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Chapter 16

Capture of Thin Film Vibromorphology using Laser
Vibrometry and Frequency-Domain Viscoelastic
Vibroacoustics

Kent X. Eng, Steven Kao, Natalie J. White, Nakul Deshpande, Jeffery D. Tippmann, and Eric C. Bryant

Abstract Applications of thin film vibromorphology are increasingly relevant because of the emergent use of engineered
polymers for device design (e.g., of Triboelectric Nanogenerators (TENGs)). Modern research applications of thin-film
technology like TENGs focus on harvesting mechanical energy for power generation or sensing technologies. However, there
is an existing research gap in the numerical and experimental investigation of thin film vibromorphology that compliments
design efforts for modern technological applications.

To address this gap, the present work presents a combined experimental and numerical investigation of the vibroacous-
tics of thin polymer films. The vibroacoustic morphology (i.e., so-called “vibromorphology”) of one-or-more contacting
thin polymer films during deformation under acoustic excitation is characterized. Specifically, variations in experimental
frequency response curves (FRCs) under the films’ structural-dynamics parameterization (viz., a considered subset of influ-
ence from size, initial tensioning, thickness, multiplicity, etc.) are described via a combination of experimental and numerical
methods.

In doing so, experimental optical inference of the films’ viscoelastic deformations under acoustic excitation via 3D laser
vibrometry is complimented with finite element analysis (FEA) of the films’ structural dynamics. Influence of the films’
geometry and fixture (e.g., film size and initial tensioning) are described by modification of numerical mesh and material
data. Novel FEA-based simulation methods for film contact are exercised, particularly with regard to treatment of FEA as a
forward problem for material data inversion.
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Introduction

Triboeletic Nanogenerators (TENGs) comprise a new mechanical energy harvesting technology based on contact electrifi-
cation and electrostatic induction. TENGs are a multi-thin-flim system: a parallel-plate capacitor formed between a tribo-
charged dielectric material surface and two electrode materials [1]. When a TENGs vibrates, opposed surfaces are understood
to experience effective charge polarization inducing electric discharge at the electrodes; charge strength/polarity yielded de-
pends on material properties, straining, temperature, efc. [2]. Resurgent interest in applications of thin film vibromorphology
is motivated by the emergence of engineered polymers in TENG design [3, 4] for: harvesting mechanical energy for power
generation [5, 6] and use in sensor technologies [7, 8], among other applications. Currently, a research gap exists in ex-
perimental and numerical investigation of multi-layer polymer, thin-film vibromorphology for engineering design of TENG
devices.

In this work, measurements are designed to enable separately tensioned thin films to be tested (1) individually, (2)
in proximity, and (3) in contact to describe vibromorphological sensitivity. In addition, our numerical work establishes
a principled approach to characterize multi-thin-film deformation during so-called “en echelon” contact under frequency-
domain Finite Element Analysis (FEA). Complicating this task, manufacturer-provided polymer properties may be unreliable
due to inconsistent manufacturing processes (i.e., batch variability [9]) and/or infeasibility of standard testing regimes due
to specimen thinness. As such, the additional challenge of inverse methods for film flexural parameters is also addressed.

Research Objectives

To address the research gap identified above, our current procedure combines experimental and numerical investigation of
thin polymer films’ vibroacoustic morphology. Our work provides:

* Vibroacoustic experimentation to quantify impact of thin films’ initial tensioning, multiplicity, and/or contact distance
* Numerical simulation of thin films’ vibroacoustic excitement via frequency-domain FEA

* Optimization-based method for inference from thin films’ structural dynamics

* Integrated framework of experimental, FEA-based, and optimization methods to infer thin films’ flexural properties

Substantive prior research has been undertaken to address experimental/numerical challenges of TENG design, as in-
dicated above, and is now distinguished from the present work. In addition, our unique research emphasis is identified:
development of an analysis framework to integrate experimental and numerical results of multi-layer-film vibromorphology.

Research Background

Thin polymers, as used in TENG design, are nonstructural materials and manufactured absent a codified standard for flexural
material performance. As a consequence, flexural material properties — Young’s modulus, E, Poisson’s Ratio, v, efc. — can
differ significantly between samples due to batch variability [9]. Moreover, standard evaluation methods may fail because
of the films’ compliance to out-of-plane deformation. To address this issue, later nondestructive methods in membrane
dynamics [10, 11, 12] and frequency spectra [13] have been introduced. Our novel contribution is to describe multi-layer
polymers’ vibromorphology with respect to (abbreviated “w.r.t.””) unstudied characteristics like film tensioning — ultimately,
with the aim to improve TENG operational efficiency by tuning to specific natural frequencies [13].

