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Abstract

:

Neurosurgery is one of the medical specialties in which the practical training of students is more limiting since it requires a high degree of preparation for the interventions to be satisfactory. That is why the manufacture of synthetic models through additive manufacturing (AM) arises to develop the skills that the neurosurgeon requires. The present work is aimed at validating the use of AM for the neurosurgery training. To this regard, a meningioma case study was considered, and suitable materials and more appropriate AM technology were identified for a low-cost production of synthetic models of both skulls and brains with tumors. The skull was manufactured by material extrusion AM with two materials, a commercial composite filament composed of polylactic acid (PLA) with calcium carbonate (used in the area to be treated during the cutting process, due to its mechanical properties more comparable to those of the native bone, with 30% infill density) and standard PLA without additives (used in the rest of the model, with 20% infill density). On the other hand, different casting silicones in different proportions were tested under compression molding to find the best combination to mimic the brain and tumor. Ten synthetic models of a real-case meningioma were manufactured and used as training material by students in the neurosurgery sector, who rated the proposed training approach very highly, considering the employment of printed models as a key resource for improving their surgical skills.
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1. Introduction


Additive manufacturing (AM), commonly known as 3D printing, is one of the greatest manufacturing revolutions. It consists in the creation of physical objects by successively joining material, layer upon layer, according to the corresponding 3D model data. AM technologies have opened new paths for the manufacture of products, with application in several fields [1]. In the medical sector, AM has had a great relevance due to the customization and freeform capabilities, which allows for the production of personalized implants and tools, as well as the production of real-case anatomic models [2]. In the field of neurosurgery, AM has had a great impact as it enables the production of anatomically specific models of patients with diseases, allowing for the acquisition of surgical skills with the testing of these simulated models before facing real surgery, planning a future intervention by having the possibility of previewing the physical organ in all its perspectives. This makes these 3D models an excellent tool for teaching and surgical training without risk of harm to the patient [3].



In producing a 3D printed anatomical model, the first step consists in obtaining the images provided by a scanning technique such as computed tomography (CT). These images, usually in a DICOM (Digital Imaging and Communication on Medicine) format, are then processed in a specific software (e.g., 3DSlicer) to obtain the segmented model of the tissue of interest. This model is transformed into a STL file that can be imported in a design program or, in some cases, directly 3D printed. This approach for obtaining anatomical models for teaching and surgical training has been used by several authors. Shah et al. reviewed numerous works about the employment of 3D printing to create three-dimensional models for surgical training in the case of different pathologies [4]. Among them, Mashiko et al. (2015) produced the 3D printing of models for clipping of cerebral aneurysms [5]. They manufactured an aneurysm model that simulated the geometry and texture of the real organ. Other examples of brain aneurysm fabrication were provided by Wurm et al. [6] and Kimura et al. [7].



On the other hand, Shah et al. also described the contribution of several authors regarding models of skulls and tumors. Waran et al. [8] used AM to create an anatomical model with brain pathologies to enhance the neurosurgeons educational experience, which included simulated models in texture and geometry of the skull, brain, tumor, and dura mater. Ryan et al. [9] and Nagassa et al. [10] manufactured all the previous models and included a brain aneurysm in order to perform the surgical clipping intervention with these simulated models. Wanibuchi et al. [11] and Kondo et al. [12] conducted research on the 3D printing of skulls and tumors using different techniques, allowing, among others, to print models with multiple materials and colors. Finally, Dho et al. also produced models of specific brain tumors to use in daily clinical practice for neurosurgery [13].



Training in neurosurgery is a long-term process, which lasts in European countries for at least 6–7 years, necessary for learning the basic maneuvers, followed by continuous training throughout one’s career. This long training process involves high costs for the health system and a higher risk in the medical act, taking into account that every new technical procedure that a surgeon performs will be done on a real patient.



For these reasons, the employment of synthetic models by AM is considered a promising approach for the neurosurgeons training, but, according to the literature [14,15], most of the training models developed thus far for neurosurgery do not combine the realism of the model with economic manufacturing procedures. This is of special relevance for training applications where several replicas of the same real case are needed.



