Experimental Study between TPU Flex and Silicon Materials Mechanical Properties as an Alternatives in Development of the CardioVASS Heart Model
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Abstract. The development of a heart model for medical training purposes in the current market is still new. The mechanical properties and the selection of materials become the main elements in determining the type of materials used. This paper highlighted to study of the mechanical properties between TPU Flex shore 95 A and Room Temperature Vulcanizing (RTV) silicon to determine the suitability of the material for the development of the CardioVASS heart model.  Both of the materials were assessed by utilizing the tensile, compression, and hardness test methods to prove the validity of the materials for the CardioVASS heart model. Results suggested that the TPU flex was two times superior to the RTV silicon materials in terms of strength and durability. However, the RTV silicon material was two times elastic rather than the TPU flex material. Both materials can be fabricated as CardioVASS heart model. In future, modification of the mechanical properties of the selected material was expected to form a better and functional heart model. 
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Introduction
The emergence of revolving technology nowadays had paved ways for the polymers group material to be explored in many sectors, including in the medical sectors. The polyurethane thermoplastic (TPU) and silicon materials are the most common materials of the polymers group that had marked their contribution especially in the current market [1-8]. However, some factors needed to be reviewed before implemented these elastomeric materials for further use; the mechanical properties factors. As the materials were known as soft, biocompatible, and flexural materials, therefore there were some concerns regarding the strength, durability, and endurance of the substance to be applied in long-term usage. Thus, this research was conducted to evaluate the following materials that include the experimental tensile test, compression test, and hardness test. 
Silicon is one of the feasible materials that had been a preference for medical and healthcare applications. This material has excellent material properties, accompanied by high flexibility, low biological activity, ease of fabrication, chemical and thermal stability, biocompatibility, and hydrophobicity [9-10]. Yadagari Poojari [9] in her research had suggested the encapsulation of the medical device implants by using silicone materials due to their excellent biocompatibility and mechanical properties. Mohamed Rahaman et. al., [11] had suggested the utilization of silicon nitride for ceramic implant materials, particularly in orthopedic surgery.
The TPU material commonly available as a rigid substance before extruded using the three-dimensional printer into the designated shapes. Most of the TPU usage revolved around the manufacturing and processing field that includes the footwear industry, cables, wires, and others [13]. Although the TPU material was not as popular as silicone in the medical fields, however, this material can be applied for similar purposes as silicone and have outstanding mechanical properties compared to silicone. For instance, the TPU has good tensile strength, tear, and abrasion resistance compared to the silicone material [14-15]. 
CardioVASS device or known as the cardiovascular simulator is a newly invented device that had been proposed to be utilized for the education and learning process. The history of this device started with the fabrication of an experimental heart-S apparatus [16-17] that was evaluated into few models and now was known as the CardioVASS device. The research of this device was divided into three research modes; the physiology of blood circulation in the human heart [18], the observation of the heart’s mechanism, and the comprehension of the pathophysiological state of the heart during the catheter insertion into the small arteries [19]. This research was also a continuation of the CardioVASS system study that focused on the fabrication of the heart model materials.
The objectives of this research are to study the mechanical properties of the TPU and silicon materials to determine the suitability material characteristics to be fabricated as a heart model for the CardioVASS device.
Methodology
Fabrication of the Test Samples
The fabrication of the test samples started with designing the test samples using the Solidwork version 2016 software by referring to the ASTM D1621 for the compression test and ASTM D638 [20] specifications for the tensile test. The dog-bone specimens of the tensile test for TPU materials were directly printed using the Ender 3 Pro printer by setting up the printer to be compatible with the material setting in table 1 below. The figure 1a) and 1b) depicts the design and printing process during the experiment was carried out. Next, the compression test used a rectangular shape of specimens as shown in figure 2 below. The same method as the tensile test was applied while preparing for the compression test specimens. Since the silicon materials existed in the liquid form, the process of curing activities and mixture between silicon solution with the hardener solution were explained as in figure 3 below. Table 1 depicts the mechanical properties of the silicon materials. 
Table 1. Mechanical Properties of the TPU Flexible Material [21]
	Characteristics
	Value

