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Abstract:  The paper deals with the weight reduction and the achievement of a more
homogeneous stress distribution of a one-cylinder engine’s crankshaft,
developed for the Formula Student series. In order to achieve this goal, a
series of static FEM analysis were performed on the crankshaft. For the
FEM analyses, the critical loading and kinematic boundary conditions of
the crankshaft were calculated with two different methods. The loads were
determined analytically and were verified by Creo Mechanism software.
The calculations were done for different engine speeds and - as a result -
the critical engine speed, where the highest loads appear could be
determined. An essential weight reduction and a more homogeneous stress
distribution were achieved on the crankshaft as the result of FEM analysis.
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1. Introduction

The paper shows the stress analysis of the crankshaft of a one-cylinder engine,
designed by the SZEngine team (the stundent’s engine development team of Széchenyi
Istvan University) for the Formula Student (FS) race series and gives recommendations
for the weight reduction of the crankshaft. The FS race tracks feature many curves,
slaloms and short, straight sections. These features must also be taken into consideration
in the course of designing and developing the proper engine for the race car. The main
objective of the engine design is the creation of an engine with the possible lowest
weight and the possible highest performance. In order to be able to reduce the weight of
the crankshaft, a series of static FEM analysis were performed on the crankshaft. On the
basis of the results gained by the analysis, one could reduce the weight of the
crankshaft, make the stress distribution more homogenous, and fix the emerging failures
in the construction. For the analysis, it is necessary to exactly know the maximum loads
acting on the crankshaft therefore — as the first step — the paper deals with this problem.
The second part shows the results of the stress analyses and the weight reduction.
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The analyzed crankshaft (Fig. 1.) is a construction made of three parts, consisting of a
crankpin and two other parts, which includes a web, a counterweight and a half-shaft.
The three parts are assembled by an interference fit. The material of the crankshaft is
42CrMo4 alloy steel, while for balancing the crankshaft, tungsten hard metal rods are
used, which are also connected by an interference fit into the bores of the
counterweight. The material properties of the crankshaft are summarized in Table 1.

crankpin

halfshaft

(clutch side)
main

journal

main
halfshaft journal
(flywheel side)

tungsten
counterweight
rods

counterweights

Figure 1. The parts of the analyzed crankshaft

Table 1. Material properties of the crankshaft

Material property 42CrMo4 steel Tungsten Unit
Density 7850 19250 kg/m?
Young’s modulus 210000 411000 MPa
Poisson’s ratio 0,3 0,28 -
Yield stress 750 1510 MPa
Coefficient of thermal 1,2:10° 4,3-10° 1/°C
expansion

2. Critical working loads of the crankshaft

The first task is to determine the loads acting on the crankshaft [1], [12], to specify
each kind of loading in function of the crank angle and the engine speed. From the
loading function the critical maximum loads have to be determined — at which the FEM
analysis must be performed.
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2.1 Assortment of the working loads

The loads acting on the crankshaft can basically be divided into two groups: loads,
which are function of the crank angle and the engine speed, as well as constant loads
which are not depending on the revolution. Loads, which are function of the crank angle
and the engine speed, originate from three effects:

1) Surface loading acting on the crankpin. These loads originate from the gas
pressure inside the engine’s cylinder and from the forces of inertia occurring
due to the acceleration of the connecting rod and the piston.

2) Body forces resulting from the revolution of the crankshaft.

3) Torque of the flywheel acting on the crankshaft, which occurs due to the
moments of inertia of the flywheel and the speed-irregularity (angular
acceleration) of the crankshaft.

The constant loads are coming from two effects:
1) Loads from the interference fits (overlap joints).
2) Loads coming from the thermal effects in the engine.

2.2 The surface loads acting on the crankpin

The surface loading acting on the crankpin can basically be determined by two
methods: either by using a kind of commercial software dealing with dynamic analysis
(for example ADAMS or Creo Mechanism) or by analytically using the principle of
impulse and the principle of angular momentum [2]. We determined these loads
analytically, but the module of the Creo Mechanism [10], [11] was also used for the
verification of the analytically calculated loading.

The gas pressure characteristics were determined by the SZEngine team and it was
available in the operating range of the engine (4000-12000 rpm) in 500 rpm angular
velocity steps.

