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Abstract— This paper presents a multi-objective optimization
process using a non-dominated sorting genetic algorithm-II
that aims to maximize the vertical displacement of MEMS-
type mechanically flexible interconnects (MFIs) while simulta-
neously preventing these interconnects from experiencing plastic
deformation. Given an initial MFI geometric body, this process
seeks to optimize the photomask interconnect design so that
no modification is required for the existing fabrication process
flow. After the design optimization, a reflowed polymer-dome
microfabrication process is employed to fabricate the NiW MFIs
to provide a more complete analysis of this paper. Simulation data
shows that the optimized design can achieve up to 29.7% greater
vertical displacement before experiencing plastic deformation
relative to the initial design. Experimental data shows an average
of 34.2% less vertical plastic deformation relative to the initial
design when the MFIs are indented to a depth of 45 µm.
In both simulation and experimental scenarios, the optimized
MFIs demonstrate less stress/plastic deformation relative to the
initial MFIs for the same given indented depth. [2017-0229]

Index Terms— Flexible interconnects, 2.5D/3D integration,
genetic algorithms, multi-objective optimization, NiW intercon-
nects, interconnect design.

I. INTRODUCTION

MECHANICAL properties of MEMS-type flexible inter-
connects often provide advantages in various micro-

electronic applications for their ability to address certain
packaging and assembly challenges normally associated with
conventional die-to-package (including 2.5D) and 3D IC
systems [1]–[20]. Specifically, properly designed flexible
interconnects possess several advantages over solder bump
interconnect technology, and these advantages are often
mechanical in nature. One challenge of fine pitch solder-
based microbumps is their bridging with one another during
the thermocompression bonding process due to the lateral
spreading of the melting solder, an issue that is likely to grow
more prevalent as pitch scales down. Moreover, fine pitch
solder-based microbumps, possessing a higher composition of

Manuscript received September 17, 2017; revised April 27, 2018; accepted
May 27, 2018. Date of publication June 20, 2018; date of current version
July 31, 2018. This work was supported by the National Science Foundation
under Grant ECCS-1542174. Subject Editor L. Spangler. (Corresponding
author: Joe L. Gonzalez.)

The authors are with the Georgia Institute of Technology, Atlanta,
GA 30332 USA (e-mail: jgonzalez34@gatech.edu).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2018.2843809

intermetallic compounds (IMCs) after bonding, are more brit-
tle at the joint, hence compromising the mechanical integrity
of the microbump interconnect [21], [22]. Additionally, for
C4 bumps, underfill is often required owing to the coefficient
of thermal expansion (CTE) mismatch between the package
and die requiring interconnecting, especially since the advent
of low-K flip-chip packaging [23]–[28]. Moreover, the higher
dielectric constant of underfill relative to air can negatively
impact signal integrity and/or contribute to unwanted cross-
talk in high frequency or high-speed/high-edge-rate digital
applications [29], [30].

With properly designed MEMS-type flexible interconnects
in their place, no thermocompression bonding is required
and hence no brittle and permanent metallurgical bonds are
formed, no underfill is necessary which not only greatly
simplifies the packaging process but contributes to better signal
integrity, and since no phase change occurs in the interconnects
during the assembly process, the issue of bridging is avoided.
However, although flexible interconnects may avoid many of
the pitfalls seen in solder bumps, this point does not imply that
flexible interconnects have no potential issues of their own. For
example, although no brittle metallurgical bonds are formed
during the assembly process, this fact does not imply that
these interconnects are not subject to fracture. Additionally,
poorly designed flexible interconnects may require underfill
if they cannot sufficiently mitigate warpage. The prevention
of “white bump” failure on low-K die, the ability to pass
certain drop or shock tests for mobile devices, and a certain
minimum fatigue life to achieve desired system robustness and
reliability are additional critical features that certain flexible
interconnects must meet. Alternatively, obtaining such desired
mechanical properties in flexible interconnects is not generally
a trivial matter. Therefore, this paper introduces a design
approach that aims to optimize the interconnect geometry
such that these interconnects are properly tailored for the
applications their targeted to serve. Figure 1 illustrates some
of these applications.

