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Abstract: This research explores the torque—angle behavior of M2/M3 screws in automotive ap-
plications, focusing on ensuring component reliability and manufacturing precision within the
recommended assembly specification limits. M2/M3 screws, often used in tight spaces, are sus-
ceptible to issues like stripped threads and inconsistent torque, which can compromise safety and
performance. The study’s primary objective is to develop a comprehensive dataset of torque—angle
measurements for these screws, facilitating the analysis of key parameters such as torque-to-seat,
torque-to-fail, and process windows. By applying Gaussian curve fitting and Gaussian process
regression, the research models and simulates torque behavior to understand torque dynamics in
small fasteners and remarks on the potential of statistical methods in torque analysis, offering insights
for improving manufacturing practices. As a result, it can be concluded that the proposed stochastics
methodologies offer the benefit of fail-to-seat ratio improvement, allow inference, reduce the sample
size needed in incoming test studies, and minimize the number of destructive test samples needed.

Dataset: https://doi.org/10.5281/zenodo.13878636
Dataset License: CC-BY-NC

Keywords: torque study; torque-angle curve; process window; machine learning; Gaussian
fitting model

1. Introduction

In the automotive industry, M2 /M3 screws and torque study analysis are essential
for ensuring vehicle safety, performance, and manufacturing precision. Space-constrained
applications commonly use M2/M3 screws, with a nominal diameter of 2 mm and 3 mm, to
secure delicate electronic components, sensors, and interior fittings. These small fasteners
are crucial for maintaining the integrity of automotive systems such as engine control units
and infotainment systems [1,2].

However, several typical problems can arise with M2 /M3 screws and torque applica-
tions. One common issue is stripped threads, which can occur if the screw is over-tightened
or if the material it is threaded into is too soft. Stripped threads compromise the fasten-
ing integrity and may require re-tapping or using a larger screw, which can be costly
and time-consuming. Material fatigue is another concern; repeated stress or vibration
can cause screws to loosen over time, potentially leading to component failure or unsafe
conditions [3]. Torque control and measurement techniques play a vital role in ensuring
the quality and reliability of automotive manufacturing processes; for that reason, the

Data 2024, 9, 115. https://doi.org/10.3390/data9100115

https://www.mdpi.com/journal /data


https://doi.org/10.3390/data9100115
https://doi.org/10.3390/data9100115
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/data
https://www.mdpi.com
https://orcid.org/0000-0003-2445-0500
https://orcid.org/0000-0001-6660-3689
https://orcid.org/0000-0003-2951-2344
https://orcid.org/0000-0002-2533-0036
https://doi.org/10.5281/zenodo.13878636
https://doi.org/10.3390/data9100115
https://www.mdpi.com/journal/data
https://www.mdpi.com/article/10.3390/data9100115?type=check_update&version=1

Data 2024, 9, 115

2 0f 37

authors of [4] emphasize the significance of accurate torque application to prevent fastener
loosening and joint failures.

Torque-related problems also include inconsistent torque application, which can result
from using faulty or improperly calibrated torque tools. Inconsistent torque can lead to an
uneven stress distribution across components, affecting their performance and longevity [5].
Over-tightening can also cause material deformation or damage, while under-tightening
can lead to the loss of components that might vibrate or detach, posing safety risks [6].
Proper torque study analysis is crucial for addressing these issues. Ensuring that screws are
tightened to the correct specifications helps to maintain component performance, durability,
and safety, which is essential in high-stress areas like engine mounts and braking systems [6].
Consistent torque application is vital for quality control, reducing variability in assembly,
and enhancing vehicle reliability [5].

Corrosion and thermal cycling have significant impacts on the performance and
longevity of screws, particularly in harsh environments. Corrosion can dramatically reduce
the mechanical properties of screws, especially in humid or chloride-rich conditions, as
shown by [7]. Thermal cycling also affects screw behavior; torque tends to decrease loga-
rithmically with increasing temperature due to changes in material properties and lubricant
viscosity [8]. Studies on screws further suggest that specific environmental conditions, such
as optimal temperature and humidity, can enhance screw longevity and performance [9].
However, while these factors are generally detrimental, certain materials like Mg-Zn-Zr
alloys demonstrate controlled degradation, making them promising candidates for specific
applications [10,11]. In addition, literature reports indicate that the presence of a zinc
coating does not affect the static strength of galvanized elements, but there is a reduction in
fatigue strength when compared to non-galvanized elements [12-14].

Torque—angle curves are essential for ensuring reliable assembly and optimal perfor-
mance in engineering applications, particularly in the automotive industry. These curves
graphically represent the relationship between the torque applied to a fastener and the angle
of rotation, offering a precise method for achieving accurate tightening. By utilizing torque—
angle curves, engineers can fine-tune the tightening process to avoid over-tightening, which
could lead to material deformation, or under-tightening, which could result in loose or
misaligned components [5]. This method enhances the consistency of the assembly process,
reducing variability caused by differences in friction and material properties. Moreover,
torque—angle curves help in optimizing fastener design and tightening procedures during
the design phase, leading to improved component performance and durability [5]. In
manufacturing, they serve as a critical quality control tool, ensuring that each fastener
is tightened within the optimal range, thereby maintaining high standards of product
reliability [6].

This study aims to develop a comprehensive dataset of torque—angle measurement
for M2/M3 screws. The datasets will be analyzed to determine key torque parameters,
including torque-to-seat, torque-to-fail, and the process window, with the goal of optimizing
assembly processes in engineering and automotive applications. To enhance the analysis,
Gaussian curve fitting and Gaussian process regression will be employed to model and
simulate the torque—angle data. This approach will enable the generation of predicted
values and the refinement of process parameters. The ultimate objective is to improve
assembly recommendations through a more precise understanding of torque behavior,
leading to more effective manufacturing processes.

2. Literature Review

The torque-angle curve is a fundamental aspect of understanding the mechanical
behavior of threaded fasteners. Foundational studies by [15,16] explored the relationship
between applied torque and the resulting tension or clamping force, emphasizing friction,
thread pitch, and material properties. For smaller fasteners, such as M2/M3 screws, more
recent research has been conducted; the authors of [17] examined the unique torque-angle
behavior of small screws used in precision applications, highlighting their sensitivity to
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material properties and installation techniques. Similarly, the authors of [18] focused on
the torque—angle curves of micro-fasteners, noting that these screws exhibit a sharp torque
increase during tightening, followed by a plateau or slight decrease as threads engage.

Automotive applications present distinct challenges for M2 /M3 screws due to the
need for precise control of the clamping force to ensure safety and performance. Studies
by [19,20] underscore the difficulty of achieving consistency in torque application across
large-scale manufacturing. Variations in torque can lead to inconsistent clamping forces,
increasing the risk of component failure.

Additionally, the interaction of different materials in automotive assemblies presents
challenges. For example, fastening steel components to aluminum or plastic substrates
can result in differential expansion due to thermal cycling, as discussed in research by [21].
This can alter the torque-angle curve, potentially loosening screws or causing failure.

In the context of installation factors, proper lubrication is essential in reducing friction,
which directly impacts the torque required for adequately seating and tightening screws.
Moreover, the surface finish plays a significant role in ensuring the smooth interaction
between the screw and the material. Incorporating these factors into the analysis enables
better accounting for variations in friction and material interaction, improving torque
predictions and enhancing the model’s relevance to real-world applications. Advanced
lubricants are proven to greatly reduce wear and friction in automotive contexts, leading to
improved performance and extended lifespan [22]. The tribological properties of lubricants,
such as plastic deformation and burnishing, are key to maintaining consistent friction
during assembly [23]. Surface roughness affects the interaction between screw threads,
with fractal theory providing a conceptual framework for analyzing these interactions [24].
Additionally, coatings and surface treatments can significantly reduce wear volume loss,
emphasizing the importance of surface finish in optimizing friction performance [25].

