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SUMMARY:  22 
Patient-specific models improve surgeon and fellow confidence when developing or learning 23 
surgical plans. Three-dimensional (3D) printers generate adequate detail for surgical preparation, 24 
but fail to replicate tissue haptic fidelity. A protocol is presented detailing the creation of patient-25 
specific, silicone cardiac models, combining 3D printing precision with simulated silicone tissue.  26 
 27 
ABSTRACT:  28 
3D models can be a valuable tool for surgeons as they develop surgical plans and medical fellows 29 
as they learn about complex cases. In particular, 3D models can play an important role in the field 30 
of cardiology, where complex congenital heart diseases occur. While many 3D printers can 31 
provide anatomically correct and detailed models, existing 3D printing materials fail to replicate 32 
myocardial tissue properties and can be extremely costly. This protocol aims to develop a process 33 
for the creation of patient-specific models of complex congenital heart defects using a low-cost 34 
silicone that more closely matches cardiac muscle properties. With improved model fidelity, 35 
actual surgical procedural training could occur in advance of the procedure. Successful creation 36 
of cardiac models begins with the segmentation of radiologic images to generate a virtual blood 37 
pool (blood that fills the chambers of the heart) and myocardial tissue mold.  The blood pool and 38 
myocardial mold are 3D printed in acrylonitrile butadiene styrene (ABS), a plastic dissolvable in 39 
acetone. The mold is assembled around the blood pool, creating a negative space simulating the 40 
myocardium. Silicone with a shore hardness of 2A is poured into the negative space and allowed 41 
to cure. The myocardial mold is removed, and the remaining silicone/blood pool model is 42 
submerged in acetone. The described process results in a physical model in which all cardiac 43 
features, including intra-cardiac defects, are represented with more realistic tissue properties 44 
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and are more closely approximated than a direct 3D printing approach. The successful surgical 45 
correction of a model with a ventricular septal defect (VSD) using a GORE-TEX patch (standard 46 
surgical intervention for defect) demonstrates the utility of the method. 47 
 48 
INTRODUCTION: 49 
Nearly 1 in 100 children in the United States are born with congenital heart defects (CHD). 50 
Because of the propensity of mothers with CHDs to have children with CHDs, there is an 51 
expectation that the rate may more than double over the next seven generations1. While not 52 
each CHD is considered complex or severe, the general growth expectation indicates that there 53 
is motivation to improve the technology and procedures capable of addressing CHD treatment. 54 
As technology improves, cardiac surgeons often express a willingness to tackle more complex 55 
procedures. This willingness has led to an increased number of complex cardiac procedures, 56 
driving the need for more advanced techniques of surgical planning and education. In turn, this 57 
leaves cardiac surgeons in need of highly accurate, patient-specific models and cardiac surgical 58 
fellows in need of highly effective training methods. 59 
 60 
Congenital cardiac surgery is one of the most technically demanding surgical disciplines due to 61 
the small size of the patients, the complexity of the cardiac abnormalities, and the rarity of some 62 
abnormalities2.  In the most extreme cases, a child may be born with a single ventricle.  It is not 63 
uncommon for the surgeon to take a vessel 2.0 mm in diameter and patch it with fixed 64 
pericardium to create a 1.0 cm vessel allowing a newborn to grow in this life-saving procedure - 65 
all while under the clock, as the newborn is in complete circulatory arrest. Between the normal 66 
four-chamber heart and these extreme examples are innumerable possibilities of chamber size 67 
and valve positions that constitute highly complex 3D puzzles. The role of the congenital cardiac 68 
team is to clearly delineate the unique anatomy and develop a plan to reconfigure the organic 69 
tissue into a functional heart that will allow a child to grow with the best chance at a normal life. 70 
Accurate models allow for deliberate surgical practice and repetition in an environment where 71 
errors can be forgiven and will not result in patient harm3,4. This training leads to the 72 
development of improved surgical expertise, as well as technical and judgment skills.  However, 73 
limited resources and the rarity of certain cardiac conditions can make achieving the desired level 74 
of repetition and visualization nearly impossible. To help account for this resource deficiency, 75 
there has been an increase in the utilization of simulations for education2,3. Commonly utilized 76 
simulation or modeling techniques include human cadavers, animal tissues, virtual reality models 77 
(VR), and 3D printed models. 78 
 79 
Cadaveric tissue has historically been regarded as the gold standard for surgical simulation, with 80 
animal tissue a close second. Cadavers and animal tissues can produce high fidelity simulations 81 
because they contain the anatomical structure of interest, all surrounding tissues, and allow for 82 
perfusion techniques to simulate blood flow4. Despite the benefits of tissue models, there are 83 
downsides. Embalmed tissue experiences reduced mechanical compliance, making some 84 
operations unrealistic and difficult to perform. Tissues require constant maintenance, specific 85 
facilities, are not reusable2, can be costly to obtain3, and have historically been the subject of 86 
ethical concerns. Most significantly, congenital cardiac conditions are simply not available in 87 
cadaveric samples. 88 



   

   
 

 89 
VR and 3D printed models5–10 provide another option for cardiac education, simulation, and 90 
modeling to aid in the creation of pre-operative plans.  These models reduce ambiguity 91 
associated with a user’s varied visuo-spatial ability to interpolate 2D images as a 3D strucutre10,11. 92 
The virtual environment can contain surgical tools that can be manipulated and interact with 93 
models, allowing surgeons and fellows to develop hand-eye coordination, fine motor skills, and 94 
familiarity with some procedures4. Current popular 3D printing technologies, including fused 95 
deposition modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), and polyjet 96 
have been found to produce models with submillimeter precision13. Both VR and 3D printed 97 
models are reusable and can be extremely detailed; models can even be generated from patient 98 
radiologic imaging data, resulting in replicas of patient anatomy. Despite the many benefits of a 99 
VR or 3D printed models, they fall short when the cost and haptic fidelity requirements of 100 
congenital heart surgery are considered. The setup of a VR environment has a high cost, and VR 101 
environments cannot provide real-world haptic feedback. While haptic fidelity technology is 102 
improving, the current gap inhibits a student’s ability to become familiar with the fine-motor 103 
skills necessary to perform procedures4. Similarly, depending on the type of 3D printing 104 
technology used, the cost of 3D printing can be quite high, as the printer purchase price and print 105 
material cost must be considered11,14. A single high-fidelity cardiac model with realistic haptic 106 
feedback can be produced using a high-end printer but will cost hundreds of dollars in material 107 
alone with a printer purchase price over 100,000 USD15. A cardiac model produced using a 108 
filament with a shore hardness of 26–28 A was found to cost approximately 220 USD per model16. 109 
Alternatively, many low-cost 3D printers and technologies are available that have a printer 110 
purchase price of less than 5,000 USD. Average material prices for a cardiac model generated on 111 
a low-cost FDM printer was found to be about 3.80 USD using a material with a shore hardness 112 
of 82 A and 35 USD using a material with a shore hardness of 95 A15,16.  While these machines do 113 
offer a low-cost solution, it comes at the cost of haptic fidelity.  114 
 115 
While VR and 3D printing can allow for detailed visual and conceptual evaluation of a cardiac 116 
condition, the high price associated with producing a model for hands-on surgical simulation is 117 
often a significant barrier.  One solution is the use of silicone to create a physically and texturally 118 
accurate cardiac model. Patient-specific silicone models can facilitate a deeper understanding of 119 
unique anatomy by allowing surgeons to see, feel, and even practice a procedure while 120 
experiencing realistic haptic feedback in an environment that involves minimal risk to a patient 121 
and has no consequences if the procedure is unsuccessful9. Silicone molding has been shown to 122 
be an effective method to model human anatomy that produces models with physical properties 123 
that are significantly closer to real tissue than models generated from low-cost 3D printing17.  124 
Scanlan et al., compared the properties of low-cost 3D printed to silicone molded cardiac valves 125 
to evaluate similarity to real tissue; the study found that while the physical properties of the 126 
silicone valves were not an exact replica of real tissue, the properties were far superior to the 3D 127 
printed valves17. The 3D printing material used in the study is among the softest materials 128 
available for low-cost 3D printers and possesses a shore hardness between 26 and 28 A18. The 129 
platinum cure silicone recommended for use in the protocol below has a shore hardness of 2 A 130 
which is far closer to the shore hardness of cardiac tissue, 43 on the 00 scale, or approximately 0 131 
A19,20.  This difference is significant because the silicone models allow for high-fidelity fine- motor 132 



   

   
 

skill training that the directly 3D printed materials do not achieve. The total material cost for the 133 
model proposed in this protocol is less than 10 USD. The proposed silicone models combine the 134 
soft tissue properties necessary for realistic haptic feedback with the versatility and precision of 135 
low-cost 3D printed models.  136 
 137 
While the benefits of silicone may appear to make it the obvious choice for model creation, the 138 
use of silicone has been restricted by the anatomy that can be molded. Freshly mixed silicone is 139 
a liquid that requires a mold to hold it in the desired shape as it cures. Historically, silicone cardiac 140 
molds could only contain details of the outer surface of the model. Intracardiac details, including 141 
the entire blood pool region, would be filled with silicone and lost. Previous studies have achieved 142 
silicone models of specific areas of interest within the heart (e.g., aortic root21) or have used an 143 
extrapolatory method to simulate myocardial tissue22. This protocol is novel as it seeks to 144 
combine the use of silicone material with high-resolution anatomical, full myocardial 145 
simulation— specifically avoiding any method of extrapolation. To our knowledge, no descriptive 146 
manuscript has provided a methodology combining these aspects. The method described in this 147 
protocol introduces a technique to achieve a patient-specific cardiac model with intracardiac 148 
anatomic replication accurate enough for surgical preoperative practice. The method involves 149 
the creation of a myocardial mold to hold the silicone in the proper shape as it cures and an inner 150 
mold to preserve the internal, intracardiac details of the model and prevent the silicone from 151 
filling the blood pool region of the heart. The inner mold must then be dissolved away, leaving 152 
an entire silicone cardiac model with patient-specific anatomy on the outer and inner surfaces. 153 
Without the proposed protocol of cardiac model creation herein, no low-cost solution exists to 154 
simulate the surgical procedure with a material that mimics the actual tissue characteristics of 155 
the myocardium. 156 
 157 
PROTOCOL:  158 
 159 
The protocol was completed in a manner corresponding to the best ethical practices of the 160 
author’s institution including the proper handling of any patient information and the assurance 161 
of the required consents necessary to use patient-patient specific data. When used, such data 162 
was anonymized to ensure the protection of the patient’s private health information. 163 
 164 
NOTE: The following protocol is written in a software neutral manner, as there are many different 165 
programs that can accomplish the various steps. For this particular case, Materialise Mimics 166 
Medical 24.0 was used for segmentation, and Materialise Magics was used for 3D manipulation 167 
and creation of the segmented models and cases. Specific instructions for those programs will be 168 
included in addition to the generalized approach. 169 
 170 
1. Segment patient anatomy 171 
 172 
1.1. Per Mena, obtain a patient radiologic imaging dataset, typically a CT or MRI, acquired 173 
using a 3D protocol for adequate resolution. Open dataset in a computer aided design (CAD) 174 
segmentation software23.   175 
 176 



   

   
 