There exist a range of flexible interconnects for specialized
applications [1]–[12], [15]–[20], [31]–[36] that are focused on
fabrication technology development and not specifically on
what design(s) may optimize their mechanical/electrical per-
formance. Nevertheless, the potential to optimize these designs
exists. Other optimization works in the field have developed
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Fig. 1. Different flexible interconnect applications and uses including
(a) LGA socket with flexible interconnects that allows for the placing and
replacing of CPUs and other die and (b) wafer-level testing with flexible
interconnects, which compensate for the non-planar surface of the wafer in
addition to providing temporary connections that enable repeatable testing.

their own particular approach to optimizing the performance
of flexible interconnects upon which we attempt to expand
via attempting to further generalize the overall optimization
process in addition to demonstrating experimental data for our
optimized outcome [6], [37], [38]. The work presented in this
paper focuses not only on the optimization process itself, but it
also offers a simplified means to implement this process for a
large range of MEMS-type flexible interconnect technologies,
regardless of the specific fabrication process flow via: 1) opti-
mizing only the photomask design of the interconnect and
2) implementing a spline-based parametrization in addition to
more conventional parametrizations (e.g., widths, radii, etc.) of
the interconnect geometry so that this optimization process is
flexible enough to accommodate a large variety of geometric
designs (that are to be optimized).

In this paper, we present: 1) an attempt at a generalized
multi-objective optimization approach that is applicable to
a wide variety of flexible interconnects, 2) the optimization
of MEMS-type mechanically flexible interconnects (MFIs)
as a proof-of-concept, 3) the extraction of certain structural
properties of microfabricated MFIs from the measured data,
and 4) a comparison between the optimized and initial MFI
structures for both simulation and experimental scenarios.

II. DESIGN APPROACH

To demonstrate the workings of our multi-objective opti-
mization process, we use as a proof-of-concept our prior work
on MEMS-type MFIs [32]–[34]. The design targeted is the
photomask design; this approach avoids modifying the fabri-
cation process flow and hence simplifies efforts to improve
the MFI’s mechanical properties. Additionally, the targeting
of the photomask design allows for extensive design freedom
as virtually any shape can be achieved.

Fig. 2. Flowchart of the optimization methodology process.

Fig. 3. Parametrization of the MFI as a collection of spline control
point (x,y) coordinates. Additionally, the radius of the MFI “head/tip” is also
a parameter.

Figure 2 illustrates a flowchart of the overall optimization
methodology process presented here. We follow this design
flow below.

A. Parametrization of Geometry

We first parametrize our initial design as mostly a collection
of spline control points, as seen in Figure 3. These control
points determine the shape of the overall spline, allowing for
a very fluid exploration of different designs. Additionally, a
spline-based geometry allows for a continuity in the curvature
profile of the interconnect, hence it is more likely to avoid
high stress corners relative to geometries comprised of an
abrupt connection of curves, lines, etc. This continuity in
the curvature profile also helps the mesh processing as stress
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TABLE I

INPUT AND OBJECTIVE VARIABLES

singularities are avoided along the spline. Therefore, via
modifying the (x, y) coordinates of the spline control points,
the shape of the MFI mask geometry is effectively modified.
Additionally, in this case, the radius of the head or tip of the
MFI is also a parameter that partially controls the photomask
geometry.

B. Set Design Space Boundaries

After parametrizing the interconnect geometry, our opti-
mization process calls to impose the design space boundaries.
Specifically, each (x,y) coordinate of the MFI spline control
points and the radius of the MFI tip must fall within some
specified ranges. These ranges must be chosen so to avoid
any intersecting and hence non-physical geometries and also to
constrain the interconnect geometry from becoming too large.

