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Abstract

:

Patients with lower limb amputation usually use prosthetic feet. Elastomeric material is an important part of prosthetic feet since it can determine their safety and lifetime. The elastomeric material should have high friction for safety, and at the same time it should have low wear for a longer lifetime. This research is aimed to study the optimum formulation of talc-powder-reinforced silicone elastomer to obtain high friction during sliding contact. The Taguchi orthogonal array L9 formula is used to achieve the aforementioned goal. The experiments use multiple parameters, namely, the type of silicone, the type of surface texture, the amount of catalyst, and the amount of talc powder. The results show that the combination of RTV 683, a smooth texture, 4% of catalyst, and 60% of talc powder is the most optimum composition to obtain the highest frictional force. It has a higher friction force in comparison with the imported products, and, at the same time, it has comparable wear with the imported products. The hardness of the optimized materials is comparable with the imported products. However, the tensile and tear strengths of the optimized materials need to be improved.
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1. Introduction


Major amputations are suffered by almost 38 million people worldwide, out of which 85% of people are lower-limb amputated [1]. In Indonesia, more than 8.5% of the population suffered from disabilities, which increased by approximately 2.45% from 2012. People with lower limb amputations will have difficulty walking [2] and reduce mobility [3]. The popular solution for patients with lower limb amputation is lower limb prostheses. The main parts of lower limb prostheses are a socket, shank (also known as phylon), and a prosthetic feet. The prosthetic foot is one of the most important parts since it can determine the lifetime of the product.



Different types of prosthetic feet have been developed in past few decades, such as the solid ankle cushion heel (SACH) prosthetic foot, the single-axis-design prosthetic foot, the multiple-axis (multiaxial)-design prosthetic foot, and the microprocessor foot. SACH is a popular type that is used in Indonesia and other developing countries because it offers a lower price than other types of prosthetic feet. The SACH is also simpler than other prosthetic feet due to the absence of mechanical articulation [4]. The local product of SACH that is available on the Indonesian market can be seen in Figure 1.



The prosthetic foot is a crucial part in determining the lifetime of the lower limb prosthesis. The prosthetic foot will have a longer life if the foot materials have high wear resistance. On the other hand, the prosthetic foot should have high friction to avoid slips. Therefore, material selection of the prosthetic foot is of importance. Elastomeric materials are widely used in prosthetic feet because they can fulfill the requirements [5]. Several types of elastomeric materials have been studied to be used in prosthetic feet, such as natural rubber [6], ethyl-vinyl-acetate [7], polyurethane [8], silicone [9], and the combination of polyurethane and neoprene [10].



Silicone elastomers were used in several medical devices due to their advantageous properties, such as being soft and flexible, highly chemically resistant, and having good biocompatibility [11,12]. Some examples of those elastomeric materials are PDMS and ecoflex [13]. The medical devices that are made of silicone are maxillofacial prosthetic material [7], implant to medialization laryngoplasty [14], finger joints [15], breast implants [16], and catheters [17]. However, in some applications, silicone elastomers cannot fulfill all of the requirements due to their low tensile and tear strengths. Therefore, several studies were conducted to improve the mechanical properties of silicone materials, such as by adding fillers to the silicone [18,19].



The study of prosthetic feet was conducted in several aspects, such as structure [20], cyclic foot (fatigue) [6], and dorsiflexion [21]. While the elastomeric materials of the foot were studied in the aspect of mechanical properties, such as tensile strength, tear strength, and hardness [21]. Although several aspects of prosthetic feet have been studied, the study of the tribological aspects, such as friction and wear, of the elastomeric materials is still limited in the literature. The study of the tribological aspects of prosthetic feet is important due to their influence on the lifetime and safety of the products.



In the present study, an elastomeric material based on silicone elastomer reinforced by talc powder was investigated in the tribological aspect. The Taguchi method was used to find an optimum parameter for tribological characteristics. The Taguchi method is very effective and efficient for an experiment that uses many variables. It can reduce the number of samples and the test. So, it saves time and cost. Many researchers use the Taguchi method to find the optimum parameter value or composition [22,23,24]. The Taguchi method uses several basic formulas to calculate the optimum result. The formula is called the S/N ratio (signal to noise ratio). There are three characteristics of the S/N ratio. There are normal-is-better, larger-is-better, and smaller-is-better. The normal-is-better is used when a specified value is most desired. Equation (1) shows the S/N ratio formula for normal-is-better. The larger-is-better and the smaller-is-better equation are used when the largest or smallest value is the most desired. Equations (2) and (3) show the S/N ratio formula for larger-is-better and smaller-is-better, respectively.
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where n is the number of replicas and y is the test result. In the present study, the main material characteristic to be achieved is high friction. Four parameters were varied to achieve the goal. Moreover, the wear mass and mechanical properties of the silicone were investigated.




