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Abstract: The most common failure mode of implantable neural implants has been delamination of
layers in compound structures and encapsulations in a wet body environment. Current knowledge
of failure mechanisms of adhesion and its standardized test procedures are lacking and must be
established. This study demonstrated a combined experimental and numerical method to investigate the residual stresses from one of the most common encapsulation materials, silicone rubber
(polydimethylsiloxane-PDMS) during the coating process at elevated temperatures. Measured shrinkage of test specimen correlates well to a modified shrinkage model using thermal-mechanical finite
element method (FEM) simulation. All simulated interfacial stresses show stress concentration at
the PDMS coating front depending on curing temperature and coating thickness, while Griffith’s
condition estimated the delamination of the coating front. This study emphasizes the understanding
of the interfacial delamination giving the possibility to predict failure mode of neural interface.
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1. Introduction
Neural prostheses or Active Implantable Medical Devices (AIMD) replace or restore
disabled body functions with successful clinical applications like the cochlear implant
(CI), electrocorticography (ECoG) electrodes, or deep brain stimulation. Their implantable
electrodes serve as a neural interface by stimulating or receiving electrical impulses with the
human nervous system. For example, platinum–iridium alloys in CIs’ flexible electrodes
are typically selected as the conductor in a soft, stretchable coating, for which soft silicone
rubber (polydimethylsiloxane-PDMS) is the most common choice. After implantation,
the electrode’s compound material structure works in a complex moist physiological
environment, in which delamination has been considered the primary failure mode [1].
The complex mechanisms of delamination have not been thoroughly studied and
could be contributed by various factors. As for its biological and electrochemical aspects,
the change of the electrode contact zone’s morphology by cell adhesion [2] and surface
corrosion [3] have already been experimentally confirmed. The physical adhesion is the
only known interaction to ensure the stable PDMS–metal interface against delamination
since it is impossible to build a long-term stable chemical compound between a polymer
and alloys. Nonetheless, this adhesion is known to be weak and is often absent for several
years after immersion in body fluid. For the devices’ integrity and durability, metal
conductor must adhere to the surrounding coating layer. When delamination occurs (i.e.,
adhesion fails), layers with a thickness of less than one micrometer fail instantly [4]. Metal
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For small deformation, the shear components in the elasticity tensor are ignored. Moreover, Sylgard 184’s polymerization shrinkage was neglected [15] so that its deformation is
dominated by thermal expansion:
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where α is PDMS’s linear coefficient of thermal expansion, and ∆T is the temperature
difference between the curing and the room temperatures. For the cylinder specimens
shown in Figure 3, the bottom and top surfaces are assumed to be not deformable under
pressure so that fixed (ǫz = 0). In contrast, the cylinder sidewall is free for radial shrinkage
(σr = 0) in the cavities of casting mold. Hence the tangential stress σz becomes:
σz = −α∆TE

(5)

Substituting Equation (5) into the strain Formulation (4), so the strain in radial direction becomes:
(6)
ε r = (v + 1)α∆T
Hence, for an asymmetric deformable radial length Li of the deformable part in the
coating, its linear lateral shrinkage deformation ∆li :
∆li = ε r · Li

(7)

Two different Li were used later for the validation (see Figure 3). The type 1 specimen
has a lateral deformable length L1 of 7.5 mm calculated by inner diameter D of the mold and
the outer diameter dCu of 70 mm of the copper disk. Similarly, the free deformable length
L2 of 28.5 mm for type 2 and 3 specimens was computed by the contact zone diameter dc
of 28 mm:
L1 = 21 · ( D − dCu )
(8)
L2 = 21 · ( D − dc )
2.4. Finite Element Method (FEM) Simulations
The commercial finite element package ANSYS workbench 20.2 was used to perform
the thermomechanical analysis. The relevant governing equations are similar to that of
Section 2.3 in matrix form. This section describes the simulation setup and processes, and
the simulation procedure consists of three general steps:

•
•
•

Creation of the finite element model and perform the thermal simulation.
Definition of the boundary and contact constraints and thermal simulation results as
inputs for mechanical simulation.
Post-processing and evaluation of the simulation results.