C. Selecting Objectives, Constraints, and Input Variables

After setting the design space boundaries, the objectives,
constraints, and input variables of the multi-objective genetic
algorithm are selected. Table I shows the input and objective
variables used in this paper. Note that in this case, vertical
displacement acts as both an input and objective variable
(discussed in Section III).

For demonstration purposes, the improved mechanical
robustness of the interconnect is the targeted outcome. More
specifically, we are targeting the improvement of the mechan-
ical robustness of the interconnect in scenarios where the
interconnect is utilized as a temporary probing mechanism
(e.g., probe cards, etc.).

To obtain the aforementioned outcome, the objective vari-
ables that we seek to optimize include: 1) the maximum von
Mises stress within the interconnect, 2) the vertical (z-axis)
displacement imposed upon the tip of the MFI, and 3) the
mechanical compliance of the MFI. In short, our optimization
process seeks to minimize the aforementioned maximum von
Mises stress while simultaneously maximizing the vertical
displacement of the MFI. Additionally, we impose a constraint
upon the compliance of the MFI to stay within a specified
range of 2 mm/N to 10 mm/N. In this specific demonstration,
the reason for an upper limit on compliance is due to contact
resistance considerations.

No surrogate model was used but instead a direct approach
was pursued to achieve a more accurate optimization process.
However, to expedite the process, a surrogate model such as
Kriging (useful for computer experiments such as FEA-based
simulations) may prove useful [39].

Fig. 4. MFI side-geometry and corresponding dimensions.

Fig. 5. Geometry comparison of the initial, non-optimized MFI (left) and
optimized MFI (right).

D. MOGA Optimization Process

After performing an optimal space-filling design of experi-
ment (DOE), a multi-objective non-dominated sorting genetic
algorithm-II (NSGA-II) is implemented. The optimization
process eventually converges once the change in the mean
and the standard deviation of max von Mises stress values
and vertical displacement values are 2% or less relative to
these same values in the previous generation.

III. FEA-BASED OPTIMIZED RESULTS AND DISCUSSION

A. FEA-Based Results and Discussions

As seen in Figure 4, the initial MFI design has a stand-
off height of 65 μm, a length of 150 μm from its anchor
junction to the peak of the MFI tip, and a thickness of 9
μm. These dimensions are purposely left unchanged during
the optimization process to minimize any modifications to
the fabrication process. Modifying the photomask design,
alternatively, is straightforward.

Figure 5 shows this optimized MFI (on the right) alongside
the initial, non-optimized MFI (on the left). As is seen,
the optimized MFI clearly has a different geometry relative
to the initial MFI design.

ANSYS Workbench is used to evaluate the max von Mises
stress in the MFIs. Furthermore, a nickel tungsten (NiW) alloy
is chosen as the material of the MFI due to the relatively high
yield strength that it can achieve (1.93 GPa [40]) compared
to copper (Cu). This 1.93 GPa yield strength for NiW is
used in the simulations. The NiW Young’s modulus used was
180 GPa [40]. Using ANSYS Workbench, both MFIs (initial
and optimized) are indented vertically (z-axis) at their tips to
a depth of 24 μm, which results in only elastic deformation
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Fig. 6. Von Mises stress results (in MPa) of the initial and optimized MFIs.
A 29.7% decrease in max stress (1.88 GPa → 1.32 GPa at 24 μm) is observed
in the optimized MFI relative to the initial MFI.

TABLE II

OPTIMIZATION RESULTS

in both MFIs (max. von Mises stress is below the NiW yield
strength). The results are shown in Figure 6 and in Table II.
As is seen, for a 24 μm vertical displacement, the maximum
von Mises stresses in the initial MFI and in the optimized
MFI are 1882.5 MPa and 1324.2 MPa, respectively. Further-
more, the compliances of the initial MFI and the optimized
MFI are 4.93 mm/N and 5.52 mm/N, respectively. Therefore,
the optimization process resulted in a design that lowered max
stress by 29.7% relative to the initial design while achieving a
compliance of 5.52 mm/N within the targeted range of 2 mm/N
to 10 mm/N.