In order to overcome this criticism, the present work aimed at validating the use of an economical manufacturing approach based on material extrusion AM (low-cost technology), combined with silicone casting for the production of the brain model (leading to a more economic and faster production method, especially advantageous when several replicas are needed, e.g., training workshops for students). A real brain meningioma tumor case was considered, and all the main tissues involved during the real intervention were produced (skull, dura mater, brain, and tumor). Appropriate materials were selected; in particular, materials that resemble the real tissues were used just in the working areas (to be submitted to the surgery), while more economic and easier-to-process materials were used for the rest of the models (non-working areas). The developed synthetic models of the meningioma case were successfully used in a training workshop for medicine students, and their satisfactory level was evaluated, as well as their suggestions for the optimization of the proposed training strategy.




2. Materials and Methods


This section describes the materials used to mimic the skull, brain, tumor, and dura mater, as well as the methodology followed for the simulation of the meningioma case study.



2.1. Materials


2.1.1. Skull


For the reproduction of the skull model, material extrusion AM was considered, as it is a low-cost technology. Regarding the material, a previous work was carried out [16] in which the properties of two filaments, Smartfil® PLA without additives and Smartfil® EP (a filament made of 70% PLA and 30% CaCO3), were compared with the properties of a cow bone. The three materials were subjected to several tests. First of all, a three-point flexural test (following the ISO 178 standard) was carried out to determine the flexural elastic modulus and flexural strength. Five samples of each material were produced (80x10x4 mm) and subjected to the flexural test with a distance between supports of 64 mm and crosshead speed of 10 mm/min. On the other hand, samples of the three materials were drilled and milled using the same cutting parameters while a PCE-FG1K load cell (1 kN maximum force, from PCE Instruments) was fixed to the clamping system and registered the cutting forces in order to find the maximum vertical force during drilling and the maximum horizontal force in the feeding direction during milling. A geometrical evaluation (dimensions) of the chips generated during milling was also carried out, as well as a Shore D hardness test. Finally, the materials were also tested by a neurosurgeon (drilling and cutting with specialized tools for neurosurgery). Table 1 summarizes the results of this previous work [16]. For each property analyzed (rows), a tick was added to the material (columns) that achieved the most similar behavior to the real bone (and a cross for the other material). According to the results, PLA with additives was more similar to real bone in terms of flexural elastic modulus and maximum milling force. However, for the rest of parameters, Smartfil® EP was more similar to real bone than standard Smartfil® PLA.



However, it has been proven that making the entire skull model with Smartfil® EP (Smart Materials 3D printing SL, Spain) can lead to printing problems due to the presence of the ceramic additive, which hinders the extrusion. For this reason, this material was applied only to the work area (area surrounding the tumor), while the rest of the skull (not relevant for the intervention) was made with standard Smartfil® PLA filament (Smart Materials 3D printing SL, Spain) (20% rectilinear filling, with 45 and −45° orientation between layers), as it is more stable and faster to print, thus improving the manufacturing process. With this solution, work performance was improved, speeding up the process and avoiding printing errors.



In addition, we decided to carry out a trial with different filling densities of the Smartfil® EP to choose which is the most suitable for manual cutting with a Gigli saw.



Therefore, after conducting the test with different fill densities, we concluded that the one with the greatest ease of manual cutting was 30% rectilinear filling density (45 and −45° orientation between layers).




2.1.2. Brain


To simulate the brain, we identified the optimal material in a preliminary phase, comparing the elasticity modulus of three different samples, and taking into account the fact that the reference elastic modulus of the brain is 21.16 kPa [17,18,19,20,21].



The three different materials analyzed in the preliminary tests were:




	
AljaSafe®: alginate used to produce molds. This material was processed in different proportions, but it was discarded due to its dimensional instability and higher stiffness compared to a real brain. These samples lose their elastic properties over time, thus resulting in a hard and stiff material that is not feasible for this application.



	
Contor 5005: three-component silicone with tin catalyst (A:B:C). Six samples of five different proportions were manufacture with the Contor 5005. The A:B ratio was maintained according to the recommendation of the manufacturer (100:2.5), while the C content compared to A+B was modified in different percentages because it is important to check the behavior of the material when increasing or decreasing the catalyst. The codes used for these five groups were C30, C50, C70, C90, and C100.



