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A B S T R A C T   

3D printers have been widely used as a tool for prototype manufacturing in industries, schools, 
and homes. During operation, 3D printers emit ultrafine particles that could be inhaled by the 
user and induce adverse health effects. Thus, exposure to ultrafine 3D-printing generated particles 
has drawn the attention of occupational and environmental health researchers. In this study, a 
recently developed Mobile Aerosol Lung Deposition Apparatus (MALDA) was applied to inves
tigate the respiratory deposition of ultrafine 3D printing particles. The MALDA consists of a set of 
representative human airway replicas from mouth, throat, trachea, down to the bronchiolar 
airways of the 11th bifurcation generation. A series of respiratory deposition experiments were 
carried out in the laboratory using the MALDA and a desktop 3D printer to estimate the depo
sition of ultrafine 3D printing particles in individual generations of the lung. Results showed that 
the cumulative deposition from the 1st to 11th bifurcation generations was found to be 1%–13% 
depending on the particle size, which was slightly less than the respiratory deposition predicted 
from the conventional deposition curve.   

1. Introduction 

To date, due to the features of easy-to-use and low-cost, 3D printers have been widely used as a tool for prototype manufacturing, 
education, and hobbies in industries, schools, and homes (Campbell et al., 2011). Among different types of 3D printing technologies, 
Fused Deposition Modeling (FDM) is the most commonly used 3D printing technique (Zukas & Zukas, 2015). While operating, the 
nozzle of the FDM 3D printer heats up the filament (printing material) to a semi-liquid state, then extrudes and deposits the material on 
a supporting object layer-by-layer to build the designed 3D project (Lipson & Kurman, 2013). During the filament-heating and printing 
processes, vapors of the printing materials and additives are emitted due to evaporation or thermal decomposition caused by high 
temperature (Deng et al., 2016; Potter et al., 2019; Wojtyła et al., 2017). Some of the chemical vapor might condense/nucleate into 
small particles after encountering relatively cooler air away from the printer nozzle (Gu et al., 2019; Stabile et al., 2017). Based on this 
particle formation process, aerosols generated from the FDM 3D printer typically are ultrafine particles with particle diameters less 
than 100 nm in general (Vance et al., 2017). Ultrafine particles generated by the FDM 3D printers were commonly singular and 
spherical in shape (Zhang et al., 2017). However, the particle emission rates could vary depending on the heating temperature and the 
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type of filament materials. For instance, the acrylonitrile-butadiene-styrene (ABS) filament generates an overall higher concentration 
of ultrafine particles than the polylactic acid (PLA) filaments do (Azimi et al., 2016). Because of their nano-scaled sizes and low 
terminal setting velocities, ultrafine particles can suspend in the air for a considerable period of time (Hinds, 1999). Therefore, ul
trafine 3D printing particles would inevitably be inhaled by the 3D printer users. The inhalation and deposition of such particles in the 
human respiratory tract could lead to various adverse health effects such as asthma (House et al., 2017) and respiratory inflammation 
(Chan et al., 2017). The exposure to ultrafine 3D printing particles, therefore, has gradually become an emerging occupational and 
environmental health concern (Stephens et al., 2013). Besides, it is known that the inhalation of ultrafine particles could induce 
stronger responses than larger particles of the same chemical composition per given mass, and systemic translocations could take place 
after particle deposition (Kreyling et al., 2006; Oberd€orster, 2001). Therefore, studying the respiratory deposition of ultrafine 3D 
printing particles is essential from the viewpoint of public health. Obtaining reliable respiratory deposition data can assist the esti
mation of the inhalation dose, which can greatly benefit the 3D printer related exposure assessments and health risk analyses. 

However, as of today, no respiratory deposition experiments have been reported for ultrafine 3D printing particles. This might be 
attributed to the limitations of the traditional experimental methods used for aerosol respiratory deposition studies. One limitation was 
that the deposited particles needed to be counted or recovered from the human airway replica in order to estimate the deposition 
fraction (Cheng et al., 1999; Su & Cheng, 2009). However, traditional methodologies were time-consuming and labor-intensive, which 
greatly hampered their application. The other limitation of the traditional experimental methods was associated with the availability 
of anatomically accurate lower airway replicas for respiratory deposition experiments. Because of the technical challenges in devel
oping realistic lung models, airway replicas used in previous studies possessed only a partial portion of the lung down to the 4th to 7th 
bifurcation generation (Smith et al., 2001; Su et al., 2016; Zhou & Cheng, 2005). One exception was Phalen et al. (1997) who 
developed a cadaver-based lung replica cast consisting of 9th to 11th bifurcation generations. However, the upper respiratory tract was 
not included in their study. Given that merely a few bifurcation generations were retained in the replica of the tracheobronchial (TB) 
airways, useful information provided by the deposition experiments using such airway replicas was limited. Moreover, it is shown that 
the deposition efficiencies of inhaled ultrafine particles increase in more distal airways from the 4th bifurcation generation (Smith 
et al., 2001). Therefore, a novel experimental method that incorporates a human lower airway replica is needed to investigate the 
ultrafine particle deposition in TB airways. 

