
Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
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 licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence 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. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Engler et al. 
Journal of Engineering and Applied Science           (2024) 71:35  
https://doi.org/10.1186/s44147-023-00331-4

Journal of Engineering
and Applied Science

Improving the surface quality of AlMgSi1 
alloy with the selection of the appropriate 
vibration grinding stones
Carsten Engler1*  , Anthimos Georgiadis1, Dirk Lange1 and Nicolas Meier1   

Abstract 

The number and variety of paints and coating systems in the automotive industry have 
increased in recent years. However, the basic requirement for the quality of the paints 
still depends on the surfaces on which they are applied. This applies not only to 
the large body parts but also to all components that are integrated.

There are many surface treatment processes and techniques that are used as an addi-
tional process step, such as pickling for a chemical surface treatment or blasting 
for a mechanical surface treatment.

The present work investigates a method for optimizing the surface before painting, 
using the membrane cup of the ultrasonic sensor as an example for AlMgSi1 alloy, 
without implementing additional process steps.

First, all process steps influencing the surface quality for the production of a membrane 
cup were considered for optimization. Then, based on a backward process chain analy-
sis, vibratory grinding for deburring of the membrane cup was determined as the pro-
cess step to be optimized. For the optimization of the vibratory grinding, experiments 
with two different grindstones were performed. For the characterization of the surface 
quality, the roughness parameters Rz and Ra were measured with a confocal laser scan-
ning microscope and analyzed in order to determine the optimal process conditions.

The experiments showed that the surface roughness can be significantly improved 
using dedicated process parameters and taking into account the geometry 
of the vibratory grinding stones. Moreover, different surface qualities can be achieved 
at different areas on the workpiece, this new approach provides a solution for sur-
face optimization in various areas of the workpiece without additional process steps 
and costs.

Keywords: Vibration grinding, Surface optimization, Roughness, Confocal laser 
scanning microscope, Six sigma

Introduction
The number and variety of paints and coating systems in the automotive industry have 
increased in recent years. However, the basic requirement for the quality of the paints 
still depends on the surfaces on which they are applied. This applies not only to the large 
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body parts but also to all components that are integrated.
One customer requirement, not only in the automotive industry, is the selection of 

optimal processes and process parameters to “improve the productivity and high quality 
with minimum cost” [1].

Process optimization to improve part quality is a well-known topic in science and 
industry. The optimization of processing parameters using soft computing techniques 
[1] is a good approach, reducing the cost of experiments with the help of software sup-
port. A model-based approach for process parameter optimization is well described in 
[2]. Using different materials as part of a process optimization is stated in [3]. In [4], an 
approach is described at an early stage for designers.

In contrast to all these approaches, this work involves a process chain with an influ-
ence on the surface quality. The incentive and motivation for this work is to analyze the 
process chain in order to first find a method for optimizing the surface before painting 
without carrying out additional process steps in order to achieve the customer require-
ment of “minimum costs” and to create an ideal basis for the painting process.

Research on surface optimization and analysis is also ongoing in science and industry, 
as shown, for example, in the papers by [5–9].

Surface coating, applied in [5, 6], is one opportunity for surface optimization. Advan-
tageously, depending on the requirement, a high variety of surface qualities can be real-
ized. Introducing a coating process would mean an additional process step for this work, 
which would lead to higher effort and costs. The use of friction for surface modifica-
tion is discussed in [7] and is already present in the current production processes of the 
membrane pot, with the advantage that no additional process steps need to be estab-
lished. The water jet treatment discussed in [8] as a surface optimization is considered 
a promising approach, but it would lead to an additional process step in this work and 
is therefore not the first choice. In [9], vibratory grinding is considered a process for 
deburring the produced part.

In line with the existing process chain for the membrane cup, deburring with vibratory 
grinding is already in place.

For this reason, special attention is paid to this step in the process chain analysis. The 
new approach and motivation for this work is the optimization of the vibratory grinding 
process in order to use this method not only for deburring but also for surface optimiza-
tion. In addition to this motivation, the geometry of the vibratory grinding stones is also 
of great interest in order to achieve a surface finish exclusively in a specific area of the 
workpiece, which is also a new approach to optimize the vibratory grinding process.

