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Abstract 

Introduction: Secondhand smoke endangers both the environment and the health of non-

smokers. Due to the scarcity of repeatable data generated by human subjects, a system capable of 

generating representative secondhand smoke is essential for studying smoke properties. This 

work presents the design and validation of a filter-based system that could mimic the particle 

deposition and penetration in human respiratory system for secondhand smoke generation and 

characterization.  

Methods: Guided by our study on characterizing size-dependent filtration efficiency of common 

materials, we identified three filter media that generate similar particle deposition efficiencies 

compared to different regions of the human respiratory system over a wide submicron size range. 

We demonstrated the performance of the proposed filter-based system using various operating 

conditions. Additionally, we compared the properties of secondhand smoke particles to those of 

primary smoke particles. 

Results: The difference in aerosol deposition efficiencies between the filter-based system and 

the International Commission on Radiological Protection (ICRP) model was less than 10% in the 

size range of 30 to 500 nm. High concentrations of metals were detected in the secondhand 

smoke. The contents of Ni and Cr generated from the secondhand electronic cigarettes are at 

least 20 and 5 times above the regulated daily maximum intake amount.  

Conclusion: Given the agreement in aerosol respiratory deposition between the filter-based 

system and the ICRP model, such a system can facilitate laboratory studies of secondhand smoke 

due to its simple structure, high repeatability, and ease of control while remaining free of human 

subjects. 
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Introduction 

Although the usage of cigarettes (such as tobacco and electronic cigarettes) is a lifestyle 

choice for smokers, secondhand smoke can be generated from these devices and pose 

involuntary health and environmental impact on non-smokers, necessitating the characterization 

and quantification of these adverse effects (Andreoli, Gigante and Nunziata 2003; Health and 

Services 2006; 2014). However, this secondhand smoke, especially that directly generated from 

the exhalation of the cigarette users (e.g., when using electronic cigarettes), remains mostly 

understudied. Limited number of studies on secondhand electronic cigarette aerosols involved 

human subjects using the products and exhaling the smoke into a chamber or a sample collection 

device to analyze the smoke (Czogala et al. 2014; Kaufman et al. 2018; Logue et al. 2017; 

Protano et al. 2017; Schripp et al. 2013; Son et al. 2020; Zhao et al. 2017), providing relatively 

accurate measurements of secondhand smoke exhaled by real smokers with wide ranges of ages, 

physical conditions, and smoking habits. However, conducting such studies involves complex 

human subject compliance and a significant number of variables, thereby limiting the amount of 

repeatable data that can be generated from the studies. Therefore, a simulated respiratory system 

that generates representative and consistent secondhand smoke will be substantial for studying 

the physical, chemical, and toxicological properties of the smoke.  

 The secondhand (exhaled) smokes are different from primary (inhaled) mainly due to the 

physical processes in the human respiratory system. As the smoke particles enter the respiratory 

system, they deposit on epithelial cells through inertial impaction, interception, Brownian 

diffusion, and gravitational settling mechanisms, each playing a different role in capturing 



 4 

particles of various size ranges (Hinds 1999). Additionally, particles of specific sizes would have 

different deposition efficiencies in the extrathoracic (ET), tracheobronchial (TB), and alveolar 

(AL) respiratory airways due to variations in the structure, air flow rate, and particle residence 

time (Heyder et al. 1986). As a result of particle deposition in the respiratory system, secondhand 

smoke would have a smaller number-based size distribution compared to primary smoke. To 

recapitulate the size-dependent deposition efficiency, the International Commission on 

Radiological Protection (ICRP) developed a human respiratory tract model that describes the 

deposition fractions in different regions of the respiratory system (Bair 1995). The most 

commonly used particle deposition fractions modeled by the ICRP assume that particles are 

composed of sodium chloride (NaCl). However, it was also noted that the composition of 

particles affected their respiratory deposition (ICRP 1995). In addition to semi-empirical models, 

advanced numerical models based on computational fluid dynamics (CFD) have also been 

developed to examine particle deposition in the respiratory system, as comprehensively reviewed 

in (Rostami 2009), with the majority of models addressing the oronasal and upper respiratory 

tracts only. 

 Apart from particle deposition, hygroscopic growth of particles is also needed to be 

considered. It is now recognized that during inhalation and exhalation, aerosols grow under high 

relative humidity (RH close to 99.5%) (ICRP 1995), and the growth rate is dependent on the 

hygroscopicity of the particle. This growth would have a profound impact on the fate of the 

secondhand smoke aerosols as their size distributions will be different from the those of the 

primary smoke generated by conventional and electronic cigarettes. The inclusion of aerosol 

hygroscopic growth added significant complexity to the particle dynamics within the respiratory 

tract (Morrow 1986). The hygroscopic growth of particle size will affect the deposition 
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efficiencies in the respiratory system, as shown in the study of the human respiratory deposition 

of biomass burning smoke (Löndahl et al. 2008). Modeling studies also found that the 

hygroscopic growth rates are higher for electronic cigarette aerosols than for tobacco cigarette 

aerosols. The effect of particle growth on deposition leads to a lower total deposition in the case 

of tobacco cigarette aerosols than for the electronic cigarette aerosols (Pichelstorfer et al. 2016). 

According to another modeling study, the inhalation of warm saturated air may also significantly 

grow the inhaled smoke aerosols, highlighting the impact of condensational growth in smoke 

aerosol deposition (Worth Longest and Xi 2008). In addition to hygroscopic growth, the phase 

change of the smoke particles due to volatile organics in the particles may further complicate the 

particle deposition in the respiratory system (Pankow 2001; Pichelstorfer and Hofmann 2015; 

Pichelstorfer, Winkler-Heil and Hofmann 2013; Zhang, Sumner and Chen 2013). Modeling 

studies show that medium-to-high soluble vapors have very high deposition values in the human 

upper airways, while insoluble species may penetrate further and deposit in deeper lung regions. 

Vapor deposition is also strongly influenced by the puffing behavior (Zhang and Kleinstreuer 

2011; Zhang, Kleinstreuer and Feng 2012). As for cigarette aerosols, most of the nicotine is 

deposited by the vapor phase for both electronic and tobacco cigarettes (Pichelstorfer et al. 

2016).  

 In order to generate representative secondhand smoke aerosols, a simulated respiratory 

system needs to mimic the size-dependent particle deposition pattern, hygroscopic growth, as 

well as the phase change of smoke particles. Previous studies show that the upper respiratory 

tract (mouth-throat and upper tracheobronchial regions) can be simulated with cast and 3D-

printed structures, which can be used to imitate the realistic particle deposition and hygroscopic 

growth under the high RH environment (Chen et al. 2017; Hindle and Longest 2010; Xi et al. 
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2013; Zhou, Sun and Cheng 2011). The mouth-throat model with NaCl particles under 

humidified conditions shows that a high relative humidity inlet can substantially enhance the 

average growth ratio of hygroscopic droplets (Chen et al. 2017). Recently, a more realistic 

human respiratory tract containing lower tracheobronchial regions was manufactured, 

representing physiological thermal conditions in the human lungs (Asgari et al. 2019; Asgari, 

Lucci and Kuczaj 2021), however, the particle deposition efficiencies have not been 

experimentally determined. Until now, no systems have been available for simulating the particle 

deposition in the alveolar regions due to the requirement of a large surface area for particle 

deposition through Brownian diffusion, which cannot be achieved with cast and 3D-printed 

structures. Moreover, due to the strong dependence of vapor adsorption and absorption on the 

properties of the deposited surfaces, no studies examined vapor deposition in such simulated 

respiratory systems (Asgari et al. 2019; Asgari, Lucci and Kuczaj 2021; Hindle and Longest 

2010; Nordlund et al. 2017; Xi et al. 2013; Zhou, Sun and Cheng 2011).  

Guided by our recent studies on characterizing size-dependent filtration efficiency of 

common household fabric materials (Hao et al. 2020; Hao, Xu and Wang 2021), we identified 

several standardized filter media that are capable of generating nearly identical particle 

deposition efficiencies modeled by the ICRP in various regions of the human respiratory system 

over a wide submicron size range under the relative humidity of 90%. It is thus feasible to 

assemble these filter media to construct a simulated human respiratory system that can mimic 

aerosol deposition and generate representative secondhand smoke, assuming particle deposition 

follows that of NaCl particles used in the ICRP. The hygroscopic growth of the particles can be 

achieved by mixing the sampled smoke with a stream of humidified air. Such a system can 

greatly enhance the capacity to predict the toxicological profile of cigarette aerosols due to its 
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simple structure, high repeatability, and ease of control while remaining free of human subjects. 

In this study, we first examined and compared the particle deposition mechanisms in the human 

respiratory system and filter media, and then validated the performance of such a filter-based 

simulated respiratory system under various sampling flow rates and relative humidities. We 

further generated secondhand smoke particles from tobacco and electronic cigarettes and 

compared their properties against primary smoke particles.  

 

Methods 

Particle deposition mechanisms in the human respiratory system and filter media 

The human respiratory system consists of the extrathoracic (ET), tracheobronchial (TB), 

and alveolar (AL) regions. The transport and deposition of particles onto airway surfaces are 

governed by Brownian diffusion, inertial impaction, interception, and gravitational settling. 

Particle deposition onto different regions of the respiratory system depends on the aerodynamic 

size of the particle (𝑑!"), air flow rate (𝑄), residence time in the alveolar region (tA), residence 

time in the alveolar region (tB), and the tidal volume (𝑉). (Heyder et al. 1986) calculated the 

theoretical particle deposition efficiency in different sub-regions of the human respiratory 

system, including the nasal passage (𝑒#), larynx (𝑒$), upper bronchial airways (𝑒%&), lower 

bronchial airways (𝑒$&), and alveolar region (𝑒'$) as follows: 

𝑒# = 1 − 1/(0.00033𝑑()* 𝑄 + 1)  (1) 

𝑒$ = 1 − 1/((0.00009𝑑()* 𝑄+.--𝑉.+.*/)0./ + 1)  (2) 

𝑒%& = 1 − exp(−(0.0000265𝑑()* 𝑄)0.-)  (3) 

𝑒$& = 1 − exp(−(0.018𝑑()* 𝑡&)0.1)  (4) 
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𝑒'$ = 0.2(𝑑()* 𝑡')+.-  (5) 

 With the particle deposition efficiency in each region of the respiratory system, the total 

deposition can be estimated by calculating the theoretical particle deposition fraction penetrating 

the entire system, summarized in Heyder et al. (1986). Fig. 1 shows the human respiratory 

deposition efficiency (𝜂234) calculated using the method of deposition of unit density spheres in 

the respiratory tract during nasal breathing as a function of particle size and breathing pattern 

(750 cm3 s-1 mean flow rate; 4 s breathing cycle period; 1500 cm3 tidal volume). The total 

deposition shows a “U” shape, since smaller particles are more likely to be removed by 

Brownian diffusion, and larger particles are more likely to be removed by interception, 

impaction, and gravitational settling.  

Similar to the human respiratory system, fibrous filters composed of non-electret fiber 

materials also collect particles using the Brownian diffusion, interception, impaction, and 

gravitational settling mechanisms (Hinds 1999). The overall particle removal efficiency of a 

filter, 𝜂5, can be determined by 

𝜂5 = 1 − exp :
−4𝛼𝐸6𝑡
𝜋𝐷5

@  (6) 

where 𝛼 is the volume fraction of fibers, 𝐸6	is the total single-fiber efficiency, 𝑡 is the thickness 

of the fiber, 𝐷5 is the fiber diameter. Each of the deposition mechanisms contributing to 𝐸6 is 

described below.  

Collection by interception occurs when a particle follows a gas streamline that happens to 

come within one particle radius of the surface of a fiber. The single-fiber efficiency due to 

interception depends on the dimensionless parameter R. 

