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Fixation of Rotor Laminate in an Electric Machine
Remove the usage of liquid nitrogen during assembly and keeping a high manufac-
turability
Erik Nylander, Adam Olson
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
In the future it is expected to exist twice as many cars on the roads as it does today.
For companies manufacturing electric cars, such as Volvo Cars, hundreds of millions
of traction motors must be produced. Therefore, an efficient and safe way of doing
this is of great interest. Today, Volvo Cars assembles the rotor onto the shaft using
a shrink-fit method where the rotor stack is heated and the shaft is cooled using
liquid nitrogen. A new solution that can achieve the requests on the motor without
using liquid nitrogen as cooling would simplify the assembly process, make it safer,
and reduce the manufacturing costs.

Alternative geometries to the regular circular shaft and rotor were investigated in
this work by creating models using ANSA and analysing them with Abaqus. The
geometry of the interference between shaft and rotor that was produced from this
investigation is called valleys. It is based from the already existing shaft, but with
circular cutouts around the outer edge. The cutouts are supposed to match a grind-
ing tool to obtain a high manufacturability. The chosen solution was optimized
against torque capacity, slip angle and fatigue life.

The design is not final since the model has not yet been tested with any temperature
gradient across the assemble, which may affect the contact between rotor and shaft.
Real life testing is also necessary to ensure that the simulations are resembling the
reality.

Keywords: Shrink fit, rotor, Laminate, Electric machine, Grip, Torque, Slip, Car,
Finite element method.
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Nomenclature

Parameters

Er Young’s modulus, rotor
Es Young’s modulus, shaft
dr,i Inner diameter of rotor
dr,o Outer diameter of rotor
ds,i Inner diameter of shaft
ds,o Outer diameter of shaft
Fc Centrifugal force
i Index inner diameter
m Mass
M Transferable moment
o Index outer diameter
p Contact pressure
r Index rotor
rr,i Inner radius of rotor
rr,o Outer radius of rotor
rs,i Inner radius of shaft
rs,o Outer radius of shaft
R Radius
s Index shaft
t Thickness of one laminate
Tr Temperature increase, rotor
Ts Temperature decrease, shaft
ur Displacement of rotor due to centrifugal force
us Displacement of shaft due to centrifugal force
αr Coefficient of thermal expansion, rotor
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αs Coefficient of thermal expansion, shaft
β Slip angle between shaft and rotor
∆ Stationary diametric grip
∆rot Diametric grip as function of rotational velocity
κr The ratio dr,i/dr,o

κs The ratio ds,i/ds,o

µ Friction coefficient between rotor and shaft
νr Poisson’s ratio, rotor
νs Poisson’s ratio, shaft
ρr Density of the rotor material
ρs Density of the shaft material
ω Rotational velocity
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1
Introduction

It is expected to be over two billion vehicles globally by the year 2035. Having a part
of them electri�ed results in hundreds of millions of traction motors in the range of
50-500 kW needing to be produced. Consequently, it is of vital importance to design
and produce them e�ciently [2]. Previous benchmark analysis has shown that for
high RPM and torque, a key and keyway is the most common solution to fasten the
rotor to the shaft. However, it adds complexity to the assembly of the shaft and
rotor stack. Therefore alternative �xation solutions needs to be evaluated.

1.1 Background

A rotating electric machine is a device that converts electrical energy to rotational
mechanical energy or vice versa. The main parts of the machine are the rotor, sta-
tor, and shaft, where the rotor is made of many thin laminates pressed together,
see Figure 1.1. Rotational torque is transmitted to the rotor by an interaction in
magnetic �elds of the rotor and stator. The rotor, which is attached to the shaft,
transfers the rotational energy out to the vehicle's wheels propelling it forward [3].

Figure 1.1: Schematic image of stator, rotor and shaft. The rotor is made up of
thin laminates.

There are mainly two di�erent types of electric machines used in electric vehicles,
induction machines and permanent magnet synchronous machines (PMSM). In a
PMSM, the electrical energy creates a rotating magnetic �eld in the stator, which
the permanent magnets in the rotor follow [3]. The rotor is �xated to the shaft and
transfers the rotation through a �nal drive to the wheels. The position of the shaft

1



1. Introduction

is measured to provide the correct input to the stator. It is therefore important to
make sure that the rotor is not slipping on the shaft, which change the stator's input
and lower the e�ciency of the machine.

The rotor consists of sub-stacks of laminates and magnets. Each sub-stack has about
100 press-joined laminates with a thickness under 1mm. Figure 1.2 shows a lami-
nate with the magnets and a shaft. The magnets are inserted into the slots close to
the laminates outer edge and the shaft is positioned into the center of the laminate.
The cutouts surrounding the center hole decrease the weight and change the way
the stresses spread throughout the laminate.

Figure 1.2: Cross section view of laminate, (brown), shrink �tted on to shaft,
(purple), with inserted magnets, (pink). The open areas in the laminate exists to
reduce weight and change stress paths.

The rotor is usually attached to the shaft with a key joint which reduces the chance
of slippage between rotor and shaft but creates more intricate manufacturing- and
assembly processes. Solutions with shrink-�ts also occurs but with a greater risk of
slippage. The rotor might even completely come loose from the shaft at the highest
velocities, which has to be prevented. Hence, a solution which does not involve a
key joint, assures no slippage and simpli�es the shrink �t assembly process is sought
after. Today at Volvo Cars, the rotor is attached to the shaft with a shrink �t.

1.1.1 Current solutions

Previous analysis has shown that using a key and keyway is the most common
solution to attach the rotor to the shaft in an electric machine used in a vehicle,

2



1. Introduction

see Figure 1.3. The key increases the transferable torque without slippage between
shaft and rotor. The keyways are located on the shaft and the keys on the laminates
to keep the parts together. Various electric machines have di�erent number of keys,
for example, in Tesla model S 60, only one key is used and in Toyota Prius 2003
four keys are used. The keyways are cutouts in the shaft, which results in stress
concentrations. More keyways will therefore reduce the strength and fatigue life of
the shaft. Therefore the trend is to reduce the number of keys [4]. Another drawback
is that the key must be axially positioned and �xed, which adds complexity to the
assembly. The key is �xated with a shrink-�t. The shaft is cooled down, making
the key-way narrow, and the laminate is heated up, expanding the key. As a result,
the key is hard to position or can become loose.