Since simulations involving plastic deformation are more
complex and hence slower, plastic deformations were ignored
in the optimization process for simplicity and instead, all
behavior was considered elastic. The omission of plastic
deformation was also beneficial for the optimization process
itself.

Specifically, when the yield strength of a material is
exceeded, the stress/strain ratio decreases and hence any
additional strain is associated with a lesser increase in stress
relative to increases in strain that occur within the elastic
region. From the perspective of the optimization process, this
change in stress/strain ratio between the elastic region and the
plastic region creates a scenario where increases in strain in the
elastic region are penalized more heavily (i.e., higher relative

Fig. 7. Maximum von Mises stress vs. displacement, with and without the
incorporation of a plastic deformation model. If yield strength is considered,
max. stresses that exceed the yield strength of 1.93 GPa used in the simulations
do not increase as quickly as stresses lower than yield strength. In an
optimization framework, these “above yield strength” stresses are penalized
on a different scale than stresses below yield strength, which is not the intent
of the optimization process.

stress) than increases in strain in the plastic region, which
is not the intent of the optimization process. This concept is
illustrated in Figure 7.

Figure 8 demonstrates several Pareto fronts of the Pareto-
optimal solutions from the multi-objective NSGA-II optimiza-
tion process. As observed in this figure, the solutions begin
to converge near the left side of the graph until they finally
converge at the final Pareto front (most left). Since all the
solutions at the final front are Pareto optimal, it is left up
to the designer’s discretion to choose among these solutions.
However, in this specific case, since one of the output variables
is vertical displacement, it is possible that these “different”
solutions result in the same MFI design. Therefore, to choose
the final optimized solution, all the Pareto-optimal solutions
were vertically indented at the same depth (this depth may
be application specific). From these solutions, the selected
MFI design exhibits the least amount of maximum von Mises
stress. This optimized design is what is shown in Figure 5 and
Figure 6.

The main reason the optimization process did not aim to
minimize max von Mises stress at a fixed vertical displacement
is since we wanted to obtain a variety of different MFI designs
where some MFI designs are better suited for smaller vertical
displacements and others are better suited for larger vertical
displacements.

B. Meshing Considerations

To obtain sufficiently accurate FEA-based max von Mises
stress results, it is important that a high-quality mesh be
implemented as these results are mesh size dependent. More-
over, it is critical to reduce the risk of simulation artifacts
(e.g., stress singularities) as these also lead to inaccuracies.
To address these challenges, this paper has: 1) taken several
steps to avoid stress singularities and 2) evaluated our meshing
strategy in order to ensure sufficient mesh granularity to avoid
inaccuracies.
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Fig. 8. Pareto front successions resulting from 31 iterations of multi-objective
NSGA-II. Final Pareto front is in dark blue (most left).

Fig. 9. Mesh for the initial (left) and optimized MFIs (right) as implemented
during the optimization process (not adaptive mesh refinement).

To address the matter of stress singularities, extensive efforts
were performed to smooth corners and interfaces. Specifically,
as aforementioned, spline-based parametrization was imple-
mented, in part, to ensure smoothly-varying structural profiles.
In addition, fillets were used extensively to soften sharp edges
of the modeled MFI structure.

We also evaluated our meshing profile using the adaptive
mesh refinement feature in ANSYS Workbench for both initial
and optimized MFIs to test the accuracy of the simulation
results. Additionally, we display the original mesh of the initial
and optimized MFIs as shown in Figure 9. The adaptive mesh
refinement results, shown in Table III, demonstrate that the
max von-Mises changes little (≈1% or less) even after a
large increase in the number of elements (about an order of
magnitude larger) is adaptively added to the mesh.