𝑅 =
𝐷7
𝐷5

  (7) 
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where 𝐷7 is particle diameter. The single-fiber efficiency for interception,	𝐸8, is given by (Lee 

and Ramamurthi 1993),  

𝐸9 =
(1 − 𝛼)𝑅*

Ku(1 + 𝑅) 
 (8) 

where Ku is the Kuwabara hydrodynamic factor, a dimensionless factor that compensates for the 

effect of distortion of the flow field around a fiber because of its proximity to other fibers. Ku 

depends only on the volume fraction of fibers in a filter, 𝛼. 

Ku = −
𝑙𝑛𝛼
2 −

3
4 + 𝛼 −

𝛼*

4   (9) 

Inertial impaction of a particle on a fiber occurs when the particle, because of its inertia, 

is unable to adjust quickly enough to the abruptly changing streamlines near the fiber and crosses 

those streamlines to hit the fiber. The parameter that governs this mechanism is the Stokes 

number (Stk), as the ratio of particle stopping distance to fiber diameter. 

Stk =
𝜏𝑈+
𝐷5

=
𝜌7𝐷7*𝐶:𝑈+
18𝜂𝐷5

  (10) 

where 𝑈+ is the face velocity. The single-fiber efficiency for impaction,	𝐸;, is given by (Yeh and 

Liu 1974), 

𝐸< =
(Stk)𝐽
2Ku*   (11) 

where 𝐽 = (29.6 − 28𝛼+.-*)𝑅* − 27.5𝑅*.= for 𝑅 < 0.4. Impaction is the most important 

mechanism for large particles. 

The Brownian motion of small particles is sufficient to greatly enhance the probability of 

their hitting a fiber while traveling past it on a nonintercepting streamline. The single-fiber 

efficiency for diffusion,	𝐸>, is a function of the dimensionless Peclet number (Pe), 
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Pe =
𝐷5𝑈+
𝐷   (12) 

where 𝐷 is the particle diffusion coefficient. 𝐸>	is given by  

𝐸? = 2Pe.*/A  (13) 

In estimating the overall single-fiber collection efficiency near the size of minimum 

efficiency, it is necessary to include an interaction term to account for enhanced collection due to 

interception of the diffusing particles, 

𝐸?9 =
1.24𝑅*/A

(Ku	Pe)0/*  (14) 

The dimensionless number that controls deposition due to gravitational settling is	𝐺	

𝐺 =
𝑉2B
𝑈+

=
𝜌C𝐷7*𝐶D𝑔
18𝜂𝑈+

  (15) 

The single-fiber efficiency for gravitational settling,	𝐸E, is given by  

𝐸E ≈ 𝐺(1 + 𝑅)  (16) 

The mechanical single-fiber efficiencies are correctly combined by 

𝐸6 = 1 − (1 − 𝐸9)(1 − 𝐸<)(1 − 𝐸?)(1 − 𝐸?9)(1 − 𝐸E)  (17) 

One can calculate the filter particle removal efficiency 𝜂5,9, 𝜂5,<, 𝜂5,?, 𝜂5,?9, 𝜂5,E	for the 

interception, impaction, diffusion, diffusion-interception interaction, gravitational settling 

mechanisms separately with Eqs. (6) to (17) (although normal filters cover several or all of the 

mechanisms), and an example plot is shown in Fig. 1, assuming 𝐷5 = 5 μm, 𝑡 = 1 mm, 𝛼 = 0.05, 

and 𝑈+ = 0.1 m/s. It can be observed that the particle deposition efficiencies in filters follow a 

similar trend compared to those in the human respiratory system (𝜂234). It is therefore, feasible, 

to construct a filter-based simulated respiratory system that regenerates the particle deposition 

patterns in the human respiratory system for producing secondhand smoke. In this study, due to 
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the importance of submicron particles in cigarette smoke aerosols and the limited size range of 

the instrument measuring aerosol size distributions, we focus on the size range from 30 to 500 

nm.  

Identifying the filters for the simulated respiratory system 

The proposed simulated system is composed of five sets of filters, each representing a 

region of the human respiratory system (Fig. 2). To simulate the passage of air flow during 

breathing, the first and fifth filters mimic the ET region, the second and fourth filters mimic the 

TB region, and the third filter in the middle of the system mimics the AL region. The smoke is 

inhaled through ET, TB, AL regions, and then exhaled through TB, ET regions, respectively. To 

simulate the particle deposition in the human respiratory system, the particle deposition 

efficiency (or the filtration efficiency of particles) through the filter material should satisfy the 

ICRP model under the humidity relevant to human lung conditions. Assuming that the filtration 

efficiency of the filter materials used for the ET, TB, and AL regions are 𝜂5,G2, 𝜂5,2&, and 𝜂5,'$, 

and the particle deposition fractions in the ET, TB, and AL regions in the ICRP model are 𝜂G2, 

𝜂2&, and 𝜂'$,  we can construct Eqs. (18) to (20) to relate the wholistic deposition efficiencies in 

ET, TB, and AL to the specific filter deposition efficiencies. Note that particles deposit on the 

ET and TB filters both upstream and downstream of the AL filter. Therefore, we used deposition 

fraction (𝜂G2, 𝜂2&, 𝜂'$) to refer to the fraction of particles deposited in a specific region of the 

respiratory system through the entire inhalation and exhalation process; we used deposition 

efficiency (𝜂5,G2, 𝜂5,2&, 𝜂5,'$) to refer to the fraction of particles deposited when air flow passes 

through a specific region in a one-time process. Considering the air flow and particle transport 

and treating each region of the respiratory system as a filter media, the deposition fractions and 

deposition efficiencies are related by 
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𝜂G2 = 𝜂5,G2 + 𝜂5,G2U1 − 𝜂5,'$VU1 − 𝜂5,G2VU1 − 𝜂5,2&V
* (18) 

𝜂2& = 𝜂5,2&(1 − 𝜂5,G2) + 𝜂5,2&U1 − 𝜂5,'$VU1 − 𝜂5,G2VU1 − 𝜂5,2&V (19) 

𝜂'$ = 𝜂5,'$U1 − 𝜂5,G2VU1 − 𝜂5,2&V (20) 

𝜂5,G2, 𝜂5,2&, 𝜂5,'$, 𝜂G2, 𝜂2&, and 𝜂'$ are dependent on particle size (𝐷7), where 𝜂G2, 𝜂2&, and 𝜂'$ 

also satisfy the following equations according to the ICRP model (Hussain, Madl and Khan 

2011; Wang et al. 2017).  