Figure 1.3: Schematic image showing a key and key-way locking mechanism.

Another solution is to remove all keys and instead use an interference �t like in the
2016 Audi A3 e-tron. The bene�ts of this method are that the diameter of the shaft
can be reduced and the assembling process is more straightforward [5]. This method
uses interference between the shafts outer diameter and the rotors inner diameter,
creating pressure and a friction force which keep the rotor in place. A problem with
this solution is that the pressure needs to be signi�cant to keep the rotor in place,
which can damage the rotor. Temperature variations during driving also have an
impact. The expansion of the rotor will reduce the pressure between rotor and shaft.

1.2 Goal

The goal of this Master's thesis is to investigate if a non-circular shaft and lami-
nate geometry is possible to shrink �t together without using liquid nitrogen, while
maintaining a high manufacturability and meet the requirements on torque, stress
and e�ciency.

1.2.1 Speci�cation

Removing the usage of liquid nitrogen during assembly decreases the temperature
di�erence, and thereby the interference between rotor and shaft. Liquid nitrogen
usually cools the shaft down to -150� C but for the sought solution, the cooling will

3



1. Introduction

be limited to -40� C. The manufacturing tolerances for shaft and laminate have
to be regarded to ensure that the worst-case still meets the requirements and is
possible to assemble. The geometry must also be manufactured within reasonable
manufacturing possibilities. To not lose e�ciency in the electric machine, the relative
angle between shaft and rotor has to be minimized and needs to be below 0.7� . The
angle increase due to slippage between the parts at high torques or high rotational
velocities. In addition, the solution also has to withstand shock loads in torque
around 500Nm at highest velocities. The stresses should not exceed the yield limit of
421MPa. Easy manufacturing is highly valued, hence the solution will be embossed
by this.

1.2.2 Deliverables

To accomplish the goal and solve the issues, the following deliverables need to be
completed.

ˆ Literature study on di�erent �xation methods for the rotor and shaft assembly.
ˆ Create an analytical estimation of transferable torque and contact pressure at

alternating rotational velocities.
ˆ Create a base case from previously made experiments to compare with.
ˆ Evaluate simpli�ed geometries to �nd one solution to develop further.
ˆ The chosen geometry is optimized from a more complex model by using the

existing laminate with magnets and also consider fatigue life.
ˆ Design for a test plan for further investigation of the �nal solution.

1.2.3 Limitations

To complete the deliverables within the given time and the given resources, limita-
tions were made. The complexity of the simulations is reduced by only considering
one laminate. Hence, a 2D-models are used with the assumption of a plane stress
case. The type of interference considered will be a shrink �t without any axial
loading. The shrink-�t solution will be assumed to not a�ect the surface roughness,
hence the friction coe�cient will be constant along with other material properties.
Only the innermost edge geometry of the laminate will be redesigned.

4



2
Analytical Solution

An analytical solution to a simpli�ed geometry is here exploited to create a founda-
tion on which the further simulations are based. Relevant theory for shrink-�tting,
torque and contact pressure is described. The chapter will also present results in
terms of contact pressure and transferable torque and how they vary with rotational
velocity.

2.1 Theory

There are mainly two types of interference �t, press- and shrink �ts. These types
ful�ll the same function but are carried out in di�erent ways. The press-�t works
by using force to press the shaft into the rotor. The parts are then �xed together
due to the friction caused by their contact. The shrink �t is done by heating the
rotor and cooling the shaft, leading to expansion and contraction respectively. The
parts can then be �tted together without any force. When the assembly reaches
room temperature, the parts will be held together by the interference between rotor
and shaft in the same way as the press �t method [6]. The most dominant param-
eter in an interference �t is the grip, but the diameter also a�ects the connection [7].

The calculations below are done on one 0.27mm thick laminate without considering
axial loading, and hence a plane stress case is assumed. The geometry and notations
of the radii used for the analytical solution are seen in Figure 2.1. No magnets or
cutouts in the laminate are regarded here and the cross section is completely circular.

Figure 2.1: The geometry for which the analytical solution is obtained. The
de�nition of the di�erent radii is also shown.
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2. Analytical Solution

2.1.1 Shrink �t

A shrink �t is achieved using temperature di�erences, where thermal expansion
makes it possible to assemble the two parts. The required temperature di�erence
for a known diametric grip � can be determined from the following equation

(� r Tr + � sTs) dr;i > � with Tr � 0; Ts � 0 (2.1)

where� is the coe�cient of thermal expansion,dr;i is the inner diameter of the rotor
and T is the increased/decreased temperature. The indexr and s refers to rotor
and shaft [8].

The contact pressure which occurs between the two parts due to the grip is deter-
mined as

p = �

,

dr;i

"
1

Er

 
1 + � 2

r

1 � � 2
r

+ � r

!

+
1

Es

 
1 + � 2

s

1 � � 2
s

+ � s

!#

(2.2)

whereE is the Young's modulus,� the Poisson's ratio,� r = dr;i =dr;o , � s = ds;i =ds;o

with index i and o refers to inner and outer diameters [9].

2.1.2 Rotational velocity

When adding rotational velocity to the system, the rotor and shaft want to expand
outwards due to centrifugal forces, which creates a di�erence in contact pressure for
varying speeds. The expression for centrifugal force,Fc, can be seen below

Fc = m! 2R (2.3)

where! the rotational velocity, R is the radius andm is the mass.

The new pressure is determined by �rst calculating the radial displacements,u, of
rotor and shaft from the following equations

ur =
(3 + � r )(1 � � r )

8Er

 

r 2
r;i + r 2

r;o �
1 + � r

3 + � r
r 2

r +
1 + � r

1 � � r

r 2
r;i r

2
r;o

r 2
r

!

� r ! 2r r (2.4)

us =
(3 + � s)(1 � � s)

8Es

 

r 2
s;i + r 2

s;o �
1 + � s

3 + � s
r 2

s +
1 + � s

1 � � s

r 2
s;i r

2
s;o

r 2
s

!

