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Mechanical Characterization and Analysis of Different-type Polyimide Feedthroughs Based on Tensile Test and FEM Simulation for an Implantable Package

This paper presents mechanical behaviors of different polyimide feedthroughs frequently-used for implantable polymer encapsulation. Implantable package of electronic device consists of circuits mounted on PCB encapsulated with biocompatible polymer material, input/output feedthroughs for electrical interconnection. The feedthroughs are regarded as an essential element for the reliability of the package since it creates inevitable interfaces with the encapsulation material. Flexible materials are frequently used for the feedthroughs due to its flexibility and manufacturability. Thus, their mechanical properties might be crucial as it directly interacts with human body such as brain, neuron, etc. For this purpose, tensile test has been performed to characterize mechanical properties of FPCB (Flexible PCB) and PSPIs (Photosensitive Polyimides). Commercial FPCB and home-made PSPIs with two different thickness have been undergone tensile test for mechanical characterization. The FPCB shows typical stress-strain curve, while PSPI provides that of brittle or strain-hardening depending on its thickness. Material properties extracted from the tensile test have been used for FEM explicit modeling and simulation in order to check its mechanical behaviors such as necking, strain-hardening, etc.

I. Introduction

Medical implants and devices will be highly demanded in the future as biomedical implants and devices enhance the quality of our lives [START_REF] Adrian | Polymeric Biomaterials for Medical Implants and Devices[END_REF][START_REF] Velten | Packaging of bio-MEMS: strategies, technologies, and applications[END_REF]. Such an implant or device must be suitable for long-term use in the human body to avoid certain side-effects. Therefore, the devices should be properly packaged before installation in the human body. The aim of the biocompatible packaging is to provide a protection for the implanted electronic device to be tolerating the harsh biological environment in order to increase life-time of the implanted device [START_REF] Seok | Polymer-Based Biocompatible Packaging for Implantable Devices: Packaging Method, Materials, and Reliability Simulation[END_REF][START_REF] Kim | Evaluation of the biocompatibility of a coating mate-rial for an implantable bladder volume sensor[END_REF][START_REF] Teo | Polymeric Biomaterials for Medical Implants and Devices[END_REF]. As for existing commercial medical device such as a pacemaker, titanium (Ti) box has been used for packaging in order to ensure hermetic and biocompatible packaging of the microelectronic device [START_REF] Kramar | The laser beam welding of titanium grade 2 alloy[END_REF]. While it is a well-proven hermetic implant package, the Ti-box evokes a pronounced foreign body reaction (FBR) upon implantation, resulting in a thick fibrous tissue encapsulation, which might decrease the implant's sensor sensitivity [START_REF] Op De Beeck | Biocompatible packaging solutions for implantable electronic systems for medical applications[END_REF]. Furthermore, mechanical mismatch between the Ti-box and local tissue might cause chronic discomfort for the patient.

To address the drawbacks of the existing Ti box, advanced biocompatible packaging has been mainly proposed by two approaches, polymer encapsulation of conventional circuit boards and chip-scale packaging [START_REF] Seok | Polymer-Based Biocompatible Packaging for Implantable Devices: Packaging Method, Materials, and Reliability Simulation[END_REF]. Polymer materials have extensively been studied with particular attention to polyimide, parylene, and silicone [START_REF] Rousche | Flexible polyimidebased intracortical electrode arrays with bioactive capability[END_REF][START_REF] Lee | Mechanical properties of thin-film Parylene-Metal-Parylene devices[END_REF][START_REF] Wang | Preparation and Characteristics of a Novel Silicone Rubber Nanocomposite Based on Organophilic Montmorillonite[END_REF]. The polymer material, preferably biocompatible one, seals PCB circuit or silicon chip to provide biocompatibility of the electronic systems [START_REF] Brancato | Biocompatible packaging of an epicardial accel-erometer for real-time assessment of cardiac motion[END_REF][START_REF] Brancato | Biocompatible Packaging and Testing of an Endocardial Accelerometer for Heart Wall Motion Analysis[END_REF][START_REF] Kirsten | Biocompatible packaging for implantable miniaturized pressure sensor device used for stent grafts: Concept and choice of materials[END_REF]. Consequently, different feedthroughs based on electrical, chemical, mechanical, or optical ways are inevitably introduced for the implanted devices to interact with the surrounding biological medium.