𝜂G2 = IF Y
1

1 + expU6.84 + 1.183ln𝐷7V
+

1
1 + expU0.924 − 1.885ln𝐷7V

\ (21) 

𝜂2& =
0.00352
𝐷7

]exp^−0.234(ln𝐷7 + 3.40)*_ + 63.9exp^−0.819(ln𝐷7 − 1.61)*_` (22) 

𝜂'$ =
0.0155
𝐷7

]exp^−0.416(ln𝐷7 + 2.84)*_ + 19.11exp^−0.482(ln𝐷7 − 1.362)*_` (23) 

IF = 1 − 0.500(1 −
1

1 + 0.000760𝐷7*
) (24) 

where 𝐷7 is in micrometers, and IF is the inhalable fraction. The filtration efficiencies of the 

filter media (𝜂5,G2, 𝜂5,2&, and 𝜂5,'$) can be obtained by solving Eqs. (18) to (20) using the non-

linear solver in MATLAB®. Filter materials that have filtration efficiencies approximating the 

values of 𝜂5,G2, 𝜂5,2&, and 𝜂5,'$ are ideal candidates for the simulated respiratory system. Note 

that in Eqs. (18) to (20), we treated each ET, TB, and AL region as a filter media, which differs 

from the actual human respiratory system with time-dependent aerosol transport and deposition. 

However, with the appropriate filter media, the filter-based system can achieve a similar particle 

deposition fraction compared to the human respiratory system, which can be used to simulate 

particle deposition and generate representative secondhand smoke.  
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In our previous studies (Hao et al. 2020; Hao, Xu and Wang 2021), a wide range of 

common materials were evaluated in their size-dependent filtration efficiencies with the 

experimental setup shown in Fig. S1, and we managed to identify three different types of filter 

medium that have filtration efficiencies approaching 𝜂5,G2, 𝜂5,2&, and 𝜂5,'$ (see Supplementary 

Information). The selected filter media are then assembled according to Fig. 2 to form a filter-

based simulated respiratory system, and the particle deposition efficiency is determined and 

compared against the ICRP model, which is calculated using 

𝜂234 = IF Y0.0587 +
0.911

1 + exp	(4.77 + 1.49ln𝐷7)
+

0.943
1 + exp	(0.508 − 2.58ln𝐷7)

\  (25) 

Test aerosols, including the NaCl generated by the nebulizer, tobacco cigarette smoke, and 

electronic cigarette smoke, are introduced to the filter-based system for size distribution 

characterizations. The aerosol flow was conditioned in their RH by mixing the generated 

aerosols with filtered humidified air, reaching a final RH of 90 ± 5% (see Supplementary 

Information). A high RH value of 99.5% in the ICRP (Anselm et al. 1986; Blanchard and 

Willeke 1984; Ferron 1977; ICRP 1995; Tu and Knutson 1984) could not be achieved with the 

experimental setup, because (1) there are difficulties in maintaining the RH near saturation, since 

a temperature fluctuation of 1 oC at 23 oC would result in an RH fluctuation of more than 5% 

near saturation, and (2) there are limitations of the aerosol measuring instrument (can only 

sample aerosols with RH below 95%). However, at 90% RH, the deliquescence points of most 

common salts have been reached (Seinfeld and Pandis 2008), and the deposition patterns should 

not be significantly different from those under 99.5% due to the limited size change after 

deliquescence. The previous study (Ferron, Kreyling and Haider 1988) showed that uncertainties 

in the RH values in the upper human airways have some effects on particle growth, but less than 

2% on particle deposition. The tobacco smoke aerosols are generated by the research reference 



 14 

cigarette (1R6F, University of Kentucky, KY), and the electronic cigarette aerosols are generated 

from the VOOPOO (Drag X, Shenzhen Woody Vapes Technology Co, China) operated at a 

power of 40 W. Tobacco cigarette aerosols are generated by pulling airflow through the filter tip 

in the setup, and electronic cigarette smoke can be generated by clicking the activation button 

and then pulling from the downstream of the filter-based system. The aerosols from the tobacco 

and electronic cigarettes are sampled according to the standardized puff profile (2 s puff duration 

and 35 ml puff volume) (ISO 2000), and then introduced to a mixing chamber before they pass 

through the filter-based system.  The size-dependent particle number concentrations for tobacco 

and electronic cigarette aerosols were tested at least three times. The size-dependent deposition 

efficiency was calculated by particle number concentrations at the downstream and upstream of 

the filter-based system. The standard deviations of the size distributions were used to calculate 

the size-dependent deposition efficiency standard deviation (see Supplementary Information). 

Measuring the metal contents in secondhand smoke aerosols 

 The filter-based system enables the direct sampling of the secondhand smoke aerosols for 

chemical composition analysis. Here we installed a Teflon filter (37 mm, SKC Inc.) downstream 

of the filter-based simulated respiratory system to collect the secondhand aerosols when the 

tobacco (1R6F), JUUL (JUUL Labs, Inc., Washington D.C., US), and VOOPOO, are used as the 

source of primary aerosols. Thirty puffs of aerosols are collected using the standardized puff 

profiles. Upon sample collection, the filters are digested with 70% nitric acid (Sigma-Aldrich, St. 

Louis, MO) in a digester block at 95°C, centrifuged, and mixed with 1% nitric acid into 10 ml 

solutions for analysis. The metal contents are quantified with the inductively coupled plasma-

mass spectrometry (NexION 350 ICP-MS, PerkinElmer Inc., Waltham, MA, USA). Certified 

Trace Metals Quality Control Standard (QCI-034-1, NSI Lab Solutions, Raleigh, NC) was used 
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as a control for all cation analyses performed for this study. All of the detailed configuration and 

method parameters of the ICP-MS can be found in our recent publication (Kapiamba et al. 2022). 