� s! 2r s (2.5)

where� is the density andR is the radius where the displacement is calculated [10],
[11].

From this, a grip which varies with the rotational velocity can be obtained from

� rot (! ) = � � 2 (ur � us) : (2.6)

The contact pressure is determined in the same way as before from equation 2.2.
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2. Analytical Solution

2.1.3 Torque

The transferable torqueM , in a shrink-�t is directly proportional to the contact
pressure hence the torque is also dependent on the rotational velocity [12]. The
expression forM becomes

M = p(! ) �
1
2

��td 2
o;s: (2.7)

The parametert is the thickness of the laminate and� is the friction coe�cient.

2.2 Analytical contact pressure and torque

The values of the parameters for the analytical solution were chosen to match pre-
viously made friction lock tests at Volvo Cars. The base case simulation will also
be set up with the same parameters to be able to con�rm the accuracy. The calcu-
lations and plots are made using Matlab R2019b [13].

2.2.1 Friction lock tests

Previously, friction lock tests have been carried out at Volvo Cars, which were done
to determine the friction coe�cient between rotor and shaft, which resulted in� �
0:1. The laminate shown in Figure 1.2 together with a shaft with a diameter of
55.5mm were used. During the tests, di�erent grips where tried and the largest one
was not possible to assemble. This made it possible to decide what the minimum
play had to be during assembling, which is described more in detail in Section 2.3.
The torque capacity was also measured during the experiments for a stationary case.
These results will be used as a way to verify the accuracy of the simulations.

2.2.2 Results

The curve in Figure 2.2 is calculated by using equations 2.2 and 2.6. It shows how
the contact pressure between shaft and rotor decreases with increasing rotational
velocity due to the centrifugal force. The contact pressure for the observed geometry
drops from the stationary case atp = 78:24MPa down to p = 54:73MPa at a
maximum speed of 16300RPM. The geometry used is given by the parameters in
Table 2.1; see Figure 2.1 for reference.

Table 2.1: Parameters used during simulations and calculations for the laminate
and the shaft.

Rotor Shaft
r i 27.75mm 20.75mm
ro 75.0mm 27.75mm
E 163GPa 210GPa
� 7.60 g/cm3 7.85 g/cm3

� 0.30 0.30

7



2. Analytical Solution

The nominal grip used during the friction lock tests was� = 110 µm. Hence, the
same value is used for the analytical solutions. From equation 2.2 it is obvious that
the contact pressure also will decrease linearly with a reduced grip,� .

Figure 2.2: Curve showing how the contact pressure decreases with increased
rotational velocity with diameter of the shaft ds;o = 55:5mm and the diametrical
grip � = 110 µm.

The transferable torque as a function of the rotational velocity is plotted in Figure
2.3 by using equation 2.7. The shrink �t's ability to transmit torque is proportional
to the contact pressure, which means that the two curves have the same shape. The
torque curve is computed by considering one laminate with thicknesst = 0:27mm
and where the friction coe�cient is obtained from previous tests and has a constant
value of � � 0:1. At 0 and 16300RPM, the transferable torque is 9.65Nm and
6.75Nm, respectively.

Figure 2.3: Transferable torque for one laminate with a thicknesst = 0:27mm and
friction coe�cient � � 0:1.

8



2. Analytical Solution

2.2.3 Torque request

The torque request from the electric machine varies with the velocity. Lower RPMs
will have a higher torque request compared to high RPMs. At the highest velocity of
16300RPM, the assembly has to be able to withstand 500Nm. The necessary reac-
tion torque from one laminate is easiest obtained by assuming that the transferable
torque is linear with the number of rotor laminates. Hence, the required torque per
laminate in a rotor consisting of 440 laminates is 500/440� 1.14Nm. The maximum
torque request of 880Nm occurs between 0-5000RPM, which translates to 2.0Nm
per laminate. These calculations for torque per laminate are fairly conservative.
Therefore the requirements are set to 2.0Nm for the highest RPM and 3.5Nm when
maximum torque is requested, which is an increase of 75%.

The torque request includes a shock factor of 1.6. The shock factor ensures that
unexpected loads do not break the system. An example of a shock load is when
one of the vehicle wheels loses contact with the ground and quickly regains it. The
suddenly applied load could turn the shaft relative to the rotor stack, negatively
a�ecting the whole machine's e�ectivity.

2.2.4 Slip angle

A large slip angle will have a negative impact on the machine's e�ectiveness, which
may occur at high torques and rotational velocities. At this moment, it does not exist
a precise value of the slip angle� , which is acceptable, but� > 0:7� is considered
to be very large. Therefore, it is of great interest to dimension for this. Figure 2.4
shows a schematic image of the slip angle� .

Figure 2.4: Slip angle� between shaft and rotor. A large angle a�ects the e�ciency
in a negative way.

2.3 Manufacturing tolerances

Due to manufacturing tolerances, the diametrical grip varies by± 30µm from the
nominal one. The shaft's diameter will vary with 10µm, and the center hole of the
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2. Analytical Solution

laminate with 20µm. Because of this, the assembly process has to be dimensioned
for a worst-case scenario, which in this case would be the largest shaft against the
smallest laminate. It also has to exist a diametrical play between shaft and rotor for
the assembly process. In other words, the size di�erence between the two parts has
to be larger than the grip and play together when cooling the shaft and the heating
rotor.

From the previously made friction lock tests at Volvo Cars, the assembly process of
rotor and shaft with a shrink-�t failed with a diametrical play smaller than 0.033mm.
However, with a diametrical play of 0.035mm, it was possible. To ensure an easy
assembly with the worst-case scenario described, a diametrical play of 0.040mm is
used.

2.3.1 Possible shrink �t

The maximum possible shrink-�t grip is greatly dependent on the outer diameter,
shown in equation 2.1. A larger diameter can shrink and expand more with cooling
and heating. The outer shaft diameter was set tods;o = 55:5mm to resemble the
real-life tests, as mentioned in Table 2.1.