The present work provides a further and essential contribution, both in process opti-
mization and in the optimization or modification of surfaces. An optimization of the 
surface quality, or rather the surface properties, by adapting already existing processes 
is of major industrial interest since this information can serve a verity of purposes in the 
industry and results in lower risks and costs compared to the introduction or definition 
of additional processes.

The optimization of paint surfaces is a well-known and as yet an unsolved problem in 
science and industry. This work offers further optimization potential in an experimental 
investigation of the vibratory grinding process and is therefore of particular importance 
as it helps to investigate a method for optimizing the surface before painting. This study 
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takes into account both industrial and scientific aspects at the same time. The indus-
trial importance of this work is underlined by the selection of the research object. With 
the membrane cup of the ultrasonic sensor of the automotive industry, a representative 
component was chosen with which the central aspects of many sensors can be investi-
gated and additionally make a contribution to the way to autonomous driving.

For a better overview, the results are presented in compact form. The results are inter-
preted and analyzed by means of statistical significance. A verification of the statistical 
significance is a Six-Sigma method. Six Sigma methods are well-known in quality man-
agement. In addition to the case study from [10], this paper provides an additional prac-
tical case study, applying Six Sigma methods.

The membrane pot and the associated processes influencing the surface quality are 
described in detail, as well as the measuring system used for the analyses. As measuring 
system, a confocal laser scanning microscope was engaged, that previously was exam-
ined for the suitability of its operational purposes. The approach of the examination is 
described in detail. The subsequent chapter presents and analyzes the results of this 
examination. The final chapter summarizes this work and provides an outlook on further 
optimization potential for surface quality.

Methods
Membrane pot, the applied part for the experiment

With the ultrasonic sensors in the automotive industry, various driving functions and 
driving situations will be assisted. For a better illustration, Fig. 1 constitutes two variants 
of the ultrasonic sensor from two different manufacturers.

An essential function of these sensors is perceived as assistance in parking with acous-
tic signals. To better explain the operation of the sensor and the membrane pot, the indi-
vidual components are displayed in Fig. 2.

An ultrasonic sensor is composed of a plastic molded housing with integrated plug-in 
connector, an ultrasonic transducer (membrane pot, glued on the inner side with a piezo 
ceramic oscillator), and a printed circuit board with transmit- and electric evaluation 
[11].

The membrane pot, constituted in Figs. 3 and 4, is suitable as representative compo-
nent for various reasons, the essential ones are listed below:

▪ Aluminum component (AlMgSi1)
▪ A multitude number of painting systems are used in the automotive industry

Fig. 1 Ultrasonic sensors of two manufacturers (own research)
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▪ The surface quality can be influenced by production processes
▪ Different surface qualities are required for the paint and for the glue

Aluminum, as a basic material in the industry, is painted in a variety of applica-
tions. The membrane pot is part of the ultrasonic sensor in the automotive indus-
try, mounted in the front and/or rear bumpers. In accordance with the explanation of 
[11], the paintwork of the membrane pot is not essential for the function of the ultra-
sonic sensor. Paintwork of the membrane pot in vehicle color is a requirement of the 
automotive manufacturers, to facilitate a consistent optical color picture of the vehi-
cle. Besides the functional requirements, a particular optical requirement exists for 
the membrane pot, thus the surface quality corresponds to a significant role. Improv-
ing the paint quality is of major industrial interest and motivation of this work.

Figure 3 shows the outside of two membrane pots from two different manufacturers 
to which the paint is applied.

Fig. 2 Basic setup of an ultrasonic sensor in the automotive industry [11]

Fig. 3 Membrane pot exterior, painted in vehicle color (own research)
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Figure 4 visualizes the inner side of the membrane pot. On the inner side, the piezo 
ceramic is glued.

Figures 3 and 4 demonstrate, in an ideal situation, two different surface qualities can 
be realized for the inner and outer sides of the membrane pot. A new approach and the 
motivation of this work is to find a solution for the optimization of the surfaces of differ-
ent areas of the membrane pot by optimizing already existing manufacturing processes.

