
Point-by-point Response to Editorial and Reviewers’ Comments:
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. Please define all abbreviations at first use.

Thank you for the comment. We have made the necessary adjustments in our revised manuscript.

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. 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: Olympus BX53 microscope

Thank you for the comment. All commercial language has been removed from the revised manuscript.

3. 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. Please include all safety procedures and use of hoods, etc.

We appreciate the comment. The protocol has been revised to only include text written in the imperative tense.

4. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to published material specifying how to perform the protocol action. Please add more specific details (e.g. button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.

Thank you for the comment. We agree that the protocol needed to be revised to better explain the important steps needed for designing and using the MMAA. We have shortened the protocol by adding in necessary citations for the photolithography process and have revised the protocol to better explain the central instructions for design and use of the MMAA.

5. 1.3: As you have highlighted this step, will you be demonstrating this for filming the video? Please provide some details about how to generate the files for the two pieces of MMAA. 

Thank you for the comment. This part of the manuscript has been unselected for the purposes of the demonstration as this would be difficult to show in the video. Additionally, the generation of the files is dependent on the software being used and the 3D printing process being used.

6. 2.1: Please give details for the post-printing steps.

We appreciate the comment. The post-printing steps are unique to the 3D printing process that is employed to fabricate the MMAA. Both the fused filament fabrication (FFF) and stereolithography 3D printing techniques were used when printing different versions of the MMAA. In addition, several other printers and processes were used in the early stages of the MMAA development to ensure that the 3D printing technique used did not hinder the functionality of the MMAA. It was determined that any printer or process available to the user would suffice to produce the MMAA as the final product was functional in all cases. Due to this, we sought to leave this part of the protocol open ended to allow room for the user to create the MMAA using whichever 3D printing techniques is available/affordable for them as the 3D printing process used does not hinder the effectiveness of the MMAA.

7. 3.1.2: what sort of structures are you referring to as alignment markers? 

Thank you for the comment. The alignment markers are typically used in standard photolithography processes and are small shapes/structures added to each layer’s photomask that allow the user to then align the previous photoresist layer with the next layer’s photomask (see Figure 6A-B). In our process one of the alignment markers used was a small cross on the side of the silicon wafer (see Figure 5), however the intricacy of the alignment marker can be enhanced in order to increase the accuracy of the layer’s alignment. This was briefly mentioned in the note after section 3.1, however further detail about this feature has been added to the revised manuscript to clarify this point. In addition, the photomasks used to create the double layer herringbone master mold described in the paper have been added to Figure 6. Figure 6A and 6B can now be referenced to for a better illustration of the alignment markers that we have described in the protocol and the note after section 3.1.2 has been amended to also reference the reader to Figure 6A and 6B.

8. 3.1.3: if you print the photomasks through other facilities, will this protocol remain user-friendly for small labs? 

We appreciate the comment. This process would still be user-friendly for small labs that already procure microfluidic devices as this is not a large expense and would typically be employed by labs who already perform microfabrication.

9. 3.2.1.3, 3.2.1.5, 3.2.3.2: How do you perform the soft bake and the post-exposure bake? 

Thank you for the comment. The soft bake and post-exposure bake entail heating of the coated wafer at a certain temperature and time. This is explained in the manufacturer’s instruction and the exact time and temperature will vary based on the photoresist being used and the desired layer thickness. The manufacturer’s instructions have now been cited in the protocol to be referenced to for these details.

10. 3.2.16: How much time is appropriate? 

Thanks for the comment. This time is indicated by the manufacturer’s instruction for the exact photoresist being used and the exact thickness of the layers desired by the user. The manufacturer’s instructions have now been cited in the protocol to be referenced to for these details.

11. As you are using SEM in Fig 7, please consider adding a note in the protocol that SEM can be used for this purpose.

We appreciate the comment. We have added a note within the protocol to include that SEM can be used to confirm the alignment error (see the note after step 3.4.2). 

12. As we are a methods journal, please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Any modifications and troubleshooting of the technique
b) Any limitations of the technique
c) The significance with respect to existing methods

Thank you for the comment. The discussion has been revised to cover the details noted above.