The rotor laminates are heated to 180� C, and the shaft is cooled to achieve the
shrink �t. Instead of cooling the shaft to -150� C using liquid nitrogen, it is assumed
to be cooled down to -40� C. With the diametrical play of 0.040mm, and a shaft
diameter of 55.5mm, the maximum possible grip to assemble is 105µm. Due to the
manufacturing tolerances of� 30µm, the nominal grip must be set to 75µm. The
diametrical grip will therefore span between 45µm and 105µm. Figure 2.5 shows
how the diametrical play decreases with less cooling of the shaft while the laminate
is heated to 180� C. At the shaft temperature of -40� C, the worst case is still possible
to assemble.

Figure 2.5: Plots of how the diametrical play varies with the the temperature of
the shaft. The minimum play to be able to assemble the parts is at least 0.040mm.
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2. Analytical Solution

A problem arises when the smallest shaft is attached to the largest laminate, namely,
when the grip becomes 45µm. The transferable torque at 16300RPM should be at
least 2.0Nm which is not ful�lled with this grip, as it only reaches� 1:05Nm, see
Appendix A.1 for plot over torque with � = 45 µm. Since the shrink �t cannot
transfer as much torque as requested, alternative geometries of the cross section are
investigated to �nd a solution to this problem.

11



2. Analytical Solution
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3
Base Case

A base case of the simpli�ed geometry and shrink �t used at Volvo Cars today
is created in ANSA and simulated in Abaqus to have a model to compare other
geometries with. The discussion about mesh quality and element type will be the
same also for the alternative geometries. The basis for the model comes from the
friction lock tests. Together with the tests and analytical solutions, the simulations
are veri�ed.

3.1 Simpli�ed models

The alternative cross section geometries are simpli�ed to increase modeling speed
and reduce simulation time. The base case is made in the same manner to have a
good comparison between the results from the models. When stresses and pressure
are analyzed for the base case, only 1/16 of the whole cross section is observed as it
simpli�es the model even further. This simpli�cation is possible since the two parts
are axisymmetric, making it possible to use a smaller mesh area, hence a shorter
computational time. Figure 3.2 shows how the geometry is modeled when contact
pressure and von Mises stresses are examined. When torque and slip angle were
analyzed, the whole shaft and laminate were required to be used. The torque, which
comes from the friction force, depends on the area in contact. If not the complete
area was used, the transferable torque would have become lower.

3.2 Mesh theory

All meshes are created with second-order elements. Second-order elements can
mimic the real geometry better than �rst-order elements, and they increase the
calculations accuracy and resemble the real world better when applying loads and
displacements [14]. Figure 3.1 shows how a piece-wise linear function (left) is approx-
imated usingone �rst-order linear element (middle) versus usingone second-order
quadratic element (right) [14]. Obviously, the higher-order mesh will capture the
actual geometry and deformations better than the �rst-order mesh. Grey area is
shows the error.

13



3. Base Case

Figure 3.1: First- versus second-order elements approximation of a piece wise linear
function, image from Benjamin F. Gregorskis paper: Contouring Curved Quadratic
Elements [14].

Elements along the outer edge of the laminate were made larger than the ones close
to the inner diameter to decrease the number of elements of the mesh and thereby
reduce the computational time. The area of interest is where the shrink �t happens
and not in the rest of the laminate, hence the reduced resolution of the mesh can be
adopted elsewhere. Figure 3.2 illustrates the mesh used for the base case simulations.

3.2.1 Contact elements

The contact between the shaft and the laminate was de�ned as a general contact in
Abaqus, where a surface-to-surface contact formulation was used [15]. The laminate
is more likely to be deformed than the shaft due to lower Young's modulus and larger
centrifugal forces acting on it. Hence a more precise mesh was created with smaller
elements along the inner edge to capture its deformation more accurately. The
general contact should be de�ned using one slave and one master surface, where the
master surface is sti�er and have a coarser mesh [15]. Therefore the outer boundary
shaft with a lower resolution of the mesh was chosen as the master surface and the
inner boundary of the laminate as the slave surface.

Figure 3.2: Mesh of 1/16 of shaft and laminate using second order elements. The
elements on the laminate closest to the shaft are made smaller to capture what is
happening accurately.
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3. Base Case

3.3 Model set up

The geometry was modeled in ANSA with linear elastic materials and part proper-
ties selected as in Table 2.1. Since one laminate only has the thickness oft = 0:27mm
the model is created in 2D. The elements are of the typeCPS, which implies that
a plane stress case is assumed [15]. Due to the circular shape of the laminate and
shaft, the mesh was transformed in to polar coordinates to facilitate the de�nition
of loads and boundary conditions.

The simulation is divided in to three di�erent time steps:
ˆ Step 1: Shrink �t
ˆ Step 2: Centrifugal force
ˆ Step 3: Torque

Step 1 simulates the shrink �t. In Step 2, the rotational velocity is simulated by
applying a centrifugal load onto all elements of the mesh, and step 3 is where the
laminate is rotated around the shaft (which is �xated) to measure transferable torque
and slip angle.

3.3.1 Interference

The interference between laminate and shaft was modeled using aCONTACT
INITIALIZATION DATA(CID) together with CONTACT INITIALIZATION ASSIGNMENT
(CIA) [15]. The shaft and laminate were created withr r;i = r s;o, thus without any
interference, but with the CID it is possible to de�ne the radial grip with ease. The
CIA was used to choose which surface to be master and slave for the interference,
and as discussed in section 3.2.1, the shaft was selected as master and laminate as
the slave surface. This causes the elements at the inner edge of the laminate to
stretch out, overlapping the elements on the shaft. The two parts are then pressed
away from each other by the overlapping, creating the contact pressure which �xates
them together [15]. A constraint that occurs due to the stretching of the elements
from the laminate is their size. To not get elements of bad quality, which here would
be an aspect ratio larger than three, the elements had to meet the requirement from
the equation 3.1 below, see also Figure 3.3, here shown for a rectangular element.

L + �
W

< 3 (3.1)

Figure 3.3: An element stretched out the length of the grip� . The width and
length of the element is labeledW and L.
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3. Base Case

For non-rectangular elements, the longest side is divided by the shortest side in
equation 3.1.