The surface quality of the outer side ought to be optimized for the lacquer in vehicle 
color. The inner side is for the gluing of the piezo element. An optimized surface for 
painting and a different surface quality for the gluing process require different surface 
qualities for the different areas of the membrane pot.

When considering the processes that affect surface quality, these requirements should 
be taken into account.

Vibratory grinding, the studied process

Having established an understanding of the membrane pot and its functions, Fig.  5 
shows the main production processes affecting surface quality.

A backward process chain analysis was used to identify the optimization potential of 
the second vibratory finishing process, which is described and presented in this study. 

Fig. 4 Membrane pot interior, surface for piezo gluing (own research)

Fig. 5 Process steps with influence on surface quality (own research)
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Reverse straightening is recommended in this case because there are fewer subse-
quent processes that could affect the surface quality. To better explain the potential for 
improvement, the process chain shown in Fig. 5 is described in detail. The transforma-
tion of the workpiece at ambient temperature without external heating is characterized 
by cold forming. Besides this technical definition, a metallophysical for cold forming 
is presented as long as the transformation temperature of the workpiece is below its 
recrystallization temperature. Upsetting and extrusion are the main processes of cold 
forming [12].

Chipless forming is facilitated by reducing friction, e.g., by optimized sliding condi-
tions, and by appropriate heat treatment:

1. For the sliding surface of the tool or rather the sheet surface with the application of a 
lubricant.

2. For the crystals of the forming material with heat treatment among the follow-up 
trains [13].

Following the execution of [13], the imperative shown in Fig. 5 is dedicated to wash-
ing and cleaning processes. Vibratory grinding is the second essential process step with 
the influence of the surface quality of the membrane cup. With vibratory grinding, two 
challenges can be solved in this study, the deburring and the surface optimization of the 
membrane cups. Deburring with vibratory grinding is well known in science and indus-
try and well described in [9]. The new approach in this work is to optimize the vibratory 
grinding process not only for deburring but also for surface optimization. Another new 
feature is that the geometry and size of the vibratory finishing stones can be used to 
optimize only certain areas of the object.

According to standard DIN 8589–17, vibratory grinding belongs to the main group 
“cutting” or rather to the group “machining” with geometrically undefined cutting. 
According to the standard, sliding clamps are defined as machining that takes place 
in many loose abrasive bodies or abrasive materials and irregular relative movements 
between the workpieces. This results in chip removal. The geometry, size, and composi-
tion of the abrasive bodies matching to the proceeded workpieces [12].

Figure 6 schematically displays the rotary barrel finishing. The workpieces and work-
ing media are put into one drum. When the drum rotates at a certain speed, the work-
pieces and abrasive blocks in the drum are lifted with the rotation direction of the drum. 
In the lifting process, the workpieces and abrasive blocks located at the bottom of the 
drum are in a dynamic balance, and they remain relatively motionless. When the work-
pieces and abrasive blocks located at the top of the drum are lifted to a certain height, 
they will lose their balance and slide down. “Therefore, with the rotation of the drum, 
the workpieces and abrasive blocks in the drum roll over and over, which cause the col-
lision, rolling, rubbing, and scoring among workpieces and abrasive blocks, and the fin-
ishing is implemented” [14].

“Rotary barrel finishing is one of the barrel finishing technologies at the earliest stage, 
and it is suitable for the finishing of small special-shaped parts” [9]. The approach in this 
work of optimizing the grinding process not only for finishing but rather for optimizing 
the surface quality of various areas, is new and of interest in science and industry.
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The proceeded workpieces, the abrasive bodies, and a liquid chemical medium 
(compound) are in a working tank. The desirable metal cutting occurs with an unde-
fined relative movement between the abrasive bodies and the workpieces, evoked by 
a rotation, or vibration, as well as by a movement of the workpieces in a stationary 
filling of abrasive bodies. The selection of the appropriate grindstone depends pri-
marily on the desired output. For a high material removal rate, and brief processing 
times, an abrasive chip type ought to be considered. Plastic-bonded grindstones are 
recommended for fine processing workpieces with true to gauge drills, tight toler-
ance fits or rather for the achievement of surfaces for electroplated coating [12]. The 
roughness of the surface is primarily determined through the selection of the grind-
stones. The larger the grindstone, the greater the grinding performance, the rougher 
the generated surface. Based on this information, the focus and trials were placed on 
the grinding stones instead of changing the process parameters for the rotary kiln. 
In this work, two different new synthetic resign grindstones are applied to examine 
the surface quality with regard to roughness. In addition to the material selection of 
the grinding stones, the geometry was also taken into account in order to fulfill the 
second goal of this work, namely not only to improve the surface quality but rather 
to offer a solution to create different areas of the object with different surface quali-
ties. As a result, the vibratory finishing process has no influence on the surface of the 
inside and a separate area for separate surface optimization could be realized.