Nonetheless, the integration of lubrication and surface finish considerations into
torque—angle analysis in automotive assembly presents significant challenges, particularly
in terms of increased costs. The use of Supplementary Materials, such as specialized lubri-
cants or coatings, raises production expenses, especially in high-volume manufacturing
settings. The introduction of these variables also complicates process control, as lubrication
and surface finishes can be susceptible to inconsistencies during application, potentially
resulting in defects or variations in torque performance. Furthermore, the application
of lubrication or surface treatment often extends assembly cycle times, thereby reducing
overall line efficiency. Additionally, the use of lubricants during assembly may necessitate
additional downtime or specialized equipment, affecting both productivity and capital
expenditure.

Characterizing the torque—-angle curve is crucial for ensuring reliable automotive
assemblies. Accurate characterization allows engineers to predict clamping force based
on the applied torque, minimizing the risk of fastener failure. The authors of [26-28]
emphasized the importance of understanding this relationship in developing torque control
strategies, such as torque-angle control or torque-to-yield methods, which are widely used
in automotive manufacturing.

Moreover, torque—angle curve characterization aids in designing torque tools and
equipment for specific applications, as highlighted by [29-31]. This is particularly important
in automotive manufacturing, where automation is prevalent, and any deviation from the
desired torque can lead to defects. A study by [32] analyzed the torque measurement issues,
and the authors of [33] identified the critical characteristics of fasteners at highly loaded
bolt joins.

One emerging area of research is the application of curve-fitting techniques to de-
scribe the component behavior [34,35], particularly the usage of Gaussian process (GP)
regression to predict torque—angle results. GP regression offers a probabilistic approach to
modeling the torque-angle relationship, allowing for predictions with associated uncer-
tainty estimates. Curve fitting with GP models is especially valuable because it enables the
creation of a predictive model based on a limited number of experimental observations.
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Studies by [36-39] have demonstrated that GP models can effectively capture the complex,
nonlinear relationships inherent in torque-angle curves.

The significance of this approach lies in its ability to make inferences about the torque-
angle behavior under different conditions without the need for exhaustive testing. This
is particularly beneficial in automotive applications, where reducing the number of test
samples can lead to substantial cost and time savings. By accurately predicting the torque—
angle curve, engineers can optimize fastening processes and ensure consistent performance
across a wide range of scenarios.

Furthermore, the uncertainty quantification inherent in GP models provides insights
into the reliability of predictions, which is critical for applications where safety and precision
are paramount. In this context, the use of GP regression not only improves the efficiency of
the testing process but also enhances confidence in the resulting torque—-angle predictions.

Despite advances, several gaps remain in the understanding of torque—angle behavior
for M2 /M3 screws in automotive applications. A significant gap is the lack of comprehen-
sive studies on the long-term effects of environmental exposure, such as corrosion and
thermal cycling, on the torque—angle curve for small screws. The authors of [26] addressed
these factors for larger fasteners; more research is needed for smaller screws. Another
gap is the limited understanding of how installation variables, such as tightening speed,
lubrication, and surface finish, affect the torque-time curve for M2/M3 screws. Studies
by [40-43] suggest that these factors can significantly influence fastening outcomes, but
they are often not fully accounted for in existing models.

Finally, the application of advanced statistical methods like Gaussian process regres-
sion in torque—angle analysis is still in its early stages. More research is needed to refine
these models and explore their potential in automotive applications, particularly in terms
of reducing the need for extensive experimental testing.

3. Materials and Methods

Understanding the torque characteristics for each screw joint is essential for designing a
robust screw drive assembly process. This analysis captures the torque curve and quantifies
the torque-to-seat, torque-to-fail, and seating torque values and their variations. This
information is crucial for calculating the assembly process capability and selecting the
appropriate driver. Figure 1 depicts a typical torque study analysis, with lines representing
the statistical maximum and minimum torque curves. If the applied torque exceeds the
upper specification limit (USL), there is a high likelihood of screw joint failure. Conversely,
if the applied torque is below the lower specification limit (LSL), the screw may not be
properly seated.

The area between the USL and LSL represents the process window, defined as the
range of operating conditions within which a manufacturing or assembly process can
produce acceptable results consistently. Within this range, screws are properly seated
without causing joint failure. Operating within the process window ensures that the
assembly process is both effective and reliable, minimizing defects and maximizing quality.

The steps to complete a torque study are listed below (Figure 2):

Establish objectives: Define the purpose of the torque study based on product needs.

Set testing conditions: Specify parameters such as screw type, material, and environment.

Calibrate and verify: Ensure all equipment is properly calibrated and functioning.

Run tests: Drive screws to failure under production conditions, gathering torque

curve data.

5. Analyze key metrics: Record and calculate important values like torque-to-seat, torque-
to-fail, and statistical metrics (average and standard deviation).

6.  Define limits: Use collected data to calculate specification limits and recommended

assembly torque ranges.

L
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Figure 1. Torque—angle curve characterization.
Specification limits (process window):
Lower Specification Limit (LSL) = XTorque to Seat + 30Torque to Seat (1)
uppei’ SPeCification Limit (USL) = yTorque to Fail — SUTorque to Fail (2)
Recommended assembly specification limits:
Recommended Assembly USL = a (fTorque to Fail — 30Torque to Fm‘l) 3)
Recommended Assmbly LSL = B(Xorque to Seat + 30Torque to Seat) 4)

where « represents the safety proportion level, which will impact the USL process win-
dow and thereby determine the torque recommended assembly upper specification limit
(RAUSL); B indicates the unit factor to be used to obtain the torque recommended assembly
range lower specification limit (RALSL) from the LSL process window.

7. Evaluate driver metrics: Analyze driver torque data for consistency and accuracy,

calculating control metrics.

Assess process capability: Compute the fail-to-seat ratio, Cpk value, and review
process capability.

. . Xpeak / Fail Torque — 30Peak / Fail T Process Window USL
Fail to Seat Ratio = —— /, o ok / Fail Torque - )
XSeat Torque — 305eat Torque Process Window LSL

Cpk — Min (LISL — XDriver Torque XDriver Torque — LSL) (6)

3 "3
UDriver Torque UDriver Torque

9. Report and optimize:

Summarize results and recommend improvements
or adjustments.
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Since the USL represents the point where the screw joint begins to fail, and the LSL
represents the point where screws may not be fully seated, a fail-to-seat ratio can be
calculated using the Equation (5). This ratio serves as a predictor of screw joint robustness,
which are obtained from fail-to-seat studies, manufacturing assembly data [18] and from
the experience of automotive industries:

e If fail-to-seat ratio > 2: Acceptable ratio, robust to minor assembly and material
variation.

e If fail-to-seat ratio < 2: Unacceptable ratio, susceptible to assembly and material
variation.

Additionally, to ensure process robustness and high-quality performance, it is essential
to apply RAUSL and RALSL limits during the assembly process (with typical values used
by the automotive industry and obtained from years of experience with manufacturing
data and quality performance):

e Maintaining at least a 10% margin below the USL ensures sufficient clearance to
prevent screw joint failures (x-value in Equation (3)).

e  Keeping at least a 2X margin above the LSL ensures proper screw seating and supports a
reliable torque-angle monitoring strategy for defect detection (3-value in Equation (4)).

Similar steps can be observed in [44,45]. Due the torque study is to measure the
torque-to-seat and torque-to-fail values. The equipment should be adjusted to apply torque
to the screws until it exceeds the joint’s failure point, typically resulting in a stripped screw
or a broken fastener.

In torque—-angle studies, a Gaussian model accurately captures the bell-shaped dis-
tribution of data due to material properties and tolerances. This model smooths the data
curve, aiding in precise characterization, identifying peak performance, and predicting
system behavior, thus enhancing reliability and optimizing design and control strategies.
The steps to perform this analysis are as follows: (1) data collection, (2) initial visualization,
(3) Gaussian function definition, (4) initial parameter estimation, (5) curve fitting, (6) quality
fit evaluation, (7) plot the fitted curve.