3.3.2 Loads and boundary conditions

To hold the shaft and laminate in place, the nodes at the inner edge of the shaft are
locked in the tangential direction, restricting rotational movement. The nodes at
the outer edge of the laminate is connected to a node in the center of the system via
a COUPLING[15], shown in Figure 3.4. The center node is then able to control all the
connected nodes. During time steps 1 and 2, the center node is locked rotationally
around the z-axis, but in step 3, a prescribed rotation is applied to the center node,
which rotates the laminate around the �xated shaft. By doing this, it is possible to
measure the torque capacity and slip angle.

To mimic the rotational velocities which the system are subjected to, a centrifugal
force is applied to all elements in the radial direction. The force per volume is
dependent on the radius. Hence, the force increase with the radius, see equation 2.3
[15].

Figure 3.4: The coupling is connecting the outer edge of the laminate to a node in
the center of the system. The node is turned around the z-axis and torque as well
as slip angle are measured.

3.4 Base case analysis

After the base case had been simulated with the parameters shown in Table 2.1
and with thickness t = 0:27mm and grip � = 110 µm contact pressure and torque
capacity results were produced using META. These results were then compared
to the analytical solution to ensure accuracy of the simulations. Figure 3.5 and
Appendix A.2 illustrate the contact pressure by only observing the elements in
contact at 16300RPM and no rotational velocity, respectively. The pressure for the
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3. Base Case

two velocities is equal to 54.79MPa and 78.35MPa. Compared to the analytical
values mentioned in Section 2.2, the di�erence is less than0:15%. This small error
indicated that the modeled shrink-�t method was working as intended.

Figure 3.5: Contact pressure at 16300RPM with diametrical grip� = 110 µm.

In Figure 3.6, the transferable torque at 16300RPM for the base case can be seen.
The two �rst seconds in the plot are time steps 1 and 2, where turning of the
laminate begins after 2 seconds in time step 3. The torque capacity was measured
by observing how much moment the center node could withstand before the rotor
was released from the shaft. The maximum torque was measured at 6.75Nm, a
di�erence of 0:05% compared to the analytical solution. Hence, the method of
measuring transferable torque is su�cient.

Figure 3.6: Transferable torque at 16300RPM with diametrical grip� = 110 µm.
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3. Base Case

3.4.1 Smallest grip

From the analytical solution, a grip of 45µm was not su�cient to transfer enough
torque at 16300RPM, which motivates the need to investigate alternative geometries.
The simulation con�rms this further as the torque capacity seen in Appendix A.3,
is equal to 1.05Nm when the laminate lets go of the shaft, which again, is below the
required 2.0Nm.

3.5 Slippage

The slip angle� for the base case is shown in Figure 3.7, measured in degrees. It
is measured by observing the angle between two points, one point on the �xated
shaft and one on the inner edge of the laminate while the outer edge is turned
(same method as for measuring torque). From the simulation, the slip angle became
� = 0:00205� , which is way below the maximum criteria of0:7� . The slip angle for
the base case geometry is never in danger of crossing the largest allowable value.
Instead the problem with this �xation is the torque capacity mentioned in Section
3.4.1 above.

Figure 3.7: Slip angle at 16300RPM with diametrical grip� = 110 µm.

3.6 Stresses

Stress analyses are performed for the two parts to locate any stress concentrations.
Figure 3.8 shows how the signed von Mises stress (de�ned in Section 3.6.1 behaves
throughout the shaft and laminate at 16300RPM. Due to the simple circular ge-
ometry, no stress concentrations appear. Similar results were shown at zero and
5000RPM, where the stress remains even across the two parts, see Appendix A.4
and A.5. The higher stress at the laminate's inner edge is due to the outwards
pressure from the shaft. Whereas the highest stress for the shaft is located at the
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3. Base Case

inner edge. This is because a smaller radius means a smaller area, which in turns
gives a larger stress.

Figure 3.8: Signed von Mises at 16300RPM with diametrical grip� = 110 µm.

3.6.1 Signed von Mises

Regular von Mises stress always has a positive value, but in Abaqus there exists a
measurement called signed von Mises stress which also considers if the stresses are
compressive or tensile. The sign is taken as the sign of the hydrostatic stress , while
the magnitude is the normal von Mises stress [15]. It is of great interest to know
if the stresses come from the centrifugal force's tensile load or the compressive load
from the interference �t since it contributes to a better understanding of why the
material behaves in a certain way.
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4
Alternative Geometries

To be able to meet the requirements with decreased grip, new geometries for the
cross section is investigated. The geometries are tested against transferable torque
and slip angle while trying to keep high manufacturability. Finally, the shape which
ful�lls the requirements most e�ciently is chosen to be further optimized.

4.1 Tested geometries

All tested geometries originated from and were compared to the circular shaft with a
diameter of 55.5mm. To create the di�erent geometries, material was removed from
the original shaft. The inner edge of the laminate was then matched with the new
geometry of the shaft. The expansion and contraction of the laminate and the shaft
during heating and cooling greatly depends on the diameter, therefore the smallest
generated diameter is set as the limit for the possible grip, see Figure 5.7 for grip as
a function of diameter.

Figure 4.1: Possible grips for di�erent shaft diameters. Larger diameter makes it
possible to use a bigger grip.

The creation of the alternative geometries was done by trying out di�erent geomet-
rical functions, such as ellipse, super ellipse and trigonometric curves. The di�erent
functions made it possible to test curvatures and amplitudes easily. Also, geometries
adjusted for grinding tools creating the shapes were tried out, as these would have
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4. Alternative Geometries

high manufacturability.

The geometries are created regarding the ability to be manufactured, limiting the
possibility of creating certain shapes. The shaft will constrain the possible shapes
due to the manufacturability. The new shaft geometries are shaped by a grinding
processes, gradually removing material from a circular shaft. With less material
to remove, the easier and faster the shaft could be created. Since the laminates
are punched or laser cut from sheet metal, the possibility of creating more intricate
shapes is no problem.

The model is set up in the same way as the base case model; loads, boundary
conditions and shrink �t are all applied in the same manner. The mesh resolution
was also of the same quality. Torque capacity and slip angle are extracted similarly
but instead, plotted against each other. The reason for this is to be able to observe
the slip angle at the requested torque. Some of the geometries does not loose contact
between shaft and laminate, and instead greatly deforms and at the same time,
transferring excessive amount of torque.