Laser Doppler Vibrometry (LDV), a nondestructive testing method, is used in our thin-film dynamics analysis due to
its advantage of detecting resonant out-of-plane motion [14]. Extant LDV methods for resonant frequency analysis focus
on a single layer [12, 15] or clamped multi-layers [16]. Experimentation on clamped multi-layers with engineering initial
tensioning is outside the present literature, with current state-of-art for initial tensioning remaining single-layer [17, 18].
In this work, testing is conducted on multi-layer polymers with separate clamping on each layer: the layers may be tested
separately, together, and in presence or absence of tensioning. In addition, our experimentation incorporates improved multi-
layer-film fixtures — i.e., new composite film “holders” — enabling vibrometry under parameterization of contact distance.

Mathematical Description

Researchers have developed diverse FEA strategies to model the behavior of single thin films, such as elastic modulus,
residual stress [17], and channel cracking [19], etc. However, frequency-domain FEA for multi-layer polymer assemblages
is less broad, particularly if layer interfaces are understood as potential sites of viscous dissipation (as here). Researchers



Capture of Thin Film Vibromorphology using Laser Vibrometry and Frequency-Domain Viscoelastic Vibroacoustics 147

have developed other FEA methods for TENGs, focusing mainly on sliding-mode theory [20], topology modeling [21], and
electrostatic behavior [22]. There is a research gap on FEA for dynamic interactions between polymer films — particularly
combined with experiential determinations on the applicability of frequency-domain analysis.

In-line with [23], a variational principle for frequency-domain structural analysis incorporating effects of en echelon
structure-structure interaction is developed. The material under investigation is viscoelastic. Thus, the time-domain stress
and strain tensors and displacement vector will be complex-valued fields. Under cyclic loading with frequency @ at time ¢,
these fields are described by the mapping:

iot

G=o0c¢ (stress) (1)
=€ (strain) )
i =wue'® (displacement) 3)

where the real parts of fields &,€,@ approximate the actual material state. Time-independent fields o, €, u are likewise
complex-valued, with displacement w ultimately discretized as the solution vector for frequency-domain FEA.

Multi-Body Potential

The above notation is now generalized to a two-body assemblage. A complex-valued displacement vectorfield, uq € C3, is
restricted to the primary solid domain, %, C R3. The displacement vectorfield, ug € C3, is likewise restricted to a secondary
solid domain, %’5 C R3. Under isothermal conditions, this variational principle is

D (ug,ug) = Po(ua) +Pg(ug) + Pop(ua, up) “4)

where the solid continuum terms are
(Dl(ul) = / (Ul le)dV 7/ . u“-S'“‘jnjd& 1= a,B (5)
By 0%,

with §1 ijn;j prescribed on boundaries &%9’1 for 1 = o, B. On each of %, and %’g, nonsymmetric second-order stress tensor
S, is
aUl aUl 861
IV 9 ave %P ©)
~—~—~

=0

Sl:

where o, and €; are symmetric static and kinematic tensors, respectively.

Inter-Body Potential

The interface coupling term specifies en echelon motion via the particularization:

ky ky

@aplucep) = [ (S ldlidyi+ il ) a5 = puosa,up) 0

0By
for total, normal, and tangential jump quantities given, respectively, by
[ullap =up —va, [ulvlomg = Nlasy, [ulag.  [ulrlomy, = Tlomy, - [ulap = [ulap — [ulvlos,.  ®
Second-order projections tensors N and 7" are such that
Nij:}’l,'l’lj, T,-j:5,~—n,'nj.

As per usual for FEA models, d % is described by unit outward normal 72 38, Vector from primary solid to secondary
solid domain; d %, is described by unit outward normal n|, By VECLOT from secondary to primary solid domain.
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Intra-Body Potential

