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Dear Editor,

We would like to thank the editorial office and reviewers for their helpful comments on our original submission. We have revised our paper according to these comments. In response to reviewers query and suggestions, we adjusted the manuscript. For the editors and reviewer comments, please refer to the specific changes described in the following text. We have incorporated changes into the main manuscript and we have marked our response as answer highlighted in green. We hope the editorial office find the revised version appropriated and worth publishing in JoVe Methods. We look forward to hearing from you regarding our submission. We would be glad to respond to any further questions and comments that you might have.

Response to Editorial comments 

Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.
2. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: none, Line spacings: single. Please include a single line space between each step, substep and note in the protocol section. Please use Calibri 12 points
3. Please provide an email address for each author. 

Corrected. 


4. Please define all abbreviations during the first-time use.
Corrected. 


5. Please ensure there are 6-12 keywords or phrases.
Corrected. 


6. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: Amazon, https://www.filamentworld.de/), etc.
Corrected. 


7. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.” However, notes should be concise and used sparingly.

8. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? For this please include button clicks in the software, command lines, mechanical actions etc.
9. 2.1.1 How is this done? Do you perform any button clicks, or knob turns?
10. 2.1.2. What is the chosen filament in your case? Volume used?
11. 2.1.3, 2.1.4, 2.2.3: How is this done?
12. 3.2: Please include how each step is performed.
13. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
Answers: Details have been added to the revised manuscript. Please refer to the protocol section. 

14. Please ensure that all the figures are referenced in order.
Corrected. 


15. Please check line 242. There seem to be some error here.
Corrected. 


16. Each Figure Legend should include a title and a short description of the data presented in the Figure and relevant symbols.
17. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
Corrected. 


18. As we are a methods journal, please ensure that the Discussion explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique
The Discussion was adjusted. 

19. Please sort the materials table in alphabetical order.
Done. 

Response to Reviewers Comments


____________________________________
Reviewers' comments:
Reviewer #1: 
Manuscript Summary:
The article discusses the measurements of particulate levels from handheld 3D printing pens, adopting aerosol measurements, TEM and ICP-MS. This is an interesting topic that is of public health and safety concerns. Paper is relatively well written with comments as follow

Major Concerns:
1. There had been several work on emissions from 3D printing from different research groups which the authors cited. The authors should review these papers and justify its novelty, which probably is in the metal and CNT additives parts which is less studied in 3D printing emissions. In addition, i think the entire protocol is not specific to 3D printing pens alone. Can also be for desktop 3D printers as it is afterall study of filament thermal decomposition, which the title is probably more valid in the lines of Evaluating particle emissions from 3D printing of polymer filaments with additives
Studies with 3D printers exist, but only one with 3D Pen and they did not use filaments with metal or other additives. We focused on the use of 3D printing pens as they have not been studied in detail. Furthermore 3D printing pens are handheld devices and the user remains closer to the device during the entire printing process resulting in a potentially higher exposure. This should especially be noted as 3D pens are often advertised for being usable by children. Therefore it makes user more prone to vital organs (e.g. eyes) exposure and inhalation of emissions from 3D pens, which we strongly believe is a hot topic as emerging technology in regulatory research. 

2. In the protocol for Aerosol Measurement, the suggested size of the chamber and also ACH, if any, should be mentioned and whether well-mixed conditions are attempted to be achieved. Furthermore, protocol should also mention the object of printing as this will affect printing emission levels if comparisons were to be made between filament materials and brands. Were the experiments to be repeated and is there consistency in results for repeated measurements?
· ACH (1.0 h-1) and chamber size (18.5l) was added to the protocol

· We did not print any object, but a continuous string was printed and collected on the bottom. 
· Experiments were repeated 3 times. Please see Figure 5. The information was also added to Figure 4. 

3. As chamber and room size varies which affect concentration levels, it will be useful to calculate the emission rate (#/min), which gives another indication of comparisons with studies on filament emissions. See Ding et al. The characteristics and formation mechanisms of emissions from thermal decomposition of 3D printer polymer filaments, 2019.
Answer: It was decided to focus on the particle concentration since different calculations can and have been used in previous literature. For example, Byrley et al. 2019 mentioned 5 different used equations, making it more difficult to compare. Therefore we focused on the particle concentration.  

