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Abstract 
In order to be competitive in the markets of today, more and more companies try to 
make their production more effective by automation. Consequently more money is 
invested in robots and the operability of the robots becomes increasingly important. 
Undetected faults may result in damages, both to the robot itself and to the operator, 
which make detection and prediction of faults important. 

The gearboxes responsible for controlling the motions of the robots are essential for 
their functionality. In order to increase the understanding about them this project 
focuses on creating a model of the stress distribution inside a gearbox. 

First, the geometry of the gearbox is measured and digitalized using a vernier caliper, a 
protractor, a ruler and the CAD-program Solid Works. Then the geometry is imported 
into the finite element program Samcef.   

In Samcef, the interaction between the parts in the gearbox is modeled and a dynamic 
simulation of the stresses inside the gearbox during a robot cycle performed. 

Since there are almost no experience about Samcef at ABB SECRC, part of the project 
is to evaluate the program and comment the experiences received when using it.  

Two main power transmission steps are identified, modeled and simulated. They are 
merged together into a big model where both steps are present. This model consists of 
all the essential power transmission inside the gearbox, from input to output. The load 
applied is a rotational movement on the input axle during a robot cycle. 
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  Introduction 

1 Introduction 
Nowadays, with an increasing globalization, the competitions between manufacturing 
companies are sharpening which makes it crucial for the companies to become as 
effective as possible. That means that they must produce outstanding products fast and 
cheap. A common way of improving the effectiveness is automation of the 
manufacturing process and here robots play important parts since they are able to work 
faster, more precise and longer than us humans. 

In the end of 2007 almost a million robots were in use [4] and new ones planned or 
under construction, thus making it more and more important to discover faults that may 
cause losses in performances as early as possible in order to minimize downtimes and 
damages. To achieve this it is necessary to increase the knowledge about the behavior 
of, and interaction between, the components in the robot under different conditions. 

Testing all possible scenarios with real robots would be complex and time-consuming 
making that option unrealistic unless information concerning existing robots is gathered. 
But that could interfere with the operation of the robot and is also time-consuming. A 
more appropriate way is to create a mechanical and dynamic model of the whole robot 
together with all its components. This would make it possible to simulate different 
scenarios without building new robots or interfering with the operations of the existing.   

An essential and expensive component in the robot is the gear transmission whose main 
application is to perform the motions of the robot. Naturally, a greater understanding of 
the gear transmission would also mean a greater understanding of the robot. 

1.1 Purpose 

This project will focus on improving the knowledge of a compact gearbox, of an ABB 
robot, by creating a detailed mechanical model of it and then simulate it with the finite 
element software Samcef. Further, the model shall be analyzed together with the whole 
robot in order to make testing of all relevant dynamical motions possible. Iteratively, the 
model should be validated with the real robot to ensure correlations between them. With 
all these models created and validated it should finally be possible to make probable 
predictions concerning the lifetimes of the gearboxes.   

Since ABB has almost no experience of the program Samcef one part of the project will 
be to evaluate and give comments regarding it. The program will be run on an ordinary 
computer with the following hardware:  

Intel Core 2 Duo CPU  

T9300 @ 2.50GHz  

2.49 GHz, 1.99 GB of RAM 
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2 Industrial robots 
According to the Occupational Safety and Health Administration of the US Department 
of Labor [10] industrial robots are defined as “programmable multifunctional 
mechanical devices designed to move material, parts, tools, or specialized devices 
through variable programmed motions to perform a variety of tasks.” They also claim 
that robots most often are used for tasks that are unsafe, hazardous, highly repetitive 
and/or unpleasant. The reason for these applications is that industrial robots replace 
humans in the manufacturing process and since robots are fearless and better at 
repeating motions uniformly these tasks seem appropriate. 

 

Figure 2.1. The ABB robot Tiger, IRB6620. 

A typical ABB robot is made for moving objects and can be seen in Figure 2.1. As can 
be seen it consists of several links and gearboxes for performing the motion. Since the 
gearboxes perform the motions of the different links their functionality is crucial for the 
operability of the robot and a malfunction may result in an undesirable stop or even 
inflict damages. 

2.1 Classification of robots 

There are many different ways of classifying robots, for example like Angeles [1] does. 
However this section is based on the classes presented by Klafter et al. in [5]. Two main 
different ways of classifying industrial robotic manipulators are presented, either by 
coordinate system or control method. 

2.1.1 Classification by coordinate systems 

All robots are constructed with moving parts or loads as purpose and their major axes 
are designed to handle this since they are most robust from a mechanical point of view. 
However the configuration of the major axes may differ and consequently robots are 
divided into four classes depending on their configuration. 
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A cylindrical coordinate robot has a horizontal arm attached to a vertical column, which 
in turn is mounted on a rotating base. This enables the robot to move the load in and out 
in the radial direction, up and down in the z-direction and rotate it around the base of the 
robot. 