Variations in the uncoupled potentials, ®, (u,) for 1 = &, 3, are now developed w.r.t. displacement vectorfield u,, as well as
variations in the coupled potential ®(u,ug). To do so, a specification of U,’s function dependence on €, is required. As for
frequency-domain structural analysis, U, is taken as quadratic in €;. Consistent with [23], U, may be equivalently rewritten

as
*

i . *
U = 71(1 : 51)2+/-11 € 1€ = jl(glkk)zﬁL,ul &ij&ij, 1= o,p ©)]

for A, u; € C denoting the complex-valued Lame’s and shear moduli. Likewise after [23], A, and ;" may be related to
common engineering measurements of complex-valued bulk and shear compliance. A,* and u;"’s real parts are the materials’
real Lame’s and real shear moduli; conversely, their imaginary parts likely express dependence on frequency . Departing

from [23], K is written as
% .2 *0)2

(0]
p12 ul'ul:plTuliuli; l:aaﬁ (10)

for p; € C denoting the complex-valued solid density. p;’s real part is the solid density; conversely, its imaginary part
may express dependence on frequency . Our departure — i.e., introducing a complex-valued density — indicates: Raleigh
damping is incorporated as a specialization of complex-valued material data.

K, =

Stationarity

Strong-form governing equations are recovered from the stationary point,

o x
u, {fb(ua,u[;)}zo < Suij,jit P, a)zuu'zo, (11
as are boundary conditions given as
6 S * *
u, (Pluaup)} =0 Sunjlyy = Simnjlygy, and Synjlaz,, = kylulvi+ & [ulr)loz,, (12)

which comprise, as desired, standard prescribed traction and desired interface relations. Based on the stated variational
principle, multi-thin-film FEA of interface interactions can integrate with experimental results exhibiting en echelon defor-
mation.

Methods

Our overall framework forms a bridge between experimental and numerical multi-layer-film vibromorphology — by com-
paring measured resonant frequencies from experimental results to predicted resonant frequencies from FEA, optimized to
minimize the difference thereof (Fig. 1). In each iteration of the optimization procedure, the optimizer receives predicted
resonant frequencies from FEA and determines a normalized square difference from experimental measurements, a.k.a., a
so-called “loss function.” The optimizer then outputs an updated estimation of modal parameters, using the ADAM algo-
rithm [24] as implemented in PyTorch. Updated parameters are used to update elastic flexural moduli used as FEA inputs,
with FEA then rerun to predict resonant frequencies. This cycle repeats until the optimizer minimizes the loss function.

Experimental Procedure

LDV was used to measure the resonant frequencies of the thin films, both individually and as contacting multi-film as-
semblages. In particular, care is required in fixturing films for LDV due to compliance under out-of-plane deformation. To
control the measurement, a circular sample of polymer was held in place with a designed fixture described in Sec. . The ring-
shaped fixture clamped only the sample edges leaving the center free to vibrate, defining the boundary conditions. Fixture
was clamped by fastening six screws and nuts along the perimeter. To make boundary conditions as uniform as possible,
nuts were tightened using a torque wrench to the same torque value.

Once clamped in the fixture, tension could be optionally applied by attaching the “base piece.” The base attached via
screws and nuts in four locations. Distance between the base and clamping pieces was kept uniform by using stops or mea-
suring with calipers. This distance governed tension applied to the sample: increased proximity of base to clamping pieces
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Fig.1 Thin film model framework.

induced greater tensioning, because the tube on the base piece pressed against the sample. To avoid plastic deformation,
strains of less than 2% were applied (the estimated elastic limit). Images of the sample were captured before and after
tensioning for use in digital image correlation (DIC) for strain quantification, Sec. .

For testing two samples in a multi-thin-film assemblage, each sample would first be clamped and tensioned in its own
fixture. Then, the two base pieces would be held together such that the samples face each other. If the samples were to be
in contact, then the base pieces are clamped together with four screws at each of four tabs. If multi-thin-film samples were
in close proximity, then a thin “stop” was between the tabs to create the space. Once sample(s) were secured in the fixture,
fixture was held by lab clamps and oriented towards the vibrometer’s laser and camera, approximately 90° to the camera
view.

A nearby speaker was used as sound source for film acoustic excitation during LDV. Speaker was placed parallel to the
assemblage, so that sample edges are approximately equidistant from the speaker. Speaker, along with the polymer, fixture,
and LDV scanner, is shown in Fig. 2. A chirp ranging from 0-2 kHz was emitted for each scan point; this range should be
reevaluated if new materials or geometries are used. LDV measured sample surface velocity at each scan point for computer
data acquisition. Scan duration, usually 5 minutes or less, was determined by the number of scan points on the sample face.
Data was viewed via Polytec™ software and exported for post-processing. Average sample surface velocity as a function
of excitation frequency was examined for frequencies at which surface velocity peaked, which constituted the natural, or
“resonant,” frequencies. Coincident surface velocity distributions revealed modal shapes to confirm resonant frequencies.