A summarized schematic workflow of the detailed simulation setup is shown in
Figure 4. The material parameters and a temperature-dependent material model of PDMS
Sylgard 184 were defined, including its mechanical properties like the coefficient of thermal
expansion (CTE) [12] Young’s modulus [13] (see Table 2). The specimen was modelled and
meshed with a mesh size of 3 mm to ensure an accurate and efficient solution. Assuming
that each specimen was sufficiently cured, the thermal simulation covered the PDMS
coating’s cooling process from various curing temperatures (e.g., 120 ◦ C) down to the room
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restriction after removing the copper disk, the cured cavity was left behind, resulting in
stress concentration near the irregular cavity edges. Moreover, compared to the 2-mm thick
specimen, the higher values of the 1-mm-thick specimen at all curing temperatures indicate
that the coating’s thickness could play a role in the shrinkage and was investigated and
discussed in later sections.
The measurement was repeated ten times (n = 10) for each group, in which the narrow error ranges indicate a reliable experimental measurement (See Table 3 for detailed
measurement data). While curing at room temperature was reported to deliver a precious
PDMS fabrication without shrinkage [17], our measured shrinkage results at room temperature were erroneous. Unlike the difference between measurement results at higher curing
temperatures, shrinkages of about 0.25 mm were measured for all three types of specimens
at 22 ◦ C. This phenomenon indicates an inherent tolerance in the mold parts because of
workpiece processing, which will be calibrated and validated in the later section.
Table 3. Shrinkage measurement data of three types of test specimens (n = 10).
Shrinkage
Types

22 ◦ C (mm)

60 ◦ C (mm)

80 ◦ C (mm)

100 ◦ C (mm)

120 ◦ C (mm)

2 mm ∆d1
1 mm ∆d1
2 mm ∆d2
1 mm ∆d2
2 mm ∆d3
1 mm ∆d3

0.187 ± 0.034
0.289 ± 0.012
0.265 ± 0.045
0.296 ± 0.008
0.261 ± 0.058
0.293 ± 0.012

0.267 ± 0.047
0.299 ± 0.023
0.589 ± 0.036
0.682 ± 0.026
0.704 ± 0.030
0.724 ± 0.038

0.356 ± 0.051
0.299 ± 0.023
0.922 ± 0.022
0.962 ± 0.049
0.905 ± 0.020
1.099 ± 0.021

0.284 ± 0.115
0.333 ± 0.028
1.057 ± 0.063
1.120 ± 0.027
1.123 ± 0.030
1.235 ± 0.034

0.408 ± 0.059
0.394 ± 0.013
1.183 ± 0.021
1.417 ± 0.027
1.323 ± 0.030
1.472 ± 0.040

(Values are given as mean ± SD.).

3.2. Validation of the Shrinkage Measurement Results
PDMS Sylgard 184′ s coating should not undergo any thermal shrinkage when cured at
room temperature [15] according to Equation (4). Therefore, the experimentally measured
shrinkage results (see Figure 7) were calibrated by:
∆di′ ( Ti ) = ∆di ( Ti ) − ∆di (22 ◦ C)

(9)

where ∆di ( Ti ) is the measured shrinkage at curing temperature Ti subtracting the shrinkage
at room temperature (22 ◦ C) so that the calibrated result is ∆di′ ( Ti ). For instance, the
calibrated shrinkage at 60 ◦ C is: ∆di′ (60 ◦ C) = ∆di (60 ◦ C) − ∆di (22 ◦ C). The correlation
method was applied to validate the measurement results and predict the shrinkage behavior.
Figure 8 illustrates the calibrated shrinkage results ∆di′ ( Ti ) of different coating thicknesses
at various curing temperatures, compared with the modified correlation model proposed
by Mueller et al. (see Section 2.3) and the conducted finite element simulation.
Generally, the performed thermal-mechanical FEM analysis considering temperaturedependent material parameters is partly reliable because it correlates with the modified
thermal shrinkage model (the square of the correlation R2 , see Figure 8). The coating’s
shrinkage of type 2 and 3 results of the 1-mm specimen are more precisely correlated by the
model and simulation 2-mm specimen, while poor correlation agreement can be observed
in all type 1 results. The differences between simulation and measurements in type 1 results
might come from device handling during measurements. As for the 2-mm-thick specimen,
the results of type 2 and 3 at high curing temperatures, like 120 ◦ C, are biased against its
FEM results. The heat transfer within specimens with thick coating may cause uneven
curing, thus affecting the measured shrinkage results.
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size does not alter the interfacial adhesion mechanisms. The different shrinkage between
designed specimen types demonstrates a thermal mismatch at the PDMS–metal interface,
which correlates well with the modified thermal shrinkage model results and the developed finite element simulation. The simulation result indicates a concentration of residual
stresses at the PDMS coating front depending on the coating’s thickness and the curing
temperature. Griffth’s condition estimated delamination initiation at the coating front by
comparing the elastic deformation energy of the shrunken coating and the adhesion energy
of the interface. The high curing temperature and thick PDMS coating-induced stresses
will result in delamination at the PDMS–metal interface.
The combined experimental and numerical simulation was applied to understand
the formation of residual thermal stress in the PDMS–metal interface. This study provides
insight for optimizing the PDMS fabrication process, which further leads to a deeper
understanding of the interfacial delamination and contributes to predicting the device
failure of neural interface.
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