____________________________________
Reviewers' comments:

Reviewer #1:
Journal: Journal of Visualized Experiments
Title: Designing, developing, and testing a multi-layer mask alignment Adaptor (MMAA)

General Comments:
This manuscript describes the design, fabrication, and test of a multi-layer mask alignment device (MMAA) as an easy-to-fabricate and cost-effective alternative to the traditional alignment equipment. The authors claim that their method requires no special training for its use as its application is fairly simple and uses standard laboratory equipment, thus providing a useful tool for small labs. The authors demonstrated that the 3D printed MMAA was useful in fabricating multi-layer microfluidic devices with a fabrication error of less than ten micrometers only using regular UV light source, optical microscope, and common lab equipment.
The reviewer agrees with the importance of the development of an easy-to-use platform for the fabrication of precisely aligned multilayer microfluidic devices without using expensive clean-room-based settings. While the design seems logical and properly executed, the reviewer does not believe that the readers will easily understand and trace the whole procedure described in the presented manuscript and figures. The description of representative results and figure legends lack details and contains ambiguity. The overall flow of the manuscript is short of key explanations that may not be friendly to readers who are unfamiliar with the topic. The reviewer suggests that the manuscript should undergo a major revision before publication.

Specific comments:
1. Although the title is concise, it can be more specific. It is vague because it does not indicate what application it is intended for or suggest an impactful purpose. The reviewer suggests that the title includes the following keywords; "cost-effective" "3D printed", "Multi-layer microfluidic devices".

Thank you for the comment. We agree with the reviewer that the title should include more detail as to the purpose of the device and the title has been revised accordingly. 

2. Abstract should summarize key quantitative outcomes of the developed methods.

Thank you for the comment. The key outcome of the developed method is the generation of the MMAA which allows for the fabrication of multi-layer microfluidic devices. The quantitative data signifying the success of the MMAA was the minimal alignment error achieved when producing the bi-layer herringbone microfluidic device. The alignment error achieved was less than 10 micrometers and this key outcome has been noted in the revised manuscript’s abstract to avoid any confusion. In addition, a four layer master mold was also produced and included in the revised manuscript. We were able to determine with the four layer master mold that alignment errors were no greater than 5% of the designed distance between layers and we have added these results to the revised manuscript as well.

3. In section 1 of the protocol, the author describes '1.1. obtain the dimensions of the tray of the available UV light emission system.' This can be more specific as to which dimensions are required - is it just the inner circular rim?

We appreciate the comment. The dimensions of the tray of the UV light emission system that we are referring to include the diameter of the inner circular rim of the tray, the inner height of the tray (measured from the floor of the tray to the top of the inner lip of the tray), and the maximum inner tray width and length. The MMAA should then be tailored to fit within these measurements to allow for the MMAA to fit within the tray of the UV light emission system and not cause any obstruction that would hinder the functionality of the emission system. We agree with the reviewer that these dimensions should be more specific and have made this adjustment in the revised manuscript. In addition, we have revised Figure 2 to include images 2A and 2B which illustrate the dimensions we are referring to. 

4. Section 3.1.2 could be more helpful with a figure to illustrate the markers in more detail.

Thank you for the comment. We agree that a figure showing the alignment markers would be most helpful, and therefore we have added images of the photomasks used to create the double layer herringbone master mold to Figure 6 in the revised manuscript. Figure 6A and 6B can now be referenced to for a better illustration of the alignment markers that we have described in the protocol. In addition, the note after section 3.1.2 has now been amended to also reference the reader to Figure 6A and 6B to give a visual example of the alignment markers we have used.

5. 3.2.1.1 - sub-sub-sub section seems too much. The author could consider using a, b, c for these more detailed instructions instead for more clarity and organization.

Thank you for the comment. We agree with the reviewer that the use of sub-sub-sub sections could be confusing for the reader. We have shortened the protocol by adding in necessary citations for the photolithography process and have revised section 3.2 to better explain the central instructions for use of the MMAA and eliminate the need for the sub-sub-sub sections.

6. Figure 2: The quality of the illustration should be improved. Is it showing the direction of the printed layers? The legend should be more clearly phrased.

Thank you for the comment. The illustration in Figure 2 was intended to show how 3D printed structures are formed using the fused filament fabrication (FFF) 3D printing process. During the FFF process, the 3D printing filament is deposited layer by layer, one layer on top of another to create the desired piece. The illustration was meant to depict this process; however, the quality and figure legend has been improved in the revised manuscript to better illustrate this.

7. Figure 3: The legend describes that the magnets are indicated with red circles, but it is indicated with a red dotted rectangle.