Fixture Design

Two primary objectives motivated new experimental fixture design: testing films under tension and testing two films layered
together. Applying tension is of interest to “tune” resonance to specific natural frequencies, which may maximize the effi-
ciency of multi-thin-film assemblages in devices like TENGs. Additionally, measurements on multi-thin-film assemblages
under contact parameterization promise similar capability for performance enhancement. A constraint was that film speci-
mens should be clamped and tensioned independently, in order to test films separately (with or without tension) and then
in contact — viz., without being removed from the fixture and re-clamped. Fixture design was actuated with Polylactic Acid
(PLA) 3D printing, an inexpensive and widely available manufacturing process.

Prior work [12] described a method of applying tension using a circular tube. A membrane was held in place by two
rings, or flanges (similar to the aforementioned existing fixture). These two rings were moved towards a supporting back
panel via threaded rods. A circular tube protruding from the back panel pressed against the membrane as the two rings moved
closer to the panel, inducing tension. Fixture design implemented a similar concept from [12] by introducing a third base
piece in addition to the two clamping rings: this base piece featured a circular tube with rounded edges to mitigate sample
deformation. Instead of threaded rods, the base piece was penetrated by screws attaching to tabs on the lower clamping ring.
Distance between base piece and clamping rings determined applied tension, i.e., from tightening of screws controlled by
stops.
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Fig. 2 Experimental set-up for LDV scans is shown. A speaker, in the foreground, provided acoustic excitation for the
polymer, which is held in front of the LDV scanner. A laptop for data acquisition is in the top right corner.

(a) Top view (b) Isometric view (c) Cross-sectional isometric view

Fig. 3 The existing fixture, consisting of two clamping rings that secure the sample, as shown from various angles.

Centrally, our new design allowed for two independently clamped films to be fixtured in contact. Previously, this was
infeasible because the existing fixture’s clamping rings obstructed contact. In the new design, the rings clamped the edge
of the sample at an angle of 7°, mitigating warping resultant from a more extreme angle. Independent symmetric fixtures
were then conjoined with screws penetrating through tabs along the edges of the base piece, resulting in contact between the
thin-film samples. With these alterations, both identified design objectives were met: LDV scans could be performed on (1)
samples under tension and (2) separately clamped samples (either tensioned or untensioned) in contact.

Digital Image Correlation (DIC)

Strain quantification in the films was infeasible using physical instrumentation like strain gauges. Digital image correlation
(DIC) was explored as an alternative, using the Ncorr MATLAB method [25]. Each film sample was speckled with spray
paint, with image capture before and after tensioning to perform 2D DIC analysis. Image capture was as consistent as
possible: any difference between current and reference images would be interpreted as deformation by the DIC algorithm,
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Fig. 4 Exploded view of the experimental fixture. Fig. 5 Cross-sectional view of the experimental fix-
ture.

Fig. 6 Cross-sectional view of Gen 0 (initial fixture). Fig. 7 Cross-sectional view of the clamping rings for
Gen 4, showing angled clamping.

which calculated transformation for subsets within the Region Of Interest (ROI). DIC camera was mounted on a tripod, and
fixture with the sample was mounted on a small 3D-printed stand (Fig. 8), placed in the same orientation before and after
tensioning. Camera height was adjusted so the ROI filled a majority of the frame, maximizing resolution.

Fig. 8 Set-up for image capture for DIC. A camera on a tripod was used to photograph the polymer with fine speckled
pattern.

DIC reference image was the sample image before tensioning, and ROI was the sample within the inner diameter of the
base piece. ROI was chosen because the deformation in this region can be reasonably assumed to be 2D; if the ROI included
the edge of the sample, which lay at an angle when tensioned, the change in angle would be misinterpreted by the algorithm
as a 2D deformation. Furthermore, the only strain of interest was in the stretched region under vibroacoustic observation.
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Strain was calculated from DIC displacements, by a least squares plane fit over displacement data for a window of sampled
points in the ROI [25]. Because the strain calculation involves differentiation, a small strain window will result in a noisy
strain field. Strain window size was increased until minimum and maximum strains converged, yielding a smoothing effect.