Since there exists an inherent tradeoff between high fidelity
simulations and simulation run time (and therefore overall
optimization process time), it is at the discretion of the
designer as to how he/she prioritizes these factors. This paper
attempted to achieve a sufficiently high-quality mesh for our
MFIs while maintaining the average simulation run time to a
reasonable limit.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Microfabrication

To provide a more complete analysis of the simulated opti-
mization process, MFIs were microfabricated via a reflowed

TABLE III

ADAPTIVE MESH REFINEMENT FOR THE INITIAL
AND OPTIMIZED MFI MESHING

Fig. 10. Fabrication process flow for MFIs.

polymer-dome process [31]–[34], as seen in Figure 10, with
the initial and optimized photomask designs. The MFI process
flow begins with the patterning of a thick sacrificial spin-
coated photoresist layer so that a relatively large stand-off
height for the MFIs is attainable. Next, the patterned photore-
sist is thermally reflowed via exceeding the glass transition
temperature (Tg) of the photoresist. A 30 nm thick titanium
(Ti) adhesion layer followed by a 300 nm thick Cu seed layer
is then sputtered onto the sample. To form the electroplating
molds for the MFIs, a photoresist layer is first spray-coated
onto the reflowed domes and then patterned. The sample
is then placed into an electroplating bath where a NiW
alloy is electroplated into the molds. The specifics of the
electroplating recipe will be discussed in the next paragraph.
Finally, the spray coated photoresist, the Ti adhesion layer and
Cu seed layer, and the sacrificial reflowed photoresist dome
are removed in sequence, leaving free-standing NiW MFIs.
Figure 11 shows an SEM image of several microfabricated
optimized MFIs and Figure 12 shows an SEM image of the
optimized MFI alongside the initial MFI.

The MFIs were electroplated using the general procedures
found in [40] to carry out this process, as we have done in the
past [31]–[33]. The electroplated NiW thickness for the MFIs
was measured to be approximately 6.9 μm.

Since we desired to plastically deform both initial and opti-
mized MFI samples so that a quantitative comparison between
the two designs was possible, the MFIs were fabricated in such
a way that plastic deformation of the MFIs was observable
for a given indentation depth. To this end, the NiW yield
strength was deliberately decreased via using a lower tungsten
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Fig. 11. SEM image of optimized MFIs.

Fig. 12. SEM image of the optimized MFI (left) and initial, non-optimized
MFI (right).

concentration in the plating solution. A higher tungsten con-
centration (i.e., 20 g/l sodium tungstate dihydrate [40]) added
to the Ni sulfamate plating solution contributes to a higher
yield strength such that only elastic deformation may occur
over a full indentation (i.e., indented up to the point where
the MFI tip touches the substrate).

B. Measurements and Data Analysis

Figure 13 illustrates a flowchart of the measurement extrac-
tion process followed in this paper. After electroplating and
fabricating our structures, we indented our MFIs using a
Hysitron Triboindenter with a Cono-Spherical probe to obtain
load (and unload) vs. displacement data. From these mea-
surements, we sought to determine two data points for each
indented MFI: 1) the amount of vertical plastic deformation,
as seen in Figure 14, and 2) the mechanical compliance.
Figure 15 shows the raw load vs. displacement data of closely
located initial and optimized MFIs, both indented to a depth
of 45 μm.

To analyze this data more accurately, a best fit piecewise
linear curve (or first-order spline) was implemented using
MATLAB built-in functions on the loading and unloading

Fig. 13. Flowchart illustration of the experimental data extraction process.

Fig. 14. MFI side-view illustration shown before indentation occurs and after
indentation occurs. This single indentation induces a certain vertical plastic
deformation (if yield strength is exceeded).

TABLE IV

COMPLIANCE FOR INITIAL AND OPTIMIZED MFI PAIRS

portions of the raw data as seen in Figure 15. The interior
knots of the piecewise linear curve were positioned such that
the overall curve was a best fit to the raw data; specifically,
the sum of squares due to error (SSE) of the best fit curve
with respect to the data was minimized for a given number
of interior knots. The best fit curves seen in Figure 16 were
applied to the unloading portions of the raw data seen
in Figure 15. As seen in Figure 16, the vertical plastic
deformation is extracted from the best fit curve.