	Durability
	High

	Strength
	High

	Flexibility
	Very High

	Chemical Resistance
	Medium-High

	Abrasion Resistance
	High

	Water Resistance
	Medium

	Nozzle Temperature
	220 ºC – 250 ºC

	Heated Bed
	Up to 60 ºC




[image: ][image: ]
                           (a)                                                                       (b)
Fig. 1.  Figure 1a) showed the designation of the test specimens for the TPU tensile test. Figure 1b) depicts the printing process for the molds of the tensile and compression test for the silicon materials  
[image: ]
Fig. 2. Figure 2a) depicts the specifications of the tensile test for the TPU materials. Figure 2b) showed the specifications of the compression test for the TPU materials. Figure 2c) and 2d) depicts the molds for the silicon materials specifications 
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Fig. 3. Figure 3a) shows the silicon solution was stirred completely before the mixing process to ensure the solution was even in viscosity. Figure 3b) depicts the hardener solution that was poured into the beaker that contained the silicon solution based on the ratio of three percent of hardener to the total volume used for the silicon solution. The mixture was then stirred for about five minutes to blend them well. Figure 3b) showed the silicon mixtures were poured into the molds to obtain the desired shapes for the test samples. 
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Fig. 4. Figure 4a) showed the tensile load was exerted on the test samples. Figure 4b) showed the compression load was applied on the silicon samples

Table 2. Mechanical Properties of the RTV Silicon Materials
	Characteristics
	Value

	Base Viscosity
	24,000 cP

	Density
	1.18 g/cc

	Tear Resistance
	17/Nmm

	Hardness
	After 72 hours 21 -+ 2 shA

	Strength Resistance
	3/Nmm2

	Elongation at Break
	400 %



The TPU test samples were extruded from the TPU filaments at room temperature to gain the specific test specimen as illustrated above. The TPU samples utilized about 100 grams approximately of TPU filaments per test samples printed. The fabrication of the silicon samples used about 100 grams of silicon mixtures per test specimens and cured at room temperature for 24 hours.  

Tensile and Compression Test
The tensile and compression test were carried out by employing an Instron 300K machines with a speed of 20 mm/min at the room temperature surroundings. The tensile samples were first marked with a marker to calibrate the tensile grips and the test specimen length. The samples were tested until achieved the breaking point (completely tear). The data was then collected using the Instron software and tabulated as in table 3 and table 5 below. Figure 4a) depicts the tensile test for the silicon samples. Next, the compression test was conducted by applying for the parallel compression plates. The rectangular samples were then pressed until the maximum height of extension for the samples achieved.  
Hardness Test
Hardness test is one of the methods that had been used in this experiment to measure the material’s comprehensive performance reaction especially in the ability of the materials to withstand the resistance and to determine the elasticity of the materials. A digital shore durometer (type A) was utilized for measuring the hardness of the TPU and silicon materials. The durometer type A instrument is suitable for medium hardness rubber such as plastic, rubber, leather, multi-grease, wax, and others. The range measured for the durometer instrument was varied from 0 HA to 100 HA. The higher the HA values, the higher the hardness of the material tested. By following the guidelines from ASTM D2240, a sample of the TPU and silicon materials were prepared respectively before the experiments were conducted. The sensing pin that resembles needle-like stuff was penetrated the materials by a constant force and created resistance force from the samples that generated the hardness values for each of the samples [22]. 
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Fig. 5. Figure 5a) shows the mechanism of the Durometer device. Figure 5b) demonstrated the application of the Durometer device for measurement activities 
Results and Discussions
Strength of Material
TPU Material
The results of the tensile test for the TPU materials were recorded and tabulated into the graph and table 3 below. Three identical samples of the TPU materials were analyzed and merged into the same graph to obtain a comparison of the graph trends during the experiments. In figure 6, the sample 1 and sample 3 achieved almost the same correlation values with the extension of the TPU test samples achieved 400 mm respectively. The trends of both samples 1 and 3 were increasing significantly that demonstrated the elongation process occurred during the extension process of the samples before reaching the breaking point and dropped values that reached almost 400 N for both of the samples respectively. However, samples 2 displayed an odd shape of the graphs compared to samples 1 and 3. Sample 2 managed to achieved tensile extension at 170 mm approximately which is less than sample 1 and 3 results. Furthermore, sample 2 also conveyed 320 N of load approximately which showed a huge difference in the load values compared to samples 1 and 3. The irregular shapes at the end of the dropped values of the test samples 2 represented there was a continuous extension of the material even after the breaking point of the material was portrayed. These samples have different values and trends due to the different stress distribution for each of the specimens. Sample 1 and 3 were completely broken during the experimental process at the center point of the dog-bone specimens while sample 2 breaks at the end radius of the specimens. These situations may happen because of the distinct load from the tensile grips that were exerted on the specimens and the inconsistency of the filled volume of the TPU specimens after the printing process that lead to the dissimilar stress distribution of the tensile specimens.
From the figure 6a), Hookean behavior were founded at the early stage of the tensile test. The linear elastic properties then changed to viscous behavior in the middle of the experiments with the additional load observed. In this phase, the stress and strain relationship were directly proportional. As the load exceeded the limitation of the TPU material, the TPU flex exhibit plastic behavior and finally break with permanent damage were recorded. Meanwhile, figure 6b) form the viscoelastic behavior where the material return to their original shapes after the load was removed. 
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Fig. 6. Figure 6a) showed the graphs of tensile load versus the tensile extension of the TPU materials. Figure 6b) depicts the compression load versus compression extension
Table 3. The Tensile Test Results of the TPU Specimens
	