2. Materials and Methods


The present study uses four independent variables: the type of silicone elastomer, the surface texture, the percentage of catalyst, and the percentage of talc powder. The type of silicone elastomer and the amount of catalyst will significantly influence the mechanical and tribological properties of the elastomer. Therefore, the selection of silicone and the percentage of the catalyst are important. The talc powders were added to the silicone elastomer to improve the mechanical and tribological properties of the silicone elastomer. While the surface textures were varied to obtain high friction. Each variable is varied by three levels, as shown in Table 1. The number of the test run is derived from the variables and the levels following the Taguchi orthogonal array L9 formula. The details of the test run can be seen in Table 2. The materials were made based on the composition shown in Table 2. Three tests were conducted for each run number to check the repeatability.



The textured surface of the testing sample consists of three types. The first one is a smooth surface, a flat surface without texture. The other two are an equilateral triangle and a circle. The geometric shape and size of the triangle and circle are shown in Table 3.



A pin-on-disc tribometer is used to investigate the tribological characteristics of the materials. The sliding contact occurs between a silicone pin and a smooth tile. The silicone pin was manufactured with three different textures at the end of the tip. The arithmetic roughness of the tile is 0.045 μm. The pin and the disc used in this study are shown in Figure 2. The load of 7 N was used in the sliding contact experiments; it is based on the force distribution of the 54 cm2 cross-section foot during mid-foot loading [25]. The angular speed of the disc is 20 rpm, and the radius of the wear track is 20 mm, resulting in a linear speed of 42 mm/s. The tests were conducted at ambient temperature. The tribometer tests were stopped once the sliding distance reached 200 m (~80 min). The tensile, tear, and hardness tests of the silicone elastomers were conducted by following the ISO 37:2015, ISO 34-1: 2015, and ISO 7619-1: 2010, respectively.




3. Results and Discussions


Figure 3 shows the result of the tribometer test. It can be seen that at a certain sliding distance, the friction force reaches a constant value. In the present study, the value of the friction force is determined when the friction force reaches a steady-state phase.



Table 4 shows the result of the sliding friction test for each run number. The friction force is determined when the signal reaches a steady state phase. The experiment was repeated three times for each run number. The result of frictional force was used to calculate the S/N ratio. The S/N ratio was calculated by using the larger is better equation (Equation (2)) since the purpose of the optimization is to have a higher friction force. The higher the friction force, the safer the prosthetic feet. The average S/N ratio for all run numbers is 13.92; see Table 4.



After calculating the S/N ratio, the results are grouped by the parameters and their levels. Where A is the type of silicone, B is the surface texture, C is the percentage of catalyst, and D is the percentage of talc powder. The number label is the level of each parameter. For example, the code A1 means RTV683, A2 means RTV M4503, and so on. Table 5 shows the grouping result of the S/N ratio and the mean of the frictional force.



Figure 4 shows the plotting results of Table 5. The combination of the highest value of each control factor is a prediction of the optimum composition. Therefore, combining the RTV 683, a smooth texture, 4% of catalyst, and 60% of talc powder may achieve the highest friction force. Generally, the friction force of the contacting materials depends on adhesive friction and hysteresis friction [26]. In the previous research, the friction of elastomeric materials is significantly influenced by the adhesive component, while the hysteresis component plays a minor role [27]. The smooth texture of the elastomer will result in a larger real contact area between surfaces [28]. For adhesive friction, the larger the real contact area, the higher the friction force. The smallest amount of talc powder (60%) was found to be the best composition to obtain the highest friction force. A small amount of filler, such as talc powder, will result in low mechanical properties. As a result, a larger real contact area will be found on the contacting surface since the elastomer will fill the cavity of the tile roughness. The    S N    ratio of the optimum composition was calculated by the following Equation:


   P  o p t   =  1 n    ∑   i = 1  n     (   S N   )   k  −  (  n − 1  )   (    S ¯  N   )   



(4)







The Popt is the    S N    ratio prediction of the optimum composition;    1 n    ∑   i = 1  n     (   S N   )   k    is the mean-of-signal-to-noise ratio for the evaluated process parameters; n is the number of process parameters, which is equal to 4; and     S ¯  N    is the mean of signal-to-noise ratio for all of the process parameters. The calculated Popt in the present study is 17.06, as can be seen in Table 6. The prediction of the friction force value for the optimum composition material can be calculated by the inversion of Equation (2), and the result is 7.07 N.



