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Abstract

Polydimethylsiloxane (PDMS) is a transparent, biocompatible, flexible, simple processing, chemically and thermally stable
polymer that has been attracting attention due to its wide range of applications in mechanical, civil and electronic engineering and
biomedical field. In order to improve PDMS’ properties, many studies have been investigating the effect of the mixing ratios of its
components (base polymer and curing agent) on the mechanical properties, once they affect the number of interactions between
the polymer chains of the material. With the aim to make a comparison of the mechanical response of pure PDMS (SYLGARD
184) with different ratios of the base elastomer and the curing agent, tensile and hardness tests were performed. The tested mixing
ratios were 10:1, 10:2 and 10:3 (base: curing agent). Tensile tests were executed in a universal tester machine, set up with a velocity
of 500 mm/min and pre-load of 1 N. An analogical portable durometer type Shore A was used to carry out the hardness test,
according to ASTM D2240. The results for the tensile test showed that an increase in the amount of cure agent reduced the tensile
strength. The hardness values obtained were 41.7+£0.95, 43.2+1.03 and 37.2+1.14 Shore A for pure PDMS with ratios equal to 10:1,
10:2 and 10:3, respectively.
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1. Introduction

Over the last decades, Polydimethylsiloxane (PDMS) has been attracting interest of study due to its properties and
wide range of applications, that includes mechanical, civil and electronic engineering and biomedical devices
(Adiguzel, Sagnic, and Aroguz 2017; Dalla Monta et al. 2018a; Giri, Naskar, and Nando 2012a; Liu et al. 2017a;
Riehle et al. 2018; Rodrigues et al. 2018; Salazar-Hernandez et al. 2019; Victor, Ribeiro, and F. Araujo 2019).

PDMS is a silicon-based polymer with low cost, optical transparency, and easy manufacturability, what makes it to
have some advantages over other materials (Khanafer et al. 2009; Prabowo, Wing-Keung, and Shen 2015). The main
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properties of PDMS are its transparency (Kacik and Martincek 2017; Lee et al. 2016; Mufioz-Sanchez et al. 2016;
Pinho et al. 2019; Yi et al. 2020), biocompatibility (Montazerian et al. 2019; Rao, Zhang, and Liu 2013; Souza et al.
2020), high flexibility (An et al. 2017; Shi et al. 2020), chemical and thermal stability (Dalla Monta et al. 2018; Giri,
Naskar, and Nando 2012; Liu et al. 2017).

In order to improve PDMS’ properties, many studies have been investigating the effect of the mixing ratios of its
components (base polymer and curing agent) once they affect the amount of interactions between the polymer chains
of the material (Khanafer et al. 2009; Prabowo, Wing-Keung, and Shen 2015; Flaminio et al. 2021).

In general, the ratio used for PDMS synthesis is 10:1 (w/w) (base:curing agent) and the cure can be carried out
either in an oven at highest temperatures, or at room temperature, for different amounts of time, depending on the
temperature chosen.

Some studies have shown that the increase of the concentration of curing agent can affect surface properties such
as root-mean-squares, Young’s modulus (Viola et al. 2012; Wang et al. 2010), and chemical composition (Wang et al.
2010), what changes lubrification behavior (Kim, Wolf, and Baier 2015).

Regarding mechanical properties, Khanafer et. al. (2009) reported that the elastic modulus increases as the
proportion of curing agent increases until it reaches the ratio of 9:1 (w/w) (base:curing agent), when the modulus starts
to decrease.

Kim et. al. (2011) found out that if PDMS is synthesized with excess of curing agent, stress softening can be
observed and under cycle tension tests, a residual strain appeared when increasing the magnitude of the applied strain.
Those studies advice that for channel or chamber structures, a rigid PDMS with excess of curing agent is desirable,
while in applications that more flexibility is required, PDMS with less curing agent is preferred.

This paper studies how the mixing ratio between curing agent and base polymer when synthesizing PDMS affects
the mechanical behavior of the final material, analysing it though tensile and hardness test.