Gaussian curve fitting is a highly effective technique for analyzing torque-angle
curves in screw fasteners, significantly improving the understanding of their mechanical
behavior. This method enables precise modeling of the torque—angle relationship, which
is critical for optimizing fastening processes, especially when evaluating the performance
of screws made from different materials. By extracting key features from experimental
data—such as hardness, elasticity, and surface finish—Gaussian curve fitting provides a
detailed understanding of how material properties influence torque variations, establishing
clear relationships between torque and angle.

According to [46], Gaussian functions are widely used to model the behavior of various
materials under torque, offering valuable insights into their mechanical properties. This
approach has also emerged as a powerful tool for stochastic structural analysis, particularly
when accounting for uncertainties in material properties and structural responses. It
enhances both computational efficiency and the accuracy of predictions regarding structural
behavior under varying conditions.

By leveraging Gaussian based models, engineers can make more informed material
selections for specific applications, optimizing assembly processes by minimizing the risks
of over-tightening, or under-tightening. Furthermore, stochastic modeling with Gaussian
functions can accommodate uncertainties, such as variations in material composition or
manufacturing inconsistencies, leading to more reliable torque predictions and improved
fastening performance in real-world applications.
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Figure 2. Torque—-angle study steps.

4. Data Description
4.1. Screw Specification and Dimensions

Torque tests were conducted on two screw types: M2 screws and M3 screws. The
head dimensions conform to the Torx Plus round washer head specifications and Autosert
requirements. The material follows the DIN 7500-1 [47] or JIS B 1060 [48] standards, and
the screws feature a zinc plating finish. Figures 3 and 4 illustrate the dimensions for each

screw type.
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Figure 4. M3 screw dimensions (mm).

4.2. Dataset Structure

The datasets containing the torque studies results are organized into two files, each
labeled by their respective screw type, collected with the usage of auto-record data capture
and an Atlas Copco screwdriver. The structure of each file is as follows:

File Name (File S1): M2_Screw_Dataset.xIsx
Total Screws: 18

Measurement rows: 8727

Test condition: Test-to-failure

Failure mode observed: Strip screw

File Name (File S2): M3_Screw_Dataset.xIsx
Total Screws: 35

Measurement rows: 667

Test condition: Test-to-failure

Failure mode observed: Broken screw head

Table 1 indicates the screwdriver parameters used for the data collection process,
which include control strategy, torque parameters, angle parameters, speed and ramp
settings, and time settings applied during the tightening procedure.
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Table 1. Screwdriver parameters for data collection.

Data Driver Parameter M2 Screw M3 Screw

Control Control strategy Tq con/Ang mom
Tightening strategy Quick step
Rundown angle No
Start trace from Cycle start
Monitor end time from Cycle start
Torque Cycle start: 0.20 Nm
First target 1.50 Nm 1.00 Nm
Final torque min 2.6 Nm 10.00 Nm
Final target 2.8 Nm 4.00 Nm
Cycle complete 0.20 Nm 0.12 Nm
Loosening limit 0.40 Nm 0.40 Nm
Angle Start final angle 2.3 Nm 1.00 Nm
Measure angle to Angle peak
Final angle min 0 deg
Final angle max 9999 deg
Speed and ramp Soft start speed 10%
Step 1 speed 75%
Step 2 speed 15%
Loosening speed 100%
Loosening ramp 0%
Step 1 ramp 0%
Step 2 ramp 20%
Time End time 0.20's
Soft start time 0.20s
Tool idle time 0.20s
Cycle abort timer 30.00 s

Each dataset contains the following information: torque and angle screwdriver mea-
surements, automatic data capture, torque and angle GP simulated data, statistical analysis
results for screwdriver measurements, statistical analysis results for GP simulated data,
and the MS Excel formulas used for the calculations.

Here is a summary of the variables included in the datasets:

1.  Angle: Peak/Final—this variable represents the angular displacement of the screw
at the point when the maximum torque before failure or the final torque value is
reached. It indicates the extent of rotational movement before reaching maximum
torque capacity or failure.

2. Angle: High Threshold Torque—this variable measures the angle when the torque
reaches a predefined high threshold value, set just below the expected failure torque.
This allows control of torque application and prevent unexpected failures.

3.  Angle: Low Threshold Torque—this variable measures the angle when the torque
reaches a predefined low threshold value, set above the initial seating torque. This
ensures the screw or fastener is properly seated before higher torques are applied.

4. Angle: Final-Low Threshold Torque—this variable represents the angle difference
between the final torque and the low threshold torque. It indicates the additional
rotation needed after the initial seating torque to reach the final torque.

5. Angle: Final-High Threshold Torque—this variable represents the angle difference
between the final torque and the high threshold torque. It shows the additional
rotation required to reach the final torque from the high threshold torque.

6.  Angle: High Threshold Torque-Low Threshold Torque—this variable represents the
angle difference between the high threshold torque and the low threshold torque. It
highlights the rotational movement between the two threshold torques.
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Peak/Fail Torque—this variable measures the maximum torque value recorded before
the screw or joint fails, either by stripping the screw or breaking the fastener. It
determines the maximum torque capacity of the joint.
Seat Torque—this variable measures the torque value at which the screw is properly
seated in the joint, indicating the completion of the initial fastening stage. It ensures
the screw is securely fastened without over-torquing.

In addition, a third dataset is provided for researchers interested in replicating the

results or using it in another study. The file has the following structure:

5

File Name (File S3): M2_Screw_Additional_Dataset.xIsx
Total Screws: 30

Measurement rows: 5956

Test condition: Test-to-failure

Failure mode observed: Strip screw

. Results

Figure 5 shows the results of the torque—angle curve for the test-to-failure samples of

18 M2 screw measurements (colored lines). The curve clearly shows the different sections
and relevant indicators that constitute the study.

Torque Study Analysis: Torque-Angle Curve

Y
Torque to Fail
Joint Failure

Process Window (USL)

Process Window (LSL)

Y
Process Window

Torque to Seat

Minimum Torque Curve

Screws Not Seated

2000 3000 4000 5000 6000
Angle

Figure 5. Torque—angle curve for M2 screws.

The dataset, available in this document, includes all measurements obtained from the

torque tests using an Atlas Copco screwdriver device plus auto-record data capture. Table 2
presents the descriptive statistics, including the average, standard deviation, maximum,
and minimum values.
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Table 2. M2 screw average, standard deviation, maximum, and minimum values.

M2 Screw Average St Deviation Min Max
Angle: Peak/Final 4197.94 147.36 3904.60 4359.30
Angle: High Threshold Torque 4069.90 131.91 3811.40 4200.40
Angle: Low Threshold Torque 3991.23 142.93 3717.10 4147.00
Angle: Final-Low TT 206.71 31.21 150.90 271.90
Angle: Final-High TT 128.04 25.72 91.40 174.90
Angle: High TT-Low TT 78.67 21.01 53.00 118.60
Peak/Fail Torque 94.83 8.98 80.50 109.00

Seat Torque 10.73 2.82 6.90 15.00

With these data, it is possible to calculate the process window upper specification
limit (67.8949 Nm), lower specification limit (19.1736 Nm), and fail-to-seat ratio (3.54). The
recommended assembly torque range is from 38.3671 Nm to 61.1049 Nm. These values are
obtained using Equations (3) and (4), with « = 0.90 and = 2.00, and are represented in

the shaded grey area shown in Figure 5.

Figure 6 shows the results of the torque—angle curve for the test-to-failure samples of
35 M3 screw measurements (colored lines). The curve clearly shows the different sections

and relevant indicators that constitute the study.

Torque Study Analysis: Torque-Angle Curve

Torque

Maximum Torque Curve

35

25 P Window {USL)

Process Window (LSL)

0 1000 2000 3000 4000

Figure 6. Torque—angle curve for M3 screws.

Joint Failure

Screws Not Seated Process Window

Torque to Fail

Torque to Seat

All measurements from the torque tests are available in the dataset provided in
this document. Table 3 displays the descriptive statistics, including the mean, standard

deviation, maximum, and minimum values.