	
Ecoflex® 00–10 (Smooth-On, Inc., Macungie, PA, USA): two-component silicone with platinum catalyst (A,B). Six samples of three different proportions were manufactured with this material. The A:B proportions were 1.0:0.5 (E0.5), 1:1 (E1), and 1.0:1.5 (E1.5).








These samples were subjected to mechanical characterization under compression load. The mechanical testing was carried out using a LIYI (LI-1065, Dongguan Liyi Environmental Technology Co., Ltd., Dongguan, China) testing machine in displacement control mode. The crosshead speed was set to 10 mm/min, and the compression modulus was calculated as the slope of the initial segment in the stress–strain graph.



The results of the compression tests, in terms of average compressive elastic modulus, are compared in Figure 1.



According to the acquired data, E1.5 sample achieved the most similar compressive elastic modulus (37.83 kPa) to the reference value (21.16 kPa), even if still far from it. To reduce the stiffness, we incorporated a new component (Slacker, Smooth-On, Inc., Macungie, PA, USA). Four different groups with different proportions of silicone component and Slacker were produced (A:B:Slacker) and subjected to compression tests to obtain the modulus of elasticity. Table 2 summarizes these results and the standard deviation of all of them.



Finally, among the produced samples and in accordance with the neurosurgeons’ feelings, the best material to mimic the brain was group C (1:1:3), with an elastic modulus of 31.29 kPa.



On the other hand, a mold was needed for the silicone casting. This mold was produced by material extrusion AM with Smartfil® PLA (20% filling).




2.1.3. Tumor: Meningioma


The meningioma [22] is a mass with a firm texture and higher consistency than the brain. To mimic this tissue, we tested the previous silicone samples by neurosurgeons, and the mixture Ecoflex 00–10 1:1 (A:B) was selected.



Furthermore, this type of tumor usually has calcium deposits or calcification [23], which are small white spots that are more rigid than the tumor. Therefore, to reproduce these calcium deposits, we crushed the excess Smartfil® PLA from other models (support material) into small pieces and added it to the mixture.



On the other hand, red pigment was added to improve the realism of the tumor.



As in the case of the brain, the tumor was manufactured by casting the mixture in a mold, which was also manufactured by material extrusion AM. Table 3 summarizes the used materials and the corresponding amount that simulate the tumor and the tumor mold.




2.1.4. Dura Mater


The dura mater is the layer in the outermost part of the brain, attached to the skull, being the hardest and most condensed of all [24]. To simulate it, we rolled a mixture of the Ecoflex 00–10 1:1 (A:B) on a flat surface and left it as a thin layer.





2.2. Model Segmentation


Segmentation is the process of isolating an area of interest in the data files, where the dataset is a series of DICOM images, in this case from a CT scan. These images were imported into a free access software 3D Slicer, which segments the images to produce a STL file that is then imported into the software Meshmixer to convert it to solid STL. The better the image quality, the easier the segmentation process.



2.2.1. Skull


To obtain the final model of the skull, we performed the segmentation (Figure 2a) and cutting (Figure 2b) with the different 3DSlicer tools. For the segmentation step, the ‘threshold’ tool (in the segment editor) was used, adjusting the range values until the selected pixels matched the zone of the bone. After this, the cutting of the lower part of the bone was carried out by using the ‘scissors’ tool. Finally, the resulting model was saved as an STL file and converted into a solid STL file in the Meshmixer software (‘make solid’ tool, in the ‘edit’ menu).




2.2.2. Tumor Mold


As mentioned above, the production of a tumor prototype requires a mold where the silicone mixture has to be poured to obtain the desired geometric model. To do this, the model was segmented (Figure 3a) using a similar approach to that applied for the bone segmentation. However, since the tumor is not easily differentiated from the brain, more manual work was needed. The first step was to apply the ‘threshold’ tool in the segment editor to try to select all the pixels corresponding to the tumor by adjusting the range of application. As the previous step was not accurate due to the color similarity between the brain and tumor, the ‘erase’ and ‘paint’ tools were used, layer by layer, to adjust the segmented area (‘erase’ to remove areas and ‘paint’ to add new areas to the segment). After this, a copy of the segmented model was made (‘logical operators’, ‘copy’ operation) with an added thickness of 10 mm (‘margin’ tool). Then, the original model was subtracted to the increased model (‘logical operators’ tool, ‘subtract’ operation), leaving a hollow segmented model as a mold (Figure 3b).