FEA Model

FEA was formulated in MOOSE using PETSc for eigensystem solution [26], with visualization in Paraview. FEA was based
on the mathematical model that was discussion in Sec. . The mathematical model was implemented as cantilever beam,
pretensioned circular membrane, and circular plate, and verified with the theoretical solution. For the model of pretensioned
circular membrane, circular plate, and the thin film model, the boundary conditions were clamped which were assumed to
be fixed. As particularly illustrative for the related optimization task, only circular plate verification is detailed.

For the circular plate verification [27], classically the transverse (i.e., out-of-plane) displacement of a plate is described
by a biharmonic equation written in the “flexural modulus,”

Enl?

)
12(1—v2)’

13)

where E is the Young’s modulus, % is the thickness, and v is the Poisson ratio. Material is understood to have density p. The
boundary of the circular plate is permanently clamped at its outer radius a. The j™ natural frequency is:

lf:a)jazw/p—h = A= o0 d (ph) (14)
D N D
=f;
such that, by Eq. (13),
4D 4p? E
fi= A = M (15)
a*ph  12a*p \1—-V2

where a is the radius of circular plate. A is the coefficient constant for the 1% natural frequency with 2,12 =10.21.

Optimization

Our optimization algorithm is investigated in two case studies: a nonconvex problem to directly optimize material properties
vs. a convex problem to optimize projected parameters as a mapping of material properties. To validate the optimization
algorithm with simulated noise, six target frequencies f; € f were obtained via FEA provided target parameters, 6, adding
Gaussian noise (with variance one-tenth of the resonant frequency). Fig. 9 shows distribution of f; € f.

Predicted frequencies, each fi, were obtained from FEA-based determination of predicted parameters, 5, obtained from
PyTorch Adam optimization. If the optimization problem is strictly convex, target 8 will match the unique global minimum
solution for prediction 0.

Case Study 1: Nonconvex Problem

In the first case study, the goal is to optimize the material parameters directly. Let m and n be number of samples and number
of considered resonant frequencies. Define the loss function as

1-5)) (16)

where fj@ is the j™ component (resonant frequency) of the i™ sample, and normalization matrix A is

1 .
‘ - When j=k
A= 37 a17)
0 when j # k.

Al s applied to weight each resonant frequency equally in the loss function: mentioned in Sec. , the 13! resonant frequency
is nearly four times smaller than the 6 resonant frequency.
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Fig. 9 Distribution of the 1% six resonant frequencies. The red line presents the outputted resonant frequency from the
target model. The histogram shows the distribution of the frequency after adding Gaussian noise to form 1000 samples.

A FEA forward pass obtalns f given 0. Let X represent PyTorch optimization variables, and let C represent scaling
from X to FEA parameters 6. Their relation is written as

a_ v _ |C1 0 X1 _ [€1x1
o-ex-y 2][:)- [z

Since optimized via gradient descent (i.e., in order to use FEA result f to update 5), the loss function’s gradient is
needed:

L oL af

19)
X 8f X

dL/d f, viable to express analytically, is computed by PyTorch Autograd. Conversely, as f is output from the FEA forward
pass, the latter matrix-valued partial derivative is computed by finite differencing of FEA with step size h:

Of _ Flei(Xi+h) — fle;(X;—h)
aX 2h

(20)

where f(-) represents the frequency vector resultant from FEA. The gradient is used to update X until optimality.

In this case study, the target model is parameterized by shear modulus, G, bulk modulus, K, and density, p. Since p is
assumed to be known, G,K € 6. The goal is to find optimized CA;,I? cb yielding the minimum loss function. However, this
optimization problem is not strictly convex: optimization may give a possibly non-global minimizer 6, as shown in Sec. ,
different from true 6. To address this issue, 6 is mapped to describe a strictly convex optimization problem with a unique,
global minimum.

Case Study 2: Convex Problem

In Sec. , the optimization problem was not strictly convex lacking a unique global solution. In order to reform the loss
function as convex, an appropriate mapping to  should be selected. From Eq. (15), the 1% resonant frequency was linear
w.r.t E/(1—v?). Elastic modulus E and Poisson’s ratio v could be related to Lamé’s constant A and P-wave modulus M,
based on the relationship between material properties,

E:(M—Z)(M—F%) v ¢ A4h? <_§+M).

fi=

= 21
M+ ’ M+ 124*p @D
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From Eq. (21), the 1*! resonant frequency was linear w.r.t #2/M, and M which can describe target parameters 6. In
addition, a penalty term was added to Eq. (16) to ensure strict convexity of the loss function. M, represented the experimental
P-wave modulus, to be obtained from non-destructive experimentation. L, optimization’s loss function was defined by:

SLEE [ (A )
X is the optimization variable such that:

if)-ex-[21]

7= \/ 1\7Ic1x1 = Cc\/X1X2, M= Xy = CX). 24)

Iterative parameters 6,2 € 0 are defined by:

Assuming ¢y = ¢y =c¢ > 0:

G

~

~

9:

M=0)/2|  [(xr—x172)/2
A ]_c{z\/ﬁ‘czz } (25)

The optimization algorithm is shown in Algorithm 1.