Fig. 6 Schematic of rotary barrel finishing. 1—drum; 2—workpieces; 3—working; medium; 4—sliding layer 
[14]
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The aim was exclusively to change the surface of the outer area on which the paint was 
applied.

The following Table 1 compares the properties of the applied grinding stones.
Limitations of the grindstones are given in size, design, and material. These limitations 

must be taken into account for each application.

Roughness, the analyzed characteristic

To determine the surface quality or surface properties, various surface parameters can 
be analyzed. DIN Deutsches Institut für Normung e.V [15] defines the geometric param-
eters as waviness, roughness, and profile parameters. The surface finish of components 
can thus essentially be described by two standards, which are displayed in Fig. 7 for bet-
ter understanding.

The selection of the profile roughness parameters or the area depends on the type of 
characterization of the surface properties. At the customer’s request, the profile param-
eters Rz and Ra are examined in this work. This is designated as a profiled surface 
description. The roughness profile, also stated as R-profile, constitutes the basis for the 
evaluation of the R-characteristics [17, 18]. Parameters for the extensive surface finish 
are characterized in [16, 17]. DIN Deutsches Institut für Normung e.V [18, 19] defines 
the length of the measuring section for the evaluation according to roughness param-
eters. As a general rule, five individual measuring sections are applied as a basis for cal-
culating the values of the parameter of the roughness profile. Figure  8 illustrates this 
relationship.

Table 1 Comparison of vibrating grindstones (own research out of the respective material data 
sheets)

Characteristic/grindstone A B

Specific weight [g/cm3] 1.71 1.51

Design Pyramid Pyramid

Edge length [mm] 25 25

Carrier material Plastic Plastic

Manufacturing process Molding Molding

Additional manufacturing process Curing/tempering Curing/tempering

Fig. 7 Description of surface texture in standards (own research out of [16])
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According to [15], a measured distance ln is recorded and evaluated. Standard DIN EN 
ISO 21920–2 applies the term evaluation length le. Rz is determined on the basis of the 
single measuring distance, and Ra on the basis of the evaluation length. Le is the length 
in the direction of the x-axis, applied to determine the geometric structures. In Fig. 8, the 
procedure is described by means of the recording of the image. DIN Deutsches Institut 
für Normung e.V [21] advises for Rz values with upper tolerance limit in appendix B.2 
an evaluation length le of 4 mm, for Ra values from appendix B.4 an evaluation length of 
5 mm. According to Table 1 and 2 of [19], a single measuring distance lr of 0.8 mm and 
a measuring distance of 4 mm are advised, for both, the characteristic values Ra and Rz.

The stylus method is a frequently used method for determining roughness in the auto-
motive industry and mechanical engineering [20]. This method is preferred by the cus-
tomer. After initial trials with the stylus method and consultation with the customer, 
this method was discarded due to the visible change in the surface, which could lead to 
repeatable and reproducible problems, see Fig. 9. In alignment with the customer and a 
measuring device manufacturer, a confocal laser microscope was determined, which is 
explained in the next chapter.