We appreciate the comment. The legend has been updated in the revised manuscript to indicate the magnets are outlined in the red dashed rectangle.

8. Figure 5: The size of the markers on the photomask (A and B) and on the wafer after exposure (C and D) is different. Please explain.

Thank you for the comment. The size of the markers is different between Figure 5A and 5B and 5C and 5D, because the images we’re not taken at the same magnification. The size of the scale bar for Figures 5A and 5B is 200 m, while the size of the scale bar for Figures 5C and 5D is 100 m. This was an error on our part and has been noted in the Figure 5 description in the revised manuscript.

9. Figure 6: Please show the macro image of the whole channel structure. What is the design for the first and second layers?

We appreciate the comment. We have revised Figure 6 to include images of the photomask files, shown in Figure 6A and 6B, for both the first and second layer to better depict the device design. The first and second layer photomasks represent the design for a herringbone microfluidic device with 4 parallel channels. The first layer, shown in Figure 6A, includes the outline for the channels to allow for the hollow floor of the channels to be produced after PDMS microfluidic chips are rendered from the master mold. In addition, the second layer, shown in Figure 6B, incorporates the herringbone pattern inside the channels which will line the roof of the PDMS device and allow for mixing of the flowing fluid. 

10. Figure 7: Please show the image of master mold prepared using the MMAA. Which part of the device was observed by SEM?

Thank you for the comment. We have revised Figure 7 to include the image of the master mold prepared by the MMAA, as seen now in Figure 7A. In addition, we have outlined in the red dashed rectangle the section of the master mold which was observed by SEM. The section imaged was a part of the microfluidic device that contained the herringbone pattern.

11. Although the authors claim that the MMAA is useful to fabricate multi-layer microchannels, the demonstration in the presented work is limited to double-layer master mold, as can be observed in Figure 7. If multi-layer microchannels can be presented, please use photos in elevated view to illustrate the layers clearly.

We appreciate the comment. We agree that it is essential to show a multi-layer structure to demonstrate the alignment capabilities of the MMAA. In the revised manuscript we have included Figure 8 which contains the image and profilometer data for a four layer master mold that was produced using the MMAA. The image in Figure 8A shows the perimeter of the four layers and the profilometer data in Figure 8B confirms the deposition of four distinct layers.

Minor comments:
1. Throughout the manuscript, the spelling of '3D printing' is not standardized, i.e. sometimes spelt as '3-D printing'.

Thank you for the comment. The spelling of ‘3D printing’ has now been standardized in the revised manuscript.

2. There should be more consistency when the author refers to the MMAA. It is termed as Multi-layer Mask Alignment Device. Sometimes it is referred to as MMAA system, sometimes MMAA device and sometimes simply just MMAA. This can also be potentially confusing when the author describes with 'the device…', as there are other devices involved, i.e. Microfluidic device, PDMS device.

Thank you for the comment. We agree with the reviewer that the inconsistency in referencing to the MMAA can be confusing, and we have now made changes to only reference to the device by just the acronym.

3. There are numerous sentences that are too long and hard for readers to understand. Split up the sentences if they involve more than one subject - punctuations can help.

We appreciate the comment. Long sentences have now been modified accordingly in the revised manuscript to improve readability. 


Reviewer #2:
Manuscript Summary:
The manuscript presents a cost-effective DYI mask alignment and UV exposure system, that utilizes: a simple microscope and stage, together with a 3D printed wafer holder, and a scissor lift-based mask holder. The publication of such protocol would be beneficial to small laboratories that do not have access to a micro-fabrication facility. However, some concerns need to be addressed prior to publication.

Major Concerns:
-The authors are missing a literature overview of other DYI aligners. Since several similar systems exist already, the authors should discuss how their aligner is better and/or more novel compared to what has already been published:
https://doi.org/10.1063/1.5035282
http://dx.doi.org/10.1063/1.4927197
https://doi.org/10.1063/1.4976690

Thank you for the comment. We agree that a literature overview of other DIY aligners is necessary to explain the advancement of our mask aligner over what has already been published. We have added a brief overview to our revised manuscript to further dictate the novelty of our system and appreciate the reviewer sharing the above journal articles with us as we have added these articles as references.