1.1.1. Refer to the institution’s radiology protocols for proper image acquisition (since each 177 
patient requires different considerations, it is difficult to provide a specific guideline). But as a 178 
representative example, these are the settings we used in a previously documented 3D model 179 
case:  CT 3D protocol suggests parameters: slice scanner in axial mode, slice thickness and space 180 
between slices of 0.625 mm, Kv of 70, Smart mA range of 201–227 (smart MA mode 226), rotation 181 
speed at 0.28 ms. MRI 3D protocol suggested parameters: slice scanner in axial mode, slice 182 
thickness and space between slices of 0.625 mm. 183 
 184 
1.2. Generate an initial segmentation of the myocardial tissue using a Hounsfield unit (HU) 185 
threshold tool with upper and lower limits set to values that are appropriate and specific to the 186 
dataset. Refine the selection as needed to accurately capture the anatomy. It is recommended 187 
to use tools with the following capabilities: crop, add and subtract, region grow, multi-slice edit, 188 
and cavity fill. In Mimics, right click in the Project Manager area and select New Mask. Adjust the 189 
mask in the generated dialogue box either with the pre-set anatomical windows provided, exact 190 
HU measurements, or by sliding the provided tool until the anatomy desired is masked by the 191 
tool. 192 
 193 
1.3. Generate a segmentation of the blood pool. Utilize the steps described in step 1.2 to 194 
accomplish this. In Mimics, use the pre-set anatomical HU window of 226 to 3071 to capture the 195 
blood pool. 196 
 197 
1.4. If the model being generated is intended for use in patient care, let a cardiologist, 198 
radiologist, or other subject matter expert (SME) review the virtual model segmentations before 199 
proceeding to the next step to ensure all anatomic features and defects were segmented 200 
accurately and will be present in the complete model.  201 
 202 
1.5. Generate a myocardial case model by inverting the myocardium segmentation using a 203 
cavity fill tool in the empty space around myocardium segmentation and subtracting the blood 204 
pool segmentation from the inverted myocardium using a Boolean subtract tool. It is 205 
recommended to use a cavity fill tool, a Boolean tool, and the previously generated myocardium 206 
and blood pool segmentations to accomplish this. In Mimics, Cavity Fill > Indicate spaces around 207 
myocardium mask. Next, use the Boolean tool and fill the provided dialogue to Minus the blood 208 
pool mask from the myocardium mask. 209 
 210 
[Insert Figure 1 here] 211 
 212 
1.6. View the 3D rendering of the final blood pool and myocardial case segmentations. Per 213 
SME suggestion and approval, remove any blood vessels from the 3D blood pool model that are 214 
not necessary for evaluation, comprehension, or repair of the target anatomy. In Mimics, select 215 
3D Preview in the options next to the viewing window (defaulted to the bottom right view of the 216 
four-pane default view. Select the mask of interest in the Project Manager. To edit, select the 217 
Edit Mask tool. In the provided dialogue, select the Lasso tool and ensure that Remove is 218 
selected. This will allow editing of the actual 3D Preview of the mask.  219 
 220 



   

   
 

NOTE: The editing tool is an infinite cut plane and will remove any part of the mask selected in 221 
the Z-direction. 222 
 223 
1.7. Generate 3D objects of the final blood pool and myocardial case segmentations. Smooth 224 
the 3D myocardial case model using a smooth object tool. Per SME suggestion and approval, 225 
adjust iteration and smooth factor parameters as necessary for the specific model to create a 226 
case model that is as smooth as possible but has not lost any important anatomical details.  227 
 228 
1.8. Once approved by an SME, export the models in STL format for use in a 3D model editing 229 
software. In Mimics, right-click on a specific mask in the Project Manager > Create Object. In the 230 
provided dialogue, ensure the Optimal setting is selected and click Okay.  231 

 232 
1.9. Once the model is created, it will appear in the Object window, typically below the Project 233 
Manager window. From there, right-click on a generated model and select Smooth. Parameters 234 
for this case were five iterations at 0.4 mm smoothing. 235 
 236 
1.10. Save/export the final 3D blood pool and myocardial case models as standard tessellation 237 
language (STL) files. Right-click the desired model > STL+ > follow the provided dialogue to export 238 
an STL version of the model. 239 
 240 
2. Create the digital molds 241 
 242 
2.1. Open the myocardial case model STL file in a CAD program. It is recommended to render 243 
the visibility of the case in a transparent manner to allow the myocardium to be visible on the 244 
interior of the myocardial case mold. In Magics, import the STLs generated through Import Part. 245 
In the Project Management window, select the Transparent option of model rendering. 246 
 247 
2.2. Trim excess myocardial case material from the model using a cut or punch tool. It is only 248 
necessary to have approximately 0.5 cm between the outer edge of the case and the myocardial 249 
imprint on the inner case wall. Additional material will add to the time needed to 3D print but 250 
will not affect the end product. In Magics, Cut > Indicate Polyline > select points of interest > 251 
Apply.  252 

 253 
NOTE: The editing tool is an infinite cut plane and will remove any part of the mask selected in 254 
the Z-direction. 255 
 256 
2.3. Cut the myocardial case into multiple pieces that will allow the case to be assembled 257 
around the complex anatomy of the blood pool mold. It is recommended to use a cut and/or 258 
punch tool to accomplish this.  259 
 260 
NOTE: The following steps provide a suggestion of cuts to make in the myocardial case that will 261 
divide it into four sections that have been found to be sufficient for both diagnostic accuracy and 262 
case assembly around the blood pool for many cardiac models. However, each model will be 263 
different, making it vital to keep in mind that the case must be assembled around the blood pool 264 



   

   
 

before silicone is poured and removed after the silicone sets. Pay special attention to any 265 
locations where the case must pass through a loop in the blood pool or surround long blood 266 
vessels. Features such as these may require the myocardial case to be cut into additional pieces 267 
in the region where the feature exists to ensure assembly and disassembly around the blood pool 268 
will be possible. 269 
 270 
2.4. Adjust the view of the myocardial case through rotation and panning tools to point the 271 
apex of the heart down and the aorta arch horizontal. Make a horizontal cut through the aorta 272 
that divides the myocardial case into a lower half that contains the apex and an upper half. Length 273 
of this cut and all subsequent cuts will vary with each cardiac model. In Magics, use the left and 274 
right mouse buttons to control rotation and panning, respectively. From there, Cut > Indicate 275 
Polyline > select points of interest > Apply.  276 
 277 
NOTE: The editing tool is an infinite cut plane and will remove any part of the mask selected in 278 
the Z-direction. 279 
 280 
2.4.1. Make a vertical cut along the widest section of the lower half of the myocardial case. 281 
Ensure that the lower half of the myocardial case is split roughly in half. 282 
 283 
2.4.2. Make a second vertical cut along the widest section of the upper half of the myocardial 284 
case. Ensure that the upper half of the myocardial case is split roughly in half. 285 
 286 
2.5. Add pegs (props) to the myocardial case pieces to ensure proper alignment during 287 
assembly. It is recommended to use a prop generation tool and a Boolean subtraction tool with 288 
a clearance value of 0.25mm to create matching props and prop cavities. In Magics, Add Props > 289 
indicate position on model > Apply. 290 
 291 
2.6. Create a 1.0 cm diameter silicone fill hole to one of the myocardial case upper half pieces. 292 
The myocardial surface features directly below the fill hole will be obscured, so ensure that the 293 
fill hole is not over any external anatomical features that will be vital to the use of the model. 294 
Verify hole placement with a SME. 295 
 296 
[Insert Figure 2 here] 297 
 298 
2.7. Check diagnostics on all case pieces individually to ensure the following errors are not 299 
present: inverted normal, bad edges, bad contours, near bad edges, planar holes, or shells. If an 300 
error is detected, repair it using a fixing tool/wizard if available or manually if not available. In 301 
Magics, Check Diagnostics > Auto-resolve. 302 
 303 
2.8. Fix errors that cannot be resolved manually or with a fixing tool/wizard with a part shrink 304 
wrap via a shrink wrap tool.  Adjust shrink wrap sample interval and gap fill values as necessary 305 
to correct the errors on the specific piece without altering the physiology upon SME review. In 306 
Magics, Fix > Shrink Wrap > follow dialogue.  307 
 308 