See: Byrley, P., George, B. J., Boyes, W. K. & Rogers, K. Particle emissions from fused deposition modeling 3D printers: Evaluation and meta-analysis. Science of The Total Environment. 655 395-407, (2019).

4. Another aspect for protocol is also the treatment of the filaments before printing. Are they used immediately after removing from packaging? Humidity and moisture levels affect the amount of emissions.
Answer: We thank reviewers raising this important point. We tested filaments fresh from the packaging and after being exposed to humid air as we also expected some influence. But so far we did not see a difference in emission. 

Minor Concerns:
1. What is the reason for using CPC during printing and then SMPS after printing? Why not the same instrument throughout?
Reply: During printing no stable aerosol state was achieved. Due to the SMPS working principle of repeated runs measuring all size bins consecutively, a stable aerosol state is normally required. Therefor we decided to start the SMPS measurement only when 3D printing had stopped since then no further emission would introduced into the chamber. Although a decrease in aerosol concentration and possible change in particle size distribution will occur over time after printing, this seemed to be the better compromise. Additionally due to the used SMPS parameters on complete run (14.4 nm to 673.2 nm) took about 3 minutes. With the CPC we were able to measure the concentration every second and in a bigger particle size range (4nm – 3µm). 

2. 2.1.4 - ensure not insure
Corrected.Thanks!


3. Error ref missing in line 242
Corrected.Thanks!


4. Figure 6 You used GDM. Should be GMD
Corrected.Thanks!




Reviewer #2: 
Manuscript Summary:
In this manuscript, the authors present a protocol to measure the emissions from pen devices that are used by children to make 3-dimensional objects. The pens utilize similar technology to desktop-scale 3-dimensional printers. Two types of thermoplastics, PLA and ABS, were tested. These types represent the most common filaments and are representative of what consumers would often use. The overall protocol followed logical steps, though it did not acknowledge several critical factors related to chamber qualification, air sampling, and analysis. Herein comments are provided from my review.

Major Concerns:
Line 109: Understandably, this section is brief as it is a high-level overview of the protocol; however, many critical requirements are glossed over in this section. UL has published test method 2904 for evaluation of 3D printer emissions using a test chamber that would cover pen devices. Additionally, there are numerous standard test methods for assessing emissions from products published by ISO and ASTM International. All of these standards have in common requirements for chamber qualification, which include: 1) leak test using a tracer gas, 2) air exchange rate using a tracer gas, 3) mixing efficiency using a tracer gas, and 4) wall loss test for representative organic compounds. At a minimum, the protocol should make clear that emissions testing is not as simple as "Prepare a chamber", but rather it is a highly complex and detailed process to perform correctly.

ANSI/CAN/UL 2904: Standard Method for Testing and Assessing Particle and Chemical Emissions from 3D Printers
ASTM D5116: Standard Guide for Small-Scale Environmental Chamber Determinations of Organic Emissions from Indoor Materials/Products
ASTM D6670: Standard Practice for Full-Scale Chamber Determination of Volatile Organic Emissions from Indoor Materials/Products
ISO 16000-9: Indoor air — Part 9: Determination of the emission of volatile organic compounds from building products and furnishing — Emission test chamber method
ISO/IEC 28360: Information technology — Office equipment — Determination of chemical emission rates from electronic equipment
Yes, for comparability a standard chamber would be useful, but our method was a low cost method, which could be implemented easily to get some first ideas about the emissions of 3D printing pens and the influencing parameters. We added some important points regarding the used method e.g. chamber size (18.5l).



Lines 109-113: As with the chamber qualification, monitoring of emissions is also highly complex and goes beyond using conductive tubing and turning on a CPC or SMPS. Additional information includes using as short a length of conductive tubing as possible that is free of bends or elbows; potential for line losses, especially for smaller particles; limitations of CPCs in terms of lower size cut-off being relatively large (usually 10 to 20 nm, depending on the manufacturer) that can result in significant underestimation of particle concentrations; size range of SMPS can be modulated by changing instrument settings and even the lower-size cutoff of a mobility particle sizer may still significantly underestimate particle counts (see Poikkimaki. Environ Sci Technol. 53:13618-13628 (2019)).
We added the information about tubing to the protocol. Yes, CPC and SMPS have their size and we added this limitation to the discussions part. 

