

	Prof. Yong-Gu Lee, 
School of Mechanical Engineering, Gwangju Institute of Science and Technology, 123 Cheomdangwagi-ro, Buk-gu, Gwangju, 61005, Republic of Korea

	Email: lygu@gist.ac.kr
Tel: +82-62-715-2396
Fax: +82-62-715-2384


Dear Editor
[bookmark: _GoBack]Thank you for the comments on the manuscript. We also appreciate the time and effort you and each of the reviewers have dedicated to provide insightful feedbacks on ways to strengthen our paper. Thus, it is with great pleasure that we resubmit our article for further consideration. We have incorporated changes that reflect the detailed suggestions you have graciously provided. We also hope that our edits and the responses we provide below satisfactorily address all the issues and concerns you and the reviewers have noted.

Editorial comments: 
General: 
1) Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. 
· We have carefully gone through the manuscript so that there are no spelling or grammatical issues.
2) Please reduce the length of the summary-it should be between 10 and 50 words. 
· We have reduced the summary to 10-50 words.
· Original(1st submission) lines 23-26 with deleted sentences marked by a centerline:
Using an FDM (Fused Deposition Methods) 3D printer, a highly viscous SMP (Shape Memory Polymer) filament is extruded through a nozzle and cooled to form a branched tubular structure. The structure is patterned and shaped such that it can be contracted to a compact form once folded and would return to its formed shape when heated.
· Revised lines 23-25:
Using a 3D printer, Shape Memory Polymer filament is extruded to form a branched tubular structure. The structure is patterned and shaped such that it can be contracted to a compact form once folded and would return to its formed shape when heated.
3) Please number references in the order they are cited in the manuscript-currently, the first reference cited is number 10. 
· We have renumbered the references in the order they are cited in the manuscript.
4) JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please limit the use of 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: Siemens NX, Simplify3D 
· We have removed all commercial products in the paper. Instead, we put them in the Table of Materials and Reagents.

Protocol: 
1) 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. 
· All texts in the protocol sense has been changed to an imperative tense. We have removed all usages of phrases such as “could be,” “should be,” and “would be” in the Protocol.
2) Please split up Protocol steps so that individual steps contain only 2–3 actions and a maximum of 4 sentences. 
· The Protocol steps are now divided into 7 steps and individual steps contain only 2-3 actions and a maximum of 4 sentences.
3) The Protocol should contain only action items that direct the reader to do something. Please move the discussion about the protocol to the Introduction, Results, or Discussion, as appropriate. 
· Discussions in the Protocol have been moved to the Discussion and Results.
4) There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. If revisions cause the highlighted portion to be more than 2.75 pages, please highlight 2.75 pages or less of the Protocol (including headers 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. 
· The highlighted portion is now less than 2.75 pages.
5) 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. If revisions cause a step to have more than 2-3 actions and 4 sentences per step, please split into separate steps or substeps.
· We have added more details to our protocol steps.

Specific Protocol steps: 
1) 1.1: Please provide more detail on making the vessel model and/or a sample file (as supplemental materials). Also, what material is used for 3D-printing? 
· The digital model file for the vessel model has been provided as supplemental materials in STL format, the most commonly used file format in 3D printing.
2) 2: This section is confusing-it doesn’t seem to have anything to do with the main purpose of the procedure (to make the stent) and is probably better in the introduction. 
· We have removed lines that are unrelated to the processing procedures. The original and the revised sections are as follows:
· Original(1st submission) lines 151-168 with deleted sentences marked by a centerline:
2. Fabrication of the branched stent based on kirigami

Note : The size of the branched stent is made to snuggly fit inside the ’Y’ shaped pathway of the blood vessel mockup. 

2.1) The branched stent is modeled to replicate the branched vessels. The interior is made hollow and the surface tubular meshes are designed to functionally fold and return to the full unfolded configuration. The trunk of the bifurcated stent follows wavy patterns similar to conventional stents. The bifurcated branches are designed following the kirigami structural pattern as shown.  Figure 5A.  shows how the kirigami can be used to transform a flat sheet into a tube. Firstly, multiple horizontal incisions are made horizontally as shown in the left figure of Figure 5A. Subsequently, stripes between the incisions are pushed by alternating the pushing directions as shown in the right figure of Figure 5A. The resulting shape forms a tube. Notice we have purposely put creases at the center of the stripes to permanently fix the transformed shape for illustration purposes. In practice, we designed the shape to be cylinder as shown in Figure 5B. The diameter of the trunk and the branch is 22mm and 18mm, respectively. The total length of the stent is 72mm. Each length of the truck and the branches are 38mm and is 34mm. The final shape is shown in Figure 6.