 

Results  

Size-dependent deposition efficiency of the filter-based simulated respiratory system 

Among the materials tested, we found that two layers of Thai silk type A, four layers of 

Thai silk type B, and two layers of knit polyester have filtration efficiencies close to those of the 

ET, TB, and AL regions (𝜂5,G2, 𝜂5,2&, and 𝜂5,'$) under the relative humidity of 90% (Fig. 3), 

which are derived from the ICRP model (detailed in the Methods section). The properties of the 

filter media, such as grams per square meter (GSM), fiber diameter, and vendor information, are 

shown in Table 1, and the microscopic images of the filter medium are shown in Fig. 3. The 

identified filter media were then assembled to construct the simulated respiratory system as 

indicated in Fig. 2. From the particle deposition efficiencies (Fig. 3), we can observe a higher 

particle deposition efficiency for particles below 50 nm (>40 %), and enhanced deposition 

efficiencies for particles above 300 nm, which are resulted from the particle capture in the 

simulated AL and ET regions. On average, the absolute difference in aerosol deposition 

efficiencies between the filter-based simulated respiratory system and the ICRP model was 

below 10% in the size range of 30 to 500 nm. Although the filter-based system with the proposed 

filter materials does not consider the operation outside the range of human inhalation conditions 

established by the ICRP, given the similarities in the particle deposition mechanisms (Fig. 1), 

new filter materials or new flow conditions can be selected to simulate the human respiratory 

system under different inhalation conditions. Collectively, such a system can be used to simulate 

particle deposition in the human respiratory system and the production of secondhand aerosols.  
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Performance of the filter-based simulated respiratory system under different flow rates 

 We noted that the size-dependent particle deposition efficiencies in the ICRP model used 

in this study were obtained under the condition of an adult, nose-breathing male during light 

exercise (Hinds 1999; Hoover et al. 2007). Depending on factors such as age, posture, and other 

personal attributes, the respiratory flow rate may vary widely among individuals (Grinshpun et 

al. 2009; Hinds 1999), and the flow rate can influence the particle deposition accordingly. 

Therefore, we also examined the performance of the filter-based system under 50% and 150% of 

the default flow rate (which is assumed to be the breathing rate of a reference man 1.2 m3 h-1). 

The size-dependent particle deposition efficiencies through the combined filter-based simulated 

respiratory system and the comparison against the ICRP model are shown in Fig. S2. Generally, 

a higher flow rate leads to an enhanced particle deposition for particles above 200 nm and a 

reduced particle deposition for particles below 50 nm. The reduced deposition of the smaller 

particles under a higher flow rate originates from the shortened residence time of particles in the 

filter media, where the particles would have a lower probability of being captured by the filter. 

The greater deposition of larger particles under a higher flow rate results from the increased 

particle inertia and enhanced particle capture by impaction and interception. However, we should 

also note that the change of the size-dependent particle deposition is not significant, where the 

absolute difference of particle deposition efficiency is below 20%. Similar features in particle 

deposition can be observed in each region of the filter-based system (Fig. S3).  

 

Secondhand smoke generation with the filter-based simulated respiratory system 
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The assembled filter-based simulated respiratory system was then used to generate 

secondhand smoke aerosols, where an electronic cigarette (VOOPOO) and a tobacco research 

cigarette (1R6F) were used as the sources of primary aerosols. The size distributions of the 

primary and secondhand aerosols that were measured upstream and downstream of the filter-

based system are shown in Fig. 4, with NaCl aerosols used as a reference.  

The mode diameters of the primary aerosols generated from the electronic and tobacco 

cigarettes are both approximately 300 nm, whereas the electronic cigarette generated a higher 

concentration of aerosols (2.5 × 105 cm-3) compared to that (8.0 × 104 cm-3) of the tobacco 

cigarette. Note that the size distributions of primary electronic and tobacco cigarette aerosols 

extended beyond 500 nm, which were not measurable with the instrument. Assuming that both 

the primary electronic cigarette and tobacco cigarette aerosols follow log-normal size 

distributions, we can estimate that the total concentrations of the electronic and tobacco cigarette 

aerosols are 3.0 × 105 cm-3 (geometric mean diameter Dpg = 347 nm, geometric standard 

deviation sg = 1.79) and 9.2 × 104 cm-3 (Dpg = 332 nm, sg = 1.75), respectively. We observe that 

the secondhand electronic and tobacco cigarette aerosols generated from the filter-based system 

show considerable changes in the size distributions compared to the corresponding primary 

aerosols. Although a fraction of primary aerosols is captured by the filter-based system, a 

considerable number of secondhand aerosols can still be emitted. For example, the total 

concentrations of secondhand electronic and tobacco cigarette aerosols in the 30 to 500 nm size 

range are 1.5 × 105 and 6.1 × 104  cm-3, respectively. The concentrations become 1.7 × 105 cm-3 

(Dpg = 329 nm, sg = 1.80) and 7.4 × 104 cm-3 (Dpg = 326 nm, sg = 1.73), respectively, by 

including particles above 500 nm and assuming that the secondhand aerosols follow log-normal 

size distributions. The total particle deposition efficiencies for electronic and tobacco cigarette 



 18 

aerosols are 39.5% and 23.9% based on size distributions below 500 nm, and 43.6% and 20.4% 

based on log-normal size distributions. However, we should also note that according to the ICRP 

lung model, the total deposition is not as important as where the aerosols are deposited, because 

the transfer of the aerosols to blood is not uniform from each compartment of the lung. Using the 

size distributions of aerosols upstream and downstream of the filter-based system, we also 

derived the size-dependent particle deposition efficiency for NaCl, electronic cigarette, and 

tobacco cigarette aerosols, which is shown in Fig. 5. The relatively large deviation in particle 

deposition efficiency for electronic cigarette aerosols is due to the phase state of the particles, 

which can be explained by the dynamics of aerosol transport and evaporation that also occurs in 

human lungs. Further discussion can be found in the Discussion section. 

