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ARTICLE INFO ABSTRACT

Keywords: Being a problem that has long plagued the field of electrochemical machining process, real-time
Electrochemical machining and high precision monitoring of the interelectrode gap is a difficult task. In this research, we
Spectrum analysis introduce a method for monitoring the interelectrode gap using a tool electrode equipped with an

Optical interferometer

e optical fiber sensor. This method does not require large numbers of parameters such as con-
Optical fiber sensor

ductivity of the electrolyte, electric current density distribution, shape of the electrodes, etc. and
therefore reduces the complexity of the monitoring system. The optical fiber, moving together
with the tool, forms an open Fabry-Pérot interferometer consists of a reflection surface of the fiber
end and a reflection surface of the workpiece. Additionally, we introduce a spectrum analysis
method specifically designed for the Fabry-Pérot interferometer spectrum. This method provides
the absolute distance between the optical fiber and the target, demonstrating robustness to noise
and abrupt spectrum changes. Consequently, it can be utilized in harsh environments for high-
precision distance monitoring, a task challenging for traditional methods using optical in-
terferometers. With the proposed method, a difference of +2.5 pm was achieved compared with
demodulating the spectrum manually. The average process time of a spectrum with 16,001
sampling points and a distance resolution of 1 nm is 0.148 s. Real-time monitoring and control of
an electrochemical machining process was also implemented. The interelectrode gap was suc-
cessfully maintained at 200 + 5 pm throughout the machining process and the final machining
depth measured by the proposed method and an optical measurement system has a difference of
6 pm.

1. Introduction

The Electrochemical Machining (ECM) process is a non-traditional method that removes material through electrochemical re-
actions. Compared with traditional methods, it has advantages in machining difficult-to-machine materials, such as titanium, tungsten,
and nickel-based alloys. Moreover, the machining process does not introduce residual stress, heat-affected zones, extra deformation, or
surface damage [1-6]. The machining process can also be controlled with a high flexibility by adjusting the machining voltage/
current, interelectrode gap (IEG), and the electrolyte [7]. Therefore, ECM is a promising method for high-quality manufacturing of

* Corresponding author.
E-mail address: mbgjun@purdue.edu (M.B.G. Jun).

https://doi.org/10.1016/j.ymssp.2024.111245

Received 18 September 2023; Received in revised form 5 February 2024; Accepted 8 February 2024
Available online 15 February 2024

0888-3270/© 2024 Elsevier Ltd. All rights reserved.



F. Zhou et al. Mechanical Systems and Signal Processing 211 (2024) 111245

metals and other conductive materials. The IEG serves as an essential parameter influencing the machining process, product quality,
and even system safety. So, the monitoring of the IEG has become an urgent task, as the current estimation of the IEG relies on multiple
parameters such as the type and conductivity of the electrolyte, the pH, the shape of the machining tool, temperature, electric current
density distribution, and more. Monitoring these parameters lead to a complex monitoring system, making it both unaffordable and
less robust. Furthermore, even with an advanced monitoring system, the typical tolerance zone still remains within £25 pm. While
ultrasonic monitoring directly provides the IEG, it is limited to IEG values greater than 400 pm, exceeding the typical range for most
ECM processes [8]. Therefore, to improve its application in high-performance manufacturing scenarios, a method to directly monitor
the IEG in real-time and with high precision is needed. Optical interferometers measure the distance using the interference of light,
which can easily reach a resolution of nanometer scale. Comparing Fabry-Pérot interferometers (FPIs), Michelson interferometers
(MIs), and Mach-Zehnder interferometers (MZIs), which are widely used for high precision monitoring, FPIs have a simple structure,
usually exhibit a better signal-to-noise ratio due to their multibeam interference nature, and can be used as a probe when utilizing their
reflection spectrum. Therefore, FPI will be used to monitor the IEG in this research.