Robots resembling tank turrets are categorized into spherical coordinate robots and 
these are able to elongate their arms in the radial direction as well as rotate the arm in 
both the horizontal and vertical plane. 

Cartesian coordinate robots use the simplest configuration of all classes since each link 
are constrained to only move in one direction. There exist two sub-types that show 
either good precision and repeatability or high loading capacity but both unfortunately 
are subject to limited working space. 

The last class is for jointed arm robots and common for all robots belonging to this class 
is that they have one extra joint that stabilizes the construction. One sub-type is the 
parallelogram jointed robot that was made by ASEA and a few other companies [5]. 
Here the single upper arm of the robot is replaced by multiple links forming a 
parallelogram. Consequently the joint actuators can be placed closer to the base of the 
robot, which lowers the inertia and weight of the arm, increasing the load capacity. But 
on the other hand the workspace is limited compared to other configurations. 

2.1.2 Classification by control method 

The other way of classifying robots is to classify with respect to the technique used for 
controlling the axes of the robot and there are two main classes; servo- and non-servo-
controlled robots. 

A non-servo-controlled robot uses predefined movements to control its axes and there is 
no feedback what so ever during each movement. The whole cycle is described as a 
sequence of movements and when the endpoint of each movement is reached the 
information is used to start the next movement. The advantage with this configuration is 
the simplicity which makes the robot cheap, fast, easy to support and extremely reliable. 
But the simplicity is also its major disadvantage since it has limited flexibility and it is 
almost impossible to move the endpoint of the robot arm along a straight line if not 
moving along one of the main axes.  

The servo-controlled robot works in the opposite way since information about positions, 
velocities and other physical quantities are measured and fed back to the control system 
continuously. This makes it possible to completely control the motions of the axes and 
create advanced paths for the endpoint of the robot arm. Naturally the more advanced 
configuration means that the robot and its system are more expensive and more difficult 
to maintain. 
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2.2 

2.3 

Main components of a robot 

There exist numerous different kinds of robots today but according to [5] they all have 
four common essential components – a manipulator, one or more sensors, a controller 
and a power supply. 

 

Often mistakenly referred to as a “robot”, the manipulator is the mechanical structure of 
the robot including all arms, joints, gears and coupling devices. The actuators, which are 
electrical, hydraulic or pneumatic devices, made for producing the movements of the 
mechanical parts, also belong to the manipulator.  

The sensors are devices that monitor the manipulator and send the information to the 
controller. Depending on type they can gather and send information during, or just at the 
end of, the movements.  

Using the information received from the sensors, the controller monitors the movements 
of the manipulator and commands the start and stop of each movement. The controller 
also communicates with the operator of the robot meaning that it is responsible for all 
communications within and to the outside of, the robot. 

The power supply is responsible for providing the actuators with the necessary energy 
for operating the manipulator and can either be a power amplifier or a remote 
compressor depending on the type of the actuators. 

Robotic applications 

Nowadays, robots are used in many different applications and will probably be used in 
even more in the future. The current applications according to [5] are as follows, and it 
should be noted that the common thing about these applications are that they either are 
hazardous, highly repetitive, boring or even fulfill all these criterions.  

2.3.1 Current applications 

• Part handling is a major application for robots since the operation of moving one 
object from one place to another is simple and repeatable. Additionally, the 
environment around the working area might be hazardous to humans. 

• Assembly operations are traditionally performed by humans due to our ability to 
coordinate our eyes and hands together with our sense of touch. However, these 
tasks are highly repeatable and consequently become boring and here robots are 
taking over. 

• Part sorting is another repetitive task and even though it is slightly more 
complicated than parts handling, robots are often used for these boring tasks. 
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• Parts inspection is a task where robots actually may excel over humans. As long 
as the quantities to be inspected are determined the robots are faster, make less 
mistakes and work for longer hours than us humans. 

• Spray painting is a task which is ideally suited for robots since humans should 
clearly not perform it due to potential fire hazard and that the paint itself is 
carcinogenic and poisoned if inhaled. Additionally, the color thickness can be 
made far more uniform than if performed by humans.  

• Welding is in most cases a task where high precision is required and actually one 
of the major uses for an industrial robot. One reason could be that welding is 
common in the highly automated automobile industry. 

• Grinding is often used after a welding in order to make the surface smooth. It is 
useful to use the same robot as for the welding operation since the same program 
can be used for both tasks. The only thing needed to do is changing the welding 
tool in exchange for a rotary grinder. 

• Other applications involving a rotary tool 

2.3.2 Future applications 

Naturally predicting the future is hard, but there exist several studies which try to 
anticipate new applications for the robots. According to Klafter et al. [5] the logical 
evolution of robots will be to more and more advanced applications. This evolution can 
actually be seen if comparing the robots of today with those from the 80s which mainly 
had preprogrammed movements which they repeatedly followed. 

McDonald [7] suggests that especially two areas have room for improvements. The first 
is the interaction between the control unit of the robot and the human operating it, which 
should ensