinfected water to 
achieve a desired concentration and then introduced into 
the fluid reservoir for nebulization. 

 
Performance Evaluation of an Inkjet Aerosol Generator 
for Yeast Survivability 

To rate the performance of the piezoelectric inkjet print 
head in the generation of viable yeast for survivability test, 
the piezoelectric inkjet and two types of nebulizers, 
including a six-jet Collison nebulizer (Model CN25, BGI 
Inc., Waltham, MA, USA) and an ultrasonic nebulizer 
(ultrasonic atomizing nozzle; 8700-120 MicroSpray, Sono-
Tek Inc., Milton, NY, USA), were evaluated. The freshly 
nebulized aerosol particles were sprayed on a clean glass 
slide and subsequently stained with 0.01% methylene blue 
for 10 minutes. Several hundreds of cells were enumerated 
under a light microscope at 400× magnification and the 
percentage of cell survivability (survival rate) was calculated 
by dividing the number of unstained cells by the total 
number of cells counted. The relative survival rate, defined 
as the survival rate ratio of the nebulized sample to the 
suspension, was used to describe the effect of nebulization 
methods on yeast survivability. 

 
Performance Comparison of Bioaerosol Sampling 
Methods 

Driven by an appropriate voltage-pulse signal, the inkjet 
print head was employed to generate droplets containing 
yeasts and dry filtered air flew around the nozzle outlet for 
aerosol dispersion. After being neutralized by a radioactive 
source, Am-241, and diluted with filtered air, the aerosol 
output was introduced into a 3-m high vertical acrylic 
cylinder (diameter: 20 cm) to expose it to varying relative 
humidities (20–80% RH). Subsequently, airborne yeast 
samples were collected at different distances (30, 100, 200, 
and 300 cm) from the outlet of inkjet nozzle to evaluate the 
effect of residence time on yeast survivability. Three types 
of bioaerosol samplers, including a BioSampler (SKC, 
Inc., Eighty Four, PA, USA), a filter cassette with a 25-mm 
gelatin filter (SKC, Inc., Eighty Four, PA) and a Marple 
cascade impactor (Model 290, Tisch Environmental, Inc., 
Cleves, OH, USA) with Mylar film, were used to collect yeast 
aerosols. The SKC BioSampler using water as collection 
liquid operated at 12.5 L min–1 for 15 minutes. However, 
the flow rate of the BioSampler exceeded the air supply inside 
the settling chamber. To overcome this problem, bypass air 
of 10.5 L min–1 was re-circulated and only 2 L min–1 of air 
was sampled directly from the test chamber. After sampling, 
the yeast cells in the collection liquid were concentrated by 
centrifuging at 4000 rpm for 10 minutes. The gelatin filter 
cassette was operated at 2 L min–1 for 6 minutes. After 
sampling, disinfected water was added to dissolve the gelatin 
filter and make a yeast suspension. In both cases, an 
aliquot of the extracted yeast suspension was mixed with 
methylene blue solution for viable staining. The Marple 
cascade impactor with Mylar film was operated at 2 L min–1 
for 3 minutes and the staining solution was directly applied 
onto the collection substrate after sampling. The relative 

survival rate (RSR) was used to describe the impact on 
yeast survivability and was given by:  
 

extract

nebulizer

SR
RSR

SR
  or filter

nebulizer

SR
RSR

SR
  (2) 

 
where SRextract represents the yeast survival rate of an 
extracted suspension with a BioSampler or a gelatin filter 
cassette, SRnebulizer represents the survival rate of the freshly 
nebulized sample collected by a glass slide, and SRfilter 
represents the yeast survival rate of a filter sample with a 
Marple cascade impactor and Mylar film.  

 
RESULTS AND DISCUSSION 
 
Operating Conditions for the Inkjet Aerosol Generator 

The piezoelectric inkjet print head utilized a piezoelectric 
actuator to generate high positive pressure for forcing a 
certain amount of liquid out of the fluid reservoir through 
the nozzle. When the pressure overcame the restoring 
effects of surface tension and viscous force, the liquid 
ligament was broken up, followed by droplet formation. 
Based on visual observation with water as the test liquid, it 
was found that liquid could be held in position inside the 
glass capillary when back pressure was regulated in the 
range of –1.8 to –3.4 kPa under jetting mode. Beyond that 
range, either the liquid would drain from the nozzle tip of 
the glass capillary or the droplet would not be generated.  