-The authors do not present much visual evidence of alignment. Fig 6 shows two layers created with the same mask overlayed upon itself, which is fine. However, in a real application, typically different masks are overlayed to make complex multi-height structures. Therefore, the reviewer would prefer to see multi-height structures prepared using this mask aligner. Figure 7 supposedly shows two layers. One layer is the harringbone pattern, but it is not obvious what the second layer is... The red arrow points to something that looks like the "floor" of the device? If that is the case, then why does that even need alignment? Overall, it is strongly recommended to show a multi-height structure that requires the alignment of multiple unique masks.

We appreciate the comment. The herringbone master mold that was prepared in the manuscript has two layers with differing geometries. Figure 6 has been revised to show the first layer and second layer photomasks (Figure 6A and 6B) that were used to create the herringbone master mold. It is essential that the two layers are aligned to create a hollow floor beneath the herringbone pattern that lines the roof of the device. This allows for mixing of the fluid flowing through the microfluidic device, however we agree with the reviewer that a proper description of the herringbone device was not given. We have thus revised both Figure 6 and 7 as well as the figure legends to better illustrate the design of the herringbone device. In addition, we agree that it is essential to show a multi-layer structure to demonstrate the alignment capabilities of the MMAA. In the revised manuscript we have included Figure 8 which contains the image and profilometer data for a four layer master mold that was produced using the MMAA. The image in Figure 8A shows the perimeter of the four layers and the profilometer data in Figure 8B confirms the deposition of four distinct layers.

-The authors should provide part numbers for things such as the scissor lift, since the z-resolution of this device needs to be known since it is critical to quality alignment.

We appreciate the comment. We agree with the reviewer that this information is needed and have added the company and part/catalog number to the revised Table of Materials.

Minor Concerns:
Figure 6 is missing the caption for pane A.

Thank you for the comment. The caption for pane A of Figure 6 has been added in the revised manuscript.


Reviewer #3:
Manuscript Summary:
The authors describe a 3D printed mount system that provides an adapter between the tray in certain low-cost UV exposure systems (e.g., the UV-KUB) and standard microscopes. Using the aligner and the magnetic mount, they were able to perform multilayer SU8 manufacture to a tolerance of <10 um and used it to manufacture a PDMS microfluidic chip with a multi-level herringbone pattern.

Major Comments:
1) The paper is well-written at a prose level and needs essentially no copyediting.

We appreciate the comment.

2) I think that the described MMAA device shows promise and could be useful for a series of applications in microfluidics and MEMS. However, this manuscript feels incomplete, and it is hard to understand exactly how to design, build, and utilize the MMAA system. There are a number of places where the instructions are very cursory (e.g., "customize the wafer holder and magnetic microscope fastener") and don't go into sufficient details to allow researchers to implement the device.

Thank you for the comment. We agree with the reviewer that the protocol needed to be revised to better explain the process needed for designing and using the MMAA. We have made revisions to the protocol to better explain the entire process.
 
3) The actual benefits of the device are not clearly described in the introduction and abstract. There are a number of strong uses in MEMS and SU8 manufacture, and are all related to making it easier to perform mask alignment. To perform SU8 fab, you need a considerable amount of equipment besides the mask aligner, including a spin-coater, wet bench, and fume hood, and may still require some manner of clean area for processing. This does lower one major cost barrier, however.

Thank you for the comment. We agree that more detail was needed to dictate the importance and uses of the MMAA. The MMAA was designed as a cost-effective research tool for small labs who currently already have the equipment necessary for master mold and microfluidic device fabrication. It eliminates the need for commercial mask aligners or the purchasing and/or assembly of costly and complex custom-built mask aligners. In addition, we were able to determine the MMAA produces multi-layer master molds with minimal alignment errors allowing for the production of functional multi-layer microfluidic devices. To alleviate any confusion we have added a brief overview to the introduction and abstract in our revised manuscript to further dictate the novelty of our system.

4) In contrast, the paper spends a great deal of time explaining how to do the process of photolithography itself, as well as the generation and use of alignment marks, that should be familiar to most people in the field, and for which there are instructions along with the photoresists. Much of pages 4-6 could be compressed with a brief summary and citations (photolithography, SU8 processing, and PDMS pouring/curing). This would free more room for sections such as 3.2.3.4 - 3.2.3.7 (L192-208) which are the central instructions for the paper for the use of the device as a mask aligner.