The process window’s upper specification limit, lower specification limit, and fail-to-
seat ratio are 2.6008 Nm, 0.7604 Nm, and 2.09, respectively. The recommended assembly
torque range is 2.4894 Nm to 2.3407 Nm—rvalues obtained using Equations (3) and (4), with
« = 0.90 and B = 2.00. But this is clearly unrealistic to implement.
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Table 3. M3 screw average, standard deviation, maximum, and minimum values.

M3 Screw Average St Deviation Min Max
Angle: Peak/Final 4302.43 72.18 4178.33 4486.15
Angle: High Threshold Torque 4201.47 72.50 4073.19 4402.20
Angle: Low Threshold Torque 1531.61 890.65 606.88 4005.91
Angle: Final-Low TT 2770.81 890.45 334.67 3640.14
Angle: Final-High TT 100.96 18.02 65.01 142.46
Angle: High TT-Low TT 2402.87 1173.42 0.00 3528.49

Peak/Fail Torque 3.26 0.22 2.86 3.68

Seat Torque 0.76 0.16 0.50 1.07

To mathematically model the experimental results presented in Tables 1 and 2, the
use of stochastic process analysis is proposed to identify the probability distribution that
characterizes the torque—-angle curve. Figures 7 and 8 show the training results and curve
fitting, which allow more precise estimation of the standard deviation and expected mean
value calculations and display the response values with a 95% confidence interval.

Torque-Angle Curve (M2 Screw Measurements)

Torque

| | < |
1000 2000 3000 4000 5000 6000 7000
Angle

Figure 7. Torque—angle curve for M2 screws with 95% confidence interval.

Graphs of the individual M2 and M3 screws measured are available in Appendices A
and B, respectively, where the Gaussian model equation is as follows:

Fo) =Y ae ) )

where g; is the amplitude, b; is the centroid location, and ¢; is the width of the peak; the
values of the constants are available in Appendices A and B corresponding to the screw type.
With these values, statistical metrics are calculated by computing the average and standard
deviation for both torque-to-seat and torque-to-fail values. The results are available in the
datasets included in Supplementary Materials (Files S1-S4). Process window specification
limits are determined, and finally, the product assembly torque specification is defined.
Tables 4 and 5 show the descriptive statistics results using the GP simulated values.
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Torque-Angle Curve (M3 Screw Measurements)
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Figure 8. Torque—angle curve for M3 screws with 95% confidence interval.

Table 4. M2 screw descriptive statistics from GP simulated values.

M2 Screw Average St Deviation Min Max
Angle: Peak/Final 4197.36 143.69 3906.50 4330.70
Angle: High Threshold Torque 4070.51 132.41 3811.40 4201.80
Angle: Low Threshold Torque 3987.01 139.83 3716.70 4142.30
Angle: Final-Low TT 210.35 29.86 157.50 254.50
Angle: Final-High TT 126.85 25.58 83.40 168.70
Angle: High TT-Low TT 83.50 18.64 59.50 123.30
Peak/Fail Torque 94.08 8.99 78.32 107.45

Seat Torque 12.91 2.63 8.10 21.54

Table 5. M3 screw descriptive statistics from GP simulated values.

M3 Screw Average St Deviation Min Max
Angle: Peak/Final 4293.81 71.23 4137.63 4490.67
Angle: High Threshold Torque 4207.02 71.77 4073.18 4402.20
Angle: Low Threshold Torque 1711.87 979.97 761.50 4049.15
Angle: Final-Low TT 2581.94 977.96 286.06 3522.55
Angle: Final-High TT 86.79 31.16 44.10 176.67
Angle: High TT-Low TT 2495.14 994.70 189.10 3473.37

Peak/Fail Torque 3.39 0.22 2.97 3.84

Seat Torque 0.72 0.14 0.43 0.97

The process window limits and recommended assembly torque range derived from
the GP methodology are 23.8046 Nm to 67.1172 Nm and 47.6091 Nm to 60.4055 Nm,
respectively, for the M2 screw, and 1.1394 Nm to 2.7352 Nm and 2.2789 Nm to 2.4617 Nm,
respectively, for the M3 screw. These results closely match those obtained from direct
measurement techniques. However, GP offers the added benefit of enabling inference and
reducing the sample size needed for incoming test-to-fail studies, thereby minimizing the
number of destructive test samples required. By employing GP, specifically Gaussian curve
fitting, the data were successfully fitted to a curve with multiple peaks (in this case, 1 = 6).
This fitting process enabled the prediction of values; and through regression analysis, the
process indicators were recalculated (0.9907 average R-square value for the M2 screw and
0.9768 average R-square value for the M3 screw).
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Table 6 presents the results for the fail-to-seat ratio, process window upper specification
limit (USL), process window lower specification limit (LSL), recommended assembly upper
specification limit (RAUSL), and recommended assembly lower specification limit (RALSL).
It is evident that the fail-to-seat ratio was negatively impacted for the M2 screw; however,
it is important to note that the value obtained from GP remains within the recommended
parameters. In contrast, for the M3 screw, this ratio was positively affected; a critical point
to consider is observed in the recommended assembly window limits; the calculations
derived from direct measurements indicate inconsistent values for the RALSL and RAUSL.
When such inconsistencies occur in field studies, adjustments to the testing processes are
typically made, leading to additional testing and resource waste. However, when analyzing

the results from the GP, this inconsistency is eliminated, allowing the usage of these results
in the manufacturing process.

Table 6. Process indicators for direct measurements and Gaussian curve fitting.

Direct Measurements Gaussian Model Results

Screw Type Ratio LSL/USL RALSL/RAUSL Ratio LSL/USL RALSL/RAUSL
M2 Screw 3.54 19.1836/67.8944 38.3671/61.1049 2.81 23.8046/67.1172 47.6091/60.4055
M3 Screw 2.09 0.7604/2.6008 2.4894/2.3407 240 1.1394/2.7352 2.2789/2.4617

M2 Screw Torque Study Analysis

Torque to Fail

Recommended ————

Assembly Window

Torque to Seat

6. Conclusions

The datasets provided in this document, along with the accompanying analysis,
enabled a comprehensive understanding and characterization of the torque—-angle curve,
facilitating the identification of its constituent elements. Additionally, this allowed for the
determination of key process indicators essential for a manufacturing process, including
the process window and the recommended assembly torque range (Figure 9).

M3 Screw Torque Study Analysis
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Figure 9. Gaussian model process indicator results for M2 and M3 screws.

The study of torque-angle curves is critical for understanding the mechanical behavior
of threaded fasteners, particularly in precision applications like those involving M2/M3
screws in automotive contexts. The literature review emphasizes the importance of charac-
terizing these curves, with research demonstrating the significant impact of factors such as
friction, material properties, thread pitch, and installation techniques on the relationship
between torque and clamping force. The principal findings are as follows:
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e  Precise control over clamping forces is essential for ensuring component integrity and
maintaining safety in automotive assemblies.

e Challenges arise from material interactions, such as differential expansion and vari-
ations in torque—angle behavior, which can result in performance degradation or
component failure.

e  Surface finish and lubrication in torque-angle analysis enhance torque consistency and
minimize wear during fastening. However, they also present challenges, such as in-
creased production costs, reduced efficiency, and greater complexities in process control.

The use of statistical methods, particularly curve fitting and GP regression, presents
an innovative approach to reducing the need for large sample sizes in destructive testing.
GP regression allows robust and accurate predictions of failure points and assembly perfor-
mance, offering insights into system behavior under varying conditions. This is especially
valuable in automotive applications, where safety and reliability are critical. However, the
use of GP regression in this field remains in its early stages, requiring further research to
refine its application and fully explore its potential.

The study highlights the importance of establishing specification limits to ensure
proper seating and prevent joint failure. By quantifying key metrics such as torque-to-seat
and torque-to-fail, the study contributes to the development of robust assembly processes
that minimize failures. The introduction of Gaussian curve-fitting techniques enhances the
understanding of the torque—-angle relationship, allowing for the precise characterization of
fasteners’ mechanical behavior. This reduces inconsistencies in torque values during direct
measurements, particularly concerning the USL, LSL, RAUSL, and RALSL values.