To determine the operating conditions for generating 
monodisperse droplets, the function generator produced a 
series of bipolar square pulses with amplitudes varying 
from 12 to 55 V and pulse width ranging from 6 to 23 µs. 
Water was used to generate droplets at 16% RH and 27°C. 
The back pressure was maintained at –2.2 kPa. The inkjet 
print head did not eject droplets until the pulse voltage was 
over 12 V. The pulse width was adjusted to ensure the 
generation of single droplets free of satellites. The working 
range was determined using the maximum and minimum 
values of observations. As a result, monodisperse droplets 
could only be produced under a limited range of combinations 
of voltage and pulse width, as shown in the dark shaded 
area in Fig. 3. 

 
Effect of Dispersion Air on Particle Generation 

For each combination of voltage and pulse width, the 
inkjet print head produced monodisperse droplets. However, 
it was observed that the particle concentration did not 
increase as the excitation frequency increased from 500 to 
1000 Hz when using PST as the nebulizing solution. It is 
speculated that the formed droplets began to coagulate in 
the vicinity of the nozzle opening due to an overwhelming 
increase in the number of droplets right at the exit of the 
nozzle. To prevent droplet coagulation, which would induce a 
broadening of particle size distribution, dispersion air was 
applied to the nozzle opening, as shown in Fig. 2. The 
effect of dispersion air on the particle concentration was 
evaluated with PST solution at two excitation frequencies, 
500 and 1000 Hz, as shown in Fig. 4. The studied dispersion 
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Fig. 3. The working range of the inkjet print head. 

 

 
Fig. 4. Effect of dispersion air on the aerosol concentration. 

 

air flow varied from 0 to 1 L min–1 at an increment of 
0.2 L min–1 with the overall air flow of 6 L min–1, including 
the dilution air flow. Particle generation efficiency is defined 
as the number of aerosol particles generated by one voltage 
pulse sent to an inkjet head (Iida et al., 2014). For aerosol 
sizes ranging from 0.5 to 20 µm, the aerosol generation 
efficiencies at different dispersion air flows were listed in 
Table 1. The measured aerosol concentration was far 
below the theoretical value when there was no dispersion 
air supply. However, the measured aerosol concentration 
gradually approached the theoretical value and achieved a 
maximum level as the dispersion air flow increased to 
0.4 L min–1. The measured aerosol concentration began to 
decline when the dispersion air was over 0.4 L min–1. This 
might be attributed to the increasing aerosol impaction on 
the inner surface of the chamber due to turbulence caused 
by increasing dispersion air. 

Effect of Pulse Frequency on Particle Generation 
Fig. 5 shows the deviation of measured aerosol 

concentration from the predicted value, with and without 
dispersion air at different excitation frequencies, including 
50, 100, 250, 500 and 1000 Hz. The results show that the 
particle concentration was gradually underestimated as the 
excitation frequency increased, very likely due to aerosol 
coagulation. This phenomenon was particularly significant 
when no dispersion air was supplied.  

With dispersion air fixed at 0.4 L min–1, Fig. 6 shows 
the performance of the inkjet print head under different 
excitation frequencies, including 500, 1000, 3000 and 
7000 Hz. A 0.0216% solution of PST in water was used. 
The operating voltage and pulse width were 16 V and 16 
µs, respectively. The back pressure was maintained at –2.2 
kPa. The total flow rate in the chamber was 6 L min–1. 
Experimental results showed that, when sampled from the  
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Table 1. Effect of dispersion air on particle generation efficiency. 

Frequency, Hz 
Dispersion air flow rate, L min–1 

0 0.2 0.4 0.6 0.8 1.0 
500 0.26 ± 0.03 0.79 ± 0.01 0.95 ± 0.02 0.86 ± 0.02 0.78 ± 0.01 0.52 ± 0.01 
1000 0.12 ± 0.01 0.64 ± 0.01 0.94 ± 0.02 0.86 ± 0.02 0.80 ± 0.01 0.66 ± 0.01 

 

 
Fig. 5. Impact of dispersion air on the aerosol concentration at different excitation frequencies. 