During analytical calculations, the angular velocity of the crankshaft was presumed
constant, which largely simplifies the calculations, while the failure rate remains at a
small value, below 1 % according to [5]. In the course of calculations, at first the
kinematic and then the dynamic feature of the connecting rod were determined. After
this, the force acting on the crankpin will be derived already from the Newton’s law of
action and reaction. The kinematic characteristics of the connecting rod were
determined on the basis of [3] except for (8) and (11).

Figure 2. Vector-model of the crank mechanism
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In Fig. 2. the vector 7, represents the connecting rod and 7, models the crank. On the

basis of Fig. 2., the following vector-equation can be written:
R+F 47 =0, (1

Differentiating once the above vector-equation with respect to time, we get the angular
velocity of the connecting rod, while differentiating it twice, the angular acceleration of
the connecting rod can be achieved.
-1 cosa
@, == @)
r, cos B

2 . 2 .
_ o r sina + o, r, sin f

3)

: r, cos 3

The acceleration of point 4 is known therefore the acceleration of the arbitrary point P
of the connecting rod can be determined by using the angular velocity and the angular
acceleration:

G, =d,+& XFp—0F,,, 4)
From the evaluation of each term (4), the acceleration of an arbitrary point P is:

d, = (no’ sina—g,r,, cos f+w;r,, sin f)é, +

6))

+(-1@ cosa—&,r,, sin f— @i r,, cos )€,

Knowing the mass properties m,, J, of the connecting rod and the mass m, of the

piston and the acceleration of an arbitrary point P specified above, the forces acting on
the connecting rod (Fig. 3.) can be determined. In Fig. 3. the notation S means the center
of gravity of the connecting rod.

Figure 3. Forces acting on the connecting rod

Applying the principle of impulse for the piston in y direction:

m,a d=F:g+(_FBz) = FBy=Fg_mdad~ (6)

Applying the principle of impulse for the connecting rod in y direction:
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FBy + FA,V = mhaSy = FAy = mhaSy _FBy . (7)

Applying the principle of angular momentum for the connecting rod rotating about the
point B:

J &+, x(isa)z)+r35 xm,d +m, (@, X Fyg )XV, =M, ®)

where v, =v,€, is the velocity of point B, which value can be determined in the

following way:
vy = =@ sina —w,r, sin 5. ®

It is important to note that many of the literature sources, such as literature [3] gives
only the incomplete form of the principle of angular momentum for a rigid body, which
does not contain the fourth term on the left side of the equation (8). According to [6],
however, if the principle of angular momentum for a rigid body is applied to a moving
point B as in the present case — the principle must be completed by the fourth term
containing the velocity of the point B. In case of leaving this term, the x component of
the force acting in point 4 shows equation (10), while — taking into consideration this
term — it shows equation (11):

Jye+myag (r, —ug)sin f+m,ag (r, —ug)cos f—F, r, cos B

r,sin f

) (10)

Ax

r Jy&+muag (r, —ug)sin B+ mag (r, —ug)cos f—F, r, cos f+m,w,ry cos v, (11)
e r, sin g

Applying the principle of impulse for the connecting rod in x direction:
F+Fy =ma,, = Fp =mag —F, (12)

Force acting on the crankpin of the crankshaft C will be the counter-force of the force
acting on point 4 of the connecting rod:
F. =-F

b Ax 2

F, =-F,. (13)
At 8000 rpm engine speed, the differently calculated tangential and radial components
of the force acting on the crankpin, were performed and compared with the results
achieved by Creo Mechanism program (Fig. 4. and 5.). In the course of comparison, a
proper match could be observed, but — as it can be seen in the figures — a slight
deviation could be noticed between the two analytical solutions, which are presented in
the tangential force diagram. It is interesting to observe that if the component in x
direction of force F, was calculated by applying the incomplete form of the principle

of angular momentum (10), an exact match with the result provided by Creo was to be
obtained.
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Figure 4. The tangential force acting on the crankpin in function of crank angle at
crankshaft speed of 8000 rpm with different calculation methods

60000
50000
40000
30000
20000
10000

0

calculated according to (10)

calculated according to (11)

\
\
\

Crank angle (deg)

Radial force (N)

A
’ \ = = = Creo Mechanism Result
/

|

/.

o

-10000
-20000

Figure 5. The radial force acting on the crankpin in function of crank angle at
crankshaft speed of 8000 rpm with different calculation methods

In reality, the force does not act at a certain point, but on a cylindrical contact surface.
The crankpin is assumed to have a sinusoidal pressure distribution. Therefore, the force
acting on the crankpin — that was determined above — was transformed into a sinusoidal

pressure distribution acting over an angle of y =120° (Fig. 6.).
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The pressure curve along the contour of crankpin can be prescribed by the following

formula:
. | 180 180
P(P) = P SIN {7(/)— [7 Proa —90H , (14)

where the value @ =0° belongs to the ¢ axis.