Confocal laser microscopy, the applied measurement device

Since the stylus method did not allow repeatable and reproducible measurements, the 
focus of this work was set on an optical measuring instrument for evaluating surface 
quality. The experiments with white light interferometry were promising. The maximum 
working distance of 10 mm made measuring the inside of the membrane cup unfeasible, 
why it was not considered in this work. In addition to a confocal laser scanning micro-
scope, a measuring device based on focus variations provided feasibility. The confocal 
laser scanning microscope was chosen due to the following main advantages:

– High precise measurements with 65,536 Gy scales
– Automated adjustment of the scanning area
– Microscope was easier to handle, also experienced by the customer
– Fast focus adjustment with automated focus recognition
– Lower investment costs

Fig. 8 Definitions of roughness profile [20]
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With the application of a confocal laser scanning microscope, disturbing back-
ground information can be significantly reduced as one advantage of using this type 
of microscope. Confocal microscopic images are characterized by a significantly 
higher optical resolution and a stronger image contrast. When it comes to analyzing 
thick and highly scattering specimens such as a whole piece of tissue, the advantages 
of a confocal laser scanning microscope are appreciated [22]. The term “confocal” was 
established in 1977 by C. J. R. Sheppard. Confocal describes very precisely the opti-
cal setup, particularly the coincidence (“con”) of the lighting, -and observation focal 
point (“focal”) [23]. The basic setup of the confocal scanning microscope is visualized 
in Fig. 10.

Fig. 9 Visible change in the membrane pot surface with the stylus method (own research)

Fig. 10 Schematic representation of a confocal optical path [22]
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Typical optical resolution values, obtained with a confocal laser scanning microscope, 
are approximately 200  nm lateral (x–y direction), and 500  nm axial (z-direction). The 
resolution limit depends on the numerical aperture, the applied objective lens, and the 
wavelength of the generated fluorescence. Modern confocal laser scanning microscopes 
apply lasers with different wavelengths for fluorescence stimulation. The laser light will 
focus on the preparation and lead over by means of a scanner mirror. The confocal laser 
scanning microscope helps quite excellently, as it optically cuts out only the sharp layer 
from the out-of-focus area. Therefore, it is also occasionally designated as “layer section 
microscope”, or “optical microtome” [23]. Modern confocal laser scanning microscopes 
enable far more than simply fading of fluorescent fuzziness. Confocal laser scanning 
microscopes feature high-precision tuning of temporal and spatial laser intensities, the 
ability to perform spectral emission analysis, and synchronous imaging of cell structures 
with different lasers. Thus, confocal laser scanning microscopes are increasingly finding 
their application in analytical image processing systems [22]. There are variants with die-
lectric layers, and such with thin metallic films. Interference filters can be designed for 
any spectral transmission characteristic and allow steep edges in the transmission spec-
trum [24]. The measurement, assessment, and characterization of surfaces is a much-
discussed topic in industry and science [8, 25]. In [26], “optical microscopy”, “optical 
profilometry”, and “X-ray computed tomography” are presented as three measurement 
devices for surface evaluation. The confocal laser microscope used in this analysis allows 
both areal and profile evaluation of the topography and is also unused in [27]. The laser 
scanning microscope, applied for this execution, owns a resolution of 1 nm, and operates 
with a telecentric objective lens to eliminate aberrations.

Such systems are often applied in metrology since the apparent image size does not 
change when the scanning distance is changed (within certain limits). A photomultiplier 
is applied as a laser receiving element, enabling a scanning frequency of 16 bits. Sixteen 
bits  (216) acquisition implies a capturing in, 65,536 Gy levels. By means of this sensor, it 
is feasible to achieve high-resolution scanning. For better comprehensibility, the prin-
ciple of this sensor is briefly illustrated. Figure  11 constitutes the basic design of this 
sensor.

A photomultiplier tube consists of a photocathode, an electron multiplier, and an 
anode, and is usually housed in an evacuated glass tube. When the photomultiplier tube 
starts, the incident light, which needs to be detected, passes through the input window. 

Fig. 11 Principle of the photomultiplier vacuum tube [28]
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The electrons in the photocathode are emitted into the vacuum. Photoelectrons are 
focused by the focusing electrode onto the first dynode where they are multiplied by 
secondary electron emission. This process is repeated at each successive dynode. Finally, 
multiplied secondary electrons emitted from the last dynode are collected by the anode 
to form the anodic photocurrent. When the anodic photocurrent flows through the 
load resistance, a signal voltage is generated, which is used for detection [29]. Various 
arrangements of electrodes for focusing and accelerating the photoelectrons are applied 
in industrially manufactured photomultipliers. For an arrangement of 14 such successive 
dynodes with approx. 150–200 V potential difference between each dynode, a multipli-
cation of the electron number (amplification) of  108 can be accomplished [28].