Nowadays, high precision monitoring technology has become the cornerstone of modern research and production. With the
increasing demand for high precision monitoring from macro-scale gravitational wave detection (such as LIGO [9], VIRGO [10], and
KAGRA [11]) to micro-scale tasks like holographic lithography [12-14] and biomedical monitoring [15-17], optical interferometers
become a promising tool due to its qualities of high sensitivity, high accuracy, immunity to electromagnetic wave interference, just to
name a few. Due to its sensitivity to environmental changes, interference spectra are often utilized for environmental monitoring
[18-20]. These spectra are usually obtained from a spectrometer, which uniformly samples the light intensity in the wavelength
domain. Various spectrum analysis methods have been developed to extract the optical distance information of the interferometers.
One time-honored approach is tracking the shift of the peaks or troughs of the interference spectrum [21-23]. However, this method
only provides information about change in optical distance. Additionally, tracking peaks or troughs becomes challenging when the
spectrum is noisy, or the optical distance undergoes a significant change. Another method, Fourier Transform (FT), is used by many
researchers to analyze the spectrum since the interference pattern exhibits a periodic appearance [24,25]. But this method is limited to
a narrow wavelength range because the spectrum is not a strict periodic function with respect to wavelength. This is because the Free
Spectrum Range (FSR) of the spectrum varies with wavelength since the wavelength term is in the denominator of the trigonometric
function [26]. Efforts have been made to develop interferometers with strict periodic interference spectra across the wavelength
domain [27,28], but these methods are not readily accessible to most research groups and manufacturers.

To overcome these challenges, we developed a method that effectively handles extremely noisy spectra and accurately determines
the optical distance between the two reflection mirrors (optical cavity length) in FPIs. As the mathematical foundation, we developed a
spectrum decomposition method with a basis of chirped functions. We call it the Reciprocal Fourier Transform (RFT) method in the
paper. We also developed the discrete form of RFT (DRFT) for computer analysis. To improve efficiency, a transform was developed to
map the spectrum from the original space to its reciprocal space, allowing the use of the highly efficient Fast Fourier Transform (FFT).
We call this method the Reciprocal Fast Fourier Transform (RFFT) method. To further improve the resolution of the optical cavity
length, the uncertain range given by the RFFT was divided into small segments and the cross-correlation between the experimental
spectrum and the theoretical spectra with different optical cavity lengths were calculated. The optical cavity length of the theoretical
spectrum that has the maximum cross-correlation is used as the measurement of the experimental spectrum. Finally, the proposed
method was applied to determine the IEG of an electrochemical machining (ECM) process. The result shows that this method can give
the optical cavity length with high efficiency, high accuracy, and high resolution. The proposed method offers a systematic solution
enabling the use of optical interferometers in noisy and rapidly changing spectra. In contrast, traditional methods may lose track of the
peaks or troughs of the spectrum under the same conditions, limiting their applications. This algorithm is particularly useful for
analyzing a wide range of interference spectra, especially in environments with significant disturbances, such as those encountered in
vehicles, aircraft, and chemical reactions.

2. Method

To overcome the limitations of the time-honored peak tracking algorithm, we developed a decomposition method using a group of
chirped functions as basis to reveal the mathematical structure of the spectrum. In order to improve the analyzing efficiency, we
developed a new transform that maps the spectrum into a format that is compatible with the highly effective FFT algorithm. At last, we
will introduce a method to enhance the resolution in the analysis of the spectrum.

2.1. The continuous reciprocal Fourier transform

Before introducing the analysis method, we first construct the Fourier series for an oscillating signal with a variable period. Pryjmak
[29] investigated the oscillating signals with a variable period and the orthogonality of the trigonometric functions with a form of
cos(x”*) and sin(x*) where x > 0, x # 1, and @ > 0 was proved. This orthogonality also applies when a = —1 following the same process.

For a strictly periodic signal, the period is a constant and the direction of the period is not defined. Here, we encounter a function of
f(x) = cos(m/x) where m are nonnegative integers. For this function, it has a variable period of which the direction will appear
naturally during the following duction.

