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ABSTRACT

Purpose: The research aims to study the measuring data comparison between the broken
crankshaft and the new crankshaft. The broken crankshaft has been investigated whether to
measure dimensions or misalignment value. Therefore, the new crankshaft was measured and
compared with a broken crankshaft using a 3D laser scanner. The misalignment value has been
related to the overlapping value of a broken crankshaft by using a 3D software application.

Design/methodology/approach: The broken crankshaft has been compared with the new
crankshaft in contemporary models. The broken crankshaft was produced and assembled
from an automobile manufacturer’s factory. It belonged to a particular Diesel engine that
fractured while running in normal driving conditions. The broken crankshaft dimension has been
investigated to find out the worn-out and misalignment value. The broken crankshaft inspection
was measured using a micrometre and a 3D laser scanner application. Both crankshafts were
created as artefact 3D models by the 3D laser scanner of the HandySCAN700 model. The
accuracy of the 3D laser scanner will be presented in terms of measuring error. Two crankshafts
were combined in concentric mate function. The inspection points were carried out at 4
points of each 90° around the main journal diameter, by following the guidelines of crankshaft
inspection on a workshop manual basis. The overlapping value of each main journal will be
measured by a 3D compare function at 0°, 90°, 180° and 270° respectively.

Findings: The results showed the average diameter of the broken crankshaft’s main journal
was less than the limit value. A new crankshaft was judged to be needed to be replaced.
Moreover, it showed the lowest diameter of main journal No. 2 was 69.890 mm. It carried a
0.06% excessive worn-out value. The measuring error value of the 3D laser scanner was found
and required for user-performed calibration procedures. The highest overlapping value was
higher than the standard tolerance, up to 117%. It was located at the main journal No. 3 at 180°
and near the fractured point of the broken crankshaft.

Research limitations/implications: The study of the broken crankshaft inspection was
limited to either under-warranty or over-warranty cases. Most of the technicians in authorised
automobile dealerships had no intention of performing the inspection process completely.
In addition, they were lack of measuring skills and data records. Moreover, automotive
manufacturers cannot support the 3D dimension data because it may affect the business’s
confidential data leakage.
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Practical implications: The workshop manual mentioned the crankshaft inspection as a
basic tool. In the case of complex components, automotive manufacturers should consider the
utilisation of non-contact measuring tools for inspection reference.

Originality/value: A reverse engineering technique was applied to scan the broken crankshaft
into a 3D model using 3D laser scanning technology, which is used to reduce the measuring

time and measuring value error in the inspection process.

Keywords: Reverse engineering, Broken crankshaft, 3D laser scanner application, Crankshaft

misalignment
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1. Introduction

Nowadays, several automotive industry sectors require
substantially more precise technologies than those made in
the past. The automobile, army and aerospace industries are
exclusively concerned with product inspectionand
combustion engine systems [1,2]; the crankshaft is the most
important part. Almost all crankshafts are produced of either
forged steel or cast iron by the manufacturers. They have a
complex geometry design. A crankshaft is a mechanical
component that is assembled with a piston and connecting
rod. The combustion power will be converted from
reciprocating motion into rotational motion [3,4].

The cause of the main bearing failure was misalignment
that occurred with deviations from the concentricity of the
crankcase housings [5,6]. The effects of misalignment on
lubricating characteristics were examined because
misalignment was frequently occurring under excessive
load. In addition, when a main journal misaligns, the oil film
cannot protect the journal-bearing shell, which causes high
friction and deformation [7,8]. Research and development in
the automotive industry were required to redesign the
crankshaft to be equipped with the new engine generation,
including hybrid technology [9].

Several pieces of literature offer methods concerning
failure analysis and the redesign of a crankshaft.
The impact of operating load and thermodynamic
instability were studied in terms of metal structure
elements that were inevitably manufactured, leading to
fatigue failure. They greatly accelerate wear processes,
exacerbate surface roughness, and reduce the fatigue
strength of metal materials [10]. Failured parts required
adequate technical analysis, such as consideration of
operating conditions, climatic region conditions, season,
and vehicle model. There were many parts that often
relatively failed more than others that, according to their
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reliability, were critical by significant evidence [11].
However, most investigations are frequently time-
consuming and expensive, and they require a high level of
expertise in the automotive field [12].