   

   
 

2.9. Save/export the individual myocardial case pieces as STL files.  309 
 310 

3. Create the physical molds 311 
 312 
3.1. Open the myocardial case and blood pool models in the appropriate slicer software to 313 
produce 3D printing files (G-Code file) for an additive manufacturing (AM) 3D printer. Arrange 314 
the pieces of the myocardial case using a rotate and/or lay flat tool, so any side that will meet up 315 
with another case piece is vertical. Add 3D print supports to all pieces manually or using an 316 
automatic support generation tool provided in the software, if available.  317 
 318 
[Insert Figure 3 here] 319 
 320 
3.2. Slice the models to generate G-code for use on the 3D printer with the following 321 
parameters: Blood pool in ABS using: heated bed temperature of 100°C, extruder temperature 322 
of 250°C, infill density of 5%, default printing speed of 50 mm/s, inner shell speed of 70 mm/s, 323 
outer shell speed or 50 mm/s; Myocardial mold in ABS or polylactic acid (PLA) using: heated bed 324 
temperature of 60 °C for PLA or 100 °C for ABS, extruder temperature of 205 °C for PLA or 250 °C 325 
for ABS, infill density of 15%, default printing speed of 50 mm/s, inner shell speed of 80 mm/s, 326 
and outer shell speed of 30 mm/s.  327 
 328 
3.3. Save/export the G-code. 329 
 330 
3.4.  Upload the printing file to the 3D printer using a Flash Drive or Wi-fi connection, 331 
depending on the printer’s capabilities, ensure correct filament is loaded onto 3D printer and 332 
start print. The 3D printer should meet the following requirements: compatible and equipped 333 
with a nozzle diameter less than 0.4 mm and capable of a layer resolution less than 0.25 mm. 334 
Upon completion of printing, use needle nose pliers and tweezers to remove all support material 335 
from the printed pieces. 336 
 337 
[Insert Figure 4 here] 338 
 339 
3.4 Assemble the myocardial case pieces around the blood pool mold, ensuring all pieces fit 340 
together tightly. If the myocardial case cannot fit around the blood pool, make small adjustments 341 
to the case mold piece using a handheld rotary sanding tool to remove material. If a large 342 
adjustment is needed, it may be necessary to edit the STL file in a CAD software and create a new 343 
3D print. 344 
 345 
CAUTION: Use eye protection when using a handheld rotary sanding tool. Use of a rotary sanding 346 
tool on the blood pool or myocardium case will cause the plastic to melt. Use sparingly and with 347 
caution.  348 
 349 
NOTE:  The protocol can be paused between any steps prior to this point.  350 
 351 
3.5 Perform an acetone vapor smooth if the myocardial case was 3D printed using ABS, and 352 



   

   
 

a smoother silicone surface finish is desired by the SME. If a smoother surface finish is not desired 353 
or needed, skip the vapor smooth process with minimal effect to the final anatomy of the model. 354 
 355 
CAUTION: Acetone is volatile and flammable. Be sure to set up in a well-ventilated area away 356 
from open flames or sparks. Additionally, acetone will dissolve polyvinyl chloride (PVC) and 357 
polystyrene. If a plastic container is being used, ensure it does not contain PVC or polystyrene. 358 
 359 
3.5.1 Line the bottom and sides of a container that will not be affected by acetone with paper 360 
towels. Pour the acetone on the bottom paper towel and allow it to diffuse up the paper towels 361 
on the side of the container but not form a pool in the bottom. The amount of acetone needed 362 
will vary depending on the size of the container used; here, 30 mL of acetone was used in a 363 
container with a base volume of approximately 400 cm3.   364 
 365 
3.5.2 Place a piece of aluminum foil in the container to cover the bottom paper towel. Place 366 
the myocardial case pieces onto the aluminum foil and orient the myocardial pieces so that the 367 
faces desired to be smoothed are vertical. Ensure that the myocardial pieces are not touching 368 
one another or the paper towels on the wall of the container. 369 
 370 
3.5.3 Place a lid on the container or cover with aluminum foil and allow the myocardial case 371 
pieces to remain undisturbed in the container until ~80% of the desired surface finish is achieved, 372 
per visual inspection. The time needed to complete the vapor smooth process will vary 373 
depending on the size of the container and the amount of acetone used. Begin checking the 374 
myocardial case pieces for the desired surface finish at 15 min intervals after an initial 30 min. 375 
For this study, vapor smoothing took 2 h for a 150 mL structure. 376 
 377 
3.5.4 Wearing gloves, carefully remove the myocardial case pieces from the container touching 378 
only the outer surfaces. Allow the pieces to completely de-gas in a well-ventilated area for ~30 379 
min, or until smooth, dry, and hard.  380 

 381 
[Insert Figure 5 here] 382 
 383 
4 Pour silicone 384 
 385 
NOTE: Some contaminants, including latex and sulfur, can inhibit the curing of silicones if they 386 
come into contact. It is advised to review any technical bulletins prior to attempting to use 387 
silicone.  388 
 389 
4.1 Estimate the amount of a two-part platinum cure silicone that will be needed to create 390 
the myocardial model; the amount of silicone needed will vary depending on the size of the 391 
model being created. Alternatively, measure the volume of the myocardium segmentation using 392 
a CAD software to determine the amount of silicone needed. Ensure that the silicone possesses 393 
the following properties: shore hardness of 2 A, tensile strength of 1,986 kPa, elongation at break 394 
of 763%, shrinkage less than 0.0254 mm/mm, mixed viscosity of 18,000 cps, pot life of 12 min, 395 
and cure time of 40 min. This study required 300 mL of silicone. 396 



   

   
 