Finally, the study acknowledges several gaps in the current understanding of torque-
angle behavior, particularly for M2/M3 screws in automotive applications. These include
the need for more comprehensive studies on environmental factors such as corrosion
and thermal cycling, as well as the effects of installation variables like tightening speed,
lubrication, and surface finish. Future research should aim to address these gaps while
continuing to explore the use of advanced statistical methods to further optimize the
performance and reliability of fastening systems in automotive and other precision-driven
industries. Also, future research should expand to additional datasets and screw types, like
M4, M5, and M6, to validate and further enhance the results’” generalizability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/data9100115/51, File S1: M2_Screw_Dataset.xIsx, File S2: M2_Screw_
Dataset.xlsx, File S3: M2_Screw_Additional_Dataset.xlsx, File S4: M2 Screw & M3 Screw Gaussian
Constant Values.xlsx.
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Appendix A

Gaussian curve fit for M2 screw samples.

Table A1l. Gaussian model constant values for (n = 6) M2 Screws 1-9.

Constant Screw 1 Screw 2 Screw 3 Screw 4 Screw 5 Screw 6 Screw 7 Screw 8 Screw 9
a; 5.29 x 10! 4.60 x 10! 5.60 x 10! 5.02 x 101 5.39 x 10! 5.07 x 10! 3.72 x 10! —1.97 x 103 5.06 x 101
by 4.34 x 103 4.25 x 103 437 x 10° 3.88 x 103 4.17 x 103 4.23 x 103 4.10 x 103 4.23 x 10° 4.15 x 103
q 1.51 x 102 1.07 x 102 1.22 x 102 1.01 x 102 9.92 x 10! 8.96 x 10! 7.42 x 10! 8.83 x 10! 8.01 x 10!
ap —2.71 x 10! 5.03 x 10! 3.56 x 10! —2.72 x 10! 6.85 x 10! 2.79 x 10 6.23 x 10! 1.77 x 10* 4.54 x 10!
b, 4.08 x 103 4.41 x 103 457 x 103 3.69 x 103 431 x 103 458 x 103 421 x 103 441 x 10° 429 x 103
o 3.03 x 102 1.80 x 102 2.33 x 102 1.02 x 10° 1.44 x 102 2.17 x 102 1.34 x 102 5.96 x 10! 1.45 x 102
a3 —2.11 x 10! 2.14 x 10! —3.09 x 10! 4.01 x 10! 3.39 x 10! 2.37 x 10! 227 x 10! 2.95 x 10! 3.07 x 10!
b3 3.62 x 103 4.97 x 103 421 x 10° 4.00 x 103 459 x 103 4.96 x 103 4.87 x 10° 456 x 10° 461 x 10°
a3 9.08 x 102 6.30 x 102 1.18 x 103 1.56 x 102 1.77 x 102 446 x 102 4.92 x 102 2.97 x 102 3.68 x 102
ay 242 x 10! 3.76 x 10! 2.58 x 10! 1.53 x 10! 3.65 x 101 6.29 x 10! 3.56 x 10! 2.14 x 10! 2.19 x 100
by 444 x 10° 6.78 x 103 498 x 10° 431 x 103 5.00 x 103 435 x 103 445 x 103 5.25 x 103 5.14 x 103
4 5.44 x 102 3.53 x 103 5.49 x 102 3.79 x 102 5.16 x 102 1.09 x 102 2.09 x 102 7.82 x 102 6.50 x 100
as 3.64 x 10! —1.71 x 1071 4.67 x 10! 1.42 x 10! 2.82 x 10! 1.76 x 101 2.66 x 10! 2.04 x 10° 3.94 x 10!
bs 422 x 10° 5.96 x 103 4.25 x 10° 7.07 x 103 5.82 x 10° 5.71 x 103 5.77 x 10 423 x 10° 5.39 x 103
s 8.85 x 10! 427 x 1071 7.76 x 10! 1.00 x 103 8.53 x 102 8.57 x 102 9.57 x 102 9.00 x 10! 8.90 x 102
ag 5.00 x 10! —2.88 x 10° 5.40 x 10! 442 x 10 1.89 x 101 2.94 x 10! 5.12 x 10! 454 x 10 2.74 x 10!
be 491 x 103 6.59 x 103 5.30 x 103 4.16 x 103 8.51 x 103 1.00 x 10% 1.28 x 10* 1.31 x 104 8.95 x 103
6 2.28 x 103 9.58 x 10! 2.53 x 103 1.84 x 10° 6.51 x 103 7.20 x 103 8.30 x 103 7.72 x 103 6.43 x 103
SSE 2.34 x 10* 9.20 x 10* 2.05 x 10* 1.53 x 10* 459 x 10* 450 x 10* 3.63 x 10* 3.46 x 10* 6.56 x 10*
R-Square 9.96 x 107! 9.79 x 107! 9.97 x 107! 9.94 x 107! 9.93 x 107! 9.89 x 107! 9.93 x 107! 9.91 x 107! 9.88 x 107!
DFE 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103
Adj R-Square 9.96 x 107! 9.79 x 107! 9.97 x 107! 9.94 x 107! 9.93 x 107! 9.89 x 107! 9.93 x 107! 9.91 x 107! 9.88 x 107!

RMSE 1.64 x 100 3.25 x 10° 1.53 x 10° 1.32 x 100 2.30 x 100 2.27 x 10° 2.04 x 10° 1.99 x 10° 2.74 x 100
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Table A2. Gaussian model constant values for (n = 6) M2 Screws 10-18.

Screw 10 Screw 11 Screw 12 Screw 13 Screw 14 Screw 15 Screw 16 Screw 17 Screw 18
a 7.22 x 10! 5.70 x 10! 5.57 x 10! 2.87 x 10! 6.89 x 100 —3.69 x 101 1.68 x 101 3.80 x 10! 7.42 x 1071
by 430 x 10° 4.32 x 103 421 x 10° 4.15 x 10° 2.08 x 10° 3.87 x 10° 3.83 x 10° 422 x 10° 3.95 x 10°
o 2.14 x 102 1.50 x 102 1.33 x 102 9.62 x 10! 9.16 x 102 2.32 x 102 8.99 x 10! 1.31 x 102 3.69 x 100
ap 1.87 x 101 2.05 x 10! 3.05 x 10! 6.05 x 10! 3.57 x 10! —8.27 x 10° 5.88 x 10! 5.88 x 10! 6.30 x 10!
b, 4.86 x 103 4.17 x 103 4.08 x 10° 4.28 x 103 4.48 x 103 3,51 x 103 3.96 x 10° 4.39 x 10° 3.94 x 103
o 6.33 x 102 8.20 x 10! 8.28 x 10! 1.34 x 102 5.54 x 102 7.87 x 102 1.43 x 102 1.84 x 102 1.68 x 102
a3 —1.51 x 10! 2.64 x 10 2.95 x 10! 241 x 10! —1.43 x 10! 2.18 x 10! 1.16 x 101 1.67 x 10? 3.14 x 10!
bs 4.01 x 103 458 x 103 442 x 103 458 x 10° 4.77 x 103 421 x 103 5.06 x 103 5.01 x 103 442 x 10°
a3 9.21 x 10! 3.12 x 102 2.34 x 102 2.27 x 102 1.37 x 102 4.92 x 102 7.97 x 102 2.21 x 102 3.59 x 102
ay —291 x 10! 2.19 x 10! 1.90 x 101 1.13 x 10! 6.27 x 101 8.36 x 10! 2.06 x 10! 2.64 x 10! 1.05 x 10!
by 4.05 x 103 5.25 x 103 4.82 x 103 5.02 x 103 423 x 103 3.94 x 103 4.28 x 103 4.69 x 10° 5.05 x 103
4 1.19 x 103 7.92 x 102 5.98 x 102 1.04 x 102 1.55 x 102 1.77 x 102 2.74 x 102 1.64 x 102 6.87 x 102
as 1.22 x 101 2.57 x 10° —1.68 x 10! 3.02 x 10! 3.50 x 101 451 x 10° 7.86 x 100 3.20 x 10! —1.46 x 10!
bs 4.67 x 103 5.45 x 103 4.02 x 10° 4.67 x 10° 5.87 x 103 4.76 x 103 4.71 x 10° 5.56 x 103 453 x 10°
s 1.32 x 102 1.61 x 101 1.14 x 10° 244 x 103 2.00 x 103 2.85 x 10! 1.24 x 102 8.89 x 102 1.70 x 102
ag 4.72 x 10! 3.12 x 10! 3.02 x 10! —2.14 x 10! —2.51 x 10! 243 x 10! 1.65 x 101 5.63 x 103 1.60 x 10!
bg 5.26 x 10° 1.42 x 10* 5.56 x 10° 3.77 x 10° 4.05 x 10° 5.11 x 103 7.58 x 103 4.15 x 10* 5.81 x 10°
6 2.53 x 103 9.73 x 103 3.05 x 103 9.55 x 102 3.64 x 102 2.88 x 103 5.30 x 103 1.50 x 10% 4.22 x 103
SSE 2.37 x 10* 3.24 x 10* 1.71 x 10* 3.75 x 10* 3.73 x 10* 2.02 x 10* 1.36 x 10* 6.57 x 10* 2.29 x 10*
R-Square 9.95 x 107! 9.89 x 107! 9.95 x 107! 9.85 x 107! 9.89 x 107! 9.91 x 107! 9.93 x 107! 9.87 x 107! 9.90 x 107!
DFE 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103 8.71 x 103
Adj R-Square 9.95 x 1071 9.89 x 1071 9.95 x 107! 9.85 x 107! 9.89 x 107! 9.91 x 1071 9.93 x 107! 9.86 x 107! 9.90 x 107!