2. Methodology
2.1. Sample Manufacturing

The samples were produced using PDMS Sylgard 184, that consists in the mixture of the base material (silicon)
with its curing agent (cross-linker). The ratios used were 10:1, 10:2 and 10:3 (base: curing agent).

The base polymer was weighted, the cure agent added until achieving the desired ratio and both were mixed with
a metallic spatula. To remove bubbles that eventually are formed in the material during this process, it went to a
vacuum desiccator. Posteriorly, the material was placed in the aluminum moulds, and went again to the vacuum
desiccator before the curing process. This last process occurred in room temperature, approximately 25°C, for 48
hours.

The geometries used for the molds were according to ASTM D412 (ASTM 2009) for samples used in tensile tests
and ASTM D2240 (ASTM 2015) for hardness tests.

2.2. Tensile Test

A universal tester machine, brand SHIMADZU, with maximum capacity for 10 tons was used to execute the
uniaxial tensile tests. The software Trapezium X, version 1.5.1 was used, and the tests were carried out according to
ASTM D412 (ASTM 2009) standard. For each mixing ratios, specimens were tested.

As an initial setup, a pre-test was configured with velocity of 5 mm/min until achieving a pre-load of 1 Newton
and, since that, the velocity was set up for 500 mm/min until the rupture of the sample. Four thin metal plates with
fine particle size sandpaper were attached to the surface of the samples for a better fixation, avoiding the samples
slipping during the tests.

2.3. Hardness Test

An analogical portable durometer was type Shore A was used to carry out the hardness tests, that followed ASTM
D2240 (ASTM 2015) standard. For each mixing ratio, 2 specimens were used for the test.
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The execution of the tests was made in a plane surface and the most plane side of the samples were chosen to
execute the measurements in five points. The tests took place in room temperature, approximately 18°C.

3. Results and Discussion

3.1. Tensile Test

Figure 1 shows the graphs of engineering stress versus engineering strains for PDMS with ratios 10:1, 10:2 and
10:3. The results presents that increasing the percentage of curing agent, the tensile strength was reduced. On the other
hand, firstly, the Young’s modulus followed the behavior proposed by Khanafer et. al. (2009), once the value found
were E=1.527 MPa and E=1.334 MPa for 10:1 and 10:2 mixing ratios, respectively. Such behavior can be related and
explained with Kim et. al. (2015) studies, which proposed that an excess of curing agent can lead to a less flexible

PDMS.
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Fig. 1. Engineering stress versus engineering strain curves for PDMS with 10:1, 10:2 and 10:3 mixing ratios.

Regarding PDMS with mixing ratio 10:3, Young’s modulus was higher than expected following Khanafer et.
al. (2009) and Kim et. al. (2015) studies, as the value obtained was E=1.587 MPa.

3.2. Hardness Test

Figure 2 illustrates the summary of the results obtained from Hardness Test Shore A for PDMS with ratios

10:1, 10:2 and 10:3.
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Fig. 2. Summary of results obtained from Hardness Shore A tests.

The hardness average obtained for pure PDMS with 10:1 ratio was 41.7+0.95 Shore A, value close to the
declared by the manufacturer, which is 44 Shore A (Dow Chemical Company 2017). It is important to highlight that
such ratio is the one recommended by the manufacturer. The measurements obtained are compiled in Table 1. As it
can be also seen, the hardness average for PDMS with 10:2 ratio (43.2+1.03 Shore A) was close to the manufacturer’s

value as well.

Table 1. Measurements of Hardness Shore A for PDMS with 10:1, 10:2 and 10:3 mixing ratios.

Hardness - Shore A

Pure PDMS 10:1

Measurement Point

Pure PDMS 10:2

Pure PDMS 10:3

Specimen 1 ~ Specimen2  Specimen 1  Specimen2  Specimenl  Specimen 2

1 42 43 42 43 39 38

2 41 41 43 45 38 36

3 43 42 43 43 37 37

4 42 41 42 43 38 35

5 42 40 43 45 37 37

Average 41.7 432 37.2

Standard Deviation 0.948 1.032 1.135

Even though the Hardness for PDMS 10:1 was close to the declared by the manufacturer, the relationship
between hardness and Young’s modulus for the three materials did not follow the general trend. According to many
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studies, commonly, the tendency is that Young’s modulus is proportional to hardness (Lan and Venkatesh 2014;
Musil et al. 2002; Sun, Kothari, and Sun 2018).