 

Metal contents in secondhand smoke aerosols 

 With the filter-based simulated respiratory system, we collected the secondhand tobacco 

and electronic cigarette smoke, analyzed the heavy metal contents in these particles, and 

compared them against the primary aerosols (Fig. 6). Here, in addition to the VOOPOO 

electronic cigarette, we analyzed the JUUL electronic cigarette. The masses of the heavy metals 

were normalized to 100 puffs of smoking. It can be seen that a significant amount of heavy 

metals can be carried by secondhand electronic cigarette aerosols. The Ni and Cr in the 

secondhand electronic cigarette aerosols are 402 ± 242 and 522 ± 220 ng for JUUL, and 241 ± 

132 and 1719 ± 865 ng for VOOPOO, which are all above the daily maximum intake amount 

regulated by the European Medicine Agency (10 ng for Ni and 100 ng for Cr) (Nordberg, Fowler 

and Nordberg 2014). We should also note that the mean puff number for electronic cigarette 

users per day is 163 (Dautzenberg and Bricard 2015), meaning that the emission of heavy metals 



 19 

from secondhand smoke and its potential environmental and health impact may be alarmingly 

high. The emission of heavy metal from the electronic cigarettes are comparable to that of the 

tobacco cigarette (Fig. 6c), highlighting the importance of controlling the emission of 

secondhand smoke generated from electronic cigarettes.  

 

Discussion 

Performance of the filter-based simulated respiratory system 

In this study, we assembled a filter-based simulated respiratory system that mimics the 

particle deposition and hygroscopic growth in human lungs. The fabric materials used in the 

system have a wide range of surface areas, creating particle deposition efficiencies that are 

similar to different regions of the human respiratory system. In the size range studied (30 to 500 

nm), the AL region has the highest deposition efficiency (Fig. 3) due to its large surface area and 

long residence time of the particles, facilitating the deposition of particles by Brownian 

diffusion. The ET and TB regions have relatively lower particle deposition efficiencies because 

the primary particle deposition mechanisms in these regions are through impaction and 

interception, which are insignificant for submicron particles. However, the ET region has an 

increased deposition efficiency with increasing particle size due to particle deposition by 

impaction and interception. The filter-based system also has a relatively consistent performance 

under different flow rates (Fig. S2).  

The size-dependent particle deposition efficiency for tobacco cigarette aerosols follows 

the NaCl and the ICRP model, whereas the electronic cigarette aerosols differ considerably from 

the other aerosols (Fig. 5). This discrepancy can be explained by the evaporation and transport of 

the electronic cigarette aerosols in the filter-based system. Although all particles in the filter-
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based system are subject to hygroscopic growth, the electronic cigarette aerosols are generated as 

liquid droplets mainly composed of volatile organic buffer liquid, such as propylene glycol (PG) 

and vegetable glycerin (VG). The characteristic evaporation time of these liquid droplets can be 

calculated by (Friedlander 1977) 

𝜏)H(7 =
𝑘𝑇𝐷7*

4𝐷𝑣I𝜒(𝑝J − 𝑝)
  (26) 

where 𝐷 is the diffusivity of the evaporating vapor molecule,	𝑝	represents the partial pressure of 

the vapor and 𝑝J represents the equilibrium vapor pressure at the surface of the droplet, which is 

calculated by 𝑝J = 𝑝K(𝑇)exp	(
1LM!
NO>"

) (Butt et al. 2013). 𝑇 is the ambient temperature, 𝑣I is the 

molar volume of the liquid, and 𝜎 represents the surface tension of the liquid. 𝜒 corrects for the 

non-continuum effect of the particles, and is calculated using 𝜒 = 0PQR
0P0.S0QRP0.AAAQR#

 (Hegg and 

Larson 1990), where Kn is the Knudsen number (Kn = 2𝜆/𝐷7, 𝜆 is the mean free path of vapor 

molecules in air). With this equation, we can estimate that it generally requires 0.021 s and 1.7 s 

for a 500 nm PG and VG droplet to evaporate sufficiently. The large difference between PG and 

VG droplet evaporation time is due to the relatively low vapor pressure of the VG, which has a 

value of 0.018 Pa under 25 oC compared to 13.7 Pa for PG (Yaws and Gabbula 2003). Note that 

smaller particles evaporate even faster because 𝜏)H(7 scales with 𝐷7*. The transport time of 

aerosols in the filter-based system is 0.057 s (tube diameter of 6 mm and tube length of 20 cm at 

a flow rate of 6 lpm), meaning that the larger droplets containing PG and VG can evaporate 

sufficiently and shrink into smaller droplets mainly containing VG as they travel through the 

filter-based system. Because of droplet evaporation, the number concentration of larger particles 

downstream of the filter-based system becomes lower, leading to an increased deposition 

efficiency of the larger particles. The evaporated droplets shrink to smaller sizes, increasing the 
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concentration of the smaller particles, which eventually leads to a lower deposition efficiency of 

these smaller particles. We should note that similar processes occur in the actual human 

respiratory system due to the similar physical processes of the electronic cigarette aerosols, but 

with more complicated effects in the actual case. Compared to electronic cigarettes, tobacco 

cigarettes mainly generate aerosols in the solid phase with low volatility (Meišutovič-Akhtarieva 

et al. 2021), meaning that these aerosols can remain in their physical sizes or grow due to aerosol 

hygroscopic behavior during transport within the filter-based system. It is also likely that the 

hygroscopic growth of the tobacco cigarette aerosols in the filter-based system dominates 

constituent evaporation. Due to these reasons, the size-dependent particle deposition efficiency 

for the tobacco cigarette aerosols is similar to that of the NaCl particles and the ICRP model.   

 Apart from the phase change of the aerosols, the coagulation of the primary aerosols prior 

to their entrance to the filter-based simulated respiratory system also needs to be estimated. The 

characteristic coagulation time based on Brownian diffusion can be estimated by (Friedlander 

1977) 

𝜏 =
3𝜇

4𝑘𝑇𝑁  (27) 

where 𝜇 is the air dynamic viscosity, 𝑘 is the Boltzmann constant, 𝑇 is the temperature, and 𝑁 is 

the total number concentration of aerosols. Assuming 𝑁	= 106 cm-3, which is the upper limit of 

concentration of primary smoke aerosols, we can estimate the lower limit of the characteristic 

coagulation time. The lower limit of 𝜏 is 3400 s, which is far longer than the transport time of 

aerosols in the filter-based system (0.057 s as shown earlier). This means that coagulation of the 

primary aerosols on particle deposition in the filter-based system can be neglected. 