RMSE 1.65 x 100 1.93 x 109 1.40 x 10° 2.07 x 100 2.07 x 100 1.52 x 100 1.25 x 109 2.75 x 100 1.62 x 100
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Torque-Angle Curve (Screw 1)
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Angle

Figure A1l. Sample 1 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 2)

1000 2000 3000 4000 5000 6000 7000
Angle

Figure A2. Sample 2 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 3)

1000 2000 3000 4000 5000 6000 7000
Angle

Figure A3. Sample 3 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 4)

1000 2000 3000 4000 5000 6000 7000
Angle

Figure A4. Sample 4 data (black color) with 95% confidence interval (blue color).
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Torque-Angle Curve (Screw 5)
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Figure A5. Sample 5 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 6)
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Angle

Figure A6. Sample 6 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 7)
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Figure A7. Sample 7 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 8)
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Figure A8. Sample 8 data (black color) with 95% confidence interval (blue color).
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Torque-Angle Curve (Screw 9)
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Figure A9. Sample 9 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 10)
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Figure A10. Sample 10 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 11)
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Figure A11. Sample 11 data (black color) with 95% confidence interval (blue color).

Torque

Torque-Angle Curve (Screw 12)
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Figure A12. Sample 12 data (black color) with 95% confidence interval (blue color).
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Torque-Angle Curve (Screw 13)
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Figure A13. Sample 13 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 14)
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Angle

Figure A14. Sample 14 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 15)
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Figure A15. Sample 15 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 16)

1000 2000 3000 4000 5000 6000 7000
Angle

Figure A16. Sample 16 data (black color) with 95% confidence interval (blue color).
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Torque-Angle Curve (Screw 17)
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Figure A17. Sample 17 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 18)
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Figure A18. Sample 18 data (black color) with 95% confidence interval (blue color).
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Appendix B

Gaussian curve fit for M3 screw samples.

Table A3. Gaussian model constant values for (n = 6) M3 Screws 1-9.

Constants Screw 1 Screw 2 Screw 3 Screw 4 Screw 5 Screw 6 Screw 7 Screw 8 Screw 9