With the above in mind, an innovative experimental approach based on the Mobile Aerosol Lung Deposition Apparatus (MALDA) 
was recently developed in our laboratory (Su et al., 2019a, 2019b). The purpose of the development of MALDA was to facilitate 
occupational and environmental on-site ultrafine particle respiratory deposition studies especially for those ultrafine particles with 
non-spherical shapes (e.g. elongated particles or agglomerates). Due to the effect of the irregular particle shape on the particle behavior 
in the air, the respiratory deposition fraction of irregular ultrafine particles might not be correctly predicted by the convention res
piratory deposition curves because these convention curves were established mainly based on singular, spherical particles. In this 
study, significant upgrades were made to the MALDA including making a new, delicate TB airway replica down to the 11th bifurcation 
generation. A series of respiratory deposition experiments were conducted using the upgraded MALDA to estimate the respiratory 
deposition of ultrafine 3D printing particles in individual TB generations under inspiratory flow rate. Data obtained showed new 
experimental data of ultrafine particle respiratory deposition in the human TB airways down to the 11th bifurcation generation. 

2. Material and methods 

2.1. Generation of ultrafine 3D printing particles 

In this study, ultrafine 3D printing particles used in the deposition experiments were generated by a desktop 3D printer (LulzBot 
Mini2, Aleph Objects, Inc., Loveland, CO) using 2.88 mm ABS filament in purple color (Keene Village Plastics, Barberton, OH). The 3D 
printer was placed inside a stainless steel chamber with a dimension of 61 cm � 61 cm � 61 cm. The 3D printer was operated with 
manufacturer default printing parameters and programmed to print a short vertical cylinder 10 mm in diameter and 12 mm in height 
(printing temperature: 245 �C). The complete procedure to print the short cylinder was about 20 min. 

2.2. Mobile aerosol lung deposition apparatus (MALDA) 

The MALDA used in this deposition experiment consisted of two major systems: the simplified human airway system and the ul
trafine particle measurement system. It is the synergy of these two systems that makes an efficient and systematic aerosol respiratory 
deposition measurement feasible with using MALDA. The simplified human airway system incorporates a set of human airway replicas 
from the mouth, oropharynx, larynx, trachea, down to a certain bifurcation generation in the TB airways. In our previous study, 10 
human airway replicas were made for the MALDA (R0 to R9). The R0 indicates that the airway replica extends from the oral cavity to 
the trachea only (0 bifurcation generation). The R9 indicates that the airway replica extends from the oral cavity to the 9th bifurcation 
generation, etc. To upgrade the function of the MALDA, two additional human TB airway replicas were made (R10 and R11). The R11 
contains small airways down to the 11th bifurcation generation with 3311 airway branches and the smallest branch diameter is 1.15 
mm. The 3D digital files of human TB airway replicas were developed using the software Lung4Cer published by Kitaoka et al. (2013). 
The inner diameter of the trachea (d0) was 18 mm. The inner diameters of the two daughter branches (d1 and d2) were calculated based 
on the minimum energy loss principle: d1 ¼ d0⋅r1/2.8 and d2 ¼ d0⋅(1-r)1/2.8, where r is the flow partition between the two daughter 
branches (Kitaoka et al., 1999). The length-to-diameter ratio was 2.8, and the branching angles of the two daughter branches (θ1 and 
θ2) were determined by: 
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1þ r4=3 � ð1 � rÞ4=3��2r2=3; cos θ2¼
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� r4=3� � 2ð1 � rÞ2=3 (1) 

Fig. 1 shows the computer model and the physical model of the TB airways down to the 11th bifurcation generation. The inclusion 
of a respiratory tract replica down to the 11th generation is a substantial function enhancement for the MALDA compared to its 
previous version. In this study, TB airway replicas with lower bifurcation generations were made by a high-resolution 3D printer, 
PolyJet J750 (Stratasys Ltd., Valencia, California, USA), which provides printing layer thickness as fine as 0.014 mm. Thus, ridges 
resulting from the 3D printing in the inner surface of the TB airway replicas are considered minimal. More information regarding the 
development and making of TB airway replicas can be found in our previous publication (Su et al., 2019). To use airway replicas for 
respiratory deposition experiments, the inner surface of the airway replica was coated with silicon oil to mimic the wet inner-surface 
nature of the human respiratory tract. 