Table  2 constitutes the parameters, that can be imaged with the applied focal laser 
scanning microscope.

Six sigma method

Six Sigma is a process-orientated approach and “aims for virtually error-free business 
performance” [30]. “Six Sigma is a rigorous, focused, and highly effective implementa-
tion of proven quality principles and techniques” [30]. “As a data-driven approach, Six 
Sigma projects focus on how to reduce variation, waste, defects, and defective products 
or services” [31]. The aim of this work is an improvement of the surface quality, which 
means reducing the variation and defects in order to produce a zero-failure process. Six 
Sigma offers methods to achieve this goal. Six Sigma uses statistical methods to prove 
the effectiveness of the measures. These statistical methods are known to the companies 
and are applied by them. The application of Six Sigma methods represents the industrial 
focus of this work. The focus on the use of Six Sigma to improve the quality of pro-
cesses corresponds exactly to the aim of this work, which is why Six Sigma was selected 
as a suitable method. According to Six Sigma, only statistically verified measures may be 
introduced.

A suitable method from the Six Sigma toolbox for comparing the results of the two 
different grindstones originates from descriptive statistics, which compares the mean 
value. The arithmetic mean can display metrological differences in these examinations. 
The results, displayed in Table  3 and 4, correlate both materials with its arithmetic 
means x̅. For this appraisal, random samples produced with two different grindstones 
were considered. In this method, the values are tested for statistical significance using a 
t-test. For statistical tests, see as well [32, 33]. A difference can be determined whenever 

Table 2 Representative surface roughness parameters (own research out of [16, 18])

Parameter Designation

Spc Arithmetic mean value of peak curvature

Sa Mean arithmetic height of the scale-limited surface area

RSm Mean spacing of the profile elements

Ra Arithmetic mean value of the height

Sdr Developed transition area ratio of a scale-limited surface

Str Aspect ratio of the surface texture

Sz Maximum height of the scale-limited surface

Rz Maximum height
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two random samples with their mean values are compared. The purpose of these test 
procedures is to indicate whether the observed difference is random or statistically sig-
nificant. A significant difference means that the results of random scattering are doubt-
ful. According to [34], three steps must be considered:

1. Calculation of the difference d̅ of both random samples. Difference d̅ means an esti-
mate of true difference δ.

2. Calculation of the confidence level for the difference (with the same quantity for both 
random samples)

3. Interpretation of the results.

In this context, the confidence level is understood as:

Due to the random dispersion of the sample values, the mean value of the sample 
will not completely match the mean value of the population. Thus, it is necessary to 
indicate an interval for the estimated parameter, the parameter of the population is 
within this interval with a determined probability. This interval is named confidence 
level or confidence interval [34].

Table 3 Results Rz for vibrating grind stone A and B (own research)

Part Rz value in [µm] with grindstone A Rz value in [µm] 
with grindstone B

1 7.208 3.425

2 8.723 4.089

2 7.180 3.779

3 6.955 4.407

5 7.043 3.516

6 7.016 2.771

7 7.533 3.195

8 9.085 2.997

9 7.176 3.604

10 7.243 3.779

Mean value 7.516 3.556

Table 4 Results Ra for vibrating grind stones A and B (own research)

Part Ra value in [µm] with grindstone A Ra Wert in [µm] 
with grindstone B

1 1.044 0.370

2 1.499 0.415

2 1.205 0.401

3 1.149 0.447

5 1.241 0.372

6 1.289 0.312

7 1.195 0.379

8 1.376 0.353

9 1.114 0.474

10 1.109 0.442

Mean value 1,222 0,397
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Results and discussion
For the execution of both experiments, the same quantity of membrane pots was granted 
into the work vessel, subsequently, the operation was executed with the identical setting 
of the machine, with respectively the different grindstones, constituted in Table 1. Vibra-
tory grinding produces primarily the deburring of the components. Hence, deburring is 
the precondition for both deployed grindstones. This precondition was visually checked 
for both grindstones with positive results.