a; 2.29 x 10° 2.47 x 10° 2.15 x 109 2.82 x 10° 2.75 x 10° 1.85 x 100 2.71 x 10° 2.98 x 109 1.53 x 10°
by 4.33 x 103 4.22 x 103 437 x 10° 4.14 x 103 4.27 x 103 4.27 x 103 4.29 x 103 427 x 10° 4.23 x 103
q 5.50 x 10! 5.39 x 10! 3.07 x 10! 7.54 x 10! 7.24 x 10! 2.22 x 10! 6.72 x 10! 9.53 x 10! 1.21 x 10!
ap 1.83 x 109 4.09 x 1071 2.82 x 10° —1.08 x 102 7.07 x 1071 3.69 x 1071 471 x 1071 7.00 x 1071 1.61 x 10°
b, 4.28 x 103 3.78 x 103 430 x 103 3.76 x 103 4.02 x 103 3.87 x 103 3.10 x 103 3.97 x 103 4.20 x 103
o 1.96 x 102 3.44 x 102 8.01 x 10! 245 x 102 2.37 x 102 459 x 102 7.03 x 102 431 x 102 2.79 x 10!
a3 —5.66 x 1072 1.22 x 1071 8.90 x 1071 3.88 x 1071 1.52 x 109 3.77 x 1071 5.02 x 1071 5.10 x 1071 2.33 x 100
b3 3.26 x 103 7.63 x 103 1.97 x 103 2.94 x 103 241 x 103 2.15 x 103 1.61 x 103 3.19 x 103 4.14 x 10°
a3 2.05 x 10! 1.56 x 10* 1.58 x 103 6.75 x 102 1.12 x 103 1.67 x 103 1.30 x 103 5.53 x 102 6.13 x 10!
ay —6.46 x 101 3.81 x 1071 —4.99 x 1071 6.55 x 1012 —1.10 x 10° —7.68 x 1072 499 x 1071 551 x 1071 1.92 x 10~1
b 1.78 x 10* 3.04 x 10° 1.89 x 103 —1.90 x 10° 2.34 x 103 2.19 x 103 3.83 x 10° 2.14 x 10° 341 x 103
4 2.46 x 103 7.63 x 102 1.11 x 108 3.51 x 10% 8.02 x 102 1.46 x 102 3.15 x 102 8.31 x 102 5.85 x 102
as —1.57 x 10° 9.71 x 1071 3.56 x 1071 —1.15 x 10° 4.15 x 10'2 2.64 x 10° 7.83 x 1071 4.46 x 107! 444 x 107!
bs 434 x 10° 414 x 103 3.92 x 10° —1.24 x 103 —7.10 x 10° 4.22 x 10° 417 x 10° 8.25 x 102 1.81 x 103
s 2.05 x 102 1.15 x 102 3.89 x 102 1.98 x 103 1.28 x 10° 6.75 x 10! 1.35 x 102 8.33 x 102 2.50 x 103
ag 9.22 x 1071 435 x 1071 1.43 x 1071 1.08 x 102 7.35 x 1072 6.60 x 10° 1.76 x 1071 6.07 x 1012 3.95 x 1071
be 2.75 x 103 1.48 x 10° 1.09 x 10* 3.76 x 103 3.54 x 102 —6.24 x 10° 9.33 x 103 3.40 x 10° 4.02 x 103
6 242 x 103 1.35 x 10° 1.11 x 10* 2.46 x 102 5.16 x 102 1.61 x 10° 1.40 x 10* 5.88 x 10% 2.06 x 102
SSE 8.58 x 10° 1.56 x 100 1.34 x 10° 6.79 x 10° 2.69 x 10° 1.12 x 10° 2.06 x 10° 4.68 x 10° 2.19 x 10°
R-Square 9.52 x 107! 9.79 x 107! 9.88 x 107! 9.36 x 107! 9.69 x 107! 9.87 x 107! 9.76 x 1071 9.55 x 107! 9.93 x 107!
DFE 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102
Adj R-Square 9.51 x 107! 9.78 x 107! 9.87 x 107! 9.35 x 107! 9.68 x 107! 9.87 x 107! 9.76 x 107! 9.54 x 107! 9.93 x 107!
RMSE 1.15 x 1071 490 x 1072 455 x 1072 1.02 x 101 6.44 x 1072 4.15 x 1072 5.64 x 1072 8.49 x 102 5.81 x 1072
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Table A4. Gaussian model constant values for (n = 6) M3 Screws 10-18.
Constants Screw 10 Screw 11 Screw 12 Screw 13 Screw 14 Screw 15 Screw 16 Screw 17 Screw 18
aj 1.85 x 100 2.02 x 10° 1.58 x 10° 2.72 x 100 2.82 x 100 1.68 x 109 1.33 x 109 2.84 x 100 3.21 x 100
by 4.27 x 10° 4.20 x 103 442 x 10° 433 x 10° 4.14 x 10° 4.27 x 10° 431 x 10° 428 x 10° 443 % 10°
c 2.22 x 10! 1.71 x 101 2.67 x 101 9.13 x 10! 7.54 x 10! 2.04 x 10! 3.57 x 10! 7.44 x 10 8.94 x 10!
as 3.69 x 1071 1.77 x 100 2.37 x 10° 434 x 107! —1.08 x 102 2.22 x 10° 1.41 x 109 —5.63 x 1072 6.14 x 1071
by 3.87 x 103 417 x 103 4.36 x 10° 3.86 x 103 3.76 x 103 422 x 103 434 x 103 6.84 x 103 412 x 103
c 459 x 102 3.74 x 10! 7.59 x 101 3.87 x 102 245 x 102 5.89 x 10! 1.38 x 101 8.62 x 102 2.73 x 102
a3 3.77 x 1071 424 x 1071 5.11 x 1071 7.12 x 1072 3.88 x 1071 7.32 x 1071 2.54 x 10° 3.26 x 1071 —1.03 x 102
bs 2.15 x 103 393 x 103 413 x 103 2.30 x 103 2.94 x 103 411 x 103 424 x 103 1.14 x 10° 8.82 x 102
3 1.67 x 103 1.94 x 102 2.68 x 102 1.81 x 102 6.75 x 102 1.27 x 102 8.66 x 10! 4.24 x 102 1.84 x 10°
ay —7.68 x 1072 252 x 1071 0.00 x 10° —1.08 x 10° 6.55 x 1012 4.13 x 1071 5.10 x 1071 3.56 x 1071 1.76 x 10!
by 2.19 x 103 3.39 x 103 3.49 x 103 —5.64 x 102 —1.90 x 10° 3.83 x 103 4.05 x 103 2.86 x 103 1.60 x 10°
4 1.46 x 102 491 x 102 9.46 x 1071 1.50 x 103 3.51 x 10 2.77 x 102 1.96 x 102 1.18 x 103 1.77 x 103
as 2.64 x 10° 1.58 x 109 2.15 x 1071 6.65 x 1012 —1.15 x 100 298 x 1071 2.37 x 1071 1.18 x 100 8.94 x 10!
bs 422 x 103 412 x 103 3.46 x 103 —1.83 x 10° —1.24 x 103 3.22 x 103 3.51 x 103 4.17 x 10° 7.60 x 102
s 6.75 x 101 6.68 x 101 3.80 x 102 3.38 x 10% 1.98 x 10° 6.43 x 102 497 x 102 1.19 x 102 1.79 x 10°
ag 6.60 x 10° 5.36 x 1071 5.27 x 1071 1.21 x 1071 1.08 x 102 592 x 1071 522 x 1071 2.20 x 1012 1.79 x 1071
bg —6.24 x 10° 1.90 x 103 217 x 10° 5.76 x 102 3.76 x 10° 1.84 x 103 211 x 10° —9.74 x 10° 1.14 x 10*
s 1.61 x 10° 2.31 x 103 2.36 x 103 5.85 x 102 2.46 x 102 2.04 x 103 2.54 x 103 1.78 x 10° 6.67 x 103
SSE 1.12 x 109 2.48 x 10° 3.94 x 10° 7.03 x 100 6.79 x 100 3.42 x 10° 1.51 x 109 292 x 100 3.62 x 100
R-Square 9.87 x 107! 9.91 x 107! 9.88 x 107! 9.09 x 107! 9.36 x 107! 9.89 x 107! 9.96 x 107! 9.72 x 107! 9.66 x 107!
DFE 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102
Adj R-Square 9.87 x 1071 9.91 x 1071 9.87 x 107! 9.07 x 107! 9.35 x 107! 9.88 x 1071 9.95 x 10! 9.71 x 107! 9.65 x 107!
RMSE 415 x 1072 6.18 x 1072 7.79 x 1072 1.04 x 1071 1.02 x 1071 7.26 x 1072 482 x 1072 6.70 x 1072 7.47 x 1072
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Table A5. Gaussian model constant values for (n = 6) M3 Screws 19-27.
Constants Screw 19 Screw 20 Screw 21 Screw 22 Screw 23 Screw 24 Screw 25 Screw 26 Screw 27
aj 2.12 x 10° 1.54 x 109 1.83 x 10° 3.02 x 100 3.32 x 100 1.78 x 100 1.90 x 109 1.90 x 10° 2.68 x 100
by 4.23 x 10° 450 x 103 429 x 10° 4.28 x 10° 431 x 10° 436 x 10° 439 x 10° 432 x 10° 429 x 10°
c 435 x 10! 2.16 x 10! 3.72 x 10! 7.36 x 10 7.19 x 10! 3.84 x 10! 2.15 x 10! 251 x 10! 9.12 x 10!
as 6.63 x 1071 2.23 x 10° 2.96 x 10° 7.84 x 1071 ~139 x 1071 2.27 x 10° 2.63 x 10° 2.69 x 10° —1.29 x 10°
b, 3.27 x 103 4.45 x 103 421 x 10° 3.86 x 103 453 x 103 4.29 x 103 434 x 103 4.26 x 10° 4.37 x 103
C 7.54 x 102 6.00 x 101 8.40 x 10! 3.63 x 102 6.80 x 102 7.70 x 101 6.10 x 101 6.78 x 10! 2.22 x 10!
a3 —8.57 x 1072 3.65 x 1071 1.86 x 10° 3.57 x 1071 464 x 1071 444 x 1071 6.65 x 101 —2.37 x 1071 8.08 x 1071
bs 2.99 x 103 436 x 103 432 x 103 3.12 x 103 407 x 103 1.73 x 10° 423 x 103 443 x 103 418 x 103
3 1.35 x 102 8.88 x 10! 1.44 x 101 3.81 x 102 2.20 x 102 1.68 x 103 1.23 x 102 3.60 x 102 1.33 x 102
ay 471 x 1071 3.08 x 1071 5.34 x 1071 3.39 x 1071 4.82 x 1071 520 x 1071 2.75 x 1071 6.20 x 1071 5.37 x 1072
by 1.97 x 10° 3.58 x 103 3.97 x 103 2.06 x 103 257 x 103 3.99 x 103 3.78 x 103 415 x 103 293 x 103
4 5.02 x 102 5.49 x 102 2.33 x 102 1.01 x 103 2.05 x 10° 3.35 x 102 4.04 x 102 1.26 x 102 2.04 x 102
as 1.84 x 100 523 x 1071 490 x 1072 —5.31 x 101 —7.08 x 1072 315 x 1071 1.39 x 1071 5.19 x 101 2.68 x 1071
bs 4.16 x 103 419 x 103 5.09 x 103 —3.13 x 102 9.87 x 103 3.20 x 103 3.13 x 103 1.56 x 103 3.67 x 103
s 7.81 x 10! 2.21 x 102 9.19 x 10! 4.72 x 102 9.46 x 103 7.15 x 102 1.36 x 102 1.66 x 103 4.53 x 102
ag 6.81 x 1012 6.75 x 1071 4.84 x 1071 5.37 x 1012 1.98 x 1071 1.63 x 1071 4.69 x 1071 470 x 107! 5.71 x 1071
bg —6.48 x 10° 2.25 x 103 2.06 x 10° —3.35 x 10° 1.35 x 10* 1.11 x 10* 2.04 x 10° 3.77 x 10° 2.03 x 10°
s 1.17 x 10° 2.31 x 103 2.20 x 103 6.11 x 10% 2.55 x 104 1.60 x 10% 247 x 103 1.07 x 10° 2.13 x 103
SSE 2.59 x 10° 2.40 x 10° 2.76 x 10° 5.28 x 100 2.35 x 10° 1.18 x 109 3.27 x 10° 4.04 x 10° 6.50 x 100
R-Square 9.69 x 107! 9.89 x 107! 9.95 x 107! 9.44 x 107! 9.74 x 107! 9.86 x 107! 9.90 x 107! 9.90 x 107! 9.83 x 107!
DFE 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102
Adj R-Square 9.69 x 1071 9.89 x 1071 9.95 x 107! 9.43 x 107! 9.73 x 107! 9.86 x 1071 9.90 x 1071 9.90 x 107! 9.83 x 107!
RMSE 6.31 x 1072 6.08 x 1072 6.52 x 1072 9.02 x 1072 6.02 x 1072 426 x 1072 7.10 x 102 7.89 x 1072 1.00 x 1071
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Table A6. Gaussian model constant values for (n = 6) M3 Screws 28-35.