2.2.3. Brain Mold


In the making of the mold of the brain, the first step was to join the segmented model of the skull and the tumor (in the segment editor, ‘logical operators’ tool, ‘add’ operation) so that this mold had the shape of the tumor inside (Figure 4a). Then, the thickness was increased by 3 mm (‘margin’ tool) so that the molded brain had 3 mm of clearance with the skull. Finally, the model was cut (‘scissors’ tool) following the same plane as in the skull cutting (Figure 4b).



Once all the models were segmented in 3DSlicer, they were imported into Meshmixer software to be converted into a solid STL file (‘make solid’ feature, in the edit menu).





2.3. Model Design


Once the solid STL files of the segmented models were obtained, they were imported into SolidWorks software to make the design according to the conditions of each model.



2.3.1. Skull


Regarding the skull model, the lower part was cut to obtain a perfectly flat surface on the bottom. Then, as mentioned above, the work area was defined to divide the skull into two parts. To do this, a sketch was defined in the area of the tumor and the skull was split so that the work area could be 3D printed with Smartfil® EP material and the rest with Smartfil® PLA.




2.3.2. Brain Mold


Regarding the brain mold model, the first step was to cut the lower part to obtain a perfectly flat surface, and then, to facilitate the demolding process in the tumor area, we divided the mold into two parts. Finally, a base was added at the bottom to provide more stability to the mold for the silicone pouring.




2.3.3. Mold for the Working Area Inside the Brain Mold


On the other hand, since the Slacker component of the Ecoflex silicone was significantly more expensive than the A and B components, the brain model was made with two different silicone mixtures: the selected one (1:1:3, A:B:Slacker) for the working area located in the surroundings of the tumor (softer silicone), and the silicone without Slacker (1:1, A:B) for the rest of the brain, as these regions will not be used during the intervention. This allows for reduction of the material cost without adversely affecting the quality of the synthetic model. To materialize this idea, we designed a mold that defines the work area to separate both mixtures. Additionally, a ring that fits with the upper part of the brain mold was added to this mold, thus allowing the correct position during the silicone pouring.




2.3.4. Tumor Mold


Regarding the brain mold model, it was also divided into two parts for the demolding process. Then, a feeding hopper was designed in the upper part to facilitate the silicone pouring. Finally, a base was also designed to provide stability to the mold.



Figure 5 shows the final design of the models.





2.4. Model Manufacturing


The final models were manufactured by material extrusion AM. An Atom (ALT Design, Taiwan) and Ender3 (Creality 3D, Shenzhen, China) 3D printers were used with the corresponding selected materials and infill densities. Regarding the printing parameters, a 0.4 mm nozzle was used for the extruders, with a manual width of 0.6 mm (also for the first layer), a layer height of 0.3 mm, 3 wall perimeters, and 3 top and bottom solid layers. The nozzle temperature was 200 °C for Smartfil® PLA and 210 °C for Smartfil® EP. The default printing speed was 60 mm/s for Smartfil® PLA and 40 mm/s for Smartfil® EP, with a movement speed in the x/y-axis of 100 mm/s and 40 mm/s in the z-axis (for both materials). The layer fan was set at 100% from layer 2, and the supports were defined with 30% infill density with no dense support layers. The bed temperature was 60 °C for both materials. No retractions were applied for the Smartfil® EP filament, while in the case of Smartfil® PLA, the retraction distance was 8 mm at 40 mm/s. Additionally, in the case of Smartfil® EP, a cleaning process was applied after every print, especially in the extruder gears. This filament is more fragile due to the ceramic content, leading to powder accumulation in the gear teeth. If this powder is not removed from time to time, filament jams may occur.



Figure 6 shows the 3D printed models.



Once the different molds were produced, the silicon pouring was carried out. In the case of the brain that was manufactured with two different mixtures, the mold to define the working area (area surrounding the tumor) was placed inside the brain mold and a first pouring was made inside this mold with the chosen mixture, i.e., 1:1:3 (A:B:Slacker). Then, when the silicone had cured, the rest of the mix without Slacker was poured into the brain mold. In the case of the tumor, the chosen mixture 1:1 (A:B) with the red pigments and the crushed Smartfil® PLA was poured into the tumor mold. Finally, in the case of the dura mater, the chosen mixture 1:1 (A:B) was expanded on a surface to left a thin sheet. The results obtained by pouring the different silicone mixtures are shown in Figure 7.



Once all the models were manufactured using AM and the silicone casting pours, the final assembly was carried out, as shown in Figure 8. Ten replicas of the model were produced and screwed on to the corresponding fixation mechanism, which allowed the desired orientation for the intervention. Finally, these models were used as training materials in a neuro-oncology workshop for medicine students during the second BRAIN IT summer school.





3. Results and Discussion


The 10 produced models were used in a neuro-oncology practical workshop with 49 medicine students. This workshop was part of the Second Summer School of the BrainIT project (Brain Revealed: Innovative Technologies in Neurosurgery Study).



The following images (Figure 9, Figure 10 and Figure 11) show the main moments of the workshop where the students in neurosurgery simulated the intervention using the synthetic models.



All the steps of the real surgery were successfully reproduced. During the craniotomy time, the electric drill and specific cutting tools were used (Figure 9a). No difficulties were encountered in this surgical step, and the used material simulated the bone structure very well. The removal of the bony flap was followed by the incision of the dura mater, the thin membrane that covers the brain (Figure 9b).



The next surgical step was the intracerebral tumor ablation. In this 3D reconstruction, the tumor had a hard consistency, and therefore the ablation was performed piece by piece, using cutting and dissecting tools (Figure 10a).



Total removal of the well-defined tumor formation was performed, and the dura mater was sutured in place using simple interrupted stitches. The material used in this case was very similar to other popular duraplasty materials available on the market (Figure 10b).



After the duraplasty, the bone flap was fixed in place using thick sutures, with very satisfactory results (Figure 11a,b).



The overall process developed by the students in the summer school is recorded in Video S1.



According to the comments of the students and the general observations during the workshop, the experience was very enriching, providing a greater vision of the intervention. They could put in practice their skills in terms of cutting the skull and dura mater, removing the tumor, and sewing both dura mater and skull, with a model quite similar to the real intervention they would face in an operating room.



Additionally, the students were asked to reply a five-question survey about their feelings with the 3D synthetic models they had worked with. These questions were focused on the usefulness of the synthetic models as a method for developing neurosurgical skill, evaluating the feelings obtained with the model approach compared to a reality surgery, in addition to evaluating whether this tool was useful for learning and the potentiality of using this method in different medical specializations. Finally, their level of satisfaction was evaluated. The related results are shown in Figure 12, where it can be concluded that the contribution of these models in neurosurgery is necessary and beneficial to improve the skills of future neurosurgeons.



In this work, we reflected that 90% of the students considered the 3D models strongly useful to improve their skills in neurosurgery, 40% thought that this model was enough to feel the sensation of being in a real surgery, 100% considered this practical activity necessary in different sectors of medicine, 90% thought that the AM was an effective tool to support training and pre-clinical trial of medicine professionals, and 90% were very satisfied with the practical activity with these 3D models.



From the perspective of neurosurgeons, the proposed training approach of real case reconstruction and simulation of surgery brings about important benefits. For resident physicians, it is a very good opportunity to practice basic surgical maneuvers before performing the procedure on the real patient. This greatly shortens the learning curve and at the same time the patient is treated with the utmost respect from an ethical point of view.



Furthermore, for senior neurosurgeons, it is a great way to practice very complicated cases, which often have a very low incidence. That is why the role of surgery simulation is even greater.



After experimenting with these synthetic models, the neurosurgeons in charge of the workshop were also asked for suggestions to improve the synthetic models. Although the overall rating was quite good, the following suggestions and related solutions were provided and detailed:




	
Make the dura mater slightly harder. This can be achieved by changing the proportions of the Ecoflex silicone.