 

 
Fig. 6. Performance of the inkjet print head under different frequencies. 

 

bottom of the 3-m vertical acrylic cylinder, the time required 
to reach stable concentration was approximately 25 minutes. 
Moreover, the equilibrium aerosol concentration in the 
mixing chamber at 500, 1000, 3000, and 7000 Hz reached 
94, 95, 94, and 92% of the theoretical value, respectively. 
High frequency of 7000 Hz presented the lowest fraction of 
the predicted concentration, likely due to aerosol coagulation. 

 
Nebulization of PST Solution by Inkjet Aerosol Generator  

In theory, the size of the final aerosol particle (dp) 
depends on the volume fraction of solute material (Fv) and 
the droplet diameter (dd) is given by (Hinds, 1999): 

dp = dd(Fv)
1/3 (3) 

 
To evaluate the size of droplets generated by the inkjet 

print head with a 50-µm-diameter nozzle, three combinations 
of voltage and pulse width (14 V–18 µs, 16 V–16 µs and 
18 V–14 µs) were randomly chosen to generate monodisperse 
droplets based on the working range of the inkjet print 
head. A 0.0216% solution of PST in water was nebulized 
to produce solid particles of the desired size. The back 
pressure was kept at –2.2 kPa and the excitation frequency 
was 500 Hz. The flow rates of dispersion air and dilution 
air were 0.4 and 5.6 L min–1, respectively. Results show 
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that the count median diameters (CMDs) of the particles 
were 3.02 ± 0.02, 2.99 ± 0.02 and 3.02 ± 0.02 µm, 
respectively, for voltage pulses of 14 V–18 µs, 16 V–16 µs 
and 18 V–14 µs with geometric standard deviations (GSDs) 
of 1.06. Assuming dp = 3 µm and Fv = 0.0216%, the 
droplet diameter was calculated to be ideally close to 50 µm 
which was the same size as the nozzle diameter. Since all 
particles were reduced in size by the same factor, the GSD 
of the droplet size distribution was the same as that of the 
dried particles. This demonstrates that the formation rate of 
droplets is controllable and the size of the formed droplets 
is uniform with the use of the inkjet generator. Unlike the 
inkjet generator, droplets produced for water-based solutions 
with a collision nebulizer are log-normally distributed with 
a CMD of about 0.9 µm and a GSD of 1.8–2.0 (Moss and 
Cheng, 1995; Ulvecius et al., 1997; Hinds, 1999). 
 
Nebulization of PSL Suspension by Inkjet Aerosol 
Generator 

An aerosol with only one sphere is normally referred to as a 
“singlet.” When more than one sphere is present in a droplet, 
the resulting particle becomes a cluster or chain of spheres as 
the droplet dries. The probability P(n) of n spheres occurring 
in a droplet of diameter dd is given by (Hinds, 1999):  
 

   ( ) exp
!

n
x

P n x
n

   (4) 

 
where x̅, the average number of spheres per droplet, is 
given by:  
 

3

d
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d
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where Fv is the volume fraction of spheres of diameter dp, 
CN is the number concentration of spheres in suspension and 

Vd is the volume of a droplet. In the present study, 3-µm PSL 
spheres were nebulized as a surrogate of microorganisms, 
such as yeast. As mentioned above, the size of droplets 
generated by the inkjet print head of 50-µm-diameter nozzle 
was 50 µm in diameter. Based on theoretical calculation, 
Fig. 7 shows the fraction of singlets to droplets with solids, 
droplets with solids to total droplets and singlets to total 
droplets as a function of the number concentration of PSL 
suspensions. As the number concentration of PSL suspension 
increased, the ratio of singlets to droplets with solids 
decreased and droplets with solids to total droplets increased. 
As a result, the ratio of singlets to total droplets peaked as 
the number concentration of PSL suspension reached 1.53 
× 107 # mL–1. 

