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Figure 1. 3D-ODT mapping information to visualize direction of oscillation and correlated phase
information for each scanning point. (a)-(d) depict the oscillation of latex membrane at 2.2 kHz, 2.8
kHz, 3.1 kHz and 3.2 kHz frequencies. Scale of x and y represent position of scanning and z is phase
shift of vibration. Range of x and y axes are 0 to 600 identically because of the scanning points. Range
of z axis is - 2 to +2 rad applied for Figure 4(a)-(d).

We implemented a 3D image in order to check the degree of phase shift due to the vibration of the
latex membrane, which could not be seen in 2D at a glance. For 3D image processing, MATLAB
software-based program was coded. The raw phase data obtained through the transverse scanning for

Sensors 2019, 19, x; doi: FOR PEER REVIEW www.mdpi.com/journal/sensors



Sensors 2019, 19, x FOR PEER REVIEW 2 of 2

entire latex membrane were loaded into the program and each set of raw data was mapped according
to the value set to draw the graph. Figure Sla—d are 3D images of the vibration of latex membrane
when applied at 2.2 kHz, 2.8 kHz, 3.1 kHz and 3.2 kHz. The distinctive feature of each figure describes
that the circular displacement structure is matched to a higher order of circular mode along with the
frequency escalation. Figure Sla clearly shows that the latex membrane is oscillating in the
second-order radial mode. Furthermore, mapping information at 2.8 kHz (Figure S1b) depicts (0, 3)
radial mode, which is one step higher than the result at 2.2 kHz. Figure Slc,d show the modes of (0, 5)
and (0, 6). Since the obtained results using latex membrane demonstrate micro-vibrations with respect
to the frequency adjustments, a similarity between anatomical vibration patterns of TM and latex
membrane was confirmed. Moreover, the anatomical structures, such as flattened and non-flattened
regions of TM responds differently to frequency fluctuation, and therefore we applied different
frequency levels to each different membrane location to gain a correlation with TM due to
homogenous structural formation of latex membrane.
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Figure 2. Entire process of plotting the Figure 4 using an example of 2D-ODT examples.

Figure 52 indicates the entire obtaining process of the Figure 5. We used 2 cases to explain the
different result of different pattern as shown in below Figure S2a-b. Yellow-dashed lines indicate the
averaging range, which contains 10 consecutive lines from the center (296 ~ 305 line). After
averaging, we used a median filter and plotted the filtered data as shown in Figure S2c-d. The x-axis
indicates the position of pixel and y-axis indicates phase information. In Figure S2c-d, we indicate
the number of phase reversals using red and blue color numbers. Red number indicates the positive
phase count and blue number is negative phase count. Figure S2c has total 3 phase reversals
combined 2 positive and 1 negative counts. In addition, Figure S2d indicates 7 phase reversals with 3
positive and 4 negative counts. These values were shown in Figure S2e with blue color solid squares.
For these two examples, total stimulated pixels were 600 and averaged pixels of rings were
calculated as (600/number of phase reversals), which are shown in Figure S2e with red color solid
squares. Our objective to calculate and compare the averaged thickness of rings is to verify the
vibration complexity according to the applied frequency.