4.1.1 Ellipse

The �rst tested geometry was the ellipse which has the mathematical formula seen
in equation 4.1, wherea and b are the two radii. [16].

x2

a2
+

y2

b2
= 1 (4.1)

This shape has only smooth edges but a varying curvature. The maximum allowable
grip with this geometry is calculated from the smallest radius since it limits the
expansion and contraction of the two parts.

4.1.2 Superellipse

The mathematical formula for the generalized superellipse is [17]
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where n is a positive number. By increasing the value ofn, the shape goes from
a rhombus shape to a rectangle with rounded corners. Simulations of geometries
created with n > 1 were carried out and compared. Whenn = 4 and a = b, the
shape is called squircle[18]. In Figure 4.2 the outer edge of the shaft has the shape
of a squircle.

The geometry does not have any sharp corners, but due to its shape it has the ability
to mechanically transfer torque without friction.
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4. Alternative Geometries

Figure 4.2: Geometry of super ellipse whenn = 4 and a = b. The speci�c shape
is called squircle.

4.1.3 Flower shape

By using a cosine function, a geometry that will be called the �ower was created. It
was done by plotting the cosine function in a polar coordinate system,

r (� ) = R + A cos(�n ) (4.3)

whereR is the outer radius of the shaft andA is the amplitude. Here,� range over
one revolution, making it possible to choose the frequency withn. Figure 4.3 shows
the geometry with n = 8, namely eight periods.

Figure 4.3: Image of the Flower shape. The Geometry are created from a cosine
wave plotted in a polar coordinate system.

The name originates from the fact that the shape resembles a �ower. This shape is
similar to a key- or spline joint, but without large curvature changes which removes
sharp edges and minimizes the problem with the tangential expansion of the keys,
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4. Alternative Geometries

in this case, the peaks of the cosine function.

The creation of the shape is restricted to the size of the grinding tool, where a smaller
diameter of the tool makes it possible to create deeper cuts and more periods. In
Appendix A.6 a graph of what amplitudes and number of periods which are possible
to manufacture with a grinding tool with a diameter of 50mm.

4.1.4 Valleys

One geometry that emerged from the cosine function is here called Valleys. The
shape is similar to the �ower but without peaks, and the valleys have a circular
shape instead of a cosine wave. Because the grinding tool also is circular the manu-
facturability with this geometry is higher than for the �ower. Figure 4.4 illustrates
what the geometry looks like.

Figure 4.4: Image of the Valley shape. The valleys are created from the shape of
a piece of a circle.

At the beginning and end of each valley a corner will emerge. A deeper valley will
generate a sharper corner angle, creating higher stress concentrations, see Appendix
A.7 for close up of sharp corner. The advantage of the sharper angle is that the
transferable torque increases and slip angle decreases.

4.2 Geometry analysis

The requirements that were considered when selecting the geometry were transfer-
able torque and slip angle. In Figure 4.5, results from four alternative geometries
and the base case are plotted. The plot shows slip angle versus transferable torque
at 16300RPM, where a torque of 2.0Nm is wanted. The same models are also plot-
ted at 5000RPM in Appendix A.8, here the sought after torque is 3.5Nm. All the
tested geometries manage to withstand the torque at 5000RPM. The parameters
for the plotted geometries can be seen in Table 4.1, where the grip is chosen with
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the geometry's smallest diameter and worst case with respect to tolerances from the
plot in Figure 5.7.

Table 4.1: Parameters used to create the models for which the results are plotted
in Figure 4.5

Diameter [mm] Grip [µm] Amplitude [mm] No. of periods
Circle 2R = 55:5 45 - -
Ellipse 2a = 55:5; 2b= 53:5 40 - -
Squircle 2a = 2b= 46:7 30 - -
Flower 2R=54.5 44 0:25 16
Valleys 2R=55.0 45 0:25 16

The plotted models was chosen as they showed interesting results or greater perfor-
mance. Geometries with other parameters did not show the same striking results or
an outcome worth noting.

4.2.1 Torque

As seen in Figure 4.5, three out of �ve geometries managed the torque request,
squircle, �ower and valleys. This is believed to be because that a more rapid change
in radius is better than a larger but smoother change to achieve the torque request.
Why the ellipse performers worse than the base case circle is most likely because
a smaller grip needs to be used, which does not compensate for the new geometry.
The reason for the valleys being better than the �ower is probably due to the steeper
valleys.

4.2.2 Slip angle

The slip angle is the relative angle between the shaft and laminate and is explained
in Section 2.2.4. Again, in Figure 4.5 it can be seen that the circle and the ellipse
shape are not capable of handle the required torque of 2.0Nm. The squircle can
withstand the torque, but the slip angle is much larger compared to the �ower and
valleys. The reason for the large slip angle for the squircle is that the laminate loses
contact with the shaft due to the centrifugal forces because of the small grip.
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4. Alternative Geometries

Figure 4.5: Plot of slip angle versus reaction moment at 16300RPM for the di�erent
geometries.

4.3 Selected geometry

From the presented results, the geometry chosen to be optimized is the valleys. This
is because this geometry had the best performance regarding transferable torque and
slip angle. Since the valleys on the shaft would match a grinding tool, the ability to
manufacture it is also better than the �ower geometry. The valley geometry requires
less material to be removed from the shaft compared to the other geometries.
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5
Optimization

The valley shape is chosen for further development. This chapter will describe the
optimization process, which is done by considering various diameters and valley
geometries using the real laminate and including the magnets. The solution will be
optimized against slip angle and von Mises stress.

5.1 Simulation set up

The same material parameters, boundary conditions and load set up as those used in
the simpli�ed cases were also used for the valley optimization process. The di�erence
is the new laminate, the contact de�nition for the magnets, a higher mesh resolution
to capture the more intricate geometry and a script for creating new geometries.

