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Abstract. Processing error is a key factor affecting the accuracy and quality of
machined components. However, in the current course of Mechanical Drawing,
the teaching of processing error and surface roughness is relatively weak, which
means students cannot combine practical problems with theoretical knowledge.
To solve this problem, novel multi-dimensional processing error assessment
methods based on spectral analysis are introduced. This method not only over-
comes the limitations of the traditional surface roughness evaluation but also
reveals more in-depth and extensive error distribution characteristics and in-
formation. Introducing this method into teaching will provide more effective
analytical tools for the teaching field of mechanical specialties, thus deepening
students' understanding and application of advanced analytical techniques.
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1 Introduction

Traditionally, teaching machining accuracy has focused on component geometry and
limited machined features in "Mechanical Drawing" ['-*). However, evolving analytical
techniques, like the Fourier transforms, can enhance course content, expanding
knowledge and improving data interpretation . Applying these mathematical tools
allows students to understand surface error causes and optimize machining processes.
Keeping teaching methods updated with technology is crucial. This paper discusses
using multi-dimensional error assessment in mechanical courses to boost teaching
outcomes and equip students with skills to address machining errors effectively.

2 Conventional Assessing Methods

Surface roughness is important in evaluating mechanical quality in "Mechanical
Drawing", impacting wear resistance, fatigue strength, and product sealing. Traditional
teaching methods often cover only the basics of roughness, lacking detailed analysis of
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its significance and control in design and manufacturing. This can hinder students'
understanding and optimization skills. Typically, as shown in Fig. 1, two main
roughness evaluation parameters are taught, but without a deeper exploration of their
practical implications P,

i. R, is defined as the arithmetic mean of the absolute values of the longitudinal
coordinate Z(x;) over the sampling length /. (the selected line is denoted as x;).
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Fig. 1. Schematic diagram of the solution process of R, and Rz
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ii. Rz is defined as the height difference between the maximum peak height and the
maximum valley depth in a sampling length.

To overcome the deficiencies of the existing teaching methods, we introduce a
multi-dimensional processing error assessment method. Only focuses on the size of the
processing error, but also concerns analysis such as the distribution characteristics and
periodic variation of the errors, through which, the assessment results can be effectively
traced back to the error sources. Then, we can more comprehensively understand the
characteristics and patterns of processing errors, and provide more targeted guidance
for error control and optimization. At the same time, the multi-dimensional machining
error assessment method can also be combined with the surface roughness evaluation to
assess the quality and performance of mechanical parts from multiple perspectives, and
ultimately improve students' understanding and mastery of this issue.
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3 Multi-dimensional Assessment Methods

The Fourier Transform transforms a signal from time to frequency domain, exposing its
frequency components. It's used in spatial analysis to find periodic features in images
and in sequence analysis to detect fluctuations in data series. This is useful for data
compression, filtering, and feature extraction, making it ideal for analyzing processing
errors. We begin with the sequence Fourier transform. First, the process of spatial
Fourier transform is given as shown in Equation (2) [I:

. ux vy
Fu,v) = S0 SN £ e y)e 2l ) @
In Equation (2), f(x, y) represents a matrix of size MxN,x=0, 1,2, ..., M-1 and y =
0,1,2,...,N-1,j is an imaginary unit, and F (u, v) denotes the Fourier transform of f{x,

»). A two-dimensional spectrum map can be obtained by performing a spatial domain
Fourier transform on the surface shape of a selected area through Equation (2), which
can extract the frequency magnitude distributions.

The sequence Fourier transform computes for a one-dimensional sequence as an
object. If the height of the component on one of the lines is chosen as the analysis
object (x(n), n=1, 2, 3, ..., N, N is the total number), its height characteristics can also
be given using the Fourier transform of the sequence:

X(Tl) — ej(Zan/N+9) (3)

where f is the frequency multiplier and 6 is the initial phase (which often reflects
height information). Further, the Fourier transform X of x(n) can be expressed as ["!:

1 «N-1 ;g ; 1 N-1 ;
— = j6 nj2mrnpB /N o—j2mkn/N —_ =~ .j@ j2n(f—-k)n/N
Xty =2, _,¢% e = Y e (4)

where k is a frequency domain variable (sequence type). Further, it can be ob-
tained:

1 sin[rB-0)] j[e+2tp-k
X(k) =5 EEm 2]"*][ T 5)
N

sin[

The window function is introduced to minimize the effect of the undesirable dis-

tribution of the edges, then for a complex signal {x(n) = e ne[0,N - 1]} (w*

is the corner frequency), its form with an additive window F; can be given by the
following equation [®:

X(k) = Fy(kbw — w*)eITlkbw=0w) ©

where Aw is the frequency resolution and 7 is the group delay. For a complex
signal considering a non-zero initial phase, its add-windowed series Fourier transform
can be given by the following equation (A4 is the signal amplitude and ny is the se-
quence delay) !

Xk = Ael(0-w™ng) Fg(kAa) _ w*)e—j‘r(kAw—w*) 7)
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Hereafter, the height of the surface shape of the component is normalized to between
0 and 1 for the convenience of the display. Taking the surface height as an example
(displayed as shown in Fig. 2), its distribution can be given by the spatial Fourier
transform and the serial Fourier transform, as shown follows.

Performing a spatial Fourier transform on the above surface shape and extracting the
frequency amplitudes, the result shown in Fig. 3 is obtained. Further, using the se-
quence Fourier transform, the heights are extracted from the 250" horizontal (row) and

250™ vertical (columns) directions, respectively, as shown in Fig. 3.
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Fig. 2. Height distribution of surface shapes of a component

Measurement methods might not accurately capture surface features at edges, hence
sequence windowing, like the Blackman window used here %], is an effective solution.
Further, from the spectral characteristics shown in Figs. 2 ~ 3, the low-frequency
machining error that can determine the basic distribution of the surface shape is dom-
inant, but the high-frequency error that influences the roughness and smoothness still
exists and is accompanied by a certain fluctuation amplitude. This means that reverse
error tracing and error control are necessary.

Typically, the machining errors at each frequency band correspond to the corre-
sponding machining steps. The results of the quantitative analysis of the machining
errors can in turn help to optimize the process. This also usually means a balance
between economy and precision. For example, in the machining of optical compo-
nents, surface machining errors directly affect the performance of the part, which in
turn has a non-negligible impact on the imaging and output performance of the optical
system.

The instrumentation used for measurement and the processing of the detected sig-
nals are also very important. In machining, individualized machining and inspection
requirements determine the measurement methods used. Contact measurements are
usually easy to realize, but are relatively inefficient. Non-contact measurement meth-
ods (represented by interferometry), on the other hand, have a high measuring accu-
racy, but the equipment is expensive and the processing methods are complex.
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Fig. 3. Spatial Fourier Transform results

The two spectral analysis methods provide the possibility of multi-dimensional in-
terpretation of machining errors and provide a basis for the control of these errors,
which can be expected to be an effective quantitative analysis technique in industrial
machining.

4 Conclusion

Traditionally, Mechanical Drawing education has focused on component dimensions
and basic machining features (R, and Rz), but advancements allow for the introduc-
tion of advanced quantified methods like spatial and sequence Fourier transforms.
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These enrich students' understanding by enabling the analysis of frequency distribu-
tion characteristics, which are crucial for identifying machining errors. Fourier trans-
form techniques also offer insights into surface roughness spectral characteristics,
aiding in machining process optimization. Incorporating these modern analysis tech-
niques not only boosts students' expertise but also ignites their curiosity and enthusi-
asm for exploring contemporary manufacturing technologies.
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which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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