These suggestions of standards 21,920 and 4288 were considered in this examination. 
The settings of the confocal laser scanning microscope were reviewed and determined 
with the manufacturer. A × 20 magnification was selected for the membrane pot. As a 
result of the manufacturer’s setting recommendations, individual measuring distances 
of > 0.6 mm could be realized. From each image, 21 sensing distances were generated. 
This results in a measuring distance ln or an evaluation length le of more than 12 mm 
(21 × 0.6 mm). A confocal microscope has some limitations and leads to compromises. 
The higher the resolution, the higher the magnification, the smaller the image. Standard 
DIN EN ISO 4288 requires a single measuring distance lr of 0.8 mm and a measuring 
distance of 5 mm, which is not possible at high magnification. The software can merge 
many small images into a large one, but this leads to a longer processing time. The above 
parameter settings are the compromise discussed with the measuring device manufac-
turer and approved by the customer.

Figure 12 shows the measurement strategy resulting from the above-mentioned com-
promise. A surface topographic image of the outside of the membrane pot was estab-
lished. In this sector, 21 sensing distances were defined. Each blue line represents a 
profile distance lt. All 21 scanning distances, defining the measuring distance ln, or the 
evaluation length le. The dimension of the recorded topographic area is constituted in 
Fig. 13. In this figure, the recorded heights are additionally represented by the adjacent 
color palette.

Fig. 12 Recording of the surface topography of the surface of a membrane pot (own research)



Page 15 of 20Engler et al. Journal of Engineering and Applied Science           (2024) 71:35  

Figure 13 provides the limitations of the image with a × 20 magnification in the x and y 
direction. Both distances 0.71 mm in x direction and 0,53 mm in y direction do not fulfill 
the length of the standard DIN EN ISO 4288.

Figure 14 displays the roughness profile of a scanning path; this results in the single 
measuring path lr. Respectively, the two yellow lines visualize the forward and overrun.

Tables  3 and 4 constitute the measurement results of the roughness values of the 
membrane pots with the different vibratory grinding processes and grindstones.

Comparing the mean values Rz of the grindstones B and A results in a factor of 0.47. 
Whether this factor is statistically significant is then examined by applying a t-test from 
the Six Sigma toolbox. Ten measured values were aligned with the customer for a first 
trial, but limits the statistical significance.

With comparing the mean values Ra of the grindstones B and A, the result is even a 
factor of 0.32. This factor is also examined with this Six Sigma method.

According to the “Six Sigma” approach, decisions should only be derived after 
examining statistical significance, and further examinations ought to apply to deci-
sions. For this appraisal, random samples with two different grindstone materials are 
rotary barrel finished. Two mean values are compared for the characteristic Rz and 

Fig. 13 Recorded topography area with a color scale of the height (own research)

Fig. 14 Sensing distance lt und single measured section lr (own research)
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Ra. In this method, a t-test was performed to test the values for statistical signifi-
cance. A difference can be detected whenever two samples or their mean values are 
compared. The purpose of these test procedures is to indicate whether the observed 
difference is random or statistically significant. A significant difference means the 
results are doubtful from the random scatter. According to [34], three steps must be 
considered:

1. Calculation of the difference dRz , and dRa of both random samples mean values for 
characteristics difference amounts to 3.960 µm and 0.825 µm. The difference Rz and 
Ra means an estimate of the true difference.

2. Calculation of the confidence level for the difference (with the same quantity for both 
random samples) [34]

 for Rz: s = 0,900;  sd ̅= 0.403

 tf=18.1-α/2 =97.5% = 2.101, out of table t-distribution
 3.960 µm – 2.101*0.403 ≤ δ ≤ 3.960 µm – 2.101 * 0.403; 3.114 µm ≤ δ ≤ 4.806 µm
 For Ra: s = 0.103;  sd ̅= 0.046
 N = 2*n = 20; the total amount of the test results
 f = 2 * (n—1) = N – 2 = 18; variances
 tf=18.1-α/2 =97.5% = 2.101, out of table t-distribution
 0.825 µm – 2.101 * 0.046 ≤ δ ≤ 0.825 µm – 2.101 * 0.046; 0.729 µm ≤ δ ≤ 0.922 µm

3. Interpretation of the results

The confidence level excludes 0; for this reason, a significant difference applies between 
both grindstones [34].