	Tensile Strain at Maximum Tensile Extension (mm/mm)
	Load at Maximum Tensile Extension (N)
	Modulus (Automatic) (MPa)

	Sample 1
	2.29
	2.22
	3.29

	Sample 2
	1.67
	68.20
	8.23

	Sample 3
	2.26
	-1.04
	3.18



Table 4. The Compression Results for the TPU Material
	
	Minimum Load (N)
	Time at Minimum Load (sec)
	Energy at Minimum Load (J)
	Extension at Minimum Load (mm)

	Sample 1
	-3, 532.19
	134.22
	8.43
	-44.74

	Sample 2
	-10,592.03
	137.00
	17.48
	-45.66

	Sample 3
	-12,776.37
	106.71
	18.73
	-45.24


Silicon Material
The tensile test for the silicon material demonstrated similar increasing trends of extension due to the elastomeric properties of the silicon material before reached the breaking points where the tensile load values plummeted to zero values. The tensile strain at maximum tensile extension for samples 1, 2, and 3 were 1.37 mm/mm, 1.55 mm/mm, and 1.35 mm/mm respectively. The load at maximum tensile extension for sample 1 was -1.30 N, sample 2 was -0.91 N and sample 3 was -1.08 N. The automatic modulus analyzed were 0.68 MPa for both samples 1 and 2 while sample 3 showed slightly high values with 0.89 MPa.
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Fig. 7. Figure 7a) showed the graph of tensile load versus tensile extension for silicon materials. Figure 7b) depicts the compression load versus compression extension for the silicon materials
Table 5. The Tensile Test Results for the Silicon Materials
	
	Tensile Strain at Maximum Tensile Extension (mm/mm)
	Load at Maximum Tensile Extension (N)
	Modulus (Automatic) (MPa)

	Sample 1
	1.37
	-1.30
	0.68

	Sample 2
	1.55
	-0.91
	0.68

	Sample 3
	1.35
	-1.08
	0.89



The graphs in figure 7 illustrated the corresponding trends for all of the test samples where the compression extension results were decreased due to the force exerted on the specimens. Similar trends for the compression test as in the figure 6b) were observed in the figure 7b) where the silicon specimens underwent viscoelastic phase that enable the material to rebound back to the original length and shape with minimum exerted load recorded was 6,000 N approximately and compressed until 90 percent of the height of the sample. Based in table 6, the silicon material required less load compared to the TPU material in table 4 values with almost twice load values. However, the energy generated at minimum load of the silicon were twice of the TPU material. Therefore, from these results we can deduce that the TPU material have twice strength compared to the silicon material but at the other side, the silicon demonstrated twice elasticity than the TPU material due to the ability of the silicon to absorb force from the applied load. 
Table 6. The Compression Results for the Silicon Materials
	
	Minimum Load (N)
	Time at Minimum Load (sec)
	Energy at Minimum Load (J)
	Extension at Minimum Load (mm)

	Sample 1
	-6,464.43
	135.91
	34.60
	-45.30

	Sample 2
	-6,859.55
	135.73
	36.63
	-45.24

	Sample 3
	-6,029.81
	135.98
	33.01
	-45.33


Material Hardness
The hardness of the materials can be measured through the hardness test by using the Durometer shore A device that utilizes the indentation method to calibrate the elasticity and the durability of the following materials. In table 7, three distinct points of a single test specimen were used to determine the average values of the TPU and silicon materials. The huge gaps between these two materials depicted that the TPU materials were way too hard compared to the silicon materials. This relationship suggested that the increase the shore values, the harder the material hardness.  

Table 7. Durometer Hardness Test for the TPU and Silicon Materials
	Material
	1
	2
	3
	Average (HA)

	TPU
	76.5
	73.5
	77.5
	75.8

	Silicon
	16.0
	18.0
	18.5
	17.5


The Suitability of the TPU Flex and Silicon Material in the Fabrication of the CardioVASS Heart Model
	In this research, we tried to highlight the suitability of the TPU flex and silicon material for the fabrication of the CardioVASS heart model by studying the mechanical properties of the materials respectively. The research conducted by Mohd Adib et. al., [19] and Khairul et. al., [23] had implemented TPU flex shore 85 A materials for the manufacturing of their heart model. Based on their research, they had successfully constructed a simple TPU flex heart model but with multiple limitations confronted such as the difficulties in adjusting the strength and flexibilities of the model. Aiming to fabricate a functional heart model with good flexibilities and mimicking the actual heart, our CardioVASS project tried to solve the problems related to the heart models by studying the mechanical properties of the model to identify the strength and weaknesses of each of the material selected as in this paper. Previously, the TPU flex shore 85 A was tested and compared with the soft epoxy resin material to identify the significance of the material with the fabricated heart model [13]. The results shown that the TPU flex was able to demonstrate better elongation, flexibility and strength compared to the epoxy resin material. Table 8 below demonstrated the extracted data from previous experimental for the TPU flex material. A comparison between the TPU flex material was presented as in figure 8 below. The sample labelled 4, 5, and 6 were the samples from last experimental showed almost regular shapes and trends that in contrast with the sample 1,2, and 3 that conducted in this experiment. Based on the observation from figure 8, TPU flex experienced longer extension of samples mainly because different TPU shore hardness was used and difference setting of the values of the 3D printer temperature was deployed. The maximum modulus gained for the TPU flex shore 85 A was 13.78 MPa that almost multiple of the maximum modulus results for the TPU flex shore 95 A with 8.23 MPa as in the table 3 above. The values may vary due to the design implementation, infill, layer, thickness and temperature setting during the extrusion of the samples. The shore hardness of the TPU material also may dropped during the extrusion process as represented in table 7 where the average shore hardness dropped to 75.8 HA compared to the actual TPU flex filament, 95 HA. Richard et.al., [24] in his research mentioned that the polyurethanes was among the most feasible type of polymer for the heart valve applications that manage to achieve several hundred million cycles during the in vitro durability testing. Recent studies demonstrated by Takaya Hoashi et.al., [25] had successfully constructed 20 custom made 3D printed heart model for preoperative surgical simulations to treat the congenital heart disease by utilizing the polyurethanes resins materials. The findings demonstrated that polyurethane resins can be recognized as having potential utility, particularly in understanding the relationship between intraventricular communications and great vessels, as well as in simulation for creating intracardiac pathways. Thus, we can deduce that the TPU material was capable to be fabricated as heart model due to the excellent elastomeric properties. However, the application of the TPU material for the fabrication of the heart model itself was not enough due to the insufficient strength and strain properties of the heart model prototypes and many researchers tried to solve the problems by mixing the polyurethanes materials with other polymer and materials to enhance their current properties [ 26-27].  
Table 8. Mechanical Properties for the TPU Flex [13]
	