Consider a set of functions pm,(x) = cos(m/x) and gm = sin(m/x), x > 0. Let pm(x +h(x) ) = pm(x), we have [29]:
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where the continuous function h(x) is the variable period of function pn,(x). h, < 0 indicates the variable period is toward the negative

direction along the x axis. Take inner product of p,, and q,, with respect to weight function w(x) = 1/x2, we have:
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When m = n = 0, we have < py,pn >= 27 and < @m, gn > = 0. Therefore, elements in set {p(x),gnm(x) } are orthogonal with
respect to w(x) = 1/x2. Expand f(x) with basis p,, and ¢, the Fourier coefficients are:
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We have f(x) = > [@npn(X) +bngn(x) ]. Replacing sin(m/x) and cos(m/x) with exp(=+im/x) according to Euler equation, we have
the complex form:
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2.2. The discrete form of the Reciprocal Fourier Transform

Eq. (6) gives the coefficient of each term with different m in Eq. (5). For a given original signal f(x) where x € [xo, x1] with a uniform
sampling and a total sampling number of N, the sampled points are:

p
X, :x(>+NT, 7

where T = x; —xo. Then, we have the discrete form of Eq. (6) since the original signal has a limited length:

1 N 1, im
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Therefore, the coefficients c,, are available by taking the sum of the production of the sampled points and the corresponding basis.
However, for a total scan number M of coefficient m, the algorithm requires M x N times multiplication processes.
Now, resample the signal by the following rule:

1

Xp =7~
1L _1)r 1
(xg x;)N+x1

where N is the total number of the sampled points, p are integers from 0 to N —1. Substitute x;, in Eq. (9) for x in the basis exp(im/x), we
have:
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where X = 1/x1, and x; = 1/xo. Let
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we haver, =exp(imx,). Therefore, by sampling the original signal according to Eq. (9) and mapping the function f(x) to g(x) following
Eq. (10), we obtain the mapped signal which has the same form of a uniform sampling. Therefore, the algorithms developed for the
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Fourier Transform can be directly used by the RFT. Due to the highly efficient FFT algorithm developed by Cooley and Tukey [30], the
analyzing speed can be improved compared to using Discrete Reciprocal Fourier Transform (DRFT) given by Eq. (8) directly. In this
paper, we call the algorithm following the sampling rule of Eq. (9) and analysis using the FFT method the Reciprocal Fast Fourier
Transform (RFFT) method.

2.3. The application of the reciprocal Fourier transform in spectrum analysis

Here we focus on the application of the RFT in the spectrum analysis of optical interferometers. Take the Fabry-Pérot interferometer
as an example. Fig. 1 shows the schematical drawing a typical Fabry-Pérot Interferometer. The incident light Ej,. comes from the left
side of Mirror 1. Part of the incident light (E.n,1) is reflected by Mirror 1, and the rest portion (Ejaun) transmits into the cavity. In the
cavity, the light will be reflected multiple times, and a stable state (Ei..) will be generated due to the balance of the gain and the loss of
the cavity. The light inside the cavity will leak through both Mirror 1 and Mirror 2 toward the opposite direction (Epack) and the same
direction (Etans) of the incident light.

Ismail et al. [26] analyzed the spectrum of F-P cavities. Consider the reflected light, according to the results given by Ref. [26], we
have:

T2R,

A=R + :
! 1 +R|R2 — 2\/R1R2C05(2(ﬂ)

12)

where R; and R; are reflectivity of Mirror 1 and Mirror 2, respectively. T; = 1 —R; and T = 1 —R; are transmissivity of Mirror 1 and
Mirror 2, respectively. ¢ = 27nl/A where [ is the geometric distance between Mirror 1 and Mirror 2, n is the refractive index of the
material filled in the cavity, and 4 is the wavelength of light in vacuum. Hereinafter, we will call the multiplication of n and I the optical
cavity length. To simplify the analysis process, rewrite Eq. (12) as

b

A(d) = _ 1
(1) =a+ ¢ —dcos(s /1)’ (13)
wherea =Ry, b = T%Rz, ¢ =1+ RiRy,d = 24/R1R,, and s = 4znl. Since
2
¢ —dcos(s/2) = (1 — VRR: ) +2y/RiRy[1 —cos(s/2)] > 0, (14)

the denominator of Eq. (13) is always positive.