 397 
4.2 Thoroughly agitate part A and part B of the silicone before pouring the necessary 398 
amounts, in the correct proportions, into a mixing cup. If color is desired on the model, add 399 
pigment and mix all parts and pigment thoroughly. For this study, 150 mL of both Part A and Part 400 
B were mixed and agitated by hand or with an agitator. A Sil-pigment product color “blood” (see 401 
Table of Materials )was added by craft stick until the desired color was achieved. 402 
 403 
4.3 Place the thoroughly mixed silicone into a vacuum chamber at 29 in Hg for 2–3 min to de-404 
gas. The silicone will expand during the de-gassing process to approximately twice its volume, be 405 
sure the mixing container has enough room to allow for the expansion. Vent and remove de-406 
gassed silicone from the chamber and submerge the blood pool in the silicone to thoroughly coat 407 
it, ensuring all voids and cavities in the blood pool are filled with silicone.  408 
 409 
4.4 Thoroughly spray all pieces of the myocardial case with an easy release product (see Table 410 
of Materials) in a well-ventilated area. Assemble the lower half of myocardial case around the 411 
apex of the blood pool. If any seams between the myocardial case pieces allow the silicone to 412 
leak out, use clamps or a material such as hot glue or clay to seal the leak on the external surface 413 
of the mold.  414 
 415 
4.5 Pour silicone into the space between the blood pool and case wall, allowing the silicone 416 
to flow into all gaps. Continue pouring silicone until the assembled pieces of the myocardial mold 417 
are filled with silicone. 418 
 419 
4.6 Assemble the remaining pieces of the myocardial case, secure the case pieces tightly using 420 
rubber bands and clamps, as necessary. Pour silicone down the fill hole in the top of the 421 
myocardial case piece until the entire myocardial space is filled with silicone.  422 
 423 
4.7 Allow the silicone to set for ~ 40 min. Remove the silicone heart from the myocardial case 424 
and trim off any silicone seams that were created from the space between the case pieces or the 425 
fill hole.  426 
 427 
5 Dissolve blood pool 428 
 429 
5.1 Identify all blood vessels that should have open ends on the silicone model and trim away 430 
any silicone that is covering them to expose the ABS blood pool inside.  431 
 432 
5.2 Submerge the silicone heart in an acetone bath. ABS will begin to soften 10–15 min after 433 
acetone submersion; as this occurs, remove large chunks of ABS with tweezers to increase the 434 
speed of the ABS dissolving process.  435 
 436 
5.3 Perform two to three additional acetone rinses/soaks with clean acetone to remove all 437 
the ABS from the silicone when a majority of the ABS blood pool has dissolved. Remove the 438 
cardiac model from the acetone bath and allow the remaining acetone to evaporate from the 439 
model in a well-ventilated area. Time required to fully dissolve the ABS will depend upon the size 440 



   

   
 

of the model, the amount of ABS removed manually, and the amount of acetone used. 441 
 442 
[Insert Figure 6 here] 443 

 444 
REPRESENTATIVE RESULTS:  445 
Radiologic imaging data from a patient with a VSD was chosen to generate a representative 446 
silicone cardiac model. Patient anatomy was segmented utilizing a CAD segmentation software 447 
to generate a digital myocardial model and a digital blood pool model (Figure 1).  Manual 448 
segmentation of blood pool and myocardium with the presented protocol takes 1–3 h to 449 
complete. Upon completion of segmentation, the myocardial model was opened in CAD software 450 
for further processing. The model was aligned to a 3D box made within the program and then 451 
subtracted away using Boolean operations. This process left a negative of the myocardial model, 452 
forming a mold. This myocardial mold was trimmed to a more appropriate size, cut into 453 
segments, and modified with props for aligning the pieces (Figure 2).  The creation of the case 454 
took 2–6 h. All myocardial mold pieces and the blood pool were loaded in a 3D printing slicing 455 
software, and G-Code was generated to 3D print in ABS (Figure 3). The 3D printed pieces with 456 
support material removed can be seen in Figure 4. The myocardial case pieces were vapor 457 
smoothed to enhance the surface finish of the model (Figure 5). Upon the completion of the 458 
vapor smooth process, the mold was assembled around the blood pool model, and silicone was 459 
poured.  The assembly and silicone pour took one hour. After the silicone set, the cardiac model 460 
was removed from the myocardial case and submerged in acetone to dissolve the blood pool. 461 
After approximately twenty-four hours of soaking, the blood pool had dissolved. A final acetone 462 
rinse was performed, and the model was allowed to fully dry. The completed silicone cardiac 463 
model can be seen in Figure 6. To evaluate the accuracy and functionality of the silicone model, 464 
an incision was made by the CHD (congenital heart defect) expert to allow the inner anatomy to 465 
be observed. The expected VSD was present, and a GORE-TEX patch was sewn onto the model 466 
by the congenital cardiac surgeon to correct the VSD (Figure 7). In a successfully completed 467 
silicone model, all patient anatomy and defects will be present both externally and internally. A 468 
summary of the protocol can be seen in Supplementary File 1.   469 
 470 
FIGURE AND TABLE LEGENDS:  471 
Figure 1:  Cardiac segmentation in a CAD segmentation software. (A) Cardiac segmentation in 472 
CAD segmentation software with the raw patient image data. (B) Segmentation with 3D 473 
rendering of the blood pool model.  474 

 475 
Figure 2:  Myocardial case model in a CAD software. Myocardial case generated in a CAD 476 
software for a cardiac case with a VSD.  477 
 478 
Figure 3: Myocardial case and blood pool setup in a 3D printing CAD software. Myocardial case 479 
and blood pool with proper orientation and added support in preparation for 3D printing in a 3D 480 
printing CAD software for a cardiac case with a VSD. 481 
 482 
Figure 4:  3D printed model pieces. Photograph of (A) physical blood pool and (B) myocardial 483 
case pieces of a cardiac case with a VSD produced from the 3D printer with support material 484 



   