· Revised (line 143-153): 

3. Design of the branched stent based on kirigami

Note : The size of the branched stent is made to snuggly fit inside the ’Y’ shaped pathway of the blood vessel mockup. The interior is made hollow and the surface tubular meshes are designed to functionally fold and return to the full unfolded configuration.

2. 
3. 
3.1) The trunk of the bifurcated stent follows wavy patterns similar to conventional stents. The diameter of the trunk is 22mm and the length of the trunk is 38mm.
3.2) Design the bifurcated branches to be a cylinder as shown in Figure 5B. The diameter of the branch is 18mm and the length of the branch is 34mm.
3.3) The total length of the stent is 72mm. The final shape is shown in Figure 6.

4. 3.1: Please include a file containing the stent model used for printing as supplemental material. 
· The digital model file for the vessel model has been provided as supplemental materials in STL format, the most commonly used file format in 3D printing.

5. 3.3: Please include the sandpaper used in the Table of Materials, and please include a little more information about the sandpapering process. 
· We have added detailed production information of the sandpaper in the Table of Materials and the Protocol. Sandpapering process is written in more detail as follows: 
· Original(1st submission) line 196-202 with deleted sentences marked by a centerline:
3.3: Due to the complex shape of the bifurcated stent, the surface quality of the printed result was rough. Several steps are needed to smooth out the surface quality. This is required because rough surfaces can damage the vessels by abrasion. Three steps involved in the post-processing are shown in Figure 9. We first remove the supporters using cutters. Subsequently, the surface is rubbed against a sandpaper. Lastly, the surface can be spray painted. In the demonstration, we used black paints to enhance the contrast between the silicon vessel mockup and the stent.

· Revised (line 168-182) paragraphs with red font on the added details: 
5. Smoothing out the surface

Note : Following steps are required because rough surfaces can damage the vessels by abrasion. 

5.1) Remove the supporters using cutters (Figure 9A). The supporters are attached at the interior of the stent. When removing the stents, extreme cautions need to be exercised not to tear the stents. 
5.2) Rub the surface against a sandpaper (Figure 9B) to remove layer lines, striations, or blemishes on the printed surface. Repeated polishing may be needed where the supporters are removed by cutters.
5.3) Paint the surface using a spray. A well-ventilated location is desired and a personal mask must be worn. The surface must be cleaned, sanded, and dried. Protect from overspray by applying thin layers of repeated paints. Black paints were used to enhance the contrast between the silicon vessel mockup and the stent (Figure 9C).

Figures: 
1) If any figures are reused from a previous publication, please obtain explicit copyright permission to reuse them. 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].”
· All figures in the manuscript are entirely different from the ones in the previous paper (Scientific reports, 8(1), 13911. doi:10.1038/s41598-018-32129-3).
2) Figure 12B: Please include a space between numbers and their corresponding units (e.g., ‘1 s’ instead of ‘1s’). 
· We added a space between numbers and units. White backgrounds are also added for better readability.
· Original(Figure 12B).
[image: ]
· Revised(Figure 12B).
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References: 
1)  Please do not abbreviate journal titles.
· There are no abbreviated journal titles in the references.

Table of Materials: 
1) Please ensure the Table of Materials has information on all materials and equipment used, especially those mentioned in the Protocol
· We have added the production information of the Sandpaper and the material used for the vessel model printing in the Table of Materials. 

Reviewer 1 :
Manuscript Summary: 
In this manuscript the authors describe the obtaining, through a novel and versatile technique (3D printing), a Y-shaped stent, in order to be used for widening or unlocking the branched vessels. The protocol is well described and presents interest for scientists dealing with medical devices or implants. I recommend the manuscript for publication. 
 
1) Major Concerns: 
I have concerns regarding the material (thermal, morphological and mechanical properties and biocompatibility), but is not the purpose of the journal to study this. 
This protocol is designed for a specific SMP and most probably would not work with other materials (with lower viscosity or Tg).
· We agree that the user who wishes to use different SMP materials should find the 3D printing parameters suitable for their materials. However, finding such parameter should not be the main obstacle in reproducing the experiment as the differences in the 3D printing parameters are not significant for different SMP materials. 

Reviewer 2: 
4D printed bifurcated stent has been published by your group, which has the same kirigami structure with this manuscript. And the sections listed in this manuscript are also included in the previous paper (Scientific reports, 8(1), 13911. doi:10.1038/s41598-018-32129-3). I recommend that more is to be done to differentiate this work from your previous work, else, there is no novelty in this work. 
In the manuscript, the authors detail how to make a bifurcated stent.
1) there are no characterizations for the printing filaments and performance tests for the bifurcated stent. 
· The SMP material used in this study is provided commercially by SMP Technologies Inc. It is basically a polyurethane with some additives to increase the mechanical properties. The commercially available product is available in a filament form and has following properties (Table 1).
	Density
	1.21g/cm3

	Glass transition temperature
	55℃

	Poisson ratio
	Below Tg : 0.40
Above Tg : 0.45

	Tensile yield strength
	48MPa


Table 1 The properties of shape memory polymer filament
2) [bookmark: _Hlk3302619]How did authors evaluate the stent's properties, such as biocompatibility, degradability, mechanical properties and so on? These properties are crucial for the stent to ensure its effectiveness. 
· The purpose of this protocol is to clarify the processes in producing the branched stent based on kirigami patterns. The protocol explains in detail how a customized stent can be produced using an FDM printer. We do agree that the used materials need to be improved in respect to biocompatibility and degradability for the actual clinical usages. We have measured the elastic modulus of the material as a function of the ambient temperature. The results are shown in (Table2).
	Temperature(℃)
	Elastic modulus(MPa)

	22
	444.4

	25
	403.74

	27
	257.6

	35
	141.2

	45
	33.38

	55
	5.98

	65
	2.84

	75
	0.67


Table 2. The measured elastic modulus of shape memory polymer filament using thermomechanical analysis(TA Instrument® TMA Q400EM™)
Reviewer 3: 
The study by Yong-Gu Lee at al. describes a design approach to fabricate SMP stents where a tube-like stent is transformed/deployed into a Y shape configuration after activation at high temperature. The Y shape stent was printed using an FDM printer and subsequently folded/compacted into a tubular shape at high temperature. The folded form of the stent can recover its initial Y shape after activation using high temperature. The concept might be suitable for designing stents and, therefore, can be published in JoVE. In general, I recommend publication in JoVE after revising the manuscript.
General comments : 
1) The title emphasizes on 4D printing of stents which is not true. The SMP stent is programmed mechanically after printing. In addition, the proposed structure is not a kirigami design. Using 'kirigami-inspired design' in the title seems to be more appropriate. It seems that many other kinds of cellular designs can be replaced by the kirigami design when the stent is made of SMP.
·  We have revised the title from “4D printed bifurcated stents with kirigami structures.” to '4D printed bifurcated stents with kirigami-inspired structures.”
2) The summary must focus on description of the design and fabrication methodology rather than describing the concept of FDM 3D printing. In addition, it is expected, in this case, to highlight the benefit and application of the proposed approach. 
· We have revised the text to explain the benefits of the fabrication methodology.
· Original(1st submission) line 64-68 with deleted sentences marked by a centerline:
The complexity of the shape of bifurcated stents makes it a very suitable target for 3D printing. 3D printing is an additive manufacturing process quite different from the material removing manufacturing processes such as milling and cutting. Because shapes are made by repeatedly adding layer by layers of the sectional shapes of the target object, in theory, it can be used to fabricate parts of any shapes and sizes.
· Revised (line 62-71) paragraphs with red fonts highlighting the benefit and application of the proposed approach:
The complexity of the shape of bifurcated stents makes it a very suitable target for 3D printing. Conventional stents are mass produced in standardized sizes and shapes. Using the 3D printing fabrication methodology, it is possible to customize the shape of the stent for each patient. Because shapes are made by repeatedly adding layer by layers of the sectional shapes of the target object, in theory, it can be used to fabricate parts of any shapes and sizes. Conventional stents are mostly cylindrical in shape. However, human vessels have branches and the diameters change along the tubes. Using the proposed approach, all these variations in shapes and sizes can be accommodated. And although we have not demonstrated, the used materials can also change within a single stent. For example, we can used stiffer materials where support is needed and softer materials where more flexibility is required. 

3) Authors should explain what are the alternative solutions to activate SMP, rather than using high temperature in human body which is harmful. 
· The glass transition temperature (55℃) of the SMP used in the manuscript is certainly not possible to be used in humans. Furthermore, no biocompatibility test has been performed for this material making the clinical applicability more unlikely. However, there are materials that exhibit much lower glass transition temperature and at the same time also being biocompatible [9]. Thus, we believe by incorporating such materials, the approach will be viable. 
 [9] Lendlein, A. Biodegradable, Elastic Shape-Memory Polymers for Potential Biomedical Applications. Science (80-. ). 296, 1673–1676 (2002).

4) Despite the experiment shows branching of the stent after activation, deployment of stent seems to be impractical for real application since the load amplitude at high temperature is very low. Using inflatable balloons to accurately control the level of deployment is inevitable and should be discussed. 
· As the reviewer has mentioned the load amplitude is low at high temperature. However, the temperature does not need to remain high after the unfolding. If the temperature is dropped after the unfolding, the load amplitude will be sufficient to support the collapsing vessel. In the real clinical usage, the used material has to be tailored to exhibit prescribed mechanical properties at certain temperature. Specifically, the triggering temperature should be slightly higher than the human body temperature such that the temperature is bearable to the human. Furthermore, the glass temperature should be higher than the body temperature so that the unfolded stent would retain its stiffness.
· The inflatable balloons are commonly used in the conventional stent operations. These balloons are used in cylindrical stents. When they are to be used for branched stents, the number of balloons needs to match the number of cylindrical stents. The purpose of using the kirigami inspired stents was to avoid these complications.

And:
1) In line 45, 'the limitations of our …' is very negative and should be replaced with a positive statement.
· We agree. We have changed the paragraph to a more positive statement as follows. 
· Original(1st submission) line 45-48 with deleted sentences marked by a centerline:
· The limitations of our method are that although we point to the medical stent, the material that we have used has not be proven to be safe on humans and also the material is not biodegradable and will remain at the target site indefinitely.
· Revised (line 44-46) paragraphs with red fonts highlighting the added sentences:
· Although we target our work on the medical stent, biocompatibility issues need to be solved before the actual clinical use.
2) As mentioned above, this is not a kirigami design and the approach does not represent 4D printing of SMP stents.
· We have changed the title to “4D printed bifurcated stents with kirigami-inspired structure”.
3) In line 74, 'material triggering ambient temperature' is confusing. In line 75, contraction of polymeric chains is not correct.
· We have changed the “ambient temperature” to the “glass transition temperature”. The “polymeric chains contract” has been changed to “segments become soft”.
4) In line 85, authors explain: 'SMPs also enjoy additional benefits which are opposite to the problems of metallic stents mentioned above'. What are these additional benefits? 
· The additional benefits include the ability to change the size and shapes, and the exclusion of necrosis. Rather than adding the additional benefits we have removed this sentence. 
5) The connection between the literature part and the design approach is poor. 
· Due to the limitations in conveying the ideas through drawings we have included the whole model data in the Supplementary.
6) In line 97, 'ingenuity' should be replaced by 'solution'. \
· Correction has been made as suggested.
7) Silicon, used in this manuscript, is a metal. The correct term is 'silicone'.
· Correction has been made as suggested.
8) In line 139, 'modeling' should be replaced by 'CAD modelling'. 
· Correction has been made as suggested.
9) In line 156, it is not clear what do the author mean by 'the branched stent is modeled to replicate the branched vessels'.
· A paragraph has been added to explain this in more detail in line 210-213(Revised).
In other words, the interior surface of the branched vessels, where the bodily fluid is flowing, is offset further inside by the prescribed thickness of the fabricated stent. A solid form is created between the interior surface and the offset surface. This solid form exactly fits the vessel and can be used as the model for the stent.
10)  In line 191, the printing speed '3600mm/sec' is extremely high. Is it correct? 
· We are sorry for writing a wrong printing speed. It should have been ‘3600mm/min’.  We have corrected the error.
11)  In line 235, 'permanently memorizing its shape' is not true and needs to be removed. The SMP stent at its initial configuration is not programmed.
· We have removed this sentence.
· The line 235 in the original submission
The original shape closely matches the branched vessels and has been 3D printed using the SMP material, permanently memorizing its shape
· The lines 209-210 in the revised submission
The original shape closely matches the branched vessels and has been 3D printed using the SMP material.
12)  The manuscript contains several typos and grammatical errors and must be corrected carefully.
·  We have carefully gone through the manuscript to correct the typos and grammatical errors.
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