The reliability of biocompatible package highly depends on material properties of the sealing polymer such as mechanical elasticity, chemical resistance, adhesion, etc. Control of the permeability of the polymer itself can be improved by adding additional passivation dielectric layers or multilayer approach of polymer/dielectric layers [START_REF] De Beeck | Ultra-thin biocompatible implantable chip for bidirectional communication with peripheral nerves[END_REF][START_REF] Lee | Mechanical properties of thin-film Parylene-Metal-Parylene devices[END_REF]. Moreover, it is reported that the main cause of the failure of the polymer biocompatible package is the lack of perfect adhesion between the polymer and the device surface [START_REF] Bowman | The packaging of implantable integrated sensors[END_REF][START_REF] Donaldson | The encapsulation of microelectronic devices for long-term surgical implantation[END_REF][START_REF] Donaldson | Experimental visual prosthesis[END_REF][START_REF] Donaldson | The life of neurological protheses[END_REF]. Feedthroughs, typically composed of metal electrodes attached to polymer material, are frequently used for advanced neural recording system. The adhesion of the electrode to the supporting polymer substrate is critical factor for long-term reliability of the neural system. Up to now, many reports have been focused on quality of encapsulation polymer materials, their adhesion to packaged device and mechanical integrity of electrode with polymer substrate [START_REF] Seok | Characterization and Analysis of Metal Adhesion to Parylene Polymer Substrate Using Scotch Tape Test for Peripheral Neural Probe[END_REF][START_REF] Boeser | Non-hermetic encapsulation for implantable electronic devices based on epoxy[END_REF][START_REF] Shamma-Donoghue | Thin film microelectrode arrays for a cochlear prosthesis[END_REF][START_REF] Barth | Monolithic silicon fabrication technology for flexible circuit and sensor arrays[END_REF]. The stress-strain behavior of a polymeric material depends on various parameters such as molecular characteristics, microstructure, strain-rate and temperature. Also, high-strain behavior and failure for different kinds of polymers can be estimated by tensile test [START_REF] Milisavljevic | TENSILE TESTING FOR DIFFERENT TYPES OF POLYMERS[END_REF].

In this paper, mechanical behaviors of polyimide feedthroughs have been characterized based on tensile test for implantable package. The objective of the tensile test is to find mechanical behavior of the test polyimide feedthrough when large strain is applied. Concept of the implantable package under study as well as test sample preparation procedure are described in Section II. Tensile test method and results have been explained in Section III. Section IV depicts FEM modeling and simulation of tensile test of the thin polymer film with material properties extracted from characterization and conclusion will be made in section V.

II. Concept of implantable package

The concept of the implantable biocompatible package is shown in Fig. 1. It consists of PSPIbased neural probe, Si chips on PCB, and FPCB cable. The Si chips are attached and wirebonded to PCB boards and then they are encapsulated with epoxy polymer and parylene overcoat in a purpose of biocompatibility. The neural probe is fabricated with biocompatible PSPI material which has a few micrometers in thickness and a few millimeters in length. The FPCB cable is used to deliver amplified neural signal into following electronics module such as wireless communication. Reliability of the biocompatible package depends on the quality of epoxy encapsulation with parylene overcoat, adhesion between epoxy polymer and PSPI or FPCB, mechanical stability of the cables of PSPI and FPCB. The quality of the encapsulation polymers has been evaluated through soaking test and the adhesion between encapsulation polymers and feedthroughs can be measured through tensile and shear tests [START_REF] Park | A Study on Biocompatible Polymer-Based Packaging of Neural Interface for Chronic Implantation[END_REF]. However, the mechanical characteristics of the flexible cables have not been studied, which may be important during operation in human body. Reaction force is recorded until the test sample is fractured. Fig. 4 presents the stress-strain measurement of the FPCB sample. The data presented here is an average value of 3 samples. The stress-strain curve has revealed that it has two different regions, linear-elastic and plastic. Tensile strength is also estimated 145 MPa when 13 % strain is applied. The slope of the linear-elastic region indicates elastic modulus of the material and the yield stress can be also found. The plastic region is used to extract true stress and true strain which will be input for following FEM modeling and simulation. The relationship between true stress and measured stress is presented in Equation [START_REF] Adrian | Polymeric Biomaterials for Medical Implants and Devices[END_REF].