Experimental results of the aerosol size distribution 
under different concentrations of PSL suspension are shown 
in Fig. 8. The test suspension was prepared from the 
original (highest concentration) PSL suspension in tenfold 
serial dilutions. A bimodal distribution was observed for 
all dilution ratios. The peak in small aerosol size represented 
the residue of droplets containing no PSL spheres, while 
another peak in large aerosol size illustrated the droplets 
with one or more PSL spheres. The average numbers of 
spheres per droplet were calculated to be 0.033, 0.327, and 
3.27 for the corresponding PSL suspensions of 5 × 105, 5 × 
106, and 5 × 107 # mL–1, respectively. Table 2 shows the 
fraction of droplets containing 0, 1 or more spheres, when 
dd is 50 µm and dp is 3 µm. The concentration of solute 
material, i.e., impurities, in PSL suspension was estimated 
to be 0.23%. For the following bioaerosol survivability 
test, the yeast suspension was diluted with disinfected water 
to an approximate concentration of 5 × 106 cells mL–1 to 
yield challenging bioaerosols with more droplets containing 
only one yeast cell. 

 
Performance of an Inkjet Aerosol Generator in Yeast 
Survivability 

A piezoelectric inkjet print head as well as other types 

 

 
Fig. 7. Fraction of singlets to droplets with solids, droplets with solids to total droplets, and singlets to total droplets as a 
function of number concentration of PSL suspensions. 
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Fig. 8. Effect of PSL suspension concentration on the 
aerosol size distribution. 

 

of nebulizers, including a Collison nebulizer and an 
ultrasonic nebulizer, were tested to rate the performance in 
yeast survivability. The relative survival rates with time for 
test nebulizers are shown in Fig. 9. Greatly outweighing the 
performance of the ultrasonic nebulizer, the inkjet generator 
exhibited excellent performance which is comparable to that 
of the Collison nebulizer in the preservation of yeast 
viability for prolonged nebulization. The use of an ultrasonic 
nebulizer is not recommended for bioaerosol survivability 
studies because the increasing temperature of the atomizing 

nozzle presented a detrimental effect to yeast viability as 
the yeast survival rate declined dramatically with the 
nebulization time. This finding confirms the capability of 
ultrasonic disinfection and is in good agreement with a 
previous study (Stamper et al., 2008). As for the Collison 
nebulizer, the viability of yeasts generated by a Collison 
nebulizer may gradually decrease with nebulization time 
due to the frequent recirculation of cell suspension with 
impaired yeast during prolonged nebulization. 

 
Application of an Inkjet Aerosol Generator for 
Bioaerosol Survivability Testing 

As mentioned above, the piezoelectric inkjet print head 
used in this study was shown to be controllable and 
reproducible for generating bioaerosols with excellent 
performance in microbial survivability with time. With a 
settling chamber, the inkjet print head system was employed 
to conduct bioaerosol survivability tests at controlled 
environmental conditions (for example, humidity) and 
exposure time, by sampling at different settling distances 
from the outlet of the aerosol generator.  

When a yeast particle was introduced into the settling 
chamber, it underwent gravitational settling in still air and 
quickly reached its terminal settling velocity. Under this 
circumstance, the terminal settling velocity can be given by:  
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where ρp is the particle density, dp is the particle diameter,  

 

Table 2. Fraction of droplets containing 0, 1 and more spheres when dd is 50 µm and dp is 3 µm. 

Number concentration of particles 
in suspensions, CN 

Fraction of droplets with indicated number of spheres 
n = 0 n = 1 n > 1 

5 × 105 0.968 0.032 0.0005 
5 × 106 0.721 0.236 0.043 
5 × 107 0.038 0.124 0.838 

 

 
Fig. 9. Effect of nebulization methods on the yeast survivability. 
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g is the acceleration of gravity, and η is the viscosity of the 
gas. In this case, the aerodynamic diameter of a yeast particle 
was 3 µm. The settling velocity of a yeast particle inside 
the chamber was calculated to be 0.027 cm s–1. The settling 
chamber was made of a 3-m vertical acrylic cylinder with 
an inner diameter of 20 cm. A total air flow of 2 L min–1 
was supplied to the chamber and achieved a downward wind 
speed of 0.106 cm s–1. Considering the settling velocity of 
a yeast particle and downward wind speed inside the 
chamber, a yeast particle could remain airborne in this 3-m 
settling chamber for as long as 37.6 minutes. 