   
 

removed. 485 
 486 
Figure 5:  Vapor smoothed myocardial case pieces. Photography of myocardial case pieces of a 487 
cardiac case with a VSD after an acetone vapor smooth.  488 
 489 
Figure 6:  Patient-specific silicone cardiac model with a VSD. Photograph of an epicardial surface 490 
view of complete silicone model with a VSD. VSD is not visible due to its location within the 491 
intracardiac myocardial structure. 492 
 493 
Figure 7:  GORE-TEX patch sewn in silicone cardiac model with VSD. Photograph of (A) surgeon’s 494 
view of a patient-specific silicone cardiac model with a VSD and (B) surgeon’s view of the VSD in 495 
the model closed with a GORE-TEX patch. 496 
 497 
Supplementary File 1:  Schematic of silicone heart fabrication protocol. Schematic illustration 498 
of the protocol in the fabrication of a patient-specific silicone cardiac model. 499 
 500 
Supplementary File 2:  Summary of critical steps and potential negative outcomes. Summary of 501 
the steps critical in the development of a patient-specific silicone cardiac model and the potential 502 
negative outcomes that can result if the steps are not followed correctly. 503 
 504 
DISCUSSION:  505 
Upon completion of the protocol, a patient-specific silicone cardiac model for surgical 506 
preparation should result. However, there are several critical steps that must be completed 507 
correctly for this to be achieved. A summary of the critical steps in the protocol can be seen in 508 
Supplementary File 2, as well as potential outcomes if the steps are not performed correctly. The 509 
first critical step involves the segmentation of the patient’s radiologic imaging data. This step 510 
requires the acquisition of a diagnostic 3D imaging dataset. Model utility in pre-surgical planning 511 
or education is dependent on the quality of the 3D dataset. It is recommended to use an image 512 
set collected with a slice size between 0.625 mm and 2.6 mm to ensure the data set will be of 513 
adequate resolution for model production. However, all imaging parameters should be set by a 514 
clinician expert in radiology, with patient care being the priority. It should be noted that it may 515 
be possible to produce a model from an image set collected with a slice size outside the 516 
recommended values, but model resolution and quality will be negatively impacted. After images 517 
are obtained, if the segmentation is not performed correctly, it is commonly not realized until 518 
the final model is produced and cut into, resulting in a loss of time and materials. To prevent this 519 
negative outcome, it is recommended that a subject matter expert review the segmented files 520 
prior to creating the digital molds for quality control. The next critical step occurs during the 521 
creation of the digital molds. It is important to ensure that the myocardial case will be able to be 522 
assembled around the blood pool model. If the case does not close around the blood pool, it 523 
cannot be used to create the silicone model as unset silicone will continually leak out, and 524 
anatomy could be distorted. A handheld rotary sanding tool can be used to lightly remove pieces 525 
of the myocardial mold only if small adjustments are needed. If large adjustments are needed, 526 
the digital mold will need to be altered and an updated case printed. The final critical step is the 527 
pouring of the silicone. Strict adherence to material instructions is necessary when using the 528 



   

   
 

silicone, as failure to do so may result in silicone that cures with a tacky surface. If the surface is 529 
deemed too tacky for use by the SME, the blood pool may have to be reprinted if it cannot 530 
successfully be removed from the silicone. The silicone will have to be re-poured, resulting in a 531 
loss of time and materials. If insufficient silicone is used or the silicone leaks out of the myocardial 532 
case mold during the setting process, the resulting model will be incomplete. This failure can be 533 
remedied by mixing and pouring additional silicone into the mold. A material such as hot glue or 534 
clay can be used to seal the seams of the myocardial case mold if a small amount of silicone 535 
appears to be leaking through during the curing process. 536 
 537 
This method of creating patient-specific silicone cardiac models can be modified to allow the 538 
creation of a model of any soft anatomical structure with patient-specific or complex inner and 539 
outer geometry. Assuming the target anatomy is segmented correctly, the remaining steps of the 540 
protocol could be followed with minimal change. While not the focus of the current work, the 541 
protocol has been applied to liver parenchyma with similar success. The utilized 3D print material 542 
can also be modified. ABS and PLA are recommended for use due to their low cost, but any 543 
dissolvable 3D print material can take the place of ABS, and any desirable 3D print material can 544 
take the place of PLA with minimal or no change to the protocol. All filament manufacturer-545 
specified printing parameters should be followed when using other print materials. This method 546 
can further be modified by the use of a different silicone. The silicone recommended for use in 547 
this protocol has a shore hardness of 2 A, but if another shore hardness value is desirable, a 548 
different silicone can be substituted with minimal or no change to the protocol. Be sure to adhere 549 
to all manufacturing specifications and procedures when using a different silicone product.  550 
 551 
While this protocol outlines an improved cardiac modeling procedure, it is not without 552 
limitations. The major limitation of this protocol is that while the utilized platinum cure silicone 553 
is closer to the hardness of cardiac tissue than other available materials, hardness is not the only 554 
property that plays a role in the fine-motor skill of surgical training.  In particular, real cardiac 555 
tissue will demonstrate friability or tearing under force. The utilized silicone is very elastic, with 556 
an elongation at break of 763% and tensile strength of 1,986 kPa19. Porcine cardiac tissue, which 557 
is believed to be an accurate representation of human cardiac tissue, has an elongation at break 558 
of 28–66% and tensile strength of 40–59 kPa26. This difference presents a problem, as cardiac 559 
surgical fellows may perform a practice operation on a silicone model heart and gain a false sense 560 
of confidence because the model can withstand forces that real cardiac tissue cannot. This 561 
methodology also has the potential to be limited by a cardiac model with very complex geometry. 562 
As the anatomical complexity of the model increases, the protocol can compensate by increasing 563 
the number of pieces in the myocardial mold. Essentially, increasingly complex models will 564 
require increasingly complex mold designs and increased design time.  565 
  566 
The model creation process described in this protocol is superior to many of the other available 567 
alternatives due to its ability to re-create low-cost exact anatomic replicas of surgically 568 
encountered anatomy.  Cadaveric and animal tissue does allow for high fidelity simulations, but 569 
they have a much higher cost and require specific laboratory set-ups to be utilized and 570 
maintained2,6. Further, cadaveric and animal tissue models have ethical concerns, are not 571 
patient-specific, and complex CHD often must be manually manufactured by a surgeon or 572 



   