𝜀 𝑡𝑟𝑢𝑒 = 𝑙𝑛(1 + 𝜀 𝑚𝑒𝑎 ), 𝜎 𝑡𝑟𝑢𝑒 = 𝜎 𝑚𝑒𝑎 (1 + 𝜀 𝑚𝑒𝑎 ) (1) 
Fig. 5 shows the comparison between the measured stress and the true stress as function of applied strain. The elastic regions of the two stresses are matched, while the plastic region of the true stress is greater than that of the measured stress. For FEM modeling, plastic strain values can be found by Equation [START_REF] Velten | Packaging of bio-MEMS: strategies, technologies, and applications[END_REF].

𝜀 𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜀 𝑚𝑒𝑎 -𝜎 𝑚𝑒𝑎 /𝐸 ( 2 
)
where E is young's modulus of the material. It should be noted that all the data is based on the measured stress. In a similar way, PSPI samples have undergone the tensile test. Thickness of 5 µm and 25 µm has been prepared to find the thickness effect on stress-strain curve of the PSPI material. Thin PSPI sample doesn't have plastic deformation before fracture at 2.3 % strain applied, while thick PSPI one shows relatively wide plastic deformation and it fractures when strain applied reaches 20 % as shown in Fig. 6. The PSPI sample of 5 µm is fractured at 110 MPa, while that of 25 µm is fractured at 120 MPa. Table 1 summarizes mechanical properties of the FPCB and PSPI extracted from the stress-strain curves. Note that the plastic region of the PSPI has been also converted by using Equations ( 1) and ( 2) for an FEM modeling in the following section. 

IV. FEM modeling and simulation

The tensile test has been FEM (Finite Element Method)-modeled and simulated by using the extracted material properties presented in Table 1. It has been also performed through Explicit Dynamics method regarded as more suitable material failure such as fracture. Moreover, it doesn't need matrix formulation like conventional simulation and thus simulation time is much shorter. Fig. 7 shows the meshed FEM model for the tensile test. The model has dimension of 5 mm in length, 1 mm in width. A smaller model compared with experiment has been built to reduce simulation time. The number of elements of the FEM model is 120,000. The boundary conditions are as follow; one end of the model is fixed, while displacement load is applied to the other end. Stress distribution of the model created during tensile test for both FPCB and PSPI has been presented in Fig. 8. Maximum stress is found near both ends of the test sample, or close to fixed surface and displacement load one as is found in [START_REF] Pyl | Exploration of specimen geometry and tab configuration for tensile testing exploiting the potential of 3D printing freeform shape continuous carbon fibre-reinforced nylon matrix composites[END_REF]. The maximum stress values are 162 MPa for FPCB, 128 MPa for PSPI, respectively and they correspond to the maximum tensile strength measurement of each material as shown in previous section. Given with these models, a parametric simulation has been performed to find geometric design effect to stress-strain curve. Fig. 9 shows stress-strains curve depending on sample thickness of both FPCB and PSPI. FPCB shows typical elastic-plastic response which means on-set of plastic deformation after yield point at the end of linear-elastic region. PSPI shows necking after the yield point and strain-hardening response up to 500 µm. It is known that the neck stabilizes and begins to extend by drawing fresh materials from the tapering regions on either side until the whole of the parallel section of the specimen yields. Then during the alignment and orientation of the polymer chains, which is called strain hardening, the neck will continue to thin down until it breaks [START_REF] Bowman | The packaging of implantable integrated sensors[END_REF]. The PSPI thicker than 50 µm has almost the same plastic Displacement (whole surface)

deformation as that of the FPCB. The maximum stress of FPCB is estimated 160 MPa and that of PSPI is 133 MPa. Therefore, simulation results have good agreement with measurement. It should be noted that the thickness of 5 µm is not included in the simulation due to convergence problem.

