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ABSTRACT

Nonlinear ultrasonic modulation is favored for early-stage fatigue crack detection by inspecting the modulation
components at the sum and difference of two distinct input frequencies. However, it is difficult to extract the modulation
components using a conventional spectral density function considering the modulation components can be easily buried
under noisy environments. In this study, we proposed a new nonlinear ultrasonic analysis method inspired by phase-based
motion magnification. First, a one-dimensional time-domain ultrasonic signal is filtered to remove the large motions of the
primary linear response components. Then, the filtered signal is used to construct a two-dimensional video and the phase-
based motion magnification algorithm is applied to enhance the movements at the predetermined modulation frequencies
inside the video. This step is achieved by phase denoising and phase magnification, which supports large magnification
factors and is significantly insensitive to noise. Finally, an amplified one-dimensional signal is extracted from the two-
dimensional video and can be used for further nonlinear ultrasonic analysis. The proposed method was successfully
validated with a group of synthetic data at different noise levels. Additionally, we have also successfully applied the
proposed method for fatigue crack detection in a steel padeye.
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1. INTRODUCTION

Nonlinear ultrasonic modulation indicates ultrasonic components whose frequencies appear at sum and difference of the
input frequencies, and it can provide a much-improved sensitivity in micro defect detection compared to classical linear
ultrasonic techniques [1]. Nonlinear ultrasonic modulation has been widely studied for fatigue crack inspection in metal
and concrete [2, 3], delamination detection in composites [4], and recently for porosity evaluation and microstructure
characterization in additively manufactured objects [5, 6].

A technical hurdle for nonlinear ultrasonic modulation is that it is difficult to identify subtle modulation components
from ultrasonic responses measured in noisy environments. Attempts have been made to enhance the defect detection
reliability with nonlinear ultrasonic modulation, including (1) input frequency sweeping to find an optimal frequency
combination that can intensify the defect-induced modulation [7]; (2) signal denoising by filtering a spatial signal network
(e.g., acquisition by laser scanning) [8, 9]; (3) noise suppression by bispectrum or spectral correction analysis [10, 11]; and
(4) sequential pattern learning via artificial neural networks (e.g., long short-term memory) [12, 13]. The efficacy to capture
the nonlinear modulation responses, however, are limited because these methods focus solely on noise suppression, not to
mention that some methods demand a high time cost for signal acquisition.

This study proposes a new nonlinear ultrasonic analysis method inspired by phase-based motion magnification, which
actively enhances the nonlinear modulations and suppresses noise. The proposed method offers the following advantages:
(1) A one-dimensional (1D) time-domain ultrasonic signal is converted to a two-dimensional (2D) video with automated
parameter selection. (2) Subtle nonlinear modulation responses are amplified by phase manipulation and magnification of
the converted 2D video. (3) Time-domain noise can also be effectively suppressed by spatial phase denoising of the
converted video. The validation of the proposed method was performed with synthetic ultrasonic signals and the
experiment data obtained from a steel padeye sample under cyclic loading test.
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2. METHODOLOGY

For a structure excited at two distinct frequencies (f; and f3), its 1D time-domain response s is composed of the linear
response S; (fg, fp), nonlinear response s,, (f; * fg, if the structure behaves nonlinearly), and noise s,,. The large motions
of the primary linear response s; can be easily separated by bandpass filtering of s, and we obtain a small-motion signal s;
(Ss = S + Sn).

The small-motion signal s, is then used to construct a 2D video and phase-based motion magnification algorithm is
applied to enhance the movements at the predetermined modulation frequencies inside the video. This procedure consists
of the following steps (Figure 1(a)):

Small-motion signal Input video I(x, v, t)
8 = S5 1 Sy ¢
le
v Spatial decomposition
Video conversion (Complex steerable pyramid,
(with varying Ap) x orientation, 8 = 0)
|Phase-based motion magnification | Temporal filtering
¢ (Bandpass at fj, * f,)
Signal extraction | ‘
| 8 Phase denoising
¢ (Spatial Gaussian smoothing)
Magnified small motion Il
Se = Sy + Sy .
¢ Phase amplification
i (By a magnification factor a)
ES;L < Esn ? ¢
i T Video reconstruction
Magnified ultrasonic signal . ¢
s'=s;+ 5, + ) Output video I'(x, y,t)
(a) (b)

Figure 1. (a) Overview of nonlinear ultrasonic enhancement of the separated small-motion signal s, and (b) Process of
phase-based motion magnification.

(1) To convert s, into a 2D video I(x,y,t), s, is divided into N segments. Each segment contains M data points and is
used to individually establish the pixel movement in the video along a designated x orientation and at a fixed y position.

ss(G— DM +1i)
! ( max|s;|
where the pixel scale Ap indicates the largest pixel movement in the constructed video, and Ap is to be automatically
determined by considering the noise level for each measurement. Note that M is selected to include the integer periods of
fo £ fa- 1(x,y,t) = 0 is assigned for other pixels, and the size of I(x, y, t) is set to (N + 2, N + 2, M) in this study.

-Ap,j+1,iAt)=1 0<i<MO<j<N )

(2) Phase-based motion magnification is adopted to I (x, y, t) [14]. As shown in Figure 1(b), complex steerable pyramids
are used to decompose I(x, y, t) into multiple spatial sub-bands S, o (x,y, t).

. 5&),9 (kx' ky' t) = i(kx' ky' t)l'pw,e (kx' ky) (2)
where S, g(ky, ky, t) is the spatial discrete Fourier transform (DFT) of the decomposed sub-band S, ¢(x,y,t), and
I(k,, k,, t) is the spatial DFT of each frame in video I(x,y,t). W, g (ky, k) is the frequency domain transfer function of
the complex steerable pyramid at spatial scale w and orientation 6. Here, only S, o(x,y,t) (6 = 0) are to be further
processed because s is converted to the pixel movement along the x orientation.

Sw,o0(x,y,t) allows access to local amplitude and phase in video frames, and the nonlinear response induced subtle
motions can be amplified by filtering and modifying of the phase variation. For clear explanation, we first simplify
Swo(x,y,t) to a 1D profile S, o(x,t) under global translation 6(t) (S, 0(x,t) =S, 0(x + 8(t))). By Fourier series
decomposition, S, o(x, t) can be written as
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+o +oo
Sw,O(x' t) = Z Sf(x, t) = Z AfeiZHf(x+5(t)) (3)
f=—o0

f=—
where S¢(x, t) corresponds to the component at temporal frequency f with an amplitude of A;. Here, since S¢(x,t) is a

complex sinusoid, its phase 2 f (x + §(t)) contains motion information &(t). Temporal filtering is applied to 2rf (x +
(1)) to isolate the phase B (x,t) at f;, + f,.

By (x, t) = 2m(fy % f2)6 (1) “
Because noise s,, can alter §(t) and cause By (x, t) to be noisy, phase denoising is applied to each video frame by low-
passing By (x,t) with amplitude-weighted spatial Gaussian smoothing.

Be(x,t)Ar) *K
Ben = f(ilft ) é) (x)p(x) = 2n(fy £ f)°(8) )
0

where K, (x) is a Gaussian kernel given by e~x/p 2, p is chosen to be equal to the spatial domain filter width (p = N + 2),
and 6°(t) is the denoised translation. Indeed, since each segment of s, includes integer periods of f}, + f;,, the spatial phase
variations among the pixels are caused only by noise s,,.

The spatially-filtered phase Bf (x, t) is then multiplied by a magnification factor @, and added to the phase of S;(x, t)
to obtain motion magnified S’ (x, t).

S () = S (x, t)ezaB;(x,t) — Afeian(x+6(t)+a55(t)) f=fo = f2) 6)
where S'¢(x, t) at f}, £ f; becomes S¢(x + (1 + a)d(t)) without noise s,,. In this case, the motion at f;, + f, is magnified
1 + a times. The amplified sub-band S’,, (x, t) can be achieved by a sum of §'/(x, t).

The above process can be easily generalized to a 2D sub-band S, 4 (x, y, t) with local motions §(x, y, t) to obtain the
amplified sub-band S’ 4 (x,y,t). The S',, o (x, y, t) are then collapsed over all the spatial scales.

Pty €)= D 800 (ke Ky, 04,0 (k ) ™
where $',, ¢ (kx, ky, t) is the spatial DFT of S';, 9(x,y,t). The motion magnified video I'(x,y,t) can be obtained by
inverse spatial DFT of I' (ky, ky, t).

(3) A magnified signal sg (s; = sy, + Sy,) can be extracted from I’ (x, y, t) by reversing the process of Equation (1). The
steps in Figure 1(a) are repeated with varying pixel scale Ap until the following condition is satisfied.

Esr’z = Esn (8)
where Eg/ and E; are the energies of sy, and s, i.e., the energies of s; and s; minus f;, + f;, components, respectively.

The final magnified ultrasonic signal is acquired as s = s; + s¢ with enhanced nonlinear modulation responses.

3. VALIDATION WITH SYTHETIC DATA
3.1 Description of synthetic ultrasonic signals

To generate synthetic ultrasonic signals, the linear components s; were unit amplitude sinusoidal signals,
s; = sin(2rf,t) + sin(2rfyt) ( f, = 45kHz and f, = 206kHz ), and the corresponding nonlinear modulation
components were set as S, = 0.01 X sin(2r(f, t f,)t). Gaussian white noise s,, was created with respect to s, with a
signal-to-noise ratio (SNR) defined as

E
SNR = 10log Esm (dB) ©)
Sn
where E;  and E are the energies of s,, and sy, respectively. Here, SNR = —47 was chosen because s, can by drowned

by s, in the frequency domain. Correspondingly, synthetic intact and damage ultrasonic signals were generated as

si =S+ Sy
Sa =S+ Sm +Sp (10)
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where both s; and s; were discretely sampled at 1| MHz for 100 ms.
3.2 Test results with synthetic ultrasonic signals

For motion magnification, the synthetic signals were divided into 100 segments (M = 1000, N = 100), and the
magnification factor was set to & = 2. The automatically selected pixel scale Ap was 5 for both s; and s,. Figure 2 shows
the spectral plots of s; and s, before and after motion magnification. It can be seen in that Eg/ and E; (Equation (8))

remained at a similar level, and the modulation components s,, were hardly observable in s; (Figure 2(b)). After motion
magnification of s, s,,, was amplified and clearly seen in the spectral plot of the magnified s; (Figure 2(b)). s;,, in s; was
magnified approximately 3(= 1 + a) times (9 times in the spectral plot). On the other hand, since there was no s,, in s;,
the spectral values at f;, + f, did not alter much after motion magnification (Figure 2(a)).
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Figure 2. Spectral plots of synthetic signals before and after motion magnification. (a) s; and magnified s;, and (b) s; and
magnified sj.

A nonlinear modulation parameter 8 was calculated to quantitatively evaluate the performance of the proposed motion
magnification-based method, and S is defined as [15]

Aot T At .
AfaAfb ( )
where A¢ , Af,, Af, 5., and Ay, , - are the spectral values at the input and modulation frequencies, respectively. The 8
value calculated from sj; (8 = 1.78 x 1073) increased approximately 6 times compared to the 8 value of s; (8 =
0.30 x 1073), while the B values remained barely changed for the synthetic intact signal (8 = 0.39 x 1072 for s;, and
B = 0.48 x 1073 for s}).

Figure 3(a) shows the spectral plot of s; magnified without the phase denoising process in motion magnification (Figure
1(b)). By comparing between Figure 2(a) and Figure 3(a), it clearly demonstrates that the incorrect motions of noise s, at
f» * f, were amplified once phase denoising process was omitted, and the deviation of the 8 value between s; and s;
increased (8 = 0.81 x 1073 for s] without phase denoising).
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Figure 3. (a) Spectral plot of s; magnified without phase denoising, and (b) Spectral plot of s; magnified along the y
orientation.

Additionally, Figure 3(b) shows the spectral plot of s; magnified with the sub-bands along the y orientation (6 = 1/2).
It verifies that the nonlinear components s,,, only existed in the sub-bands S, o (x, y, t) along the x orientation (Figure 2(b)).
This is because when the time-domain signal is converted to a video in the proposed method, the pixel movement is
designated only along the x orientation (Equation (1)). Therefore, only S, o(x, y,t) decomposed along the x orientation
are magnified for nonlinear signal enhancement.

4. FATIGUE CRACK DETECTION IN A PADEYE
4.1 Experimental setup

The proposed method was further validated with the experimental data acquired from a SM490 steel padeye sample
under a cyclic loading test. The geometrical information of the padeye sample is shown in Figure 4(a). The cyclic loading
test was carried out using a universal testing machine (UTM, Instron 8801) with a cycle rate of 10 Hz, a maximum load of
50 kN, and a stress ratio of 0.1. Fatigue cracks initiated from the edge of the pin hole after 120 k fatigue cycles and the
padeye sample failed at 230 k fatigue cycles (Figure 4(b)).

Three piezoceramic transducers (APC International, APC850) were attached on the cheek plate of the padeye sample
(Figure 4(a)), and ultrasonic signals were measured periodically during the cyclic loading test with a National Instruments
system [11]. Ultrasonic waves were generated via PZT A and PZT B at f, = 50 kHz and f;, = 193 kHz, and the
corresponding ultrasonic responses s were measured with PZT C with a 1 MHz sampling rate for 100 ms at different
fatigue cycles.

Pin hole

After failure

132

) Cheek plates
Main plate
4 & Unit: mm
[ 132 |
- Loading direction
(a) (b)
Figure 4. (a) Geometrical dimensions of the padeye, and (b) Padeye failure at 230 k fatigue cycles.
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4.2 Experimental results

For motion magnification, each measured signal s was divided into 100 segments (M = 1000, N = 100), and the
magnification factor was set to @ = 2. Figures 5(a) and 5(b) show the spectral plots of s and the magnified s’ at 30 k and
150 k fatigue cycles, respectively. The pixel scale Ap was selected as 5 and 6 for signals s measured at 30 k and 150 k
fatigue cycles, respectively. Here, the pixel scale Ap varied because the signal composition (i.e., nonlinear responses and
noise) altered in measurements at different fatigue cycles. It is clearly demonstrated in Figure 5(a) that nonlinear
modulations at f;, + f, became observable in s" after motion magnification. It was inferred that the nonlinear responses at
30 k fatigue cycles were caused by the inherent material nonlinearity of the padeye sample. At 150 k fatigue cycles, fatigue
cracks initiated and were growing from the pin hole edge of the sample. Correspondingly, the nonlinear modulation
components increased owing to the intensification of crack opening and closing, as shown in Figure 5(b).

The B values calculated from s were 0.55 X 10™* and 0.80 x 10™* at 30 k and 150 k fatigue cycles; and the £ values
from s’ were 0.17 X 1073 and 1.01 x 1073 at 30 k and 150 k fatigue cycles, respectively. The increase of 8 before and
after crack initiation was approximately 1.45 times in s but 5.94 times in the magnified s’.
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Figure 5. Spectral plots of experimental signals before and after motion magnification measured at different fatigue cycles.
(a) 30 k, and (b) 150 k.

5. CONCLUSIONS

In this study, a new nonlinear ultrasonic analysis method was proposed based on phase-based motion magnification. A
2D video was constructed from a 1D time-domain ultrasonic measurement. Subtle motions of the nonlinear responses were
amplified by filtering and modifying the temporal- and spatial-phase variations of the constructed 2D video. The magnified
ultrasonic signal was then extracted from the magnified 2D video for further nonlinear ultrasonic analysis. A future study
is warranted to explore different strategies for time-domain signal conversion into 2D videos, and field applications in
noisy environments.
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