   
 

instructor, often leading to inaccuracies or damage to the surrounding tissues and organs. 573 
Another potential modeling technique involves the use of virtual reality. Virtual reality allows for 574 
the digital replication of patient-specific cardiac models, which is an effective tool for establishing 575 
accurate mental representations of patient anatomy and surgical plans. Additionally, some VR 576 
systems have allowed for basic simulations with the incorporation of haptic feedback. However, 577 
the available haptic feedback lacks the realism necessary to replicate necessary fine-motor skills 578 
for congenital heart surgical procedures4. 3D printing is another available method to produce 579 
patient-specific cardiac models2,24. However, the widespread implementation of high-fidelity 3D 580 
printers capable of producing multi-material, soft models are inhibited by their extremely high 581 
cost11,14,15. Low-cost 3D printers are available but can only print in materials that are much firmer 582 
than real myocardium. When one of the softest available materials for a 3D printer was used to 583 
create a model by Scanlan et al., the model was found to be firmer than real cardiac tissue17.  The 584 
described material had a shore hardness between 26 A and 28 A, giving it a texture similar to a 585 
rubber band. The platinum cured silicone used in this protocol has a shore hardness of 2 A, giving 586 
it a texture similar to a gel shoe insert and much closer to the hardness of real cardiac tissues, 587 
which is 43 0020 or ~0 A. Hoashi et al. also utilized a similar method to the one described in this 588 
protocol to develop a flexible 3D printed heart model. Two molds, representing the inner and 589 
outer myocardial geometry, were 3D printed utilizing an SLA printer followed by vacuum casting 590 
a rubber-like polyurethane resin.  While this method did produce a soft cardiac model, the 591 
proposed production cost of this method per model was 2,000 to 3,000 USD22. Comparatively, 592 
the total material cost of the method described in the presented protocol is less than 10 USD. 593 
Finally, a similar method was also used by Russo et al. to create silicone models of the aortic valve 594 
and proximal aorta for procedural practice. While the Russo et al. method is focused on a similar 595 
goal, their presented process aimed at replicating far simpler anatomies of the aorta or aortic 596 
valves. The protocol presented herein differentiates itself by focusing on intracardiac and 597 
myocardial anatomies that are smaller, more complex, and would be extremely difficult to 598 
replicate given historical methodologies. Despite this difference, the models created by Russo et 599 
al. were highly useful for simulation and training in cardiac surgery by surveyed cardiac 600 
surgeons23. Essentially, the method described in this protocol allows for the low-cost creation of 601 
complex, patient-specific congenital cardiac models with accurately represented defects and 602 
material properties more similar to real cardiac tissue than other modeling methods1,16, allowing 603 
models to be operated on with a realistic haptic fidelity. 604 
 605 
Moving forward, this methodology could be applied to the formation of a model of any patient 606 
anatomy with complex internal and external features. Developing an alternative blood pool 607 
material that could be removed from within the silicone model in a less destructive manner or 608 
produced using a less time-consuming method would make the process more time- and cost-609 
efficient. As a result, a new blood pool would not have to be reproduced for each subsequent 610 
molding process, leading to the scalability of the associated training. The physical properties of 611 
the silicone used to create the model could also be improved. Silicone with less elongation at 612 
break would increase the realism of the model and help to improve its value as an educational 613 
tool for cardiac surgical fellows trying to learn the necessary fine motor skills for performing these 614 
complex procedures. A group of materials currently on the market worthy of consideration to aid 615 
in this solution are silicone simulated glass materials25. These silicone materials demonstrate 616 



   

   
 

much less elongation at break leading to a distinct “shattering” upon force application in a 617 
manner similar to glass. Modulating the platinum cure silicone used in this protocol with 618 
additions of this silicone simulated glass material may allow for control of the friability 619 
characteristics of the model while still maintaining the appropriate shore hardness, improving 620 
the overall haptic fidelity. Finally, the resolution of anatomy this protocol can produce is limited 621 
by the resolution of the 3D printer utilized to generate the molds. As technology continues to 622 
improve, the resolution of anatomy that can be created with this protocol should also improve.  623 
 624 
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Reviewers' comments: 
Reviewer #1: 
Summary: 
The protocol to produce patient-specific models of cardiac tissue is presented. The topic is significant for 
the medical community, and it is in the scope of the journal. I appreciate that the authors want to make 
it public knowledge. Although the authors respond to many of my comments, and I appreciate it greatly, 
I still cannot recommend the paper for publication. Mainly because, unfortunately, I still find the 
protocol too challenging to follow. 

While we agree that the protocol is challenging, our understanding is that the main purpose of JoVE is 
to take protocols that are challenging to relay in print and to convert them to video to facilitate their 
use. Because of our understanding, we respectfully disagree and believe that our protocol is worthy. 
 
Minor concerns: 
The protocol is much clear now, but I still encourage you to illustrate the steps with clear images, 
especially in crucial steps, like segmentation, trimming, etc., maybe with some examples of specific 
diseases. I can imagine having two different exemplary cardiac disorders. Then you can clearly say what 
to include in the first case and what in the second. Maybe, it would be a good idea to test a written 
protocol at this stage on someone who never saw how the authors produce the models. Then you will 
clearly see based on the questions, which steps need to be more descriptive. 

 
This critique seems to come from a fundamental misunderstanding of our aims for this project. Past 
work in the field has aimed at providing simulated anatomical accuracy through interpolation of 
“areas of interest” (aortic root, aortic branches, etc.) to specific procedures in the general context of 
the myocardial tissue. Recognizing the ad hoc nature of that approach, our work instead uses a more 
holistic approach and attempts high resolution anatomical accuracy to capture the idiosyncrasies of 
myocardial tissue thickness in the overall heart. Where past protocols have isolated a portion of the 
blood pool and then extrapolated the “myocardial tissue” as 3.0 outward projections of that blood 
pool, we are capturing the myocardial tissue as it presents in the medical imaging. The difference is 
substantial, as defects present in the actual myocardial tissue as presented in medical imaging, and 
are often not captured precisely by aforementioned extrapolation methods. Therefore, the suggestion 
to include two example cases indicating which “areas of interest” to include is not feasible, as the 
entire myocardial tissue would be included in both cases. 

 
I am quite upset that the quality of images was not improved, I still can not read anything on Fig. S1 in a 
pdf that I got for a review. If I download a figure, luckily, then it is readable. However, the font can be 
much bigger, to make it readable in a pdf version too. Consider separating the figure into few smaller 
ones to make it easier for the reader to follow. Besides, the numbering of the main protocol steps on a 
figure would be beneficial to understand where this step is explained in the main text. Again, in addition 
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to the written name of the steps with words, it would be advantageous for a reader to see the 
illustrating image. 

This is a constraint from JoVE on the resolution ceiling of the images. We apologize for any frustration 
it has caused. 
 