Because the spectrum of an FPI is a function of the optical cavity distance nl, it is always used as displacement sensors or refractive
index sensors. In this case, we need to calculate nl from the spectrum given by the spectrometer. Although the term cos(s/4) is in the
denominator of the signal A(1), the variable period of A(1) is the same as cos(s/1). Therefore, RFT is a proper decomposition of A(1).
Resample the spectrum A (1) according to Eq. (9) in wavelength range [1o, 1;] with a total sampling number of N. The mapped function

g(;f) is uniformly sampled in section Fojl} with the same sampling number N. The sampling frequency of g(x) is:
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Fig. 1. Typical structure of an FPL
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Then, the resolution of the optical distance of the FPI is:

Rr ;[0/‘[1
R = — =201 1
T2 T 20— A) @7)
Due to the highly efficient FFT algorithm, the RFFT method can be an efficient way to calculate the optical distance between two
mirrors of the FPI. However, the resolution highly depends on the wavelength range of the spectrometer according to Eq. (17) which
may be a restriction of the applications that requires a high resolution.

2.4. Combination of the RFFT method and the cross-correlation method

The resolution of RFFT is limited to the wavelength range of the spectrometer, which cannot be easily improved for a given device.
Therefore, it will be used as a rough estimation of the optical cavity length for further analysis. Assume that the spectrometer takes N
uniformly spaced samples with respect to wavelength. The wavelength range of the spectrometer is [Ag, 4 |. Therefore, the wavelength
resolution of the spectrometer is:

7/1] —ﬁo

R
N

(18)

Interpolate the spectrum obtained from the spectrometer using Eq. (9) to obtain a resampled dataset. The optical distance can then
be determined by applying RFFT, and the resolution can be calculated using Eq. (17). Denote xy as the optical distance given by RFFT.
If we assume the peak of the RFFT result has a symmetric shape between the maximum point, the correct optical distance should
be in range:

nl = [XR — R /2, xr +le/2]~ (19)

Focus on the minimum points (troughs) of the spectrum, we have cos(s/1) = 1 and therefore:

1= =123 (20)
q

Since 4 € [49, 41], we have:

2nl 2nl
—,— . 21
3] (21)
Substitute Eq. (19) into Eq. (21), we have:
2xR - anl 2xR + le:|
€ |l—F (22)
7 { X %o
According to Eq. (20), we have nl = g4/2. Therefore, the resolution of the optical distance nl is:
Rs
Ry = L2, @23)

To improve the resolution, calculate the theoretical spectra with optical distances in the range given by Eq. (20) with a constant
increment, and calculate the cross-correlation (xCor) between the theoretical spectra and the experimental spectrum. Then the number
of the theoretical spectra M should be:

M % _ (i\//l(i/i;L ) c 2N /X 7 2N /2o 24)
N ) )
Take the maximum number, we have:
Mo 2/4 @5

Eq. (25) is the scan number to achieve the maximum resolution. If the requirement of the resolution is lower than the maximum
resolution which is given in Eq. (23), the value of M can be reduced. In this case, the scan number is given by:
Aoy

— ‘ 2
M Ryl —do) (26)

where Ry, is the requirement of the resolution. R, should not be larger than R, given in Eq. (23) as limited by the wavelength res-
olution of the spectrometer.
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3. Results and discussion

In this section, we will evaluate and discuss the proposed methods in the context of specific problems. Firstly, we will compare and
discuss the RFFT and FFT methods. The RFFT method effectively reveals the structure of the test function, whereas its FFT counterpart
fails to disclose important structural information. Then, a noisy experimental spectrum will be analyzed using the proposed method,
illustrating how to apply this method for real application. Finally, we will use the proposed method to provide real-time monitoring of
an ECM process.

3.1. Comparison between the reciprocal Fourier transform and the Fourier transform

To compare the transform result of RFFT and FFT, we take transform of the test function:
2 2
f(x) = cos (3 x —”) + 1.55in(10 x —”) 27)
X X

using both methods. We sample the function in x € [0.1,0.5] with N = 100000. Fig. 2 shows the original signal, which exhibits a rapid
oscillation near x = 0.1 and a slow oscillation close to x = 0.5. Our purpose is trying to reconstruct Eq. (27) from Fig. 2 using the
proposed method and the FFT method.

Fig. 3 a) shows the transform using the RFFT method, with only frequencies in the range [0,20] displayed because the amplitudes of
other frequencies are zero. The transformed signal agrees with the original function Eq. (27) since only frequencies atm = 3 and m =
10 have non-zero amplitudes of 1.0 and 1.5, respectively. Therefore, the original signal given by Eq. (27) can be reconstructed. In
contrast, Fig. 3 b) shows the result obtained when FFT was applied directly to the signal in Fig. 2. Multiple peaks are visible, especially
between 0 and 300, due to the use of an “improper basis” that cannot reflect the variable period of the original signal, which is now a
function of x instead of a constant value. Therefore, the original signal can only be reconstructed when a proper basis is selected.