4. Conclusion

Mechanical properties of PDMS with three different mixing ratios between base polymer and curing agent
were studied through tensile and hardness tests in order investigate the influence of the percentage of curing agent in
those properties, once the amount of curing agent affects the interactions between the polymer chains of this material.
Those studies shows that the tensile strength was reduced when increasing the percentage of curing agent, what can
be explained by a possible excess of curing agent that leaded to a material less flexible. Thus, PDMS with 10:3 (w/w)
mixing ratio presented the highest Young’s modulus. Regarding hardness, the values found for PDMS with mixing
ratios 10:1 and 10:2 were 41.7+0.948 and 43.2+1.032 Shore A were close to the one declared by the manufacturer, 44
Shore A, when using 10:1 as mixing ratio.

Acknowledgements

This research was partially funded through the base funding from the following research units: UIDB/00690/2020
(CIMO).

References

Adiguzel, Zelal, Servet A. Sagnic, and Ayse Z. Aroguz. 2017. Preparation and Characterization of Polymers Based on PDMS and PEG-DMA
as Potential Scaffold for Cell Growth. Materials Science and Engineering C 78, 942-48. doi: 10.1016/j.msec.2017.04.077.

An, Alicia Kyoungjin, Jiaxin Guo, Eui Jong Lee, Sanghyun Jeong, Yanhua Zhao, Zuankai Wang, and Tor Ove Leiknes. 2017. PDMS/PVDF
Hybrid Electrospun Membrane with Superhydrophobic Property and Drop Impact Dynamics for Dyeing Wastewater Treatment Using Membrane
Distillation. Journal of Membrane Science 525, 57—-67. doi: 10.1016/j.memsci.2016.10.028.

ASTM. 2009. “ASTM D412-16: Standard Test Methods for Vulcanized Rubber and Thermoplastic Elastomers.” 1-14.

ASTM. 2015. “ASTM D2240: Standard Test Method for Rubber Property-Durometer Hardness.”.

Dalla Monta, Amaury, Florence Razan, Jean Benoit Le Cam, and Grégory Chagnon. 2018a. “Using Thickness-Shear Mode Quartz Resonator
for Characterizing the Viscoelastic Properties of PDMS during Cross-Linking, from the Liquid to the Solid State and at Different Temperatures.”
Sensors and Actuators, A: Physical 280, 107—13. doi: 10.1016/j.sna.2018.07.003.

Dow Chemical Company, The. 2017. “SYLGARDTM 184 Silicone Elastomer FEATURES & BENEFITS.”.

Giri, Radhashyam, Kinsuk Naskar, and Golok B. Nando. 2012a. Effect of Electron Beam Irradiation on Dynamic Mechanical, Thermal and
Morphological Properties of LLDPE and PDMS Rubber Blends. Radiation Physics and Chemistry 81, 1930-42. doi:
10.1016/j.radphyschem.2012.08.004.

Sales, Flaminio, et al. 2021. Composite Material of PDMS with Interchangeable Transmittance: Study of Optical, Mechanical Properties and
Wettability. Journal of Composites Science 5, 1-13. doi: 10.3390/jcs5040110

Kacik, Daniel, and Ivan Martincek. 2017. Toluene Optical Fibre Sensor Based on Air Microcavity in PDMS. Optical Fiber Technology 34,
70-73. doi: 10.1016/j.yofte.2017.01.006.

Khanafer, Khalil, Ambroise Duprey, Marty Schlicht, and Ramon Berguer. 2009a. Effects of Strain Rate, Mixing Ratio, and Stress-Strain
Definition on the Mechanical Behavior of the Polydimethylsiloxane (PDMS) Material as Related to Its Biological Applications. Biomedical
Microdevices 11, 503—-8. doi: 10.1007/s10544-008-9256-6.