 

Metals in secondhand electronic cigarette aerosols 
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 The formation of metal-containing aerosols is a major issue for electronic cigarettes due 

to the intense heating of the metal filaments for evaporating the vaping fluid (Goniewicz et al. 

2014; Mikheev et al. 2016; Olmedo et al. 2018). These filaments are typically made with kanthal 

or nichrome, containing Zn, Ni, Cr, Cu, Mn, and other heavy metals. These heavy metals can 

induce cytotoxicity due to the formation of reactive oxygen species and inflammation, and lead 

to acute or chronic pulmonary and cardiovascular diseases (Layden et al. 2020). Our analyses 

show that secondhand electronic cigarette aerosols may contain high concentrations of metals, 

leading to toxicological effects on non-users of electronic cigarettes. One should also note that 

according to ICRP (1995), the introduction of metal oxides to salt particles may lead to 

significant changes in aerosol hygroscopicity, further affecting the lung deposition and the 

generated secondhand smoke aerosols. Therefore, more laboratory studies are needed to 

understand the release and toxicological profile of these secondhand electronic cigarette aerosols.  

 

Perspectives 

 In this study, we established a filter-based simulated respiratory system for secondhand 

aerosol generation. The system can mimic the particle capture and hygroscopic growth of 

particles in the human respiratory system, and produce similar size-dependent particle deposition 

efficiency (the absolute difference is below 10% at all sizes) compared to the ICRP model under 

a relative humidity of 90%. Thus, the system could generate representative secondhand aerosols 

for both tobacco and electronic cigarettes. Importantly, with this system, we demonstrated that 

the heavy metal contents in secondhand electronic cigarette aerosols were comparable to those in 

the primary aerosols. Such emission of metal- and nicotine-containing aerosols may be a health 

issue for non-smokers, who may inadvertently inhale these aerosols.  
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 Future improvements of the filter-based simulated respiratory system will focus on the 

following aspects: (1) Understanding the dependence of particle deposition and penetration on 

the chemical composition of the particles. We note that the ICRP model used in this study 

assumes that particles are composed of NaCl, while the (ICRP 1995) also pointed out that 

particles of different chemical compositions may show a large variety in the deposition 

efficiencies due to the different hygroscopic properties. Therefore, the proposed filter-based 

system in this study is not a “one-size-fits-all” system, meaning that human subjects are still 

required to characterize the respiratory deposition. However, this work shows that, by properly 

choosing the filter media, we could construct a filter-based system that produces particle 

deposition efficiencies similar to the respiratory system. Given the wide range of filter materials, 

we could also identify other filter media to mimic the particle deposition when other types of 

aerosols are examined in the actual human respiratory system. (2) Examining vapor deposition in 

the filter-based system. Although we observed how evaporation may affect the particle 

deposition in the experiments of electronic cigarette aerosols, we need to note that the actual 

deposition may be different from our observation. Due to the strong dependence of vapor 

adsorption and absorption on the properties of the deposited surfaces, vapor deposition in 

simulated respiratory system (such as the cast and 3D printed systems, together with the filter-

based system) and actual respiratory system can be drastically different. Therefore, human 

subjects are still required when vapors are involved in analyzing the respiratory deposition. 

However, the filter-based system can still be constructed and deployed by properly selecting the 

filter media (using Eqs. (18) to (20)) to simulate the actual respiratory deposition once it is 

experimentally determined. Due to its simple structure, the constructed filter-based system can 

greatly reduce the complexity involved in human subject studies. (3) Combining an air-liquid 
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interface system with the filter-based simulated respiratory system for direct particle deposition 

onto human lung epithelial cells. Such a combination can enable the toxicological analysis of 

secondhand electronic cigarette aerosols. The air-liquid interface system can also be installed 

between stages of the filter-based simulated respiratory system to study the response of different 

human lung epithelial cells (e.g., cells from ET, TB, or AL regions) to the aerosols. (4) 

Replacing the fabric materials with standardized filter materials (such as glass fiber filters and 

Teflon filters with customized fiber diameters and porosities) to effectively extract metal and 

organic components in different regions of the simulated respiratory system. Such a study could 

help understand the region-specific deposition patterns of aerosols in the human respiratory 

system. (5) Modification of the filter-based simulated respiratory system to mimic tidal flow and 

the pulsation between inhalation and exhalation. The tidal flow- and pulsation-based simulated 

respiratory system will be closer to the actual lung and will be able to better simulate the 

deposition and exhaled aerosols. The improvement could also help understand how the user 

habits may affect the emission of secondhand smoke aerosols, the compartmental deposition 

fraction, and the associated toxicological effects. (6) Improving the temperature control of the 

simulated respiratory system so that it operates under a temperature close to human body 

temperature (~ 37 oC).  
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Unshaded and shaded data represent primary and secondhand cigarette aerosols, respectively. 

Red dashed lines show the maximum intake amount regulated by the European Medicine 

Agency (10 ng for Ni and 100 ng for Cr). 
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Fig. 2. A schematic diagram of the filter-based simulated respiratory system composed of five 

filters in tandem. ET, TB, and AL stand for extrathoracic, tracheobronchial, and alveolar regions.  
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Fig. 3. Size-dependent NaCl aerosol deposition efficiencies of the fabric materials simulating the 

extrathoracic region (ET), tracheobronchial region (TB), alveolar region (AL), and the entire 

(Total) human respiratory systems (markers), and the comparison to the theoretical deposition 

efficiencies (curves) derived from the ICRP model.  
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Fig. 4. Size distributions of NaCl, VOOPOO electronic cigarette (EC), and tobacco cigarette 

(TC) aerosols upstream (primary) and downstream (secondhand) of the filter-based simulated 

respiratory system.  
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Fig. 5. Size-dependent aerosol deposition efficiencies in the filter-based simulated respiratory 

system for NaCl, VOOPOO electronic cigarette (EC), tobacco cigarette (TC) aerosols, and 

comparison against the ICRP model.  
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Fig. 6. Mass of major metals (Mn, Zn, Ni, Cr, and Cu) for every 100 puffs of (a) JUUL 

electronic cigarette, (b) VOOPOO electronic cigarette, and (c) 1R6F reference tobacco cigarette. 