3.2. Application in spectrum analysis of a Fabry-Pérot interferometer

An experimental spectrum was analyzed to evaluate the performance of the proposed method. First, REFT was used to provide an
estimate of the optical distance of the FPI. Then, xCor was used to obtain a higher-resolution result. We used a Dell Precision 7520
workstation (Processor: Intel(R) Core(TM) i7-7820HQ CPU @ 2.90 GHz; installed RAM: 48.00 GB) to run the analysis. The spectrum,
which includes 16,001 sampling points, was analyzed 1000 times with a resolution of the optical cavity length of 1 nm. The average
processing time for each spectrum was 0.148 s, with a maximum of 0.337 s, a minimum of 0.114 s, and a standard deviation of 0.039 s.
The optical cavity length of the spectrum was calculated to be 223.68 pm. Fig. 4 shows the analyzing result of the proposed method.
Fig. 4 a) shows the RFFT result of the experimental spectrum. We observe a peak at a cavity length of 220.92 pym with a resolution of
11.05 pm, which suggests that the cavity length should be in the range of [215.40, 226.45] pm. Fig. 4 b) shows the xCor results within
the range determined by the RFFT method. And Fig. 4 c) shows the theoretical and the experimental spectrum. As we can see, the
theoretical and the experimental spectra match well and therefore the optical distance of the experimental spectrum should be close to
that of the theoretical spectrum.

3.3. Application in electrochemical process monitoring

3.3.1. Materials and equipment
In the ECM monitoring experiment, NaNOgs solution with a concentration of 13 % (w/w) was used as electrolyte. NaNO3 was
purchased from Millipore Sigma (molecular weight: 84.99, form: crystal). Two linear stages (OptoSigma, OSMS 20-35) were used to

3
0.10 0.20 0.30 0.40 0.50
X

Fig. 2. The original signal to be transformed.
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Fig. 4. Calculation of the cavity length of an experimental spectrum using the proposed method. a) The RFFT result of the experimental data with a
peak at 220.92 pm; b) the cross-correlation between the experimental spectrum and the theoretical spectra with a cavity length range given by a); ¢)
comparison between the experimental spectrum and the theoretical spectrum given by the proposed method.

control the movement of the tool. A DC power supply was used to provide constant electricity. A microcontroller (Arduino Uno R3) and
a relay (SONGLE, model: SRD-05VDC-SL-C) were used to control the ON/OFF status of the power supply. An interrogator (MICRON
OPTICS, model: sm125) was used to generate broadband light and give the spectrum of the FPI. A water pump (Kamoer, model: KLP01)
was used to generate electrolyte flow. The reaction chamber was printed using a 3D printer (Sindoh 3DWOX DP201) with PLA (100 %
infill rate). The optical system used to measure the machining depth consists of a nanometer scale positioning system (ALIO, hybrid
hexapod) and an optical microscope (lens: Mitutoyo M Plan Apo 20x, camera: AmScope FMA050).

The refractive index of the electrolyte was measured before the machining process using an FPI with a known geometric cavity
length [4. This FPI was immersed in the electrolyte and the optical distance between the two reflection surfaces [, was calculated.
Therefore, the refractive index of the electrolyte wasn = 1,/l; = 1.3633.

3.3.2. Experimental results

In this section, we introduce an application of the proposed method in electrochemical reaction monitoring. Electrochemical
machining (ECM) is a process that removes material from a workpiece by electrochemical etching. During the process, the workpiece is
connected to the anode of the power source, and the tool is connected to the cathode. A small gap, called the inter-electrode gap (IEG),
should be maintained between the tool and the workpiece. To monitor this gap, which is about 200 pm in size in this research, optical
fiber is one of the best candidates, as no metal is allowed in this gap. The electrolyte flows through the gap at high speed, carrying away
the bubbles and the sediment generated during the reaction process. To achieve the best machining performance, the IEG must be kept
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at the optimal value during the machining process. We monitored the IEG by feeding a single-mode fiber (SMF) through the hole at the
center of the tool, with its axis perpendicular to the surface of the workpiece. The end face of the SMF and the surface of the workpiece
form an FPI, enabling us to monitor the distance between the SMF and the workpiece. However, due to the disturbance caused by the
pump and the electrolyte flow, as well as the presence of bubbles and sediment, the spectrum is usually noisy and changes rapidly.
Traditional peak-tracking algorithms can easily fail to track the peaks or troughs in such conditions. In this study, we first compared the
proposed method with existing monitoring data and then conducted real-time monitoring of the IEG.