Constants Screw 28 Screw 29 Screw 30 Screw 31 Screw 32 Screw 33 Screw 34 Screw 35

a 2.84 x 10° 1.63 x 109 1.54 x 109 1.76 x 100 2.71 x 10° 1.66 x 100 1.98 x 109 1.60 x 109
by 422 x 10° 4.27 x 103 434 x 10° 4.29 x 10° 429 x 10° 437 x 103 434 x 10° 4.27 x 10
q 7.60 x 10! 2.17 x 10! 2.23 x 10! 2.65 x 10! 6.72 x 101 2.10 x 10! 1.83 x 10! 3.64 x 10!
ap 6.95 x 1071 2.36 x 10° 2.33 x 109 2.63 x 10° 471 x 107! 2.07 x 10° 1.94 x 10° 259 x 10°
b, 3.99 x 103 4.23 x 103 4.29 x 10° 4.22 x 103 3.10 x 103 4.33 x 103 4.30 x 103 4.20 x 103
o 1.78 x 102 5.79 x 10! 6.39 x 10! 7.56 x 10! 7.03 x 102 5.19 x 10! 422 x 10! 8.47 x 10!
a3 3.92 x 1071 7.70 x 1071 472 x 107! 471 x 1071 5.02 x 1071 6.47 x 1071 1.27 x 10° 1.61 x 10°
bs 3.42 x 103 4.14 x 103 421 x 10° 4.05 x 103 1.61 x 10° 421 x 103 4.25 x 103 431 x 103
3 4.68 x 102 1.13 x 102 1.62 x 102 1.75 x 102 1.30 x 10° 1.44 x 102 7.63 x 101 1.48 x 101
ay 423 x 1071 3.25 x 1071 1.76 x 10~1 434 x 1071 499 x 107! 3.66 x 1071 2.33 x 1071 472 x 1071
by 2.27 x 103 3.65 x 103 3.87 x 103 2.32 x 103 3.83 x 103 3.63 x 103 3.24 x 103 4.02 x 103
4 1.14 x 103 7.34 x 102 3.14 x 102 2.29 x 103 3.15 x 102 6.40 x 102 7.02 x 102 443 x 102
as —1.08 x 102 4.15 x 107! 9.97 x 102 —5.44 x 1072 7.83 x 1071 1.18 x 1071 467 x 1071 —332x 1071
bs 2.10 x 102 1.82 x 10° 3.29 x 103 248 x 103 4.17 x 10° 7.38 x 103 1.97 x 103 438 x 10°
s 5.04 x 10! 1.80 x 10° 6.12 x 102 4.82 x 10! 1.35 x 102 4.44 x 103 2.67 x 103 3.06 x 102
ag 5.18 x 1012 1.15 x 1071 391 x 1071 1.05 x 1071 1.76 x 1071 5.87 x 1071 3.32 x 1071 5.65 x 1071
be —7.19 x 10° 1.12 x 10* 1.90 x 103 6.02 x 102 9.33 x 10° 1.86 x 103 3.95 x 10° 2.05 x 10°
6 1.30 x 10° 1.18 x 10* 2.52 x 103 6.34 x 102 1.40 x 104 2.04 x 103 3.08 x 102 2.54 x 103
SSE 2.63 x 10° 413 x 1071 2.17 x 10° 3.30 x 10° 2.06 x 10° 7.52 x 1071 2.30 x 10° 1.78 x 100
R-Square 9.67 x 107! 9.95 x 107! 9.93 x 107! 9.88 x 107! 9.76 x 107! 9.93 x 107! 9.92 x 107! 9.95 x 107!
DFE 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102 6.49 x 102
Adj R-Square 9.66 x 107! 9.95 x 107! 9.93 x 107! 9.88 x 1071 9.76 x 107! 9.93 x 107! 9.92 x 107! 9.95 x 107!
RMSE 6.36 x 1072 2.52 x 1072 5.79 x 1072 7.13 x 1072 5.64 x 1072 3.40 x 1072 5.95 x 1072 5.23 x 1072
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Figure A19. Sample 1 data (black color) with 95% confidence interval (blue color).
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Figure A20. Sample 2 data (black color) with 95% confidence interval (blue color).
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Figure A21. Sample 3 data (black color) with 95% confidence interval (blue color).
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Figure A22. Sample 4 data (black color) with 95% confidence interval (blue color).
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Figure A23. Sample 5 data (black color) with 95% confidence interval (blue color).
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Figure A24. Sample 6 data (black color) with 95% confidence interval (blue color).
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Figure A26. Sample 8 data (black color) with 95% confidence interval (blue color).
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Figure A27. Sample 9 data (black color) with 95% confidence interval (blue color).
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Figure A28. Sample 10 data (black color) with 95% confidence interval (blue color).
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Figure A29. Sample 11 data (black color) with 95% confidence interval (blue color).
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Figure A30. Sample 12 data (black color) with 95% confidence interval (blue color).
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Figure A31. Sample 13 data (black color) with 95% confidence interval (blue color).
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Figure A32. Sample 14 data (black color) with 95% confidence interval (blue color).
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Figure A33. Sample 15 data (black color) with 95% confidence interval (blue color).
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Figure A34. Sample 16 data (black color) with 95% confidence interval (blue color).
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Figure A35. Sample 17 data (black color) with 95% confidence interval (blue color).
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Figure A36. Sample 18 data (black color) with 95% confidence interval (blue color).
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Figure A37. Sample 19 data (black color) with 95% confidence interval (blue color).
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Figure A38. Sample 20 data (black color) with 95% confidence interval (blue color).
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Figure A39. Sample 21 data (black color) with 95% confidence interval (blue color).
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Figure A40. Sample 22 data (black color) with 95% confidence interval (blue color).
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Figure A41. Sample 23 data (black color) with 95% confidence interval (blue color).

Torque-Angle Curve (Screw 24)
i i ]

]
000 10000

12000

14000

Figure A42. Sample 24 data (black color) with 95% confidence interval (blue color).
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Figure A43. Sample 25 data (black color) with 95% confidence interval (blue color).
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Figure A44. Sample 26 data (black color) with 95% confidence interval (blue color).
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Figure A45. Sample 27 data (black color) with 95% confidence interval (blue color).
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Figure A46. Sample 28 data (black color) with 95% confidence interval (blue color).
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Figure A47. Sample 29 data (black color) with 95% confidence interval (blue color).
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Figure A48. Sample 30 data (black color) with 95% confidence interval (blue color).
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Figure A49. Sample 31 data (black color) with 95% confidence interval (blue color).
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Figure A50. Sample 32 data (black color) with 95% confidence interval (blue color).
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Figure A51. Sample 33 data (black color) with 95% confidence interval (blue color).
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Figure A52. Sample 34 data (black color) with 95% confidence interval (blue color).
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Figure A53. Sample 35 data (black color) with 95% confidence interval (blue color).
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