5.1.1 Real laminate

Figure 5.1 shows a real laminate with magnets, similar to the one used in the sim-
ulations (due to con�dentiality the actual one can not be shown). The transferable
torque with the real laminate is lower than for a solid disc. The laminate in Figure
5.1 has eight lightening holes to make the assembly lighter, but in turns, lowers the
strength resulting on the reduced torque capacity. The material between the light-
ening holes are called bridges. When comparing results from the friction lock tests
with the simulation without rotation speed, the di�erence in transferable torque was
only 2.5%. This implies that the simulation is modeled in a way that resembles the
reality, in Appendix A.9 the torque capacity is plotted from the simulation showing
7.46Nm, which is the maximum torque. It does not exist any real life testing to
con�rm the simulations for torque capacity at high velocities, therefore the results
are purely theoretical.
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Figure 5.1: Real laminate with magnets, similar to the one used in simulations
and friction lock tests.

5.1.2 Magnets

The simulations are set up in the same as before, but now with magnets. The sim-
ulations had trouble converging if the magnets were de�ned with a general contact
between shaft and laminate. Instead, the magnets are connected to the laminate
using aTIE. This �xates the magnets to the laminate, preventing them from small
movements, making the model robust and simulations more likely to converge. Fig-
ure 5.2 shows the di�erence between tied and general contact with the applied
centrifugal force at 16300RPM.

(a) Tied contact, magnet to laminate. (b) General contact, magnet to laminate.

Figure 5.2: Comparison of tied contact and general contact with same scales.
General contact makes it di�cult for simulation to converge.
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When using a general contact (5.2b), stress concentrations occur at the corners of
the magnets and on the nearby edges of the laminate. The magnets modeled with
the tied connection (5.2a) does not appear to have any increased stress in the same
areas. However, the stresses in the rest of the laminate are relatively una�ected by
the choice of modeling. Hence the chosen way to model the contact for the magnets
is therefore with a tied contact. The area of interest in the analysis is also where
the shrink �t happens and not in other parts of the laminate.

5.1.3 Parameters of optimization

The valley geometry will be altered with the parameters: amplitude of valley (A),
number of valleys (N ), and shaft diameter (D). The amplitude describes the valley's
depth which is how deep the grinding tool will go into the shaft. Table 5.1 below
lists the range and quantity of the tested parameters values.

Table 5.1: Parameters used to optimize the geometry for the given requests.

Parameter Range Quantity
Amplitude 0.10-0.35 [mm] 6
No. of valleys 2-30 [-] 14
Diameter 50-70 [mm] 4

Figure 5.3 shows an exaggerated example of a geometry to display how the param-
eters a�ect the cross section more clearly. The geometry is created withA = 1mm,
D = 55:5mm and N = 8, where the amplitude's value is much larger than the sim-
ulated ones. The small cutouts seen in the laminate is described in Section 5.1.4.
Appendix A.10 and A.11 show the laminate and shaft separated.

Figure 5.3: Laminate and shaft with adjusted geometry. The image is exaggerated
to better illustrate how the parameters a�ect the shape.
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5.1.4 Laminate cutouts

To reduce stress in the laminate, cutouts were made at the edges of the valleys
since that is where stress concentrations occur. The cutout geometries are made by
drawing two circles. The �rst circle is drawn at the valley's edge and de�nes the
cutout length. The second circle intersects the �rst circle and de�nes the cutout
depth, see Figure 5.4. Five di�erent cutout geometries were tested for a model with
N =8, D=55.5mm and A=0.25mm.

Figure 5.4: Image of the laminate cutouts. The purple circles de�nes the length
and the radius of the cutout.

The tested cutouts had a varying length between 0.3mm and 1.3mm with a radius
set to give a depth of 0.1mm. Appendix A.12 shows a close up of the sharp corner
and cutout made in the laminate.

5.1.5 Geometry script

To make the optimization process more e�cient a python script was created and
used to increase the modeling speed. The script asks the user for input on diameter,
amplitude and the number of valleys. The valleys are then cut out from the shaft
and changed to be part of the laminate instead. The script is found in Appendix
B.1.

5.2 Results

The joint's requirements which are considered are torque, slip angle and stress. It
must be able to handle a torque of 2.0Nm per laminate including the shock torque
described in Section 2.2. The tests are done on both the smallest, nominal and
largest grips, but the smallest grip always results in the highest stress and slip
angle. The reason is that a larger shear stress acts on the valleys when the friction
is lower. When testing all variants of the valley geometries the torque target was
ful�lled. The simulations are carried out with the minimum grip from Table 5.1.
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Both laminate with and without the cutouts were tested with the varying parameters
as described in section 5.1.3.

5.2.1 Base case

A base case study was also done for the real laminate. This is done to compare the
slip angle and the stress distribution to the new geometries. The base case has a
circular interference region between shaft and laminate as shown in Figure 5.1. The
resulting slip angle is 0.0044 degrees seen from the plot in Figure 5.5. From the plot,
it is also possible to see that the maximum transferable torque is around 2.6Nm.

Figure 5.5: Plot of the slip angle vs torque the base case with a grip of 110µm

The stress distribution close to the interference area between shaft and laminate is
shown in Figure 5.6. The stress is measured as signed von Mises, described in section
3.6.1. The largest stresses in the laminate are located in line with the bridges. This
is where the laminate expands the least. Having more material close to the shaft
gives a smaller deformation from the centrifugal force resulting in a higher contact
pressure. The whole laminate can not be shown due to con�dentiality.

Figure 5.6: Plot of the stress distribution close to the interference area using the
real laminate.
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5.2.2 Amplitude and shaft diameter

The amplitude and shaft diameter's e�ect on the slip angle is tested with 16 valleys.
With a larger shaft diameter, a greater grip can be achieved because the laminate
will expand more when heated up, as discussed in Section 2.3.1. The possible grip
for di�erent shaft diameters are seen in Figure 5.7. The weight of the whole assembly
also gets lighter with a larger diameter.

Figure 5.7: Possible grips for di�erent shaft diameters. Larger diameter creates
the possibility to use a bigger grip.

Four di�erent shaft diameters are tested with the lowest grip stated in Table 5.2.

Table 5.2: Lowest, nominal and highest grip for the tested shaft diameter. The
grip varies with � 30µm due to manufacturing tolerances.

