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This article explores the potential of Zeonor, a transparent cyclic olefin polymer, for applications in transparent
acoustic/photo-acoustic transducers. Despite its widespread use in optics, microfluidics, medical devices, and
electronics, Zeonor’s acoustic properties remain understudied. To extend this, the current work employs scanning
acoustic microscopy (SAM) to obtain its mechanical properties. The signal processing method known as maximal
overlap discrete wavelet transform (MODWT) is applied to efficiently break down the acoustic responses of
Zeonor. The filtered signal is now time-segmented to obtain the desired signal, containing the characterizing
signal feature that predicts the acoustic impedance. Further, the longitudinal and transverse acoustic velocities
of the Zeonor are determined using successive peak identification and time-of-flight observations. Moreover, an
impedance map is developed using Kriging with a Gaussian variogram, that provides the spatial distribution of
impedance. Utilizing these results, the article determines mechanical properties such as shear modulus, Young’s
modulus, and Poisson’s ratio, finding good agreement with literature values. The lower acoustic impedance and

optical transparency of Zeonor position it as an ideal material for high-frequency photo-acoustic transducers.

1. Introduction

Photoacoustic imaging, bridging optics and acoustics, is a potent
non-invasive biomedical imaging technique. Leveraging the photoa-
coustic effect, it provides high-resolution visualization of tissue struc-
tures and functions, with applications in cancer detection, vascular
imaging, and neuroscience [1-3]. Recent advancements highlight its
significant potential to improve medical diagnostics and research. Op-
tically transparent materials play a crucial role in acoustic transducers,
particularly in photo-acoustic imaging (PAI) methods [4,5]. The uti-
lization of optically transparent materials in PAI represents a pivotal
advancement in the field. Optically transparent materials facilitate the
effectiveness of PAI techniques by allowing light to penetrate and in-
teract with tissues or samples, while simultaneously enabling the ob-
servation of acoustic signals. This transparency is paramount in achiev-
ing high-quality images, as it enhances the precision of light-induced
acoustic wave measurements from optically absorbing structures. PAI,
leveraging the merits of optical excitation and acoustic detection, gen-
erates detailed volumetric images of the samples. The strategic use of
optically transparent materials in PAI not only enhances sensitivity but
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also expands the possibilities for applications in areas such as medical
diagnostics, research, and non-invasive imaging modalities.

Despite the advantages of PAI, commercially available ultrasound
transducers often use opaque backing materials, necessitating the de-
velopment of transducers with a hole in the center for laser excitation
of the samples [6,7]. However, this design compromises the focus-
ing ability and sensitivity of the sensor, limiting the imaging surface
and overall effectiveness [7]. A solution to this issue lies in the devel-
opment of fully transparent transducers, enhancing the sensitivity of
photo-acoustic imaging. Presently, transparent ultrasound transducers
employ backing materials such as PMMA, epoxy (e.g., EPO-TEK 301),
Lithium Niobate, and glass. The impedance of glass ceramics is 16.5
MRayl, quartz glass 13.1 MRayl, and PMMA 3.32 MRayl [8,9]. While
PMMA is favored due to its lower impedance than glass and compati-
bility with ultrasound coupling media like water, the next generation
of transducers requires optically transparent polymer substrates with
lower acoustic impedance matching with water and biological tissues,
low attenuation coefficients, and the ability to be produced as a thin
film that can be contoured into various designs (ring-shaped, conical,
spherical, etc.) [10,11]. Zeonor, an optically transparent cyclo-olefin
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Fig. 1. The figure provides a visual representation of the SAM experimental setup, highlighting key elements such as the signal generator, XYZ translation stage,
RF amplifier, receiving amplifier, digitizer, and ultrasound transducer. This visual representation serves to concisely convey the configuration of the SAM system,
offering a comprehensive overview of the instrumental components involved in the image acquisition. The sample container contains samples that emerged into a

coupling media (water) at room temperature for ultrasound imaging.

polymer (COP), emerges as a promising material for developing such
transducers.