Portable 3D scanning devices have been used more
frequently in a variety of applications. Most of these 3D
scanning devices’ typical application areas were restricted
depending on the measuring object, including close-range,
measuring techniques, and image-based and structured light
systems. However, considering a 3D scanning system that
was appropriate for a specific application. They were used
to improve the models and to enhance the surface models’
mesh quality [13]. In order to contribute to understanding,
evaluating, and assessing the spectrum of potential
applications for these portable measurement devices.
Kersten et al. have already published comparative
investigations on the geometrical accuracy of different hand-
held 3D scanning systems. The research investigated quality
by geometrical accuracy tests of the Creaform
HandySCAN700 model. The quality of the measuring
system was confirmed as a reference system with acceptable
accuracy. It has demonstrated the ability to be of high quality
and an excellent reference device [14].

Each type of Geomagic software package is specialized
to support specific industry applications. The latest
Geomagic Control X software is the ultimate metrology
software for repeatable development and reliable quality
inspection of manufacturing workflow [15]. Using non-
contact scanners, measurements can be quickly taken on
objects to make analyses and reports. Before going to the
output, the post-processing software is required to be
converted into a 3D file software application. Then, the
manufacturing cycle processed the data into useable form,
whether for 3D visualisation, reverse engineering, rapid
prototyping, CNC machining or quality inspection, as
workflow has been shown in Figure 1.
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Fig. 1. Reverse engineering process workflow

Manufacturing
Cycle

The Vxelements software is a powerful integrated 3D
software platform that fully synchronizes with 3D
measuring and scanning technologies. While effective, most
contact-based techniques of conventional measurement take
a long time to create an accurate 3D model and can be
efficient in measuring results. Non-contact-based techniques
are implemented to get beyond contact-based limitations,
which are required to control the relationship of light with
an object [16]. Furthermore, choosing an appropriate tool for
3D measurement acquisition can prevent errors from
accumulating throughout the design and production process
[17]. The finalized version should be confirmed perfectly
with the scanning data and actual inspection. As a result,
accuracy validation is required to ensure the quality of
reverse engineering [18]. In the previous work, the broken
crankshaft has already been investigated and reported,
including preliminary examination and failure mechanism
observation, as shown in Figure 2 [19].

(A) Fractured point (B) Failure zone
h . o

Multiple Origins

Fatigue zone

Overload zone

Fig. 2. Case study of the broken crankshaft; (A) the fractured
point location; (B) cross section area of failure zone

However, there is still no dimensional investigation of
misalignment inspection using reverse engineering
techniques. Meanwhile, most crankshafts could not be
inspected for misalignment after fracture. Therefore, the
research has applied advanced measuring tools to look after
the quality of products in the automotive aftersales market.

2. Methodology
2.1. Crankshaft model

Authorized automotive manufacturers produced two
interesting crankshafts. The broken crankshaft was removed
from an engine after 470,000 km. In addition, the cracked
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position was in Crankpin No. 2 after the disassembled
process. The crankshaft was separated into two parts, and it
was impossible to reconnect as the original one. Moreover,
the crankshaft runout inspection cannot be measured by
uncompleted parts. The technical nomenclature of the
crankshaft and fractured position are shown in Figure 3.

Crankpin Crankpin Crankpin Crankpin
No.1 No.2 No.3 No.4

(A)

Main journal  Main journal Main journal Main journal Main journal
No.1 No.2 No.3 No.4 No.5

Fracture
part 1

Fractured point

Fig. 3. Crankshaft nomenclature; (A) the new crankshaft;
(B) the broken crankshaft and fractured position

Another new crankshaft was brought from a genuine
spare parts shop, which would be the reference crankshaft
for this research [20]. The model and specification of the
engine are presented in Table 1.

Table 1.
4JJ1 engine specification

Type Inline 4 — cylinder
Injection system Common rail direct injection
Bore x stroke 95.4 mm x 104.9 mm

Displacement 2.999 L
Max power at 2,500 rpm 61 kW.
Max torque at 1,800 rpm 280 Nm
Weight 25.5kg

2.2. 3D laser scanner

The HandySCAN700 model was a 3D laser scanner that
was being utilized. It sets itself relative to detect objects with
reference targets. Table 2 provides more details regarding the
manufacturer's specifications for the 3D laser scanner [21].