Shaft diameter [mm] Minimum [µm] Nominal [µm] Maximal [µm]
50 32 62 92
55 45 75 105
60 58 88 118
70 85 115 145

A diameter around 55mm seems to be the optimal when considering the slip angle.
At a diameter of 70mm the slip angle becomes much larger. The reason for this is
due to the decreased distance to the lightening holes, resulting in a decreased ability
to withstand the centrifugal force. The results can be seen in Figure 5.8.
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Figure 5.8: Plot of slip angle for di�erent amplitudes and shaft diameters.

With a higher amplitude the slip angle becomes smaller because of the larger contact
area and sharper corners at the valley edges making it more similar to a key joint.

5.2.3 Number of valleys

The number of valleys was examined with the constant parameters of A=0.25mm,
D=55.5mm. Figure 5.9 shows that the slip angle will decrease with an increasing
amount of valleys. The reason is the increasing contact area, resulting in smaller
deformations of the valleys. The slip angle halves when the number of valleys doubles
because the contact area doubles. The smallest possible angle when varying the
number of valleys at 16300RPM is 0.12� . When applying the smallest grip the
laminate loses contact with the shaft, therefore the laminate has to be turned 0.12�

before contact. When applying the nominal grip the laminate and shaft remain in
contact at all velocities and therefore the slip is always lower, which can be seen in
Figure 5.9 below.

Figure 5.9: Plot of slip angle for di�erent amounts of valleys. Minimum grip is
the red curve and nominal grip is the blue curve.

The positions of the valleys has an impact on the slip angle. The reason for this is
that the contact pressure will vary around the shaft. For maximum contact pressure
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at high RPM the valleys should be placed in line with the lightening holes. This is
because the centrifugal force acting on the material outside of the lightening holes
will pull the bridges outwards, creating a larger expansion.

However, at stationary case or low RPM the valleys should be placed in line with the
bridges due to more material contracting onto the shaft, creating a larger contact
pressure. In Figure 5.10 shows where the contact pressure is highest for stationary
and maximum velocity.

(a) Only shrink �t. (b) Shrink �t and centrifugal force.

Figure 5.10: Plot of a circular shaft showing the contact pressure from the real
laminate using only a shrink �t and also a shrink �t with centrifugal force applied.
The bridges are located at the highest pressure areas in 5.10a

When the grip is lower the laminate loses contact everywhere at the highest RPMs
and therefore the position is irrelevant. Instead A comparison at 5000RPM is done.
Figure 5.11 shows the comparison where the valleys are placed in line with the
bridges (blue) and in line with the lightening holes (red). This is done at 5000RPM
since it is the velocity with the largest torque request.

Figure 5.11: Comparison between valleys positioned in line with bridges and in
line with lightening holes at 5000RPM.
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To make sure that the number of valleys e�ect on slip angle is independent of the
amplitude, 12 and 16 valleys were tested against each other with varying amplitude.
The results in Figure 5.12 show that the di�erence between the two graphs is con-
stant, which means that number of valleys and the amplitude e�ect the slip angle
independently.

Figure 5.12: Plot of slip angle with increasing amplitude for geometries with 12
and 16 valleys.

5.2.4 Stress analysis

The largest stress occurs in the laminate at the edge of the valley when it hits
the shaft in the rotation step of the simulation. This stress varies depending on
the number and amplitude of the valleys. With more valleys the stress decreases
because the shear stresses acting on the valleys are distributed on more valleys. The
lowest stress is found for 24 valleys. The results for the nominal and smallest grip
can be seen in Figure 5.13.

Figure 5.13: Maximum von Mises stress in the valley for di�erent numbers of
valleys.

If the amplitude is changed, the stress seems to �rst increase but with amplitudes
deeper than 0.15mm, the stresses decreases. In Figure 5.14 varying amplitude can
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be seen for di�erent shaft diameters.

Figure 5.14: Plot of the maximum von Mises stress in the valley with varying
amplitude

The e�ective stress for all geometries are close to the yield limit for the laminate
which is 421MPa.

5.2.5 Laminate cutouts

A smaller cutout length resulted in a smaller slip angle because the valleys' edge
got closer to the edge of the cutout. The results are seen in Figure 5.15. The stress
also varies with di�erent cutout lengths.

(a) Slip angle (b) Maximum stress

Figure 5.15: Slip angle and stress varies for di�erent geometries of the cutouts.

When the cutouts were introduced the stresses decreased for all variants. A plot
comparing the geometries with cutouts and without cutouts for di�erent amount of
valleys can be seen in Figure 5.16. Here the cutout length is set to 0.6mm. The
cutout depth was also tested, but it had no signi�cant e�ect on the stress or slip
angle.
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Figure 5.16: Plot of the maximum von Mises stress in the valleys with and without
the cutouts.
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6
Conclusion

The �nal design has 24 valleys placed with 8 of them aligned with the bridges.
The reason for choosing 24 valleys is that it gives the lowest stress seen in Figure
5.13. It is also easier to align 24 valleys with the bridges, since it is a multiple of 8.
The amplitude is 0.35mm, even if it is hard to e�ciently grind away that amount
of material. An amplitude of 0.25mm is not enough to meet the requirements on
stress and slip angle. The cutout has a length of 0.5mm with a depth of 0.1mm.
The reason for not choosing a smaller cutout even if it gives a better result is that
the manufacturing tolerances have a larger e�ect on a smaller cutout. The shaft's
diameter is 55.5mm. A diameter of 50mm performed better when considering the
stress, but the di�erence is small and a smaller shaft will increase the weight of the
assembly. The grip for the chosen geometry will vary between 45µm and 105µm,
since the largest grip is still able to be assembled when considering the required
diametrical play of 0.040mm and heating rotor stack to 180� C and shaft to -40� C,
as seen in Figure 5.7.

The slip angle,� , at 2.0Nm is 0.19� , which can be seen in Figure 6.1. This is a low
value compared to the results for other valley geometries, but it is still much larger
than the circular geometry with a grip of 110µm. Therefore the slip angle's impact
on the e�ciency needs to be evaluated. Still the value is below the maximum of 0.7�

and hence the goal is considered to be achieved.

Figure 6.1: Slip angle for the �nal design versus reaction moment at di�erent
grips. The red curve represents the smallest grip and the blue the nominal grip.
The simulations is carried out at 16300RPM.
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