	
Make the skull a little harder. Although several cutting tests were carried to select the 30% infill density for the skull in the working area, this value can be slightly increased to make the skull harder for the cutting process.



	
Add more pieces of crushed PLA that simulate calcium deposits to the tumor model. This can be easily achieved by crushing and adding more PLA to the tumor mixture.









4. Conclusions


In this work, a set of processes and materials were proposed to manufacture synthetic models for neuro-oncology training, in a very realistic and economical manner. All the models were produced in an economically affordable way since it has been possible to reduce both the manufacturing time and the quantities of mixtures with high cost. Furthermore, the results obtained in the case of students in neurosurgery who practiced with these models have been quite good, even though some aspects could be improved in future model elaborations. Additionally, this procedure may be applicable not only for training sessions, but also for the preparation of clinical cases. The advantages of the use of molds and silicone casting will not be so relevant in such a case, but the production time of one complete model would still be faster following this approach than completely 3D printing the entire models. Apart from this, the synthetic models could be combined with virtual or augmented reality techniques, thus enhancing the training experience.
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Figure 1. Compressive elastic modulus of the different groups tested with the preliminary selection to simulate the brain. 
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Figure 2. Segmentation (a) and cutting (b) of the skull model from the DICOM images in 3DSlicer. 
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Figure 3. Segmentation (a) and creation of the tumor mold (b) from the DICOM images in 3DSlicer. 
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Figure 4. Segmentation (a) and creation of the brain mold (b) from the DICOM images in 3DSlicer. 
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Figure 5. Features performed in SolidWorks to obtain the skull (a), the brain mold (b), the mold to define the working area inside the brain mold (c), and the tumor mold (d). 
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Figure 6. 3D printed skull (the visible layers were due to the slicing height of the CT scan, which was 2 mm in the vertical or z-axis) (a), the brain mold (b), the mold to define the working area inside the brain mold (c), and the tumor mold (d). Approximate dimensions: (a) skull with 180 mm length and 150 mm width from the top view, (b) brain mold with 205 mm length and 159 mm width from the top view, (c) mold inside brain mold with 155 mm length from the top view, and (d) tumor mold with 90 mm length and 70 mm width from the top view. 
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Figure 7. Casting of the different silicones in different proportions for the brain (a), tumor (b), and dura mater (c) models. 
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Figure 8. Final assembly: (a) brain with tumor and (b) complete model. 
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Figure 9. Students cutting the skull in the workshop (a) and removing the tumor (b). 
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Figure 10. Tumor inside the brain (a) and suturing the dura mater once the tumor was removed (b). 
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Figure 11. Final suture of the skull (a) with the tumor removed (b). 
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Figure 12. Survey on 3D models. 
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Table 1. Criteria for the choice of material for the skull model [16].
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	Property
	Smartfil® EP
	PLA Without Additives





	Flexural elastic modulus
	✕
	✓



	Flexural strength
	✓
	✕



	Maximum cutting force (drilling)
	✓
	✕



	Maximum cutting force (milling)
	✕
	✓



	Chip behavior
	✓
	✕



	Surface hardness (Shore D)
	✓
	✕



	Validation by a neurosurgeon
	✓
	✕
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Table 2. Mean modulus of elasticity and standard deviation of the tested samples (Ecoflex A:B:Slacker).
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	Mix Groups

(Ecoflex Comp. A: Ecoflex Comp. B: Slacker)
	Mean Modulus of Elasticity (kPa)
	Standard Deviation

SD (kPa)





	Group A (1:1:1)
	40.41
	3.45



	Group B (1:1:2)
	37.90
	1.01



	Group C (1:1:3)
	31.29
	6.10



	Group D (1:1:4)
	27.95
	2.62
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Table 3. Material for the tumors.
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	Models
	Material
	Ratio or Amount





	Meningioma
	Mix Ecoflex 00–10 comp. A:B
	1:1



	With color
	Red pigment
	3%



	And calcium deposits
	Smartfil® PLA
	Crushed



	Meningioma mold
	Smartfil® PLA
	20% filling
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