Depending on the 3D laser scanner’s performance, the
main journal diameter size of the scan data could be
oversized or undersized from the actual one. The measured
value of the main journal diameter size of each journal as
measured by a 3D laser scanner, dscan, and the main journal
diameter size of each journal as measured by a measuring
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tool, d,., then the measuring error, Cs, as shown in equation

(1) [22].
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Fig. 5. Measuring position points of main journal diameter
were inspected by micrometer

To remove oil stains from the crankshaft surface.

Cs = dscan — drer (1)
Table 2.
3D laser scanner specifications are given by the manufacturer
Specification Value
Accuracy Up to 0.030 mm
Measurement rate 480,000 Measurements/s
Measurement resolution 0.050 mm
Mesh resolution 0.200 mm
Scanning area 275 x 250 mm
Stand-off distance 300 mm
Depth of field 250 mm
Part size range 0.1-4 m
Software VXelements

The 3D laser scanner’s performance has been determined
using the measuring error Cs. It represented a single figure
of an average value for applying calculation in the research.

2.3. Experiments
The experiment described the steps to gather the required

data. Figure 4 describes the dataset sequentially measured in
the procedure as follows.

Two crankshafts were sprayed with color-checking
powder (Developer) on all the components. The point
markers were placed as reference points on the surface of the
crankshafts and the surrounding area, see Figure 6.

New Broken
Crankshaft Crankshaft
1.Conventional 1.Conventional
measurement by measurement by
manufacturer manufacturer
sl ] pcrnes Fig. 6. (A) New crankshaft, (B) broken crankshaft, (C) 3D
v v laser scanner
2.Artifact 3D 2. Artifact 3D
Model by the Model by the . .
Scanner. Scanner. VXelement software is utilized to create an artefact 3D
(New part) (Fractured part) model processed with a 3D laser scanner and 3D modelling
v v software.
Aaioce AVang Dy 4. Overlapping = ilel g by All mesh has been generated automatically as a reference
the 3D software. value analysis the 3D software.

5. Conclusion.

Fig. 4. Measuring procedure workflow

To determine the main journal diameter of the broken

crankshaft and the new one.

They were measured by a micrometre. The measurement

was carried out at least 4 points around the main journal
diameter [23]. The position points are illustrated in Figure 5.
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of the features. All data-based calculations were performed
for precisely position-specific geometry.

During the 3D scanning process, a 3D laser scanner can
detect at least three markers simultaneously. To ensure a 3D
laser scanner griping perpendicular to the surface. An
operator must manually place the 3D laser scanner in all
circumstances, as shown in Figure 7 [24].

VXelement software was equipped with the
complementary tools feature, mesh optimisation, and
smooth integration into the scan-based design, as shown in
Figure 8. Moreover, CAD software is already available for
drawing dimensions and 3D modelling capabilities.
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Fig. 7. The new crankshaft was created to artefact a 3D
model by a 3D laser scanner

Fig. 8. (A) Artifact 3D model of the new crankshaft,
(B) artifact 3D Model of the broken crankshaft

All scanning data was transferred to Geomagic Control X
software.

The two crankshafts were combined by concentric mate
function. Following the guidelines of crankshaft inspection
on a workshop manual guideline basis, the inspection points
were carried out at 4 points of each 90° around the main
journal diameter. They were applied to measure at 0°, 90°,
180° and 270° respectively, by a 3D compare function. The
function was performed with overlapping values when
different value points happened. The highest value and
position point of each main journal are significantly
presented and related to the misalignment of a broken
crankshaft. However, the broken crankshaft could not return
the main journals No. 1 and No. 2 to the original part.
Therefore, their measuring values were skipped in the 3D
model inspection.

3. Results and discussion

The most significant dimension results have been
investigated and are discussed below.

3.1. Worn-out inspection of the main journal
diameters

A micrometre was used to measure the main journal
diameters. By comparing it with standard data, the allowed
minimum size of the main journal diameter was 69.910 mm.
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The runout inspection value of the crankshaft must not be
more than 0.08 mm. Any measured values exceeding the
standard must be replaced with a new crankshaft instead.
The crankshaft specification size of the main journal is
shown in Table 3. It was referred to from the manufacturer's
workshop manual [23].

Table 3.
The specification data of the main journal crankshaft is in
the workshop manual
Crankshaft main journal
Maximum
Limit

Diameter size, mm
69.932
<69.910

The measured value of the broken crankshaft is shown in
Table 4. The worn-out value of each main crankshaft journal
can be identified. Following the worn-out value of each main
journal, the lowest measured value of the main journal
diameter No. 2 was 69.890 mm. It was less than the limited
value of 69.910 mm. Therefore, a new crankshaft was
required to be replaced after inspection.

To determine the worn-out value of each main journal
diameter that, it is shown in Figure 9.

Table 4.
The main journal diameter measurement of the broken
crankshaft

Main journal oA ¢B $C ¢D
No. 1 69.910 69910  69.920  69.920
No. 2 69.890 69910  69.900  69.910
No. 3 69.920  69.920 69910  69.920
No. 4 69.920  69.920  69.920  69.920
No. 5 69.930  69.930  69.930  69.930

Fracture point

Main journal No. 1 2 3 4 5
O Max. Diameter (mm.)| 69.932 = 69.932 69.932 69.932 69.932
O Avg. Diameter (mm.) | 69.915 69.903 69.918 69.920 69.930

0.000 ; { —
-0.005 ‘
-0.002
Worn out -0.010 I I I ‘ I
value relation --015

0012
(mm.) 0020 5417 S
-0.025 t

-0.030
-0.035

-0.029

Fig. 9. Main journal diameter worn-out inspection of the

broken crankshaft
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Figure 9 presented the main journal diameter of the
broken crankshaft. The measured value was compared with
a maximum value when it was a new one. The actual worn-
out value of average main journal diameter No. 5 was - 0.002
mm, which is the lowest worn-out rate. However, the actual
worn-out value of average main journal diameter No. 2 was
-0.029 mm. which is the highest worn-out rate. Considering
the wear process, the material loss occurred due to the worn-
out value relation of each main journal. The cross section
area was changed by contact stress distribution while the
crankshaft rotated. If the stress concentrations interfere with
local concentrations of contact stresses, the surface coating
may be damaged, and the wear resistance may deteriorate.
Another parameter was the lubricating properties of the
engine oil. If the viscosity accumulates impurities, they can
act as an abrasive.[25] Generally, for the crankshaft in
similar situations, all main journal diameters should be worn#
closely to each other. In the case of the main journal,
diameter No. 2 was immensely#vorn out more than others.
It was concerned with quality control on surface hardening
in the heat treatment process. In addition, the worn-out value
will be increased, and the clearance gap of the main journal-
bearing shell will be expanded, which can lead to a
misalignment of the crankshaft [26].

3.2. The measuring value comparison between 3D
laser scanner and conventional measurement

The 3D geometrical model of the new crankshaft was
created using VXelements software, shown in Figure 10.

Fig. 10 The 3D model of the new crankshaft was created by
VXelements software

The VXelements software has the capacity to produce
3D data in standard formats for any CAD platform. Both
main journal diameter dimensions were measured by CAD
software and a micrometre, as shown in Figure 11. The
accuracy of scan data must be compared with the actual
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measuring tool. The average main journal diameter of an
artefact 3D model, ds.n was 70.000 mm. by a 3D laser
scanner. Meanwhile, the average main journal diameter of
an actual part, d.r was 69.930 mm by a micrometer.
Therefore, the measuring error, Cs, was calculated from
70.000 - 69.930 to be 0.070 mm. The results showed a
measuring error over the accuracy limit of 0.030 mm. (Refer
to data in Table 2). The technical specifications from
HandySCAN700 are required for user-performed calibration
procedures [27].

Fig. 11. (A) Main journal diameters were measured by a 3D
laser scanner, and (B) main journal diameters were
measured by a micrometre

3.3. Main journal overlapping value measurement

Even in unexpected locations, wear and deformation
have constantly been visible. The automated alignment and
deviation features analysis can locate and measure specific
points, as shown in Figure 12. The artefact 3D model of a
new crankshaft was set as the reference. Consequently, the
3D new crankshaft and the 3D broken crankshaft are
combined in concentric mate function to measure the
overlapping value. It is illustrated in Figure 13.