Lines 124-153: Please add in when to start samples for particle collection for off-line metals and TEM analyses. A rationale is needed for why the particle size distribution measurements are not initiated until after the print job is completed? Why not monitor during printing? Presented results show that particle size changed over time.
Reply: The TEM Grids were placed inside the chamber just before print start and left there until 5 hours after print stop. (This is described in the protocol)

During printing no stable aerosol state was achieved. Due to the SMPS working principle of repeated runs measuring all size bins consecutively, a stable aerosol state is normally required. Therefor we decided to start the SMPS measurement only when 3D printing had stopped since then no further emission would introduced into the chamber. Although a decrease in aerosol concentration and possible change in particle size distribution will occur over time after printing, this seemed to be the better compromise. Additionally due to the used SMPS parameters on complete run (14.4 nm to 673.2 nm) took about 3 minutes. With the CPC we were able to measure the concentration every second and in a bigger particle size range (4nm – 3µm).


Line 157: Nanoparticles will remain airborne for many hours so it is unclear how well settling plate samples with TEM grids will collect particles? Please include data to support the feasibility of settling plates rather than active sampling using a thermophoretic or electrostatic precipitator or even a grid on a filter housed in a sampling cassette?
Reply: We tried to use a TEM sampler to actively collect particles, unfortunately in this case the collected amount of particles on the TEM Grid was too high and measurement were not possible.



Line 184: ICP analysis is more complex than presented herein. I have discussed metals analysis with many researchers and the digestion step is critically important to maximize the accuracy of measurements. Even then, not all elements are recovered equally and some may be overestimated while others are underestimated. The authors should include robustness data on the ICP measurement procedure.
It is correct that especially sample preparation for ICP-MS is critical when dealing with complex matrix or samples. At the moment there is no reference for metal-containing filaments available but would be needed for a validation of the digestion method. Therefor a digestion was done following the SOP developed in the RIVM NANoREG project. Although this protocol was developed for organic matrices it should ensure the complete digestion of the nanoparticles and no solid fraction was found. To check the usability of this approach for the filaments the metal content values provided by the manufacture in the datasheets were used as reference in comparison to the unprinted filaments and agreed well with our measurements.


Line 212: Expression of results in concentration units severely limits inter-study comparison of data that will be collected using this protocol. Concentration will depend on several chamber-related factors, including size, air exchange rate, wall losses and so on. At a minimum, all results should be presented as emission rates (# particles per minute) though ideally, they would be presented as yield values (# particles per gram of filament extruded). See UL 2904 and more recent literature on 3-D printer emissions for models to calculate emission rate and yield values.
Answer: It was decided to focus on the particle concentration since different calculations can and have been used in previous literature. For example, Byrley et al. 2019 mentioned 5 different used equations, making it more difficult to compare. Therefore we focused on the particle concentration
See: Byrley, P., George, B. J., Boyes, W. K. & Rogers, K. Particle emissions from fused deposition modeling 3D printers: Evaluation and meta-analysis. Science of The Total Environment. 655 395-407, (2019).

Minor Concerns:
Line 31 (and throughout the manuscript): Fused deposition modeling is the name trademarked by Stratasys Inc and generally refers to industrial-scale prototyping machines. When Stratasys' patent expired, new companies began to offer desktop-scale machines that utilize similar technology but referred to it as fused filament fabrication (FFF) to avoid intellectual property issues with Stratasys. FFF is the technology used in 3-D printers and pens and suggest using this term rather than FDM™.
We changed FDM to use filament fabrication (FFF). Thanks!


Reviewer #3:
Manuscript Summary:
The study on particle concentration is well described. The TEM and morphology also discussed in good manner.

Major Concerns:
1. The sampling during chamber experiment is not well described. It is suggest to further elaborate on chamber size, how the air flow coming to the chamber, sensor location and others,
Details were added. 
2. Highlight on the exposure guidelines and particle exposure limit to the consumers are missing.
3D processes are comparable to laser printers, in terms of particle number concentrations and accordingly precautions should be taken to reduce the level of exposure. This is stated in the manuscripst

Minor Concerns:
The abstract can be rewrite and contribute to the result from experimental study.
Abstract was rewritten. 