The ultrafine particle measurement system comprises two Scanning Mobility Particle Spectrometers (SMPS þ C, GRIMM Aerosol 
Technology, Germany), which are capable of measuring the particle size distribution (number concentration) from 5 nm to 350 nm 
with 44 size channels. The two particle sizers work to record the size distribution of the ultrafine 3D printing particles before and after 
particles passing through the simplified human airway system. The difference of the particle size distribution found between the inlet 
and outlet of the simplified human airway system will be used to calculate the deposition of ultrafine 3D printing particles in the TB 
airways. Fig. 2 depicts the schematic diagram and key components of the MALDA. Details of the principles, design, assembly, and 
function of the MALDA, as well as the making of human airway replicas, can be found in our previous publications. 

2.3. Experimental set-up and procedures 

Fig. 3 shows the experimental set-up of the respiratory deposition study using MALDA. The ultrafine particles generated by the 3D 
printer were delivered from the chamber to the MALDA standing aside through a conductive tube. The inspiratory flow rate used in the 
deposition experiment was 30 L/min for all TB airway replicas employed in this study (MALDA only measured particle depositions 
during inhalation). The two ultrafine particle sizers (SMPS þ C) were connected to two designated sampling probes, which are located 
at the oral inlet and the Y-shape connector outlet, respectively (Fig. 3). In this way, size-dependent ultrafine particle number con
centrations were recorded before (Cin) and after (Cout) particles passing through the simplified human airway system. If the outlet-to- 
inlet concentration ratio (Cout/Cin) shows less than 1.0, it indicates particles deposited in the simplified human airway system. By 
changing the human airway replicas from R0 to R11, size-dependent particle concentration ratios (Cout/Cin) can be systematically and 
efficiently obtained using MALDA to estimate the respiratory deposition of ultrafine 3D printing particles in individual bifurcation 
generations. 

2.4. Estimation of the respiratory deposition for ultrafine 3D printing particles 

To estimate particle deposition fractions in individual bifurcation generations in the TB airways, the outlet-to-inlet concentration 
ratios (Cout/Cin) measured from two adjacent TB airway replicas (Ri and R(i-1)) were used for back calculating the deposition fraction 
in a specific bifurcation generation Gi. Eq. (2) presents the method to calculate the deposition fraction (%) based on the measured out- 
to-inlet concentration ratios. 

Dd;Gið%Þ¼
�

1 �
Cout;d;Ri

Cin;d;Ri

�

� 100 �
�

1 �
Cout;d;Rði� 1Þ

Cin;d;Rði� 1Þ

�

� 100; i ​ ¼ ​ 1 ​ to ​ 11 (2)  

where Dd,Gi is the deposition fraction (%) of ultrafine 3D printing particles with the diameter of d nm deposited in the ith bifurcation 
generation, Gi (the entire ith bifurcation generation). Ri represents the simplified human airway system with airway replicas from the 

Fig. 1. The human TB airway replica down to the 11th bifurcation generation 
(a) computer model, and (b) 3D printed physical model. 
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mouth to the ith bifurcation generation. Cout,d,Ri and Cin,d,Ri are the number concentrations of particles with the diameter of d nm 
measured at the outlet and inlet of the Ri, respectively. Cout,d,Ri/Cin,d,Ri represents the penetration efficiency, and 1-Cout,d,Ri/Cin,d,Ri 
represents the deposition efficiency. Based on Eq. (2), by conducting a series of respiratory deposition experiments systematically using 
the exchangeable human airway replicas from R0 to R11, a set of size-dependent Cout/Cin can be acquired. With all the needed Cout/Cin 
available, deposition fractions of ultrafine 3D printing particles in each bifurcation generation from G1 to G11 can then be calculated. 

In this study, a modified experimental protocol based on the aforementioned principle was designed to complete a set of experi
ments more efficiently. Instead of testing all airway replicas, only airway replicas in odd numbers (R1, R3, R5, R7, R9, R11, and R0) 
were implemented in the experiments. In so doing, half of the testing time was saved, and the back-calculated deposition fractions 
represented particle depositions in two consecutive bifurcation generations instead of one bifurcation generation as in the original 
design. In this study, deposition experiments for each Ri were repeated at least five times to acquire arithmetic mean and standard 
deviation. Two particle sizers were frequently cleaned and tested for equivalence. The results of the equivalence tests were recorded 
and used as the correction factors to correct the measured Cout/Cin as described in our previous studies (Su et al., 2019). To minimize 

Fig. 2. The schematic diagram of MALDA with the human airway replica R11.  