Since the optimum composition (A1, B1, C3, and D1) is outside of the run number composition (see Table 2), it has to be validated by additional experiments. The samples with the optimum composition were produced and tested. The validation experiment is shown in Table 7. The result shows that the average friction force (6.75 N) is near the prediction results (~7 N). The improvement of the friction force is 33.40% in comparison with the average friction force of all run numbers.



The results of multifactor optimization show that the combination of RTV 683, a smooth texture, 4% of catalyst, and 60% of talc powder is the most optimum composition to obtain the highest frictional force. This optimized material was compared to the existing products, namely, imported product A and imported product B. The tribometer tests of the imported products were conducted by using the same operating conditions as the optimized material. The comparison of the friction force is shown in Figure 5. It can be seen that the optimized material has a higher friction force compared to the other products. This high friction will improve the safety of the product since it can avoid the slip during the usage of prosthetic feet.



The important parameter for prosthetic foot material is not only high friction but also low wear. The low wear of material will affect the lifetime of the product. The lower the wear, the longer the lifetime. The high friction will be obtained by the weak mechanical properties, but at the same time, it will result in high wear. A similar case was found in the tire product [29]. Achieving both goals is very challenging since they are a contradiction. Therefore, optimization is needed to compromise both goals. The comparison of wear mass between the imported products and the optimized material can be seen in Figure 6. It shows that the imported product B has the lowest wear, while the wear of optimized material is slightly higher than the imported product A. The wear mass of the optimized material is still higher than that of the imported products. However, the value is comparable to the imported product A when the standard deviation is considered. The result of the friction force of imported product A is lower than that of the optimized material, see Figure 5.



The pin on the disc tribometer tests shows that the optimum composition has better characteristics for the frictional force, but the wear mass is still worse than the imported products as the benchmark. Furthermore, the mechanical characteristics of the optimized material are still lower than the imported product. Figure 7 shows the comparison of the tensile strength test between the imported products and the optimized material. The tensile strength of the optimized material is only around half that of the imported product A. The reinforcement of talc powder without any coating on the talc surface will result in a weak bond between the talc powder and the silicone elastomers. A previous study indicates that the use of silane coating on the filler will improve those bonds, and as a result, the mechanical properties of the composites will improve [30]. The use of the silane coating on the talc surface will be conducted in a future study.



Another mechanical characteristic is tear strength. This characteristic is important to avoid tears when a prosthetic foot comes into contact with a sharp material. Figure 8 shows the result of the tear strength of the imported products and the optimized material. It shows that the tear strength of the optimized material is lower than that of the imported products. The tear strength of the optimized material is only approximately a quarter smaller than that of the imported products. For future study, the use of long filler, such as fiber, needs to be investigated to improve the tear strength. Some studies reported that fiber could improve the tear strength of the composites [31,32].



Figure 9 shows that the optimized material has a similar hardness to the imported product B, but it is lower than the imported product A. Overall, some mechanical characteristics of the optimized material are inferior to the imported products. Therefore, some research needs to be conducted to improve the mechanical properties of the material, and at the same time, the material has high friction and low wear. A coating process on the talc surface and the use of long filler, such as fibers, in the material is an alternative way to achieve the aforementioned goals.




4. Conclusions


In this work, silicone elastomer-reinforced talc powder for prosthetic feet was studied. The main goal of the present study is to obtain an optimum formulation that has high friction force. The Taguchi orthogonal array L9 formula was used to obtain the optimum formulation of silicone elastomer. The key conclusions can be drawn as follows:



	
The combination of RTV 683, a smooth texture, 4% of catalyst, and 60% of talc powder is the most optimum composition.



	
The friction force of the optimized material is 6.75 N. The improvement of the friction force is 33.40% in comparison with the average friction force of all the run numbers.



	
The friction force of the optimized material is higher than the imported products.



	
The tensile and tear strengths of the optimized material are lower than the imported products.



	
The low tensile and tear strengths can be caused by the weak bond between talc powder and silicone rubber. In future works, a coating of talc powder will be conducted to improve the bond between talc powder and silicone rubber. Moreover, a relatively long filler, such as fibers, will be used to improve the tensile and tear strengths of the composites.
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Figure 1. Local product of SACH in Indonesia market. 