Table IV shows the experimentally-obtained compliance
measurements. Recall that the fabricated MFI thickness was
measured to be approximately 6.9 μm as opposed to the
simulated MFI thickness of 9 μm. Therefore, as expected,
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Fig. 15. Raw “load vs. displacement” data for an MFI pair, (a) initial and
(b) optimized, indented to a vertical depth of 45 μm.

TABLE V

EXPERIMENTAL AND SIMULATED COMPLIANCE FOR INITIAL

AND OPTIMIZED 6.9 μm THICK MFI PAIRS

the measured compliance is higher than the simulated compli-
ance.

To more specifically compare against the aforementioned
experimental compliance data, 6.9 μm thick MFIs were sim-
ulated to obtain compliance. As seen in Table V, we obtain a
simulated compliance of 9.69 mm/N and 11.10 mm/N for the
initial MFI design and the optimized MFI design, respectively.
The main source of discrepancy between the experimental
data and the simulation data may potentially derive from a
difference in the Young’s modulus used in the simulation
(i.e., 180 GPa [40], [41]) and the actual Young’s modulus of
the microfabricated MFIs. Differences in geometry between
simulated and optimized MFIs may also play a role.

In an effort to obtain vertical plastic deformation mea-
surements, this same implementation of a best fit piecewise
linear curve was performed on the remaining additional raw
unloading data and is recorded in Figure 17. Comparisons
in Figure 17 between optimized MFIs and initial MFIs are
done for different MFI samples or pairs. In this paper, MFI
pairs are defined as an initial MFI and an optimized MFI

Fig. 16. Unloading portion of the experimental load-displacement data with
a best fit piecewise linear curve. Data for (a) initial MFI and (b) optimized
MFI both indented to a depth of 45 μm is shown.

Fig. 17. Vertical plastic deformation of optimized and initial MFI samples
for MFIs indented to a depth of 45 μm.

that are physically near each other on the Si wafer (on the
same polymer dome for example) so that geometric parameters
such as height and thickness are as similar as possible for
the two structures. As seen in Figure 17, the average vertical
plastic deformation for the initial MFI and the optimized
MFI indented to a depth of 45 μm is 5.44 μm and 3.58
μm, respectively, a 34.2% average decrease in vertical plastic
deformation for the optimized MFI.

To reiterate, the observed plastic deformation of the MFIs
was intentionally desired so that a quantitative comparison
between initial and optimized designs was possible. Typically,
we wish to avoid plastic deformation. As aforementioned,
increasing the yield strength of the electroplated NiW is one
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means by which such plastic deformation is avoided. This
elastic-only behavior (up to 65 μm) has been reported with
our MFIs in the past [33].

V. CONCLUSION

This paper introduced a generalized optimization method-
ology for MEMS-type flexible interconnects using a
multi-objective, non-dominated sorting genetic algorithm-II
(NSGA-II) to minimize maximum von Mises stress and max-
imize vertical displacement while maintaining a compliance
within a targeted range. Relative to the initial NiW MFI
design, the simulated results for the optimized MFI demon-
strate an increase of 29.7% in vertical displacement before
the MFI’s max von Mises stress exceeded its yield strength.
After microfabrication of the NiW MFIs, indentations were
performed on these MFIs and load vs. displacement data were
collected. To more accurately analyze and interpret this data,
a best-fit piecewise linear curve was implemented from which
compliance and vertical plastic deformation was extracted.
The optimized microfabricated MFI demonstrated a 34.2%
decrease in vertical plastic deformation relative to the initial
MFI for a 45 μm indentation depth. In both simulation and
experimental scenarios, the optimized MFI demonstrated less
stress/plastic deformation relative to the initial MFIs for the
same given indented depth, as intended.
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