Fig. 3. The experimental set-up of the ultrafine 3D printing particle deposition study using MALDA.  
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the effects of the experimental data variation on the final result, an empirical model based on the measured Cout/Cin was developed to 
assist the estimation of particle deposition in individual bifurcation generations. The empirical model was in the format of a function of 
the airway replica (Ri) and the size of the ultrafine 3D printing particle (d).  

Cout/Cin ¼ f1(Ri) þ g(Ri) (1 – c d-k)                                                                                                                                              (3) 

where the f and g are functions of Ri, and the c and k are constants that were determined by the experimental data. 
In addition, to consider the particle wall-loss within the simplified human airway system, a wall-loss correction equation as a 

function of Ri and d was also developed.  

Wall-loss ¼ L(Ri, d)                                                                                                                                                                  (4) 

The wall-loss correction equation was determined based on the procedures described in our previous research with using the 
multiple-path particle dosimetry model (MPPD v 3.04) developed by Miller et al. (2016), and a separate set of particle respiratory 
deposition experiments using laboratory ultrafine particle surrogates. The MPPD model is capable of providing useful information as a 
reference for particle respiratory deposition in different airway regions. The separate set of deposition experiments were conducted 
using sodium chloride (NaCl) ultrafine particles. The experimental set-up, procedure, and the MALDA were the same as stated above 
for the 3D printing study including the inspiratory flow rate (30 L/min). The only difference between these two experiments was the 
test ultrafine particles. The test NaCl ultrafine particles were generated by a laboratory-grade atomizer (3079A, TSI Inc., Shoreview, 
MN, USA). The TSI 3079A has been utilized for generating steady and reliable challenge NaCl aerosols for filtration tests (He et al., 
2020; Ryi et al., 2007). 

With the assist from the empirical model Eq. (3) and the wall-loss correction equation Eq. (4), the deposition fraction of the ul
trafine 3D printing particles in the TB airways can be estimated more accurately. The calculation of the respiratory deposition fraction 
was done first by Eq. (3) þ Eq. (4) to take into account the wall-loss in the measured Cout/Cin, and then the deposition fractions in 
individual bifurcation generations could be calculated using Eq. (2). 

3. Results and discussion 

Fig. 4 expresses the size distribution of the particles generated by the 3D printer in the chamber. Fig. 5 shows the TEM (Trans
mission electron microscopy) morphology analysis of the particles collected during deposition experiments. Data shown in Figs. 4 and 
5 were obtained from the time frame of 17–20 min during the 3D printing process. This time frame was also the time frame of carrying 
out deposition experiments. The choice of this time frame considered the consistency in the particle size distribution, the particle 
concentration, as well as the temperature inside the chamber. As can be seen, particles emitted from the 3D printer were ultrafine 
particles with diameters generally being less than 100 nm and the peak of the diameter being around 60 nm–80 nm. From Fig. 5, the 
morphology of the ultrafine 3D printing particle was shown to be singular spheres. 

Fig. 6 shows the measured outlet-to-inlet concentration ratios (Cout/Cin) plotted against the particle diameter. The Cout/Cin are lined 
up by the human airway replicas from R0 to R11 in odd numbers. Data presented are the results after the correction factor adjustment. 
The correction factor was obtained from the equivalence tests mentioned above. It shows in Fig. 6 that the Cout/Cin decreased as the 
particle diameter decreased, which indicates that the dominant deposition mechanism for ultrafine 3D printing particles in the human 
airways is diffusion (smaller Cout/Cin implies more airway deposition). Moreover, Cout/Cin shifted downward progressively from R0 to 
R11 indicating the effect of the complicated airway structure on the particle deposition in the TB airways. 

Based on the experimental data acquired, an empirical model of Cout/Cin was proposed: 

Fig. 4. The size distribution of ultrafine 3D printing particles during the 17–20 min time frame of a 20-min 3D printing project (Error bars represent 
the standard deviation.). 
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where d is the particle diameter (from 10 to 100 nm), and R is the lowest bifurcation generation used in the airway replica (from 0 to 
11). Data calculated by Eq. (5) were plotted together with the experimental data in Fig. 6 for comparison. As can be seen, the proposed 
empirical model agreed quite well with the experimental data. The coefficient of determination of the empirical model (R2) reached 
0.93 (Fig. 7). This result demonstrates that the empirical model can ideally catch the trend and pattern of the experimental data. 
Therefore, it is appropriate to use Eq. (5) to represent the experimental data to estimate the deposition of ultrafine 3D printing particles 
in TB airways. 