The relative humidity (RH) inside the settling chamber 
was adjusted to 20% and 80%. By sampling at different 
distances from the outlet of inkjet generator, the inactivation 
kinetics of airborne yeast under the low and high humidity 
conditions were evaluated. Fig. 10 shows the inactivation 
kinetics of airborne yeast at 20% and 80% RH with the use of 
three types of bioaerosol samplers including a BioSampler, 
a gelatin filter cassette and a Marple impactor. The settling 
distances of 30, 100, 200 and 300 cm correspond to the 
exposure times of 3.8, 12.5, 25.1, and 37.6 minutes. The 
relative survival rates for samples taken by liquid 
impingement (a BioSampler) were in the ranges of 65–
70%, whereas those by impaction (a Marple sampler) and 
filtration (a gelatin filter cassette) were less than 20%. 
Moreover, no significant differences in airborne yeast 
viability were found between low- and high-humidity 
conditions. The results imply that the bioaerosol sampling 
method might have a more significant effect on bioaerosol 
viability than that of the air humidity level.  

During air sampling, the corresponding air velocities for 

the inlets of the three test samplers were 16,000, 240 and 
6.8 cm s–1 for the BioSampler, Marple impactor and gelatin 
filter cassette, respectively. Regardless of the air velocity 
level, higher yeast survival rates were found for samples 
with the BioSamper (wet-collection) when compared to the 
other two samplers (dry-collection). The lowest yeast survival 
rate was found for samples with the Marple impactor and 
similar results were found by Zhen et al. (2013). This 
might be attributed to shear forces and surface impaction 
as well as desiccation caused by continuing air flow. In 
general, filtration units are not recommended for collecting 
viable aerosols due to the detrimental effect of desiccation 
during air sampling (Verreault et al., 2008). However, 
another study concluded that the high moisture content of 
gelatin filters caused minimum sampling stress (Zuo et al., 
2014). Nevertheless, the experimental results of this study 
show that even with the use of high moisture content of 
gelatin filters, the filtration-based technique still causes 
detrimental effects on yeast survivability. For a better 
resolution of bioaerosol survivability, a wet collection 
method (for example, a BioSampler) is recommended for 
bioaerosol sampling in survivability studies to preserve the 
microbial viability. 

With the use of an inkjet print head, a higher initial 
survival rate of challenging bioaerosols containing single 
microbial cell could be achieved, allowing better resolution in 
the evaluation of bioaerosol inactivation efficacy. Based on 
the experimental results, the optimal operating parameters for 
the inkjet generator to produce airborne singlet yeast cells 
were listed in Table 3. 
 

 

 
Fig. 10. Relative survival rates of airborne yeast with different exposure times in terms of settling distance at 20% and 
80% RH with the use of three samplers. 

 

Table 3. The optimal operating parameters for the inkjet generator to produce singlets. 

Parameter Optimal value or range 
Excitation voltage & dwell time The shaded area in Fig. 3 
Dispersion air flow rate, L min–1 0.4  
Yeast suspension concentration, cells mL–1 5 × 106 
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CONCLUSIONS 
 

This study successfully demonstrated the feasibility and 
the advantages of using a piezoelectric inkjet print head to 
generate viable aerosols. Applying a square wave with 
appropriate combinations of voltage and pulse duration 
enabled the inkjet system to produce a liquid with 
rheological properties similar to those of water, and the 
particle generation rate was manipulated by adjusting the 
pulse frequency. Dispersion air was required to reduce 
coagulation. The generated droplets were approximately 
50 µm in size with a GSD of 1.06. The size distribution of 
the particles dried from 3-µm PSL suspensions revealed 
two peaks, one for the smaller size range and another for 
the larger size range, which represented the soluble residue 
of the suspension, and dried particles from the main 
droplets, respectively. The greater the volume fraction of 
the solid particles, the fewer empty droplets were formed. 
However, an excessive volume fraction of solid particles 
reduced the probability of droplets containing only one 
solid particle. The appropriate concentration for the 3-µm 
solid suspension was on the scale of 106 # mL–1. The 
fraction of droplets containing at least one particle was 
0.26, whereas the fraction of droplets containing only one 
particle was 0.86. 
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