We used data from our earlier research [25], where the spectra were analyzed manually, to evaluate the performance of the
proposed method. The results are shown in Fig. 5 a), where the manual method (red) and the proposed method (blue) are plotted. As
shown in Fig. 5 a), the two curves mostly overlap except for some deviations at around 150 s, 200 s, and 300 s. To have a better
comparison, Fig. 5 b) shows the difference between the two curves (red circles), where most of the differences lie within the range of
+2.5 pm, with only a few points beyond this range. Fig. 5 ¢) shows the experimental and theoretical spectra at 293 s (point #8, green),
which is a typical point with a difference larger than +2.5 pm in Fig. 5 b). Despite the significant noise on the left side of the
experimental spectrum, the difference between the manual and the proposed method at this point is still smaller than 15 pm.

Since the accuracy of the proposed algorithm was found to be satisfactory, it was utilized for real-time monitoring of the IEG to
provide control information to the control system. Fig. 6 a) shows the schematical drawing of the upgraded ECM system. Compared
with that used in Ref. [25], the position of the tool can be adjusted by a linear stage according to the monitoring results so that the [EG
was maintained at 200 pm with a tolerance of +£10 pm. A water pump was used to create electrolyte flow through the space between
the tool and the workpiece. The workpiece was placed vertically, and the tool was placed horizontally so that the bubbles and the
sediments could be easily removed by the electrolyte flow. The electrolyte flowed through a filter to remove sediments generated
during the ECM process. Subsequently, a syringe with air sealed in the barrel was used to reduce pump-induced vibrations. The
electrolyte then flowed through the gap between the tool and the workpiece to flush the sediments and the bubbles generated during
the reaction process before returning to the beaker, as shown in Inset A. The anode of the power supply was connected to the workpiece
and the cathode was connected to the tool. The on and off status of the power was controlled by an Arduino Uno and a relay. Fig. 6 b)
shows the structure of the tool. An optical fiber was fed through and fixed on a stainless-steel ferrule. The stainless-steel ferrule was
fixed on a stainless-steel tube using conductive epoxy. Therefore, the optical fiber moved with the tool so that the IEG equaled the
distance between the fiber tip and the workpiece. A second optical fiber was used to monitor the movement of the tool as shown in Inset
B. Before machining, the IEG was adjusted to 200 pm for this experiment. When the power was turned on, the spectrum became noisy
due to the generation of bubbles and sediments. Therefore, the power was turned off after a period so that a better spectrum could be

— T T ' T 3 b) 15— r . . . :
a) £99 2 T T T T : ) [ o |1 T T T ]
T F ] 10} -
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Fig. 5. The cavity length of the F-P cavity used to monitor the ECM process analyzed manually and using the FSM method. a) the cavity lengths of
manual and FSM methods; b) the difference between the manual method and the FSM method; c) theoretical and experimental spectra at 293 s
(point # 8); d) information of the points that have a large difference.
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Fig. 6. ECM Machining system a) and design of the machining tool b).

collected and the IEG could be calculated. The spectra obtained during both the activation and deactivation of the power can be found
in our earlier research Ref. [25]. After the measurement, the position of the tool was adjusted so that the IEG was maintained as a
constant (200 pm). After the adjustment, we resumed the machining process by reactivating the power. This sequence was repeated

|RI Measurementl |Initia| IEG Set|
\

. Hold for 3 fi
(Strart)—» Initializating >| Power ON — Mc;chi?l:ngsec or
¥
Power OFF
NO 4’

A

YES Reset Hold for 3 sec for
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Fig. 7. Machining process for ECM monitoring.
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until the machining depth reached the desired value.