Algorithm 1 Parameter optimization with FEA

1: Input: target frequency f, scaling constant C, experimental P-wave modulus M., penalty constant k, step-size A, toler-
ance &, learning rate y

2: Initialize variables: )/Et

3: while AL, > & do L

4:  Compute variable transformation: X; = 6,

Execute FEA with iterative parameters, 0:, to compute predicted resonant frequencies, f

Compute Lz()/(\t) as Eq. (22)

Execute FEA to compute d f / 90X as Eq. (20)

Compute JL,/ 0X

Update Xt+1 by Adam optumzer

10: Compute AL, = Lz(Xt) L2(X[+])

11: end while

12: return Optimal parameters X

N AN

After the change in iterative parameters and optimization variables, Eq. (22) is strictly convex so the loss function has a
unique and global minimum.
Proof: By assuming n = 1 in Eq. (22), combining Eq. (15) and Eq. (21) yields (as verified in Sec. ) that:

I T
= ——+M). 26
fi 12a4p( M > (26)
The Hessian matrix of L, with assumption of n = 1:

2L, 9%, 5 (400 2 /b o (A0 (A 2
H=— ox?  Oxixp ( 1) (12a4p> ( 11) (12a4p) 27)

Il P, 5 (A0 (Aire 5 (A0 (Hine 2 2

dox 9 ( 11) <12a4p) ( 11) (12a4p) e

If H is positive definite, the loss function will be strictly convex. H is positive definite if and only if H is symmetric and
all its eigenvalues are real and positive. As H is symmetric and real-valued, its eigenvalues are also real-valued. Assuming the
product of H’s eigenvalues, detH > 0, its eigenvalues are either both positives or both negative. To eliminate the possibility
of both negative eigenvalues, zHz" # 0 must be satisfied for arbitrary z. But zHz" # 0 satisfies when z = [1 O] because

=2(A1)2(AH%e)?/(124*p) > 0
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and both eigenvalues must be positive. Thus, H is positive definite as

detH = 2<A(i))2 Ahe’ 2(A<i>)2 Afiee)? ke Z(A(i)>2 Afte ) 2—2/<(A
= ) \ 1244 ) \Toatp ) T ) ) \ 1244 -

which is positive if and only if £ > O (as required). Summarizing:

—_—

2
o) PRy
! 12a%p )’
L, has a unique global minimum <> L, is strictly convex < H is positive definite < detH >0 < k> 0. (28)

Results

Using an initial fixture design shown in Fig. 3, LDV was conducted on two samples of the same material (PVDF 254 pim).
The correlation coefficient for the two datasets was 0.71. The 1% resonant frequency occurs near 500 Hz for both samples, as
visualization of the velocity across the sample confirmed peaks at lower frequencies to result from noise. Discrepancy exists
between the location of this 1% peak (and later peaks as well), even between two samples of the same material.

Using the redesigned fixture, LDV scans were conducted on two samples of the same material (PVDF 254 um). Fig. 11
shows the results when no tension is applied to the sample. Results are plotted on a log scale. Correlation coefficient for this

le-5
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<4 —— Sample 2
E
>
+
.g 2 i
—
(U]
>
0
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I I I I I I |
0 250 500 750 1000 1250 1500 1750 2000
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Fig. 10 Correlation coefficient was 0.71 for two samples of the same material when tested with the initial fixture.
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Fig. 11 Correlation coefficient was 0.71 for two samples of the same material when tested with the redesigned fixture and
no tension was applied.
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Fig. 12 Correlation coefficient was 0.93 for two samples of the same material when tested with the redesigned fixture and
tension was applied.
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Fig. 13 Correlation coefficient was 0.81 for two samples of the same material when tested with the redesigned fixture and
tension was applied.

data was found to be 0.71. Then, tension was applied to both samples. Distance between the clamping rings and the base
piece, which controls the level of tension, was a uniform value of 0.1 inches for both samples. LDV scans were reconducted,
and results are shown (with a log scale) in Fig. 12. Correlation coefficient in the tensioned case was found to be 0.93. As
a baseline, tension was applied to two samples of PVDF 254 um, with seperate data collection for each. Correlation was
0.81, and results are shown in Figure 13. This correlation coefficient differs to the results in Fig. 12, though the experiment
was of the same nature. When these two films were held in contact by attaching the two fixtures to each other, and data was
collected again, correlation increased. Correlation coefficient was 0.99, as seen in Fig. 14.