Figure 1. Local product of SACH in Indonesia market.



[image: Prosthesis 05 00007 g001]







[image: Prosthesis 05 00007 g002a 550][image: Prosthesis 05 00007 g002b 550] 





Figure 2. The contacting materials (a) several silicone pins with various textures, (b) the tile disc, and (c) pin-on-disc tribometer, schematically. 
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Figure 3. Friction force as a function of sliding friction, the red line shows a steady state phase. 
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Figure 4. The    S N    ratio graph for frictional force in the smooth tile. 
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Figure 5. The comparison of friction force between the imported products and the optimized material. 
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Figure 6. The comparison of wear mass between the imported products and the optimized material. 
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Figure 7. The comparison of tensile strength between the imported products and the optimized material. 
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Figure 8. The comparison of tear strength between the imported products and the optimized material. 
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Figure 9. The comparison of hardness between the imported products and the optimized material. 
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Table 1. The control factors and their levels.
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Control Factors

	
Levels




	
1

	
2

	
3






	
A

	
Silicone type

	
RTV 683

	
RTV M4503

	
RTV 48




	
B

	
Texture

	
Smooth

	
Triangle

	
Circle




	
C

	
Catalyst

	
2%

	
3%

	
4%




	
D

	
Talc

	
60%

	
80%

	
100%
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Table 2. The composition of the run number based on Taguchi orthogonal array L9.
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Run Number

	
Control Factor




	
Silicone Type

	
Texture

	
Catalyst

	
Talc






	
1

	
RTV 683

	
Smooth

	
2%

	
60%




	
2

	
RTV 683

	
Triangle

	
3%

	
80%




	
3

	
RTV 683

	
Circle

	
4%

	
100%




	
4

	
RTV 48

	
Smooth

	
3%

	
100%




	
5

	
RTV 48

	
Triangle

	
4%

	
60%




	
6

	
RTV 48

	
Circle

	
2%

	
80%




	
7

	
M4503

	
Smooth

	
4%

	
80%




	
8

	
M4503

	
Triangle

	
2%

	
100%




	
9

	
M4503

	
Circle

	
3%

	
60%
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Table 3. The textured geometry.
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	Texture
	Geometry





	Triangle
	 [image: Prosthesis 05 00007 i001]



	Circle
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Table 4. The frictional force and S/N calculation.
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Run Number

	
Frictional Force (N)

	
Calculation




	
1

	
2

	
3

	
Mean

	
Variance

	
S/N Larger Better






	
1

	
5.41

	
6.20

	
6.06

	
5.89

	
0.18

	
15.36




	
2

	
4.70

	
4.99

	
5.03

	
4.91

	
0.03

	
13.80




	
3

	
5.16

	
6.31

	
5.24

	
5.57

	
0.41

	
14.81




	
4

	
5.56

	
5.78

	
5.83

	
5.72

	
0.02

	
15.15




	
5

	
5.79

	
5.41

	
6.74

	
5.98

	
0.47

	
15.42




	
6

	
3.92

	
3.95

	
3.46

	
3.78

	
0.07

	
11.49




	
7

	
5.75

	
4.71

	
5.30

	
5.25

	
0.27

	
14.32




	
8

	
4.53

	
3.91

	
4.43

	
4.29

	
0.11

	
12.60




	
9

	
4.24

	
3.95

	
4.27

	
4.15

	
0.03

	
12.35




	

	
Average of S/N

	
13.92
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Table 5. The average S/N ratio for the frictional force.
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	S/N Ratio
	Mean [N]





	A1
	14.66
	5.46



	A2
	14.02
	5.16



	A3
	13.09
	4.56



	B1
	14.94
	5.62



	B2
	13.94
	5.06



	B3
	12.89
	4.50



	C1
	13.15
	4.65



	C2
	13.77
	4.93



	C3
	14.85
	5.60



	D1
	14.38
	5.34



	D2
	13.20
	4.64



	D3
	14.19
	5.20










[image: Table] 





Table 6. Prediction of optimum    S N    ratio.
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	Parameter
	S/N





	A1
	14.66



	B1
	14.94



	C3
	14.85



	D1
	14.38



	Popt
	17.06
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Table 7. The validation results.






Table 7. The validation results.





	Number of Tests
	Friction Force (N)





	1
	6.72



	2
	6.80



	3
	6.73



	Average
	6.75
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