Fig. 7 shows the flow chart of the ECM machining process. First, we need to initialize the system, including measuring the refractive
index of the electrolyte and setting initial IEG as the setup IEG value which will be maintained throughout the machining process.
Then, the power was turned on and the machining process was started. During the machining process, the spectrum was so noisy that
no information could be extracted from it. Therefore, the power was then turned off for 3 s to reduce the noise so that the IEG could be
measured. Due to the machining, the measured IEG will be larger than the setup IEG. Therefore, the IEG was adjusted so that the
adjusted IEG equals the setup IEG. According to the measurement, the machining depth is also available. If the machining depth is
smaller than the desired value, this process will be repeated. Otherwise, the machining process will be stopped.

The video in the supplementary material shows the monitoring and control process. The monitoring result of the ECM process is
shown in Fig. 8. In this test, 5 V electric potential was applied on the tool and the workpiece. The NaNOg solution with a concentration
of 13 % (w/w) was used as the electrolyte. As we can see, the machining depth (primary vertical axis, red) increased with time linearly
with a slight decrease at around 65 min and recovered immediately as shown in the enlarged circle. This decrease was caused by the
accumulation of sediment due to an insufficient electrolyte flow. Since the volume of the sediment is larger than that of the workpiece
(Cu) which is etched by the reaction and the measurement given by the optical fiber sensor is now the distance between the fiber and
the surface of the sediment, therefore the measured IEG reduced. After the sediment was flushed by the electrolyte, we can see the
measured IEG increased immediately. This incident further proved the reliability of the proposed method. During the machining
process, the IEG was set as a constant of 200 pm with a tolerance of £5 pm. As we can see in Fig. 8 (secondary vertical axis, dark green),
the IEG fluctuated within the expected range. At the end of the machining, the machining depth was measured as 2048 pm using the
proposed method. Then, the machining depth was also measured with an optical system consisting of a nanometer scale positioning
system (ALIO, hybrid hexapod) and an optical microscope (lens: Mitutoyo M Plan Apo 20x, camera: AmScope FMAO050). The
machining depth given by the optical system was 2044 pm. A difference of 4 pm was obtained which can mostly come from the change
of refractive index of the electrolyte. Measurement error of both the optical system and the proposed method can be another source of
error.

4. Conclusion

The proposed method presented in this research enables the calculation of the optical distance of the cavity of an FPI with high
speed and high resolution. By expanding the spectrum with basis with variable period, the proposed method directly transforms the
spectrum from wavelength to optical distance. In particular, the proposed method estimates the cavity length with the RFFT method,
followed by taking cross-correlation between the theoretical spectra and the experimental spectrum within the estimated range to
achieve high speed and high resolution. The effectiveness of the proposed method was demonstrated by monitoring the gap distance
between the tool and workpiece electrodes during an electrochemical machining process using an FPI. By providing real-time distance
feedback, the IEG was successfully maintained at a constant distance (200 pm) throughout the entire reaction process.

This method solves the following problems or have the following improvements compared with the traditional method that tracks
the troughs/peaks of the spectrum (peak tracking method) or using FFT directly (FFT method):

1) The proposed method provides the absolute value of the optical distance.

2) The proposed method is robust to noise and abrupt changes in the spectrum.

3) The proposed method expands the spectrum with a basis have a similar mathematic structure (variable period) of the spectrum.

4) The proposed method provides acceptable measurement accuracy in real-time monitoring, even in harsh environments with
chemical reactions, vibrations, bubbles, sediments, temperature fluctuations, and other factors.

5) The proposed method provides a reliable way to monitor the IEG of ECM process in real-time and with high precision.

The experiment underscores the potential application of an optical fiber Fabry-Pérot interferometer for monitoring the ECM
process, which has been a challenge for scientists and engineers for more than 100 years. Furthermore, considering that the spec-
trometer employed in this experiment offers a theoretical resolution reaching the nanometer scale, this method also demonstrates
significant promise for micro/nano ECM monitoring.
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Fig. 8. Real-time monitoring of the ECM process. The red curve shows the machining depth with respect to time, and the green curve shows the IEG
during the machining process. The inset shows the influence of the sediment accumulation to the measurement of the machining depth if not flushed
sufficiently. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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