	Modulus (Automatic Young’s Modulus) [MPa]
	Tensile Stress at Tensile Strength [MPa]
	Tensile Stress at Break Standard [MPa]
	Force at Tensile Strength [kN]

	Sample 4
	13.78
	2.31
	0.02
	0.31

	Sample 5
	11.57
	2.32
	0.01
	0.31

	Sample 6
	12.07
	2.34
	0.01
	0.31
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Fig. 8. Figure 8 demonstrated graph of tensile test versus extension for the TPU flex material

	Silicones material or known as siloxane was also one of the feasible types of polymer material that had used widely in manufacturing field, especially in the medical region. In this paper, the tensile and compression test had demonstrated that the silicone material was twice weaker in strength compared to the TPU material. However, the hardness test revealed that the silicone was four times weaker in terms of mechanical hardness shore. While hardness is dependent on ductility, elastic stiffness, plasticity, strain, strength toughness viscoelasticity and viscosity [28] of a material, it is understandable that there was some contradiction between the ratios as distinct mechanical test were conducted. On the contrary, because of the composition of silicon which allows free rotation along the chain, the silicone exhibits more elasticity than the TPU as described earlier in section 3.1, resulting in high polymer flexibility [29]. Nicholas [29] in his research had highlighted the application of the silicone elastomers for the fabrication of the artificial hearts agreed that the silicone elastomer was suitable for the soft artificial heart development because of the softness properties of the silicone itself. He also mentioned that the past artificial heart was commonly rigid due to the material properties constraint. The softness from the silicone was desirable as it can biomimicking the actual heart physiological blood flow and pumping. 
In short, both TPU and silicon material demonstrated high potential to be developed as heart model for the CardioVass device. However, the materials still restricted to some weaknesses especially in strength, durability and elasticity compared to the actual heart. Improvement for both of the material were expected in the future for better heart model making.  
Limitations
	There were some limitations founded in this research. To begin with, the present work only represented a single type of polymer, RTV silicone and TPU flex shore 95 A only. By using a wide range of elastomeric polymer studies, we can make more strength and flexibilities comparison regarding the mechanical properties of the selected material. Next, the method that had been conducted to fabricate the samples were restricted to the FDM 3D printer only for the TPU flex material and curing process method for the RTV silicon. A better and compromise results expected when utilizing an advanced method in the fabrication process. For instance, using the stereolithography (SLA) and digital light projector (DLP) method that can produce a flexible and precise model sample with the complex geometries. Lastly, there was no addition of distinguished materials were presented in this work compared to the other research that known can establish the mechanical properties of the elastomeric materials especially. High scale of research must be done to study the most suitable material that can merge with the existing selected material that can improvise the mechanical properties of the material.      
Conclusions and Recommendations
	In conclusion, the tensile and compression test validate that the TPU and silicon materials were able to demonstrate high strength and elasticity although have a soft structure of materials. Regardless, to achieve the actual heart strength, the TPU flex and RTV silicone strength were way too low in strength and durability. The results pointed out that the TPU material was twice higher in strength compared to the silicon material. In contrast, the silicon material was twice elastic than the TPU material. Here, we can conclude that both of the materials were capable to be fabricated as heart model for the CardioVASS device but the TPU materials were preferred as the material have better strength, elongation, and durability compared to the silicon material. However, the softness properties from the silicone material was desirable for the development of the heart model due to the natural properties of silicon that biomimicking the actual heart. With the vast types of polymer, there still some room for the improvement for improvising the current mechanical properties of the material by merging different types of polymers or material and changing the method of material manufacturing by using advanced technological machine for 3D printing such as SLA printer. In the future, more research and development must be carried out to improvise the mechanical properties of the selected materials so that we can obtain an excellent heart model that can initiate the revolution of the local heart model in the market.
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