In (14) the pressure constant p, . can be achieved by integrating the pressure surface:

demy
T 180F,

F.=p.. I Ism(ﬂs]dzds = P = <, (15)
o o dey wedcy

where w, is the width and d_. is the diameter of the crankpin.

Since the load acting on the crankpin is the function of the engine speed, with the aid
of the equations calculated above, it must be examined in the operational range of the
engine (4000 — 12000 rpm) how the loads depend on the change in the engine speeds.
At lower engine speeds, the force from gas pressure, while at higher engine speeds, the
forces of inertia will be significant. The forces of inertia increase quadratic with the
increase of the engine speed. Fig. 7. illustrates the variation of the loads acting on the
crankpin at both ends of the operating range.

50000

4000 rpm

- = = 12000 rpm

Forceacting on
crankpin (N)

0 60 120 180 240 300 360 420 480 540 600 660 720
Crank angle (deg)

Figure 7. The loads acting on the crankpin in the function of crank-angle at both ends
of the operational range

The FEM analysis should be performed at the engine speed, at which the load acting on
the crankpin has the maximum value. Fig. 8. shows that the maximum occurs at 6500
rpm engine speed.
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Figure 8. The maximum values of the resultant forces acting on the crankpin in the
function of engine speed
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2.3. The forces of inertia resulting from the speed irregularity of the crankshaft

This section discusses the instantaneous angular acceleration, which is necessary for
the calculation of the body forces resulting from the rotation of the crankshaft, as well
as for calculating the torque originating from the flywheel.

The tangential force acting on the crankpin is continuously changing in the function
of the crank angle, as it can be seen in Fig. 4. Since the torque of the engine is provided
by this force, the torque of the engine will also be irregular, so it will depend on the
crank angle.

The inertia of the crankshaft is increased by the flywheel mounted at the end of the
crankshaft, which also serves as an energy storing unit. When the instantaneous torque
is higher than the medium torque, the crankshaft accelerates, while the flywheel picks
up energy. When the instantaneous torque is lower than the medium torque, the
crankshaft slows down, while the flywheel delivers energy back to the crankshaft. In the
majority of engines, the flywheel — which also includes the clutch — is mounted on one
side of the crankshaft. In case of the analyzed single-cylinder engine, the clutch and the
flywheel are mounted as two separate parts at both ends of the crankshaft.

In order to be able to determine the speed irregularity, as a first step the medium
torque must be calculated. This is a torque value supposed to be constant, which
performs the same amount of work as the varying (actual) torque. For this, the torque
curve must be integrated for a whole engine cycle and the height of a rectangle of the
same width provides the medium value on the basis of the equality of the surfaces.

Fig. 9. illustrates the instantaneous torque and the medium torque at crankshaft speed
of 6500 rpm. The work below the medium torque — marked by red stripes — is negative
and this decreases the angular velocity, while the work above the medium torque —
marked by green stripes — is positive thus increasing the angular velocity.

700

480 540 660720

300 0420
Crank angle (deg)

Figure 9. Instantaneous and medium torque acting on the crankshaft at crankshaft
speed of 6500 rpm

The instantaneous angular velocity can be obtained from the instantaneous total
energy of the system (crankshaft, clutch and flywheel). At first the total energy of the
system at ¢+ = (0 must be determined and then the negative and positive work marked
with red and green stripes in Fig. 9. must be added to this average value. So, the total
energy of the system at a given time and crank-angle is:
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E(an):Eo+T[M(a)—MK]da, (16)

0

where F is the energy, resulting from the rotation of the crankshaft, clutch and flywheel
and M, is the medium torque. Knowing the instantaneous total energy of the system,
the instantaneous angular velocity of the crankshaft can easily be determined:

[ 2E@)
o (@)= J+d,+J, an

where J,,J,,J; are the moments of inertia with respect to rotation-axis of the
crankshaft, the clutch and the flywheel.
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Figure 10. Variation of crankshaft speed at initial crankshaft speed of 6500 rpm

The flywheel — with its high inertia — tends to decrease the irregularity during the
work of the engine. This balancing effect causes high torque on the crankshaft. The
torque, resulting from the inertia of the flywheel can be calculated by multiplying the
inertia of the flywheel with the instantaneous angular acceleration, which is the
derivative of the instantaneous angular velocity with respect to time:

dé,

dt

M, =-J,& =-J, (18)
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300 0
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Figure 11. Variation of torque caused by the flywheel at crankshaft speed of 6500 rpm

2.4. Constant loads

In the crankshaft the crankpin is mounted by interference fit and the tungsten rods
applied as counterweights are also fit by interference. At these fits / joints — due to the
applied interferences — constant loads occur. The interferences were available as
constructional parameters. Due to the lack of thermal analysis of the engine, 100 ‘C
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constant, homogenous temperature distribution was supposed as thermal loading on the
whole volume of the crankshaft.

3. FEM analysis of the crankshaft

In order to be able to reduce the weight of the crankshaft and to make the stress
distribution on it more homogenous, a series of static FEM analysis [7], [8], [9] were
conducted on the crankshaft.

3.1. Creating the mechanical and FEM model

The FEM-mesh was created by ANSYS Workbench software [4]. The crankshaft was
meshed in quadratic tetrahedron elements. The generally applied element size was 3
mm, while in areas considered to be critical (like the main journal fillet or surfaces
connected by interference fit), element sizes of 1 and 2 mm were applied. The total
number of elements is 188 152 which contain 306 788 nodes. In the previous chapter it
has been stated that the crankshaft receives the highest loading at 6500 rpm engine
speed, therefore the finite element analysis was carried out at this nominal engine speed.
Fig. 12. shows the meshed crankshaft, while the areas of boundary conditions and
applied loads are illustrated in Fig. 13.

Figure 12. FEM model of the crankshaft

—

. Clutch contact surface fixed in
rot-z direction
. Elastic support on the contact
surface of the main journals
bearings
. Sinusoidal pressure distribution
4. Torque applied on the contact
surface of the flywheel
5. loads resulting from interference
Other loads:
e body forces caused by angular
velocity
e 100 °C heat load

(5]

[35)

Figure 13. The areas of boundary conditions and applied loads
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3.2. Evaluation of the finite element analysis

In the course of the finite element analysis, the stress distribution of each special load
was examined at first separately thereby the weight of each load could be determined.
Then the stress distribution of the total load was also calculated, on the basis of which
the possible weight reduction may be performed.

3.2.1. Stress distributions from constant loads

Radial Stress Von Mises
(MPa) . Stress (MPa)

-101,46 | 5283
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(a) Interference of 0,1 mm (b) Interference of 0,08 mm

Figure 14. Von Mises stress distribution and the radial stress distribution on the surface
of the bore of the crank-throw

Fig. 14. illustrates the von Mises stress distribution and the radial stress distribution
(negative contact pressure distribution) occurring on the surface of the bore of the webs
occurring as a result of interference of 0,1 and 0,08 mm, i.e. at both ends of the
tolerance range. From this figure, it can be stated that — in both cases — very high von
Mises stresses occur furthermore the maximum values of the contact pressure ensuring
the joint are also rather high presumably the application of smaller interference would
be sufficient. As a result of the 0,01 mm interference of the hard metal rod which serves
as counterweight, on the counterweight part, about 300 MPa maximum von Mises
stresses occurred.

During the analysis of the thermal load, the above mentioned kinematic boundary
conditions were not applied, since — as a result of the thermal effects — the parts
ensuring the kinematic boundary conditions would also expand and this could not have
been taken into account by the modeling. As a result of the thermal load, not too high
stresses occurred. The equivalent von Mises stresses of about 300 MPa occurring at
interference fit of the counterweights decreased by half due to the different coefficients
of thermal expansion of tungsten and steel (Fig. 15.).