1
=

Fig. 12. The overlapping value was measured by Geomagic
Control X software
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90°

180 0°

Fig. 13. The two 3D crankshafts are combined in concentric
mate function for overlapping measurement

3D Compare function
@Main journal No.4

Overlap ga

Fig. 14. The overlapping value measurement of the main
journal at 0°

90° -
3D Compare function I

@Main journal No.5

3D Compare function

-
3D Compare function
Main journal No.4
-

Fig. 15. The overlapping value measurement of the main
journal at 90°

The 3D compare function shows the overlapping value
of each main journal at 0° (Fig. 14). The overlapping value
between two crankshafts is presented by observing visible
colour with gap values. The range of green shade colour
presented the overlap within an acceptable tolerance of
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0.08 mm. The range of red shade colour presented the
overlap over acceptable tolerance into a positive value. The
positive value means the broken crankshaft surface over the
reference surface. On the other hand, the range of blue shade
colour presented the overlap over acceptable tolerance into
a negative value. Also, the negative value means the broken
crankshaft surface under the reference surface. Moreover,
3D compare functions have shown the measured value of
each main journal at 90°, 180° and 270° respectively, in
Figures 15-17.

3D Compare function
(@Main journal No.5

05000 | -
Overlap gap
3D Compare function

180°
(@Main journal No.3
Overlap gap

3D Compare function
Main journal No.4

Fig. 16. The overlapping value measurement of the main
journal at 180°

3D Compare function
@Main journal No.4

3D Compare function ‘

3D Compare function
Main journal No.3 Main journal No.5

Fig. 17 The overlapping value measurement of the main
journal at 270°

The measured value of the overlap seemed to be
complicated in all 3D combined crankshafts. As a result, the
overlapping value of main journal No. 3 at 180° was 0.1738
mm. which was the highest value in positive value. In
addition, the main journals No. 4 and No. 5 at 180° also
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presented the overlapping value on the positive value with
significance. On the other hand, all overlapping values at 0°
and 90° are almost negative values. The overlapping values
are plotted using a Cartesian coordinate plane on the main
journal diameter reference, as shown in Figure 18.

Main journal
No.5
(-0.1616)

Main journal

No.4 B -
(-0.077) (+0.1559) - - - o271 (-0.079)
Main journal ' 2
No.3 e :
(-0.0024)(+0.1188) - - - - - gor 1(-0.0203) (+0.1604)

= ('0'1206)(4.0.0226) O Main journal diameter reference

3 Main journal diameter of broken
crankshaft

== Alignment line of reference
Alignment line of broken

270° L crankshaft

(+0.1738)
90°

180°

Fig. 18 The overlapping values of the 3D combined
crankshafts

Most crankshaft failures were usually related to
misalignment issues. Meanwhile, they were under high
bending or torsion moment [28]. Forecasting during engine
operation, the unexpected bending stress will be affected in
the critical zone of the crankshaft, where the crack can easily
initiate [29,30]. The initial crack gradually increased
depending on engine load operation. It was obvious in the
highest overlapping value, which was consistent with the
fractured position of the crankshaft.

4. Conclusions

It is an interesting broken crankshaft after cracking in
normal driving conditions that was required to be compared
with the new crankshaft for investigation. The study
measured the broken crankshaft inspection using a
micrometre and a 3D scanner application. The measured
value using a micrometre of the main journal diameter No.
2 was 69.890 mm, compared with the maximum main
journal diameter of 69.932 mm. Therefore, it showed a
significant 0.06% maximum excessive worn-out value.
Therefore, it may be reflected#in the main journal No.2 about
quality control on surface hardening in the heat treatment
process. The misalignment value cannot be checked after the
crankshaft is broken. A 3D scanner application was utilized
using the overlapping measuring method instead. The
measuring result of the highest different overlapping value
was 0.1738 mm. It was higher than the standard tolerance,
up to 117%. It was located at the main journal No. 3 at 180°
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and also near the fractured point at crankpin No. 2. The
overlapping measurement can be referred to as the
misalignment of the broken crankshaft. In the given
contribution, misalignment inspection results were achieved
using a 3D model of reverse engineering technique. It
approached complicated part measurement, including using
crankshafts after long-term service operations or under
engine overhaul inspection by automotive manufacturers
and after-sales service markets.

The future scope of this research includes conducting a
more in-depth failure fracture analysis of the transition fillet
roughness. Additionally, the finite element analysis can be
performed on the 3D model of the crankshafts to gain
insights into their structural behaviour and operating
performance.
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