Next, it was a smart move to introduce the subject of matter and put all responsibility on his/her 
shoulders. However, to illustrate the decision-making process for other scientific groups, it might be 
beneficial to explain why this or another step was performed with examples and illustrations, where 
possible. In addition, some minimal quality standards would be great to have too. For example, include 
this and this always, and include this and this only if the patient was diagnosed with some particular 
disorder. 

The idiosyncratic nature of the cases pushes against the ability to provide generalized advice for 
specific disorders, and given the time and space constraints, we are not certain that there is room to 
expand. 
 
Maybe I missed it, but could you give the information on the time required to produce one model? 

Added to the protocol.   
 
I stepped by few other publications related to this topic. It might be useful to read. I believe it may help 
to structure the paper in a better way and to improve scientific writing. You might think that the models 
that you produce are different from the ones in the papers. However, the steps are quite similar. 
Therefore, it might be good to compare and take the best out of previously published work 

Thank you for seeking other sources. They help to indicate the novelty of our process. 
. 
https://academic.oup.com/icvts/article/31/2/204/5848350 

This work focuses on a single area of interest in the myocardial tissue, the aortic root. Our protocol 
seeks to simulate the entire myocardial tissue. Further, it is not clear from their methodology if they 
segmented the aortic root as it was, or if the leaflets were created as an extrapolation from image 
data. Our protocol seeks to translate DICOM imaging directly into 3D models, without interpretive 
extrapolation. 

 
https://link.springer.com/book/10.1007%2F978-981-10-8405-8 

Due to incomplete access our team did not read through the extent of this work, it seemed to be 
focused on the replication of actual cardiac tissue through tissue engineering principles. While 
praiseworthy, the economic and ethical considerations of procedural practice on tissue engineered 
specimens give our current focus on silicone procedural trainers a well-established niche for use. 

 
https://ir.lib.uwo.ca/cgi/viewcontent.cgi?article=6902&context=etd 

https://academic.oup.com/icvts/article/31/2/204/5848350
https://link.springer.com/book/10.1007%2F978-981-10-8405-8
https://ir.lib.uwo.ca/cgi/viewcontent.cgi?article=6902&context=etd


This work is thorough and well-presented, but differs from our work in two important ways: 

1. They seek to simulate only the aortic features, whereas we seek to simulate the entire myocardial 
tissue. 

2. They use an off-set method to simulate the myocardial tissue in the aorta. We translate the actual 
tissue directly from DICOM to 3D model in an attempt to capture the idiosyncrasies of the 
individual myocardium. This is a key difference and one of our main value propositions for this 
protocol. 

We added the following to the introduction to address these points: 

Previous studies have achieved silicone models of specific areas of interest within the heart (e.g. 
aortic root20) or have used an extrapolatory method to simulate myocardial tissue21. Our protocol 
is novel as it seeks to combine the use of silicone material with high anatomical, full myocardial 
simulation – specifically avoiding any method of extrapolation. 

Thank you again for the references. 

Although most of my comments were addressed, I am not fully satisfied with the quality of some 
answers. For example, from my first review 
Line 60 
2. Please, rewrite the motivation for your work. The someone's willingness or interest can not 
determine the scientific work. For example, the rising numbers of complex cardiac treatment 
scenarios or the high rate of complications during the operations - such things can determine the 
purpose. 

 
Your answer 
The justification for treating complex congenital heart defects and motivation for our work was 
future explained. 
 
Revised text 
Medical and surgical cardiac technologies and expertise are continuously improving. As a result, 
cardiac surgeons often express a willingness to tackle more complex procedures. This willingness 
has led to an increased number of complex cardiac cases, driving the need for more advanced 
techniques of surgical planning and education. In turn, this leaves cardiac surgeons in need of highly 
accurate, patient-specific models and cardiac surgical fellows in need of highly effective training 
methods. 
 
My response: 
this paragraph, unfortunately, does not have a sense to me. 
 
What I would expect to find there, for example (note, that this is just a skeleton of possible text, in 
order to give you a hint on some reasonable motivation) 
 
Congenital heart disease is the most commonly diagnosed disorder in newborns, with a mortality 
rate of X%. With advances in imaging techniques and cardiac surgery, the mortality rate declines 
over the last 20 years and can be reduced even more. However, the successful operative surgical 



procedure required X, X, X, and high skills from cardiac surgeons. To educate young surgeons, train 
how to perform complex operations, discuss possible strategies - patient-specific cardiac models is 
key. 
 
We believe that your critique was addressed in our revised text, but will seek statistics to 
improve. 

 
Reviewer #2: 
Manuscript Summary: 
Detailed protocols are provided which make it suitable for publication in jove. 
 
Major Concerns: 
Language editing is needed to improve its readability and smoothness throughout the manuscript. 
 
 
Reviewer #4: 
Manuscript Summary: 
The paper is now in a good shape and it is well-written in general. 
 
Major Concerns: 
It is not clear what the novelty of the paper is. There are other techniques that produce similar or 
better structures, e.g. in-situ silicone 3D printing, or bioprinting with hydrogels. Please compare this 
method with the state of the art, and discuss why your suggested method has potential. It would be 
a good addition to test the suturability and ask a surgeon to comment on it's properties, namely 
how it feels to put the suture in the 3D-printed phantom, and how it feels to move the suture inside 
the structure. 

The main novelty of our work is the focus on high resolution translation of DICOM imaging to full 
myocardial models. Other works focus on extrapolation methods (e.g. offsetting blood pools 3.0 
mm everywhere) or focus on very specific areas of the myocardial tissue (e.g. the aortic root). Our 
work provides a more holistic approach, seeking to provide the whole myocardium as presented 
in medical imaging in a material close enough in mechanical properties to provide value as a 
training device for procedures. Our claim is that this improved level of anatomical accuracy and 
context will provide a more substantial training experience, leading to better skill translation and 
surgical results. 

We added the following: 

“Previous studies have achieved silicone models of specific areas of interest within the heart (e.g. 
aortic root20) or have used an extrapolatory method to simulate myocardial tissue21. Our protocol is 
novel as it seeks to combine the use of silicone material with high anatomical, full myocardial 
simulation – specifically avoiding any method of extrapolation.” 

To better motivate the work within the introduction.  
 
Minor Concerns: 



The English should be further improved, e.g. adjectives made of multiple words should be hyphened, 
e.g., '3D-printed model' is the correct, not '3D printed model'. 

 

 