Kim, Jung Min, Frederik Wolf, and Stefan K. Baier. 2015. Effect of Varying Mixing Ratio of PDMS on the Consistency of the Soft-Contact
Stribeck Curve for Glycerol Solutions. Tribology International 89, 46-53. doi: 10.1016/j.triboint.2014.12.010.

Kim, Tae Kyung, Jeong Koo Kim, and Ok Chan Jeong. 2011. Measurement of Nonlinear Mechanical Properties of PDMS Elastomer.
Microelectronic Engineering 88, 1982—85. doi: 10.1016/j.mee.2010.12.108

Lan, Hongzhi, and T. A. Venkatesh. 2014. On the Relationships between Hardness and the Elastic and Plastic Properties of Isotropic Power-
Law Hardening Materials. Philosophical Magazine 94, 35-55. doi: 10.1080/14786435.2013.839889.

Lee, W. S., K. S. Yeo, A. Andriyana, Y. G. Shee, and F. R. Mahamd Adikan. 2016. Effect of Cyclic Compression and Curing Agent
Concentration on the Stabilization of Mechanical Properties of PDMS Elastomer. Materials and Design 96, 470-75. doi:
10.1016/j.matdes.2016.02.049.

Liu, Hui, Jianying Huang, Zhong Chen, Guogiang Chen, Ke Qin Zhang, Salem S. Al-Deyab, and Yuekun Lai. 2017a. Robust Translucent
Superhydrophobic PDMS/PMMA Film by Facile One-Step Spray for Self-Cleaning and Efficient Emulsion Separation. Chemical Engineering
Journal 330, 26-35. doi: 10.1016/j.cej.2017.07.114.

Montazerian, H., M. G. A. Mohamed, M. Mohaghegh Montazeri, S. Kheiri, A. S. Milani, K. Kim, and M. Hoorfar. 2019. Permeability and
Mechanical Properties of Gradient Porous PDMS Scaffolds Fabricated by 3D-Printed Sacrificial Templates Designed with Minimal Surfaces. Acta
Biomaterialia 96, 149-60. doi: 10.1016/j.actbio.2019.06.040.



388 Flaminio C.P. Sales et al. / Procedia Structural Integrity 37 (2022) 383-388

Muiioz-Sanchez, B. N., S. F. Silva, D. Pinho, E. J. Vega, and R. Lima. 2016. Generation of Micro-Sized PDMS Particles by a Flow Focusing
Technique for Biomicrofluidics Applications. AIP Biomicrofluidics 10, 014122. doi: 10.1063/1.4943007.

Musil, J., F. Kunc, H. Zeman, and H. Polakova Polakova. 2002. Relationships between Hardness, Young’s Modulus and Elastic Recovery in
Hard Nanocomposite Coatings. Surface and Coatings Technology 154, 304-313. doi: 10.1016/S0257-8972(01)01714-5

Pinho, D., B. N. Mufioz-Sanchez, C. F. Anes, E. J. Vega, and R. Lima. 2019. Flexible PDMS Microparticles to Mimic RBCs in Blood
Particulate Analogue Fluids. Mechanics Research Communications 100, 1-7. doi: 10.1016/j.mechrescom.2019.103399.

Prabowo, Firdaus, Adrian Law Wing-Keung, and Hayley H. Shen. 2015a. Effect of Curing Temperature and Cross-Linker to Pre-Polymer
Ratio on the Viscoelastic Properties of a PDMS Elastomer. Advanced Materials Research 1112, 410-13. doi:
10.4028/www.scientific.net/amr.1112.410.

Prabowo, Firdaus, Adrian Law Wing-Keung, and Hayley H. Shen. 2015b. Effect of Curing Temperature and Cross-Linker to Pre-Polymer
Ratio on the Viscoelastic Properties of a PDMS Elastomer. Advanced Materials Research 1112, 410-13. doi:
10.4028/www.scientific.net/amr.1112.410.

Rao, Huaxin, Ziyong Zhang, and Fanna Liu. 2013. Enhanced Mechanical Properties and Blood Compatibility of PDMS/Liquid Crystal Cross-
Linked Membrane Materials. Journal of the Mechanical Behavior of Biomedical Materials 20, 347-53. doi: 10.1016/j.jmbbm.2013.01.010.