Thank you for the comment. We agree that the protocol needed to be revised to better explain the important steps needed for alignment of the layers using the MMAA. We have shortened the protocol by adding in necessary citations for the photolithography process and have revised section 3.2 to better explain the central instructions for use of the MMAA.

5) The figures need to be reworked to make the instructions and features of the MMAA clearer. For example, Figure 4 shows photographs of the alignment process, but there aren't annotations sufficient to allow me to understand what's being done in each step. I think you need at least one clear figure showing, qualitatively, what is happening at each step in the alignment process, and another showing the features that are used in designing and using the MMAA. I think you can leave off figure 5 (Or put it in ESI) as it shows alignment marks that are familiar to researchers who have performed SU8 manufacture before. There need to be more detailed figure captions as well that make the steps and contents clearer.

We appreciate the comment. We agree that the figures and figure captions needed to be revised to better illustrate the designing of the MMAA and the alignment process. We have made significant revisions to the figures and figure captions, including figure 4 which we have now edited to give a better and more holistic description of the alignment process. The figure now depicts all important steps of the alignment process in sequential order, and the figure caption also summarizes this process so the user can better follow along with the protocol.

Minor Comments:
1) I'm not sure that the name of the "Multilayer Mask Algning Device" needs the "Multilayer" as a mask aligner is specifically for the purpose of patterning multiple layers on a single wafer. However, it does act as an adapter to allow a microsope to serve as a mask aligner itself, so something like "Microscope Mask Aligning Adapter" might better describe the system (This specific acronym is just a suggestion, so please don't take as binding)

We appreciate the comment and thank you for the suggestion. We agree that the suggested acronym is a better name for the device to describe its function and we have therefore made this change in the revised manuscript.

2) Please make sure that everything shown in a figure is discussed in text. In several of the figures, there are terms that occur only in the figure and do not occur anywhere else in the manuscript. Similarly, make sure terms like "scissor lift" (L202) are described to make sure it is clear how to use it.

Thank you for the comment. We have revised the manuscript to ensure all properties of the figures are now described in the text. In addition, we have also made sure to describe the use of the scissor lift. 

3) Please provide full manufacture details in the Materials/equipment section (e.g., what is the make of the sonication bath, what provided the UV curing chamber if it wasn't home-built, and where did you get your photomasks)

We appreciate the comment. The full manufacture detail has now been added to the revised table of material/equipment file.

4) Please be specific about what type of silane you are using. I assume you're using a silane-derivative such as PFOTS, which is standard in microfluidics and colloquially known as "silane." It is important to distinguish that from true Silane (SH4), which is highly toxic and pyrophoric, and has a different set of industrial applications.

Thank you for the comment. We are using trichloro(1H,1H,2H,2H-perfluorooctyl)silane. We have made reference to the SU-8 manufacturer’s protocol for the lithography process and therefore this note is no longer in the revised manuscript as this is noted in our reference.

5) In L175 and 218, do you mean "compressed nitrogen gas" or "liquid nitrogen"?

Thank you for the comment. The reference to liquid nitrogen was an error as we actually meant compressed nitrogen gas. We would like to thank the reviewer for pointing out this discrepancy. Due to the revision of our protocol this step is no longer in our revised manuscript.

6) You may want to consider, for demonstrating alignment, building a few standard features into the body of the wafer, so you can compare relative offsets with known shapes. The alignment error is qualitative, but it would help if you could show multiple locations across the chip.

We appreciate the comment. We agree with the reviewer that building standard features with known shapes would be helpful to demonstrate the offset produced when using the MMAA. In the revised manuscript we have included Figure 8 which contains the image and profilometer data for a four layer master mold that was produced using the MMAA. For this four layer master mold we chose to build cylindrical shapes with decreasing diameter to better illustrate the alignment capability of the MMAA as it is easier to visually identify the offset between the layers. The image in Figure 8A shows the perimeter of the four layers and the profilometer data in Figure 8B confirms the deposition of four distinct layers.

7) The SEM in figure 7c doesn't show the larger sidewalls, so it's hard to see from that how the pattern is multilevel. Similarly, the device in 7A doesn't show clearly how this makes use of a two-level microfluidic device. The herringbone pattern is presumably for mixing (unsaid in the paper) so you may want to include a mixing demonstration? Alternately, you can find another demonstration, such as using the two-layer system to manufacture microfluidic Vias.