Unshaded and shaded data represent primary and secondhand cigarette aerosols, respectively. 

Red dashed lines show the maximum intake amount regulated by the European Medicine 

Agency (10 ng for Ni and 100 ng for Cr). 

 

  



 40 

Tables for 

 

A filter-based system mimicking the particle deposition and penetration in human 

respiratory system for secondhand smoke generation and characterization 

 

Weixing Hao,1 Kashala Fabrice Kapiamba,1 Varuni Abhayaratne,1 Shoaib Usman,2 Yue-Wern 

Huang,3 Yang Wang1,* 

 

1Department of Civil, Architectural and Environmental Engineering 

Missouri University of Science and Technology, Rolla, MO 65409, USA 

 

2Department of Nuclear Engineering and Radiation Science 

Missouri University of Science and Technology, Rolla, MO 65409, USA 

 

3Department of Biological Sciences 

Missouri University of Science and Technology, Rolla, MO 65409, USA 

 

Submitted to: 

Inhalation Toxicology 

 

 

* To whom correspondence should be addressed: 

Tel: +1-573-341-4597 

E-mail address: yangwang@mst.edu 

ORCID ID (Yang Wang): 0000-0002-0543-0443  



 41 

Table 1. Information on the fabric materials and the tests conducted. Note: GSM stands for 
grams per square meter 

Filter type Brand Fiber Diameter Layers  GSM (g/m2) 

Silk A Thaisilks.com 125 μm 2  76.05 

Silk B Thaisilks.com 90 μm 4  72.09 

Polyester Ifabric.com 230 μm 2  105.44 
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 Measuring the filtration efficiency of the filtering media 

To determine the filtration efficiency of the filter media in the size range from 30 to 500 

nm, we measured the particle size distributions upstream and downstream of the filter (Hao et al. 

2020; Hao, Xu and Wang 2021). Fig. S1 shows a schematic diagram of the experimental setup, 

including the aerosol generation and filtration assessment sections. The test aerosols were 

generated by a constant output atomizer (Model 3076, TSI Inc., Shoreview, MN) nebulizing a 

NaCl-water solution with a mass concentration of 0.1%. The atomizer generated aerosols at a 

flow rate of 3.0 liters per minute (lpm). The aerosols were then diluted by an inline diluter. 

Subsequently, the aerosols, together with a stream of humidified and filtered make-up air, were 

introduced to a mixing chamber. To control the RH of the make-up air and hence the RH of the 

mixed aerosol flow, the make-up air is introduced into a fritted glass water bubbler (Thomas 

Scientific, Swedesboro, NJ), whose temperature is controlled by heating tape (Omega 

Engineering Inc., Norwalk, CT). To remove the suspended droplets, the humidified make-up air 

is introduced into an inline filter (HEPA Capsule, Pall Inc., Show Low, AZ) before mixing with 

the aerosol flow. Therefore, the relative humidity of the mixed aerosol flow is determined by the 

temperature of the water bubbler and measured by an RH sensor (Model GPS-6, Elitech Inc., San 

Jose, CA). During the experiments, the RH of the mixed aerosol flow is maintained at 90 ± 5%, 

which simulates the lung environment to induce the hygroscopic growth of the aerosols. The 

homogeneous aerosols were then directed into a 37-mm filter cassette (Air Sampling Cassette, 

Zefon International Inc., Ocala, FL), where the disc-shaped filter material was firmly pressed 

onto a mesh support and sealed at the edge. The flow rate of the mixed aerosol through the filter 

media was maintained at 6 lpm using a critical orifice (In-Line Orifice Restrictor Kits, Orange 

Coast Pneumatics, Yorba Linda, CA) installed between the filter cassette and the vacuum.  
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A scanning mobility particle sizer (SMPS, Model 3936, TSI Inc., Shoreview, MN) 

measures the mobility size distributions of aerosols upstream and downstream of the filter media. 

The size distribution of aerosols (𝑛(𝐷T)) is obtained by scanning the voltage that is applied to the 

differential mobility analyzer (DMA, Model 3081, TSI Inc., Shoreview, MN). Similar to our 

previous work (Hao et al. 2020; Li et al. 2018), the size-dependent filtration efficiency (𝜂U𝐷7V) 

was calculated by Eq. (1),  

𝜂U𝐷7V = 1 −
𝑛3(𝐷7)
𝑛U(𝐷7)

  (1) 

where 𝑛3U𝐷7V and 𝑛U(𝐷7) are the particle number concentrations for each particle size measured 

at the outlet (downstream) and inlet (upstream) of the filter cassette. Size-dependent particle 

number concentrations were measured for a minimum of three times, and the standard deviation 

(𝜎) of the filtration efficiency was calculated by  

𝜎 = 	
𝑛3(𝐷7)
𝑛U(𝐷7)

jkl
𝜎3

𝑛3(𝐷7)
m
*

+ l
𝜎U

𝑛U(𝐷7)
m
*

n 
 (2) 

where 𝜎3 and  𝜎U are the standard deviations of the size distributions upstream and downstream 

of the filter media.  
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Fig. S1. A schematic diagram of the experimental setup for measuring the particle deposition 

efficiency through the filter media. 
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Fig. S2. Size-dependent NaCl aerosol deposition efficiencies in the filter-based simulated 

respiratory system operated under 50%, 100%, and 150% of the default flow rates (3, 6, and 9 

lpm) and the comparison against the ICRP model.  
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Fig. S3. Size-dependent aerosol deposition efficiencies in different regions of the filter-based 

simulated respiratory system operated under 50%, 100%, and 150% of the default flow rates (3, 

6, and 9 lpm) and the comparison against the ICRP model: (a) extrathoracic region (ET), (b) 

tracheobronchial region (TB), (c) alveolar region (AL).  

 