Riehle, Natascha, Sibylle Thude, Tobias G6tz, Andreas Kandelbauer, Solon Thanos, Giinter E. M. Tovar, and Giinter Lorenz. 2018. Influence
of PDMS Molecular Weight on Transparency and Mechanical Properties of Soft Polysiloxane-Urea-Elastomers for Intraocular Lens Application.
European Polymer Journal 101, 190-201. doi: 10.1016/j.eurpolym;.2018.02.029.

Rodrigues, Raquel O., Giovanni Baldi, Saer Doumett, Lorena Garcia-Hevia, Juan Gallo, Manuel Bafiobre-Lopez, Goran Drazi¢, Ricardo C.
Calhelha, Isabel C. F. R. Ferreira, Rui Lima, Helder T. Gomes, and Adrian M. T. Silva. 2018. Multifunctional Graphene-Based Magnetic
Nanocarriers for Combined Hyperthermia and Dual Stimuli-Responsive Drug Delivery. Materials Science and Engineering C 93, 206-17. doi:
10.1016/j.msec.2018.07.060.

Salazar-Hernandez, Carmen, Mercedes Salazar-Hernandez, Raul Carrera-Cerritos, Juan Manuel Mendoza-Miranda, Enrique Elorza-
Rodriguez, Ratl Miranda-Avilés, and Cristina Daniela Mocada-Sanchez. 2019. Anticorrosive Properties of PDMS-Silica Coatings: Effect of
Methyl, Phenyl and Amino Groups. Progress in Organic Coatings 136, 105220. doi: 10.1016/j.porgcoat.2019.105220.

Shi, Yingli, Min Hu, Yufeng Xing, and Yuhang Li. 2020. Temperature-Dependent Thermal and Mechanical Properties of Flexible Functional
PDMS/Paraftin Composites. Materials and Design 185, 108219. doi: 10.1016/j.matdes.2019.108219.

Souza, Andrews, Eduardo Marques, Carlos Balsa, and Jodo Ribeiro. 2020. Characterization of Shear Strain on PDMS: Numerical and
Experimental Approaches. Applied Sciences (Switzerland) 10, 3322. doi: 10.3390/app10093322.

Sun, Wei Jhe, Sanjeev Kothari, and Changquan Calvin Sun. 2018. The Relationship among Tensile Strength, Young’s Modulus, and
Indentation Hardness of Pharmaceutical Compacts. Powder Technology 331, 1-6. doi: 10.1016/j.powtec.2018.02.051.

Victor, Andrews, Jodo Ribeiro, and Fernando F. Aratjo. 2019. Study of PDMS Characterization and Its Applications in Biomedicine: A
Review. Journal of Mechanical Engineering and Biomechanics 4, 1-9. doi: 10.24243/jmeb/4.1.163.

Viola, Ilenia, Antonella Zacheo, Valentina Arima, Antonino S. Arico, Barbara Cortese, Michele Manca, Anna Zocco, Antonietta Taurino, Ross
Rinaldi, and Giuseppe Gigli. 2012. The Influence of Polydimethylsiloxane Curing Ratio on Capillary Pressure in Microfluidic Devices. Applied
Surface Science 258, 8032-39. doi: 10.1016/j.apsusc.2012.04.164.

Wang, Lin, Bing Sun, Katherine S. Ziemer, Gilda A. Barabino, and Rebecca L. Carrier. 2010. Chemical and Physical Modifications to
Poly(Dimethylsiloxane) Surfaces Affect Adhesion of Caco-2 Cells. Journal of Biomedical Materials Research - Part A 93, 1260-71. doi:
10.1002/jbm.a.32621.

Yi, Duo, Zhenwei Huo, Youfu Geng, Xuejin Li, and Xueming Hong. 2020. PDMS-Coated No-Core Fiber Interferometer with Enhanced
Sensitivity for Temperature Monitoring Applications. Optical Fiber Technology 57, 102185. doi: 10.1016/j.yofte.2020.102185.