In this context, the confidence level is understood as the following:

Due to the random dispersion of the sample values, the mean value of the sample 
will not completely match the mean value of the population. Thus, it is necessary 
to indicate an interval for the estimated parameter, the parameter of the popula-
tion is within this interval with a determined probability. This interval is named 
confidence level or confidence interval [34]. Furthermore, the mean range will be 
constituted even as a hypothesis test. The null hypothesis H0 estimates the mean 
of both populations is equal [34].

(1)

d− t∗sd ≤ δ ≤ d+ ∗sd; sd =
2

n
∗ s2; the standard deviation of the effect

(2)s2 =
s12 + s22

2
;mean− variance of the single values

(3)N = 2 ∗ n = 20; the total amount of the test results

(4)f = 2 ∗ (n− 1) = N − 2 = 18; variances
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The test value is significantly larger than the critical t-value; thus, the null hypoth-
esis H0 must be rejected. For characteristic Rz and Ra, the two different grindstones 
are distinguished significantly. Thus, the goal of improved quality of the outer surface 
for the painting process could be achieved from a statistical point of view.

The exclusive consideration of statistics is a clear limiting factor for the Six Sigma 
method. The aim of this work is to improve the surface quality of paints. For exam-
ple, if the statistical significance is not given, but the color result is better, the 
improvement should be implemented. The result of the coating can only be checked 
visually, so it is not sufficient to consider only the statistical result of the Six Sigma 
method.

In this study, technical relevance was used to overcome the limitations of the Six Sigma 
method. A measurable difference between d̅Rz and d̅Ra of 3.960 µm and 0.825 µm, with 
initial mean values of 7.516 µm for Rz and 1.222 µm for Ra, clearly represents technically 
relevant differences that are also visually reflected in the painting results.

All results were manually calculated and verified through the statistic software 
“Minitab”.

Conclusions
The motivation of this work, to improve the surface quality through process optimiza-
tion instead of implementing additional process steps in order to achieve a solution 
without major cost consequences, could be realized with the following steps:

1. Defining current processes with the influence of the surface quality.
2. Using a backward process chain analysis, the vibratory grinding process was identi-

fied as the process with which an improvement in surface quality can be achieved 
without having to introduce additional process steps.

3. A further optimization was achieved by taking into account the geometric proper-
ties of the grinding stones. This enables surface optimization in certain areas of the 
membrane pot. This is particularly important as the outer surface of the membrane 
pot is painted and a piezo element is glued to the inner surface. In this way, the sur-
face of both areas can be optimized for the respective application.

4. Use of a confocal laser scanning microscope instead of the stylus method to avoid 
surface changes for reproducibility and repeatability.

5. The aim of improving the surface quality by selecting suitable vibratory finishing 
stones was evaluated using the roughness parameters Rz and Ra. The results illus-
trate the statistical significance, as the Six Sigma method, and its technical relevance.

Limitations were identified in:

1. The Size, design, and material of the grindstones. These restrictions must be taken 
into account for every application.

(5)
tkrit = tf=18.1−α/2=97.5% = 2.101; critical t − value

tpr = dRz/s·d = 9.84; test value

tpr = dRa/s·d = 17.99; test value
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2. The stylus method was not feasible in this work due to the surface change caused by 
the needle used. The confocal laser scanning microscope has no influence on the sur-
face, but certain limitations to meet the standard.

3. Evaluation with Six Sigma methods also has some limitations as it relies only on 
statistics, which should not be the only evaluation method, therefore technical rel-
evance was applied in this work.

This approach can serve as a basis for future tests or a DoE (Design of Experiment) to 
further improve the surface quality. In addition to further attempts to optimize the out-
side of the membrane pot, an attempt can now also be made to optimize the inside. This 
approach can also be transferred to other applications, products, or processes. However, 
the limitations must be taken into account.
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