DIC

Sample 1 and sample 2 were both analyzed with DIC. Sample 1 showed a maximum strain of 0.10% in the x-direction and
0.10% in the y-direction, as shown in Fig. 15. Sample 2 showed a maximum strain of 0.23% in the x-direction and 0.18%
in the y-direction, as shown in Fig. 16. Maximum strain in the x-direction occurred at the leftmost or rightmost areas within
the ROI for both samples, along the outer edge of the ROI. Likewise, maximum strain in the y-direction occurred along the
top or bottom edges of the ROI for both samples. In both samples, the minimum value for strain (€, and g,) is negative,
indicative of an actual or perceived contraction.
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Fig. 14 Correlation coefficient was 0.99 for two samples of the same material held in contact. The films were tested with

the redesigned fixture and tension was applied.
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Fig. 15 Strain fields in Sample 1 after tensioning.

(@) &xx

Fig. 16 Strain fields in Sample 2 after tensioning.

FEA Model
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For the clamped circular plate validation model, the modal parameters are shown in Table 1. Comparison of 1% modes
between the FE clamped circular plate validation model and Eq. (15) is shown in Table 2. The 1% mode’s error between

theoretical equation and FEA is 0.05%.
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Table 1 Clamped circular plate validation model’s modal parameters.

a@m) | h(m) | p (kg/m>) | E(MPa) | v
200 10 7.8e-9 2.1 0.28

Table 2 15 mode accuracy of circular plate and circular membrane validation model.

Type of Validation Theoretical Equation (Hz)  Validation FEA (Hz)  Error (%)
Clamped Circular Plate 17.86 17.95 0.05
Clamped Pretensioned Circular Membrane 881 883 0.19

Optimization

The optimization algorithm was examined with 10 random initializations of X from a uniform distribution, U (0,10). The
same initialization was used on both case study to demonstrate and validate the difference between the two case studies. For
the target model, model parameters and the specific parameters, 6, are shown in Table 3.

Table 3 Target model’s model parameters and specific parameters, 6.

a(m) | h(mm) | p (kg/ m3) | G (MPa) | ¢ (MPa) | K (MPa)
0.036 | 0.076 1.45¢3 828 7448 8000

Fig. 17 shows convergence iteration results under 10 random initializations. The top plot shows the convergence of the
loss function under either L; or L,. The second and the third plots show the convergence of the iterative parameters, 6. Solid
line represents the specific parameters, €, which serve as ground truth Dashed lines represent iterative parameter values, é,
across iterations. Average of the 10 converged iterative parameters, 0 is shown in Table 4, comparing error w.r.t. 6.

For case study 1 under the L; loss function, the average of the 10 converged value of G and K is 970 MPa and 6090 MPa,
respectively. Comparing to G and K, the percentage error of G and K is 17.1% and -23.9%, respectively. For case study 2
under the L; loss function, the converged value of G and 7 is 829 MPa and 7450 MPa, respectively. Comparing to G and /,
the percentage error of G and 7 is 0.12% and 0.03%, respectively.

Table 4 Percentage error of the iterative parameters, 6.

Loss function | K (MPa) K (MPa, %) G (MPa) G (MPa, %) (¢ (MPa) [ (MPa, %)
L 8000 6090 (-23.9%) 828 970 (+17.1%) - -
L - - 828 829 (+0.12%) 7448 7450 (+0.03%)

Discussion

LDV scans with the initial fixture show discrepancies in the results for two samples of the same material (Fig. 10). When LDV
scans were conducted with the redesigned fixture, the results for two samples of the same material still showed discrepancies
(Fig. 11). In both cases, correlation coefficient was equal to 0.71. However, for the case with the redesigned fixture, such
discrepancy appeared to come from the amplitude of the peaks rather than the location.

When tension was applied to both samples, LDV scans showed an increase in correlation, with correlation coefficient
increasing to 0.93 (Fig. 12). These results indicate that applying a tension to sample of the same material makes the results
between the different samples more consistent with one another and likely more repeatable.