Other potential applications to consider:
* Optofluidic lithography: (S. Chung. et al., Nature Materials (2008)), which is a lab-level system of photodeveloping liquid in a microfluidic channel using a photomask (when a DMD is not available). This does not share the post-processing challenges that standard SU8 lithography has.

* Patterned UV-treatments: (eg electrospinning, some biological collection techniques) a patterned exposure of UV to a surface alters the surface properties for certain applications. This does not require a clean room or the caustic chemicals, and so the MMAA could really help this happen precisely in-lab

* Microfluidic vias (Kartalov 2006) for multilayer microfluidic channel flow.

Thank you for the comment. We agree that it is essential to show a multi-layer structure to demonstrate the alignment capabilities of the MMAA. In the revised manuscript we have included Figure 8 which contains the image and profilometer data for the four layer master mold that was produced using the MMAA to better assess this issue. In addition, we agree with the reviewer that a proper description of the herringbone device was not given. We have thus revised both Figure 6 and 7 as well as the figure legends to better illustrate the design of the herringbone device and it’s application. 

Final comments:
I apologize if I have misunderstood your explanation or missed some details. However I do not believe I can fully evaluate the strenghts and weaknesses of the proposed methodology until the paper has been rewritten to focus on the design, manufacture, and use details of the specific aligner. I think that the MMAA really does have value for a number of research labs, and I would like to see how it can be used and more generally adapted.

Thank you for the comments and advice. We greatly appreciate the feedback as it has provided us with many ideas to improve the overall quality of our manuscript. We hope the revisions have made clearer the application of the MMAA.

Reviewer #4:
Manuscript Summary:
This manuscript by Celine R. Garcia and co-authors developed an easy-to-use platform for multilayer photolithography. Overall, this is a solid method and should be useful for the labs that want to fabricate multilayer microfluidic or micro-devices in the lab.

Major Concerns:
My biggest concern is that there is no rotary stage, so the angle is very hard to adjust when aligning the wafer and photomask. It seems that people can only use their hand to rotate wafer or photomask directly to align them. This is very difficult to do. The authors should find way to add a rotary stage in this system to make the angle easier to adjust.

We appreciate the comment. In the revised manuscript we have included an essential step to the process, which can alleviate the need for a rotary stage to keep the cost of the system low for the user. The photomasks we have designed contain a straight edge which aligns perfectly with the straight edge of the silicon wafer. When aligning the photomask to the silicon wafer the straight edges are superimposed to ensure there is no rotational error between layers. However, due to human error when fixing the photomask to the wafer before UV light exposure we believe that any rotational error that may occur would be within approximately 5% of the designed parameters. This step has now been dictated in the protocol of the revised manuscript.

Minor Concerns:
Some minor comments:
1. The authors should draw photomasks in figure 1 to better illustrate this platform.

Thank you for the comment. We agree that the illustration needed to be revised to better represent how the platform is used, and we have revised figure 1 to make this more clear.

2. The current description of aligning second photomask to the wafer is unclear. Based on my understanding, the photomask is lifted by a z-stage so that it does not contact with the wafer, then the wafer is moved by microscope x- and y-stage to align with the photomask? The authors should make this part clearer.

Thank you for the comment. Yes, the aligning of the second photomask is performed by fixing the z-position of the photomask above the wafer and using the x- and y- direction knobs of the microscope stage to then move the wafer and superimpose the alignment markers on the photomask and wafer. We agree with the reviewer that the protocol needed to be revised to better explain the process needed for alignment of the layers using the MMAA. We have made revisions to section 3.2 of the protocol to better explain this process.

3. Quantification results should be added. The authors only used a couple of images to demonstrate the results. They should add more quantification results to indicate the translational error and rotational error.

We appreciate the comment. We agree with the reviewer that further quantification results would be most helpful. A four layer master mold was produced and presented in the revised manuscript. We were able to determine with the four layer master mold, that we have now included in the revised that translational alignment errors were no greater than 5% of the designed distance between layers and we have added these results to the revised manuscript. In addition, the photomasks we have designed contain a straight edge which aligns perfectly with the straight edge of the silicon wafer. When aligning the photomask to the silicon wafer the straight edges are superimposed to ensure there is no rotational error between layers. However, due to human error when fixing the photomask to the wafer before UV light exposure we believe that any rotational error that may occur would also be within approximately 5% of the designed parameters. 