It could be said that thin PSPI feedthrough would have larger deformation thanks to the strainhardening effect, but there would be thickness limit to take advantage of the strain-hardening effect as the 5 µm-thick PSPI has been fractured without showing the strain-hardening effect. As fracture of the tensile test sample is not supported by conventional FEM simulation, explicit dynamics method is used for the fracture simulation. The advantages of the Explicit Dynamics method are no matrix formulation and convergence and thus simulation time is shorter than the conventional approach. It is generally recommended for the problems of extreme nonlinearity and complex material behavior. For this simulation, the same boundary conditions shown in Fig. 6 have been also applied. 
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 1 Fig. 1 Concept of implantable biocompatible packaging Rectangular test samples are defined in Fig. 2 (a). The test PSPI samples have been fabricated as follows; (a) PECVD oxide of 300 nm has been deposited on a silicon substrate. (b) PSPI has been coated and patterned on top of PECVD oxide. (c) The patterned PSPI has been fully cured at 300 °C for 1 hour. (d) BOE etch has been done to remove the PECVD oxide. (e) PSPI strips are completely released from the Si substrate. Fig. 2 shows the released PSPI samples.
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 35 Fig. 3 FPCB and PSPI test samples under tensile test
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 6 Fig. 6 Stress-strain curves of PSPI test samples
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 7 Fig. 7 Model and its boundary conditions
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 9 Fig. 9 Stress-strain curves depending on sample thickness
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 12 Fig. 11 Explicit dynamics simulation resultsGiven with the PSPI and FPCB behaviors, a periodic displacement load is applied to the end of the model in order to study the effect of the plasticity on the reliability of the materials. Fig.12shows the PSPI tensile test with cyclic load. The applied cyclic displacement load is shown in upper figure of Fig.12. Each cycle is composed of two load steps; the first load step is loading of displacement and the second one is unloading. Starting from 50 µm displacement, the applied load is increased in 50 µm step up to 200 µm. The new displacement is applied repeatedly after unloading previously applied displacement. At the first loading composed of load steps 1 and 2, linear-elastic behavior has been observed as expected. Maximal stress at the first loading is 69 MPa which is far less than the experimental tensile strength of the PSPI. From the second loading, plastic deformation has been emerged due to larger displacement loading. Maximal stress has been increased from 69 MPa at the first loading to 120 MPa at last loading as the peak displacement at each loading is increasing. From the seconding

  

  

  

  

Table 1

 1 Summary of FPCB and PSPI mechanical properties

	Samples	Sample dimension	Elastic modulus (GPa)	Yield stress (MPa)	Tensile Strength (MPa)	Tensile strain (%)
		L= 50 mm				
	PSPI I	W= 5 mm	6.3	110	110	2.39
		T= 5 µm				
		L= 50 mm				
	PSPI II	W= 5 mm	3.68	125	120	20
		T= 25 µm				
		L= 103.6 mm				
	FPCB	W= 4 mm	10.5	70	140	12.9
		T= 200 µm				
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V. Conclusions

The mechanical behaviors of frequently-used polyimide feedthroughs have been studied through tensile test and FEM simulation for implantable biocompatible package. Tensile test measurement reveals that PSPI feedthrough has larger strain range compared with the FPCB counterpart due to strain-hardening effect and mechanical properties of the PSPI feedthrough depend on its thickness. Interestingly, yield strength of PSPI feedthroughs and FPCB is quite similar though the thickness difference is substantial. FEM modeling and simulation with the experimentally extracted material properties has confirmed strain-hardening effect of the PSPI which is the principal cause of large strain operation of the material. In addition, cyclic loading of displacement has shown that plastic deformation becomes dominant when input displacement is beyond the linear-elastic regime, which could create material failure due to fatigue of the material.