In a separate experiment, documented in Fig. 13 and Fig. 14, two films in tension were scanned first separately and
then while held in mutual contact. Correlation coefficient increased from 0.81 in the case of separation to 0.99 in the case
of contact. This indicates an interaction between films in contact under fixturing: the two films vibrate en echelon under
acoustic excitation.
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Fig. 17 L, and L, convergence result

DIC

DIC results demonstrated reasonable magnitudes of peak strain. Uncertainties associated with the tensioning include uncer-
tainties in the material of the fixture, uncertainties in the material properties of the two films, and uncertainties associated
with the tightening procedure between base piece and clamping pieces. Strains in both samples (Sec. ) indicate: the strain
in Sample 2 is approximately twice the magnitude of that in Sample 1 in both horizontal and vertical directions. Also, the
largest value of maximum strain was found to be 0.23%; since this is less than 2%, the sample is assumed to not undergo
plastic deformation.

Additionally, the shape of the strain fields as visualized in Fig. 15 and Fig. 16 are similar. In both samples, the maximum
strain in the x-direction occurs along the sides of the sample, and maximum strain in the y-direction occurs along the top
or bottom of the sample. This is consistent with what should be expected from a uniform radial strain applied to a circular
region. However, a symmetric strain field was expected because applied strain should be uniform throughout the sample. For
future work, symmetry would be a promising indication of improved DIC technique.

Uncertainties prevent the use of 2D DIC to fully characterize strain in the sample. For example, the assumption that the
sample can be approximated as 2D introduces uncertainty. This assumption is an over-simplification and may account for
the negative minimum strain values, which indicate a contraction. Though the contraction is small, it is not negligible as
on the same order of magnitude as the maximum strain values. The results indicate that DIC is a reasonable technique for
quantifying strain in a sample, but more advanced instrumentation is desirable.

FEA Model

Although the variational principle in Sec. includes interface interaction, the mathematical formulation remains valid for un-
coupled solid domains. Table 2 shows error between the theoretical equations and the FEA verification, for benchmarking on
single solid domains. Notably (though not detailed herein), error analysis shows that FEA is valid regardless of solid-domain
geometry — although cantilever beam flexure significantly differs from circular membrane/plate deformation. Therefore,
methods in this study could extend to other applications.
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Optimization

Fig. 17 compares convergence of the L; and L, optimization algorithms. As shown in Fig. 17a, G and K do not converge
to the optimal values, G and K, under L; optimization with random initialization. Moreover, different initialization leads
to different converged values: as L; is demonstrably nonconvex, 6 exhibits multiple solutions due to local minima. Indeed,
although the L; loss function apparently converges, percentage error of average G and K remains more than 15% as shown
in Table 4. Given the engineering objective is to determine film flexural properties from experimentation, our results indicate
that L; optimization is algorithmically inefficient for this purpose.

As shown in Fig. 17b, Gand (' converge to the optimal values, G and ¢, under the L, optimization algorithm with random
initialization. Percentage error of the two parameters is less than 0.2% as shown in Table 4. Since L, is reformulated for
convexity, the loss function numerically exhibits an accurate, unique, and global minimum. Therefore, the L, optimization
algorithm satisfies the research objective, i.e., to recover the material properties of the tested thin film. The convergence
result also indirectly shows alignment between FEA and theoretical formulation. Convexity of L, was proved based on the
theoretical formulation as shown in Eq. (28). Therefore, FEA preserved the convexity of L, indicated by the theoretical
formulation.

Conclusion

This study develops novel experimental and FEA-based optimization framework for estimating material parameters of the
tested thin films. By the advancement of the fixture design, the thin films can be tested under tension separately and in
contact. Meanwhile, the vibration response of thin films becomes more reproducible after tensioning. DIC is used to prelim-
inarily extract initial tensile strains of thin films. FEA precision is verified with the theoretical formulation. The optimization
algorithm is also proven with modeled scenarios under random initializations. Overall, this study begins to fill the research
gap in the numerical and experimental investigation of thin film vibromorphology, with the following contributions:

* A novel modal parameter optimization framework based on modal response from experiments and numerical models
* Advanced fixture design for repeatable experiment on thin films under tension

* Investigation of tensioning effect on vibroacoustic behavior (vibromorphology)

* Established and verified 3D frequency-domain FEA coupled to PyTorch optimizer

» Reformulated convex optimization algorithm by parameter mapping
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