Reviewer #4: 
Manuscript Summary:
This paper presents a test protocol for measuring particle emissions from 3D printing pens and presents results from testing several filaments with a 3D printer pen. The method involves measuring particle number concentrations and size distributions during operation as well as transmission electron microscopy (TEM) to examine particle morphology and compositional analysis of metal in metal-containing filaments by inductively coupled plasma mass spec (ICP-MS). The authors report particle number concentrations in the tested space to be ~10^5 to ~10^6 #/cm3, and they report aspects of their compositional analysis as well.

Overall, the work is useful, but less so in terms of the novelty of the methods/protocols and more so because of the results. I have several suggestions for improvement below.

Major Concerns:
- details on some of the chamber and test protocol aspects are lacking
Details were added to the protocol.


- emission rates aren't calculated so comparisons to other studies is not necessarily appropriate
Answer: It was decided to focus on the particle concentration since different calculations can and have been used in previous literature. For example, Byrley et al. 2019 mentioned 5 different used equations, making it more difficult to compare. Therefore we focused on the particle concentration

See: Byrley, P., George, B. J., Boyes, W. K. & Rogers, K. Particle emissions from fused deposition modeling 3D printers: Evaluation and meta-analysis. Science of The Total Environment. 655 395-407, (2019).

Minor Concerns:
Line by line comments:
Abstract (lines 30-43): I think the abstract would be stronger if the intro was shortened and additional results were shown, including the TEM and ICP-MS results. Also, details of the test environment should be included in the abstract too because reporting concentrations alone (instead of emission rates) is such a function of the space in which they operate that these details should be included up front, at least to some degree.
Abstract was adjusted.

I also have a broader nomenclature suggestion: in the abstract and elsewhere the term "3D pens" is used to describe what is really, in a more detailed sense, "3D printing pens." I know both terms are used throughout, but in my opinion the abbreviated "3D pens" is over-used because really the key word is "printing" - isn't every pen 3-dimensional? It's just not the most helpful shorthand in my opinion.
“3D pen” was replaced with “3D printing pen”. Thank you for that note. 

Protocols (I find this section somewhat odd, but I assume it's a requirement for the journal). For example:
Line 101: I don't understand why the experimental protocol has to hinge on PLA or ABS filaments alone; that seems too narrow for a test methods (also no reason to mention Amazon in the "available online" comment).
Reply: The protocol is not only limited to PLA and ABS but can be extended to other filaments. 3D printing pens are limited in the temperature range. Some pens only allow for temperatures below 200°C which is not suitable for ABS. Therefore we decided to use a pen with the highest possible printing temperature to be able to use ABS in addition to PLA. 

Commercial name were deleted from the text. 

Line 109: no details on chamber size or material or what constitutes "fresh air"
Details were added

Line 115: I did not understand the protocol about using a microwave to digest samples; I guess that's for offline chemical/elemental analysis?
Reply: Yes, it is for offline analysis of metal contents. 

Also, I did not see any discussion of how far the sampling line inlet was from the 3D printer pen. Is the goal to characterize emissions and concentrations near the breathing zone of the user? (it seems to me that it should given the very different nature of using a 3D printer pen compared to desktop 3D printer).
Reply: Yes, the goal was to better understand the risk of 3D printing pens, which are used in close distance to the breathing zone of the user compare to 3D printers. The sampling inlet was 10 cm away from the printing outlet to mimic the distance between the users head and the 3D printing pen. The 10 cm was used after observing some people during the use of a 3D printing pen. This aspect is added to the text. 

Results:
Lines 215-233: I didn't see the chamber volume reported, but that would be useful for understanding these concentrations, and would allow for comparison to the literature as they demonstrate currently. Without reporting chamber volumes from this study and others, we can't directly compare these concentrations. Moreover, the authors should follow other literature on 3D printer particle emissions and use the data to back calculate emission rates, which are more directly comparable across filaments and printer types.
Reply: The chamber volume of 18.5L is added to the text. 