Based on the data acquired from the experiments using NaCl ultrafine particles for wall-loss studies, the wall-loss correction 
equation was found to be  

L(R, d) ¼ (1 þ 0.01R þ 0.02 R0.5) (1.5 d� 0.9)                                                                                                                                (6) 

where d is the particle diameter (from 10 to 100 nm) and R is the lowest bifurcation generation in the airway replica (from 0 to 11). 
Therefore, by obtaining Eq. (5) and Eq. (6), the deposition fractions of ultrafine 3D printing particles in a specific bifurcation gen
eration could be estimated based on Eq. (5) þ Eq. (6) and Eq. (2). 

Fig. 5. TEM images of the morphology of ultrafine 3D printing particles (The reference bar represents 0.2 μm).  

Fig. 6. The experimental data and empirical model data of the outlet-to-inlet concentration ratio (Cout/Cin) as a function of the particle diameter of 
the ultrafine 3D printing particles (data presented are the results after the correction factor adjustment, and error bars represent the stan
dard deviation.). 
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Fig. 8 presents the estimated cumulative deposition fractions in the TB airways. As expected, the smaller the particle size, the higher 
the cumulative deposition in the TB airways will be. The deposition increased as the total included bifurcation generations increased. 
The G1 to G11 cumulative deposition fractions were estimated to be 1%–13% depending on the particle size. Fig. 9 shows the data 
comparison between the raw experimental data and the corresponding empirical model estimations with and without wall-loss cor
rections. As can be seen, the estimated result without wall-loss correction was found to agree fairly well with the raw experimental data 
indicating that the empirical model developed in Eq. (5) worked as expected. The cumulative deposition dropped 5.2% at 10 nm, 2.5% 
at 30 nm, and 1.1% at 100 nm after wall-loss corrections. These results suggest the inherent wall-loss at corresponding particle sizes in 
the MALDA under the 30 L/min inspiratory flow rate used. 

Fig. 10 presents the comparison between the model-estimated cumulative deposition from G1 to G11 and the ICRP (International 
Commission on Radiological Protection) conventional deposition curve for the entire TB airways (ICRP, 1994). The difference in the 
deposition fractions ranged from 12.1% to 1.6% depending on the particle size. Also plotted in Fig. 10 for comparison is the G1 to G11 
cumulative deposition estimated by the empirical model associated with NaCl particles (wall-loss correction considered). As can be 
seen, the estimated cumulative deposition of ultrafine NaCl particles showed higher than that of ultrafine 3D printing particles. This 
result implies that the ultrafine 3D printing particles generate a slightly lower respiratory deposition in the human TB airways in 
general. The reason for the low cumulative respiratory deposition shown in Fig. 10 was not clear. A possible explanation might be the 
complexity of 3D printing emissions, which involves vapor condensation/nucleation, vapor and particle interaction, possible particle 
agglomeration, and temperature changes. In contrast, in our previous study on ultrafine welding fume particles (Su et al., 2019), the 
estimated cumulative deposition in the entire TB airways was found to be higher than the NaCl particles. 

Nevertheless, results obtained from this study demonstrate that the cumulative deposition of ultrafine 3D printing particles in the 
TB airways can be efficiently and systematically measured by the newly developed MALDA approach. It is worth noting that, for a set of 
seven deposition experiments (R0 to R11 in odd numbers) with one run for each Ri, the total time needed to complete the mea
surements was less than 60 min. This prominent time-efficient feature suggests that the MALDA approach can be well suited for future 
inhalation dosimetry tests. When the airway replicas can be made available for further lower human airways or even the alveolar 
region by the state-of-the-art, high-resolution 3D printing technology, the function of the MALDA can be greatly enhanced. By then, the 
MALDA can be a powerful tool for conducting on-site ultrafine particles respiratory deposition experiments to collect in situ, real-time 
data to assist occupational and environmental health associated exposure assessments and risk analyses. 

4. Conclusion 

In this study, a recently developed and upgraded MALDA was applied to study the respiratory deposition of ultrafine particles 
emitted from a 3D printer. Data acquired showed new lung deposition data obtained in the human TB airways down to the 11th 
bifurcation generation. The estimation of the respiratory deposition was facilitated by an empirical model developed based on the 
experimental data. Deposition results showed that the cumulative depositions of ultrafine 3D printing particles in the TB airways from 
G1 to G11 were 1%–13%, depending on the particle size. Overall, the newly developed MALDA approach was a useful and efficient tool 
for characterizing the respiratory deposition of ultrafine particles in the human TB airways. 
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