%] 4 o= o> oo -
3¢ 600 = Interference of
w i tungsten rods
wn © ”
£ g 400 e (0,01mm)
= > s \
S 200 2 / — - |nterference of
> % crankpin (0,1 mm)
0
Interference fit thermal load (20-100 Celsius)

Figure 15. Maximum von Mises stresses occurring as a result of interference fits and
the thermal load
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3.2.2. Stress distributions from varying loads in function of crank angle

Fig. 16. illustrates the maximum von Mises stresses caused by the varying loads in
function of crank angle.

<300

S load acting on crankpin '\
2250 + — — — load caused by rotation } \
8 200 | — - —torque caused by flywheel

0 60 120 180 240 300 360 420 480 540 600 660 720
Crank angle (deg)

Figure 16. Variation of maximum von Mises stresses caused by the individual loads in
function of crank angle

Fig. 17. shows the stress distribution of each load at the crank angle, where the
maximum von Mises stress occur. On the basis of the results, the following conclusions
could be drawn:

e The maximum equivalent von Mises stress acting on the crankpin occurs at 371°
crank angle, this means around the ignition its magnitude is about 300 MPa. The
maximum von Mises stresses occur between the fillet of the web and at the main
journal (Fig. 17.a).

e The maximum von Mises stress caused by the forces of inertia varies according to
the angular velocity. The stresses occurring here are much lower compared to
stresses caused by former two loads (max. 70 MPa). The highest stresses are
occurring between the main journal and the counterweight (Fig. 17.b).

e The maximum von Mises stress occurring as a result of the torque caused by the
flywheel varies according to the variation of the torque. The highest stresses
occur on the surface of the half shafts (Fig. 17.c).

a) Von Mises
Stress (MPa)
296,91

b) Von Mises
Stress (MPa)
71,477

c) Von Mises
Stress (MPa)
166,96

Figure 17. The maximum von Mises stresses occurring from
a) loads on the crankpin b) rotation of the crankshaft c) torque by the flywheel
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3.2.3. Checking the effect of the element’s size

In order to check the accuracy of the applied finite element-mesh discussed in chapter
3.1, the above described analysis was carried out with two different element size-
variations as well, including a denser / finer mesh - the size (number of elements) of
which was double of the original mesh - as well as a coarser mesh, the size of which
was half of the original mesh.

Fig. 18.a illustrates the maximum Von Mises stresses in case of different loads and
different element sizes. Fig. 18.b illustrates the minimum radial stresses (maximum
contact pressure) on the surface of the web’s hole in case of 0,1 mm interference. As it
can be seen from the figures, in general, the difference between the original and the
finer mesh is smaller than the difference between the original and the coarser mesh, so
the values converge by fining the mesh. In case of interference fit, practically there is no
difference between the results provided by the original and by the finer mesh. There is
no essential difference between the results of the original and those of the finer mesh in
other cases, either. Considering this small difference and the significantly higher
computation resources demanded by a finer mesh, the further analysis was performed
with the original mesh.

a) M coarsermesh M original mesh M finer mesh
800 7212 b)
= 68496845 4,0
&700
—_ 101,5 101,7
=600 q 100 -
@ =3
= 500 » 80 -
3
% 400 296,9310,1 & 60 -
S 300 $3.6 =
c E 407
© 200 - =)
> Z 50
100 1
0 o -
rotational velocity load on crankpin torque by interference fit interference fit (0,1 mm)
flywheel (0,1 mm)

Figure 18. The maximum von Mises and radial stresses in case of different loads and
different mesh density

3.2.4. Stress distributions from total load
Fig. 19. demonstrates the stress distributions caused by critical total load.

At the critical total load, the following statements can be made:

e The highest von Mises stresses occurred from the interference fit between the
web and the crankpin. This interference loading causes the dominant influence on
the stress distribution.
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Figure 19. Equivalent von Mises stress distributions caused by critical total load

e The maximum stress values do not depend on the angle position, so the variation
of the stress caused by total load will be approximately constant in function of
crank angle.

e The fact that stresses caused by interference are dominating, can be regarded as a
constructional failure. Therefore — prior to the weight reduction — this
constructional failure should be fixed.

3.2.5. Correction of the constructional failure

On the basis of the aforementioned, stress caused by interference is too high
furthermore the contact pressure ensuring the contact is also more than necessary.
Therefore this constructional failure had to be eliminated first. In order to be able to
determine the minimum necessary contact pressure, it has to be examined how the
minimum value of the contact pressure varies on the surface of the bore of the web
while applying the total load during a whole engine cycle.