Zeonor possesses remarkable optical, mechanical, and thermal prop-
erties. With excellent light transmission in the visible and near-infrared
regions, Zeonor exhibits flexibility, good mechanical strength, and a
high glass transition temperature of 136°C contributing to stability
across a broad temperature range. It is a versatile material that can be
molded or formed into thin films through plastic processing techniques
[12,13]. Widely used in optical lenses, LEDs, microfluidic devices, and
electronic components, Zeonor’s optical clarity, ability to form thin
films, moldability into various designs, and chemical resistance position
it as an ideal candidate for ultrasound transducers [14-17]. However,
before exploring its role in acoustic transducers, it is crucial to under-
stand Zeonor’s acoustic properties, an aspect that, to the best of our
knowledge, remains unexplored. The data on the acoustic properties of
Zeonor is absent from the literature.

Therefore, this article employs scanning acoustic microscopy (SAM)
to determine the acoustic impedance and other mechanical properties
of Zeonor. SAM provides a non-destructive and non-invasive approach
for imaging materials, offering valuable quantitative data on sample
thickness, acoustic wave velocities, hardness, subsurface defects, and
Young’s modulus [18-22]. Beyond imaging, SAM serves as a versatile
technology with broad applications in mechanical characterization, sub-
surface evaluations, health monitoring of composite structures, defect
identification in polymer circuits, and analysis of anisotropic phonon
propagation [23-25]. This capability positions SAM as a valuable tool
in research and development efforts related to polymer materials. Re-
searchers can use SAM to investigate the acoustic characteristics of new
polymer formulations, aiding in the development of enhanced materials
with specific performance attributes. In this article, SAM is used to eval-
uate the acoustic properties of Zeonor, shedding light on its potential in
the realm of acoustics and ultrasound applications.

In this work, we determine the acoustic impedance as well as char-
acterize the other properties of the polymer material i.e., Zeonor. This
paper discusses the methodology for the calculation of impedance and
velocities briefly. For the estimation of the acoustic impedance, the
acoustic response of the SAM is filtered and decomposed using maximal
overlap discrete wavelet transform (MODWT) [26]. In the decomposed
time series, the essential time series is selected and then time win-
dowing is further applied to extract the required signal. This extracted
signal is now transformed into a frequency domain, and a characterizing
feature is selected to estimate the impedance using wave reflectance re-
lationships. Next, successive peaks of the acoustic response are selected
to estimate the longitudinal and shear velocities. The impedance and

velocity maps are generated through proper interpolation [27]. Thus,
utilizing the physical laws of continuum mechanics and the relationship
between acoustic impedance, sound speed, and density, this methodol-
ogy enables the characterization of Zeonor through acoustic response.

2. Scanning acoustic microscopic imaging

Scanning Acoustic Microscope (SAM) utilizes both reflection and
transmission modes for imaging, each providing distinct insights into
various aspects of the sample’s properties. The image of the SAM in-
cludes annotations that emphasize its important components and op-
erational configurations, offering a visual guide for image acquisition.
The transducer concentrates acoustic energy through a commonly used
coupling medium, typically water. Ultrasound signals, produced by a
signal generator, are sent to the sample. When these signals bounce off
the sample’s surface, the returning waves are captured and converted
into a digital signal, typically referred to as an A-scan or amplitude
scan. To create a C-scan image of the sample, the described process is
carried out multiple times by scanning at different positions within the
XY plane. This means that the X-Y stage is moved to various spots on the
sample’s surface, acquiring data points from various locations. This col-
lective data is then used to form a detailed image of the sample in three
dimensions (X, Y, and Z), offering insights into its internal features or
properties. More comprehensive explanations of the operational princi-
ples for these modes can be found somewhere else [28-30].

We designed a custom-built SAM setup as illustrated in Fig. 1 and
recorded the images of the samples. This SAM system was equipped
with a Standa high-precision scanning stage (8MTF-200-Motorized XY
Microscope Stage) to collect experimental data. The capability for
acoustic imaging was activated through the utilization of National In-
struments’ PXIe FPGA modules and FlexRIO hardware, which were ac-
commodated within a PXIe chassis (PXIe-1082). The setup also included
an integrated arbitrary waveform generator (AT-1212) [28,29,31]. Lab-
VIEW program was used to operate the system. The transducer was
excited with predefined Mexican hat signals and the reflected signals
were amplified using an RF amplifier (AMP018032-T). Acoustic re-
flections originating from the sample were subsequently amplified and
digitized at a high speed of 1.6 GS/s using a 12-bit digitizer (NI-5772).

We used a 30 MHz PVDF-focused Olympus transducer with partic-
ular specifications, including a 6.35 mm aperture and a 12 mm focal
length, as documented in [32]. To ensure accuracy, the thickness of the
PI film and Zeonor was measured using a digital micrometer, with ap-
proximate thicknesses of 130 pm and 188 um, respectively. We scanned
the samples within a scanning area of 10 mm X 2 mm, and each pixel
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b)

Fig. 2. a) Schematic representation of an acoustic lens with focused acoustic waves. Two types of acoustic waves are generated in the samples - longitudinal waves
and shear waves, b) Schematic of sample preparation containing Zeonor and PI polymer embedded in a layer of agarose in a Petri dish. The sample container is later

filled with DI water as a coupling media for SAM imaging.

represented a size of 50 pm in both the x and y dimensions. We per-
formed scans that covered a range from 200 pm above to 800 um below
the focal point of the thickest sample (Zeonor), using a step size of
20 um (see Fig. 2 (a). This meticulous approach was taken to guaran-
tee that both the samples, regardless of their varying thicknesses, were
imaged at their focal planes as depicted in Fig. 2 (a). Additionally, it al-
lowed us to obtain z-scans of the samples at various depths, ensuring
comprehensive data acquisition.

The samples were prepared by embedding samples in an agarose
gel. A 2 wt% agarose solution (Sigma Aldrich) was formulated by dis-
solving it in distilled water at 100 °C with the aid of a magnetic stirrer.
Subsequently, a thick gel layer was poured onto a standard Petri dish
(u-Dish 35 mm from ibidi). On top of the gel, the Zeonor sample and the
control sample Polyimide (PI) were gently pressed, incorporating them
into the gel matrix. A visual representation of this sample preparation
process is depicted in Fig. 2(b). For SAM imaging, distilled water was
meticulously introduced into the Petri dish. Utilizing agarose, which has
an impedance similar to water, served to stabilize the samples during
imaging [33]. This methodology facilitated the simultaneous capture of
images for all samples in a single session.

3. Proposed methodology for material characterization

The present study employs two distinct methodologies to assess
acoustic impedance and characterize velocity. Zeonor material exhibits
both longitudinal and shear velocity. The foundational principles of
acoustic wave behavior in scanning acoustic microscopy serve as the
underpinning for both methodologies. The incident wave of the acoustic
P-wave generates four distinct wave components, namely, a) reflected
P wave (RPP), b) reflected S wave (RPS), c¢) transmitted P wave (TPP),
and d) transmitted S wave (TPS). Assigning the wavenumbers to differ-
ent wave components, the reflectance Rpp for the normal incidence is
provided by the following equation [34]:

3 kpikgyHay = kpok, 7, -Z

= 1
Zy+ Z, =

o kP1k§2M21 + kpzki«l
where, kp,kp,, kg1, ks, are the wavenumbers of P and S waves trav-
eling in material 1 and 2 (in our case, material 1 will be either Poly-
imide/Zeonor and material 2 will be glass), and p,; = p,/u; is the ratio
of Lamé constants. Further, Z,; and Z, are the acoustic impedance.
Here, we are solving the inverse problem where the reflectance and
the impedance need to be estimated from acoustic responses. Let the
characterization frequency of the transmitted, reflected signal through
reference and target medium be Sy, S,.; and S, respectively [35].
The following relationship can be written: [34-37]

Ztarget - Zsub Zref - qub

Starget =50 Srey = ———— 5 @
target + Zsup ref + ZLsup

where Z, 005 Zyop, and Zg,, represent the acoustic impedance of

. K
the target, reference, and substrate, respectively. Let .S, = %, and
!
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R — ref sub
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sequently given by:

, the acoustic impedance of the target medium is sub-

1+, Ry

Zigrger = m Zoy

3

Moreover, due to various interfaces, the reflected response of the
acoustic imaging contains multiple peaks having different frequency
components that are transmitted and reflected through the various in-
terfaces resulting in the formulation of a time-frequency analysis prob-
lem. However, the dominant characteristic part will show the highest
peak in the power spectrum. The response is initially filtered through
the bandpass filter to remove unwanted noise and then maximal over-
lap discrete wavelet transform (MODWT) is applied to decompose the
signal into multiple time series having its own wavelet and scaling coef-
ficients for different levels [26,38,39]. Moreover, Mallat’s algorithm is
applied in implementing MODWT practically. This algorithm incorpo-
rates a set of filters, including a low-pass filter (scaling function) and
a high-pass filter (wavelet function). MODWT can be accurately de-
fined for signals of arbitrary length and achieves redundancy through an
oversampled representation, allowing for more precise statistical anal-
ysis [38]. Let X = X,,t=0,...,T — 1, be the time series data, then, the
jth level wavelet and scaling filters are denoted as {71 j,} and {gj,}, re-
spectively. The scaling and wavelet coefficients calculated by Mallat’s
algorithm are described as follows:

T-1 T-1
W, = Z i X imodrs Vig= Z &1 X~ mod T 4
=0 =0

where j =1,2,...,J; is the level of wavelet decomposition, and ‘mod’
denotes the remainder of dividing two numbers. The wavelet W; and
scaling V; coefficients vectors of MODWT are written as:

Wj={Vi/j,O,Vi/jyl,.‘.,VijT_l},j=1,2,...,.]0 5)

V_i:{I7j!(),l7j’1»~~,17j!1‘_]},j=1,2,~-~,J0, (6)
where f’j and W ; are related to the smallest and highest frequency
components of the original signal. {71 jy,}, and {g j’,} are the ji
level MODWT high-pass filter (% i =h /2 / %) and low-pass filter
(g =851/ 21/ 2) and J) is the highest decomposition level. For the level
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3 decomposition, the MODWT decomposes an original signal X into a
low-pass filtered approximation component (A3) and high-pass filtered
detail components (D, D, and Dj). The equations of MODWT-based
multi-resolution analysis can be used for the reconstruction of decom-
posed signal and are written as follows:

L n—1
X= 2 D;+A4,;, Dj,= Z h; Wi t+imodn )
j=1 1=0

By employing the aforementioned equations, the signal is recon-
structed at each decomposition level. These decomposed signals un-
dergo reconstruction through the application of inverse wavelet trans-
form (iMODWT), utilizing the wavelet coefficients associated with the
desired levels. Subsequently, the power of each decomposed time series
is computed and normalized against the maximum power. This process
enables the selection of the essential time series, identified as the one
with the highest power relative to others. Once the essential time series
is selected, a time window of time interval 0.25 ns is considered and the
signal is extracted. The time-windowing is important to accurately focus
on the desired signal characteristics. Thus the extracted window is then
transformed into the frequency domain and the power spectrum is ob-
served. The frequency at which the power spectrum achieves the peak
value is considered the characteristic feature of the response and is used
in the calculation of acoustic impedance. Since the time windowing is
a manual process, the impedance is first calculated at randomly spread
selected points sampled using Latin hypercube sampling, and then Krig-
ing using a Gaussian variogram is performed to find the impedance over
the complete domain [27,40,41].

The next step involves determining the longitudinal and shear veloc-
ities of Zeonor. Rayleigh, longitudinal, and shear waves are produced
by the transducer at the interface between the fluid and the sample.
These sound waves undergo reflection at both the front and rear sur-
faces of the Zeonor film, subsequently traveling back to the transducer.
The refraction of these waves is determined by Snell’s law. Raum et al.
and Hénel derived the mathematical equations to determine the longi-
tudinal velocity, and shear velocity as described below [42-44]. When
acoustic waves are directed toward the front surface of the sample, the
time of flight TOF; can be observed and is given as:

ToF, =2 ®)
Vo
where v, is the speed of sound in the coupling fluid and F is the focal
distance. When the transducer is moved further down closer to the sam-
ple, both the shear and longitudinal waves will now focus on the rear
surface. This results in transit time TOF, of the longitudinal wave with
the angle of incidence « in the sound field and is given by:
2F 2Ur

TOF, =" —
12 Upcosa U%COS(I

2UT )

9
where Uyp is the transducer displacement needed to focus on the rear

surface from the front. The sound velocity is then determined by
Eq. (10), as shown below [43]:

v = \/uoz/ <1 _TOh - TOR): UO'COS“) (10)

2U;

When the shear wave is focused on the rear side, lateral stress com-
ponents are extinguished and the remaining normal stress components
generate a longitudinal wave. The time of flight of this reflected pulse
is:

2F  2Ur d d

TOF; =— + + 1n
Uy  Upcosa  vjCcosfy U COSP

where as Uy is the transducer displacement to focus from the front
surface to the rear shear wave focus, d is equal to the sample thickness,
and f; is the angle of refraction. The shear wave velocity is obtained
from:
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Table 1
It presents equations for the estimation of various important
parameters for the characterization of Zeonor.

Parameter Formula
Density: p= UE
]
Stiffness: =27y
Shear modulus: Cu=p- Uz
Bulk modulus: B=¢, — 2644
Young’s modulus: E=cy- %
17 €44
Poisson’s ratio: o= 2(1]—22#);“)
—4C4/
2Ur d
vy =d/ | cosf - - (TOF, -TOF;) 12)
’ " lvg-cosa v - cospy

Once, the impedance and velocities are predicted, later on, complete
characterization is done using the equation presented in Table 1.

4. Results and discussion

To characterize Zeonor material, two distinct methodologies are em-
ployed to estimate acoustic impedance and wave velocities. The acous-
tic properties are analyzed through an experiment utilizing scanning
acoustic microscopy (SAM) on a 188 um thick Zeonor sample. The
response is recorded at various spatial and plane locations across the
thickness. The response signal exhibits multiple frequency bands, pre-
dominantly ranging from 20 MHz to 40 MHz with temporal spread.
To better comprehend the signal’s characteristics, the time-frequency
plot is initially examined using the short-term Fourier transform (STFT)
and subsequently decomposed using the MODWT. Fig. 3(a) thoughtfully
presents the visual representation of these frequencies after band-pass
filtering, offering insight into the signal’s frequency content and aid-
ing in understanding the changes in the system’s acoustic response over
time.

The MODWT decomposed the signal into several time series based
on the different levels of the wavelet coefficients. To reconstruct the
filtered signal, the power of each decomposed time series is computed
and normalized against the maximum power. The time series that has
maximum energy content is selected as the essential time series and con-
sidered as the filtered signal as represented in Figs. 3(b). It provides a
clear distinction and changes that are observed in the filtered responses
due to the removal of unwanted frequencies from the signal through
the MODWT.

Once the essential time series is selected, a time window with a
time interval of 0.25 ps is considered, as depicted in Fig. 4(a) and (b).
The signal is then extracted from the point where the power spec-
trum reaches its maximum peak. The time domain responses of the
extracted signal for Zeonor and Polyimide are displayed in Fig. 4(c)
and (d). The frequency at which the power spectrum achieves its peak
value is considered a characteristic feature of the response and is uti-
lized to calculate acoustic impedance. As outlined in the theory section,
the characteristic feature S,,,, necessitates a reference medium for
impedance estimation, which in our study is Polyimide (PI). This ex-
tracted signal is transformed into the frequency domain, and the power
spectrum curve is illustrated in Fig. 4(e) and (f). The corresponding
spectrogram for the Zeonor and PI samples is presented in Fig. 4(g) and
(h). The fundamental frequencies are correlated to the material, aid-
ing in deducing the reflectance property associated with the medium,
ultimately providing the impedance of the Zeonor through the earlier
described procedure.

The spatial distribution of the measured impedance at a specific
plane is illustrated in Fig. 5(a). The specific acoustic impedance values
lie in the range from 2.67 to 2.71 Mrayl, representing variations across
the plotted area. This information offers insights into the localized
impedance characteristics of the Zeonor. The ratio S,,, is calculated
for different positions of the image plane across the thickness, and the
corresponding impedance values are presented in Figs. 5(b) and (c).
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Fig. 3. (a) It represents the short-term frequency transform of the acoustic response of Zeonor. (b)It illustrates both the original and MODWT decomposed responses
of the signal. The original signal from Zeonor is highlighted in red, while the decomposed signal is represented in green.
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Fig. 4. It demonstrates the operations that are carried out after the essential time series is selected. The time-window of interval 0.25 s is selected as represented
in figures (a) and (b). The figures (c) and (d) represent the extracted signal. This extracted signal is now transformed into the frequency domain, and the power
spectrum curve is shown in Figures (e) and (f). Further, figures (g) and (h) represent the spectrogram for the Zeonor and Polyimide (PI), respectively.

It can be noted that the mean value of the specific acoustic
impedance across the thickness and space is found to be 2.69 Mrayl
with a standard deviation of 0.03. Once the impedance is found, the
next step is to estimate the longitudinal and shear velocities of the
Zeonor medium using peak amplitude and corresponding time interval

obtained from the acoustic response. It should be noted that multiple
reflections are associated with different amplitude peaks in the same
signal. The normalized amplitude and the time of flight at each position
of the image plane across thickness are presented in Fig. 6 (a) and (b) re-
spectively. As described in the theory section, TOF; can be calculated,
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Fig. 6. (a) Representation of the normalized amplitude of the acoustic responses across the thickness of the specimen. It has two curves representing the value for
the first peak and the second peak in the signal. (b) illustrates the time of flight for the two peaks of the signal.

Table 2

Material properties obtained for the Zeonor.
Description Mean  Units
Impedance (Z) 2.69 Mrayl
Longitudinal velocity (v,) 2590 m/s
Shear velocity (v,) 1160 m/s
Density (p) 1.03 g/cm’
Stiffness modulus (c,;) 6.97 GPa
Shear Modulus (cy,) 1.40 GPa
Bulk Modulus (B) 5.10 GPa
Young’s Modulus (E) 3.84 GPa
Poisson’s ratio (c) 0.37 -

TOF, and TOF; can be estimated from the time of flight observed for
the front and rear refection causing the first and second peaks as pro-
vided in Fig. 6(b). Once the TOF,, TOF,, and TOF; are estimated, and
we have the values of speed of sound and transducer displacement, the
longitudinal and shear velocities are calculated. For brevity purposes,
the result for the nominal location is presented here. The longitudinal
velocity and transverse/shear velocity of Zeonor were determined to
be (2590 + 32) m/s and (1152 + 28) m/s, respectively. Utilizing these
velocity values along with the impedance, Zeonor was further charac-
terized using the mathematical formulae stated in Table 1. Mechanical
properties of Zeonor are summarized in Table 2. The density of Zeonor
was measured at 1.03g/cm’, aligning closely with literature-reported
values [45]. The observed tensile modulus of Zeonor, measured at ap-
proximately 3.8 GPa, deviates significantly, by about 0.8 GPa, from the

values reported in the existing literature [45]. Several factors could con-
tribute to this notable disparity. Firstly, the composition of Zeonor may
play a crucial role. Variations in the chemical composition, molecular
structure, or additives within the material can influence its mechanical
properties. Differences in the manufacturing process, such as variations
in raw material quality or formulation, might contribute to this dis-
crepancy. Secondly, the processing parameters employed during sheet
production could impact the tensile modulus. Factors such as tempera-
ture, pressure, and processing duration during the fabrication of Zeonor
sheets can influence its mechanical characteristics. Variations in these
parameters might lead to differences in the material’s response to tensile
stress. Additionally, the calculated longitudinal and transverse veloci-
ties, used in the characterization of Zeonor, may introduce uncertainty.
If there are deviations or uncertainties in these velocity values, they
could propagate into the calculation of the tensile modulus, contribut-
ing to the observed variation.

5. Conclusion

In conclusion, Zeonor, a transparent cyclic olefin polymer, emerges
as a promising material for flexible and transparent transducers
for photo-acoustic imaging. This research, focused on characterizing
Zeonor through scanning acoustic microscopy, elucidates its acoustic
properties, such as impedance, longitudinal, and transverse/shear ve-
locities. These acoustic values were further used to derive mechanical
properties, such as Young’s modulus, stiffness, shear modulus, and bulk
modulus of the Zeonor polymer. A notable advantage lies in Zeonor’s
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lower impedance compared to alternative transducer fabrication ma-
terials like glass, sapphire, Polyetherimide, and PMMA. The measured
specific impedance value of 2.69 Mrayl for Zeonor signifies its well-
suited nature for applications as a flexible and transparent transducer.
The acoustic characteristics not only validate Zeonor’s compatibility
but also accentuate its effectiveness, particularly in acoustic and photo-
acoustic imaging. Additionally, the calculated mechanical properties
exhibit strong agreement with existing literature, affirming the reli-
ability of our findings and further emphasizing Zeonor’s potential in
transducer development.
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