Crank angle (deg)

0 60 120 180 240 300 360 420 480 540 600 660 720 0,04 mm
e D T T T T T T T T T T T 1
g a i i\ P M.
g. -10 \\.‘ P ——— "\‘ ,'r‘.“-" \\_--- _“" /] mm
L = — \ 0,02
TS el T O )\ D g S sl
e i
1+
o

-50

Figure 20. Variation of the minimum radial stress (maximum contact pressure) in
function of crank angle in case of different interferences

In case of interference of 0,02 mm, the minimum value of the contact pressure around
ignition reaches zero value, so there will be disconnection between the crankpin and the
bore, it is to be feared that the crankpin will become loose, therefore at least 0,03 mm
interference is necessary in order to be able to properly ensure the interference fit
(Fig. 20.). As there is no torsional or axial load between the crankpin and the bore of the
web, sliding won’t occur between connecting components, so we didn’t take it into
consideration.
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3.3. The modified geometry

On the basis of the results of the finite element analysis, it can be stated that the stress

distribution of the crankshaft is not too homogenous. There are areas in which only very
small stresses occur, so it is reasonable to remove material from there, while in other
areas too high stresses occur, so they must be reduced by proper constructional
modifications. The modifications that were carried out can be summarized as follows:

Increase of the inner bore’s diameter of the shafts and pins: higher stresses typically
occur on the outer surface of the shafts / pins, while only minimum stresses occur
inside them, therefore it is reasonable to remove material from there. In case of the
inner bores, the following modifications were carried out:

o The diameter of the oil bore was increased from 3 mm to 10 mm

o The diameter of the bore on the clutch side was increased from 8§ mm to 16
mm, while its depth was increased from 20 mm to 64,5 mm

o The inner bore of the crankpin was increased from 15 mm to 20 mm

The following modifications were carried out in the geometry of the webs:

o Removal of the “ears” of the webs. Since only small stresses occurred here,
they have been removed in order to reduce the weight.

o Removal of the “shoulder part” of the webs, as a result of which weight
reduction was achieved on the one hand, while on the other hand, the stress
distribution resulting from the interference fit between the web and the
crankpin could be made more homogenous.

o Reduction of the width and thickness of the web in order to be able to reduce
the weight.

o The rounding / fillet between the main journal and the web was increased
from 1,5 mm to 2 mm, by which — as a result of the load acting on the
crankpin — the highest stress occurring at the fillet area could be reduced and
therefore the stress distribution could be made more homogenous.

Modification of the counterweight part. Due to the modifications carried out in the
previous two steps, the balance of the crankshaft has changed. Due to the increase
of the inner bore of the crankpin, as well as due to the removal of material from the
upper part of the web, the center of gravity of the crankshaft was shifted into the
direction of the counterweights. In order to be able to restore the balance of the
crankshaft, the mass of the counterweight had to be reduced. This could be
achieved by two kinds of modification:

o The width and thickness of the counterweight part were reduced.

o Instead of four small and one large tungsten rods serving as counterweights,
five small tungsten rods were installed.

The comparison of the original and modified crankshafts can be seen in Fig. 21.

The extent of the minimum necessary interference was examined by applying the
method indicated in chapter 3.2.5. also for case of the modified geometry. In the course

of this, it was found that in case of the modified geometry minimum 0,04 mm
interference is necessary. Fig. 22. demonstrates the von Mises stress distributions
caused by critical total load in the modified construction.
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Figure 21. Constructional modifications carried out on the crankshaft
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Figure 22: Von Mises stress distribution of the modified crankshaft caused by critical
total load

Summary

For the analysis, the critical loads acting on the crankshaft were analytically
determined. In the course of this, we have stated that the highest load occurs on the
crankshaft at a speed of 6500 rpm, therefore the series of static FEM analysis were
performed at this engine speed. The results of the FEM analysis have shown that the
crankshaft has a constructional failure, because the equivalent von Mises stress caused
by the interference between the crankpin and the web was significantly higher than the
stresses caused by the combustion. As a first step, this failure was eliminated by
decreasing the extent of the interference. From the FEM analysis it can also be
concluded, that there are several areas on the crankshaft, at which very small stresses
occur, so material was removed from these areas. As a result of the constructional
modifications, the stress distribution became more homogenous furthermore the weight
of the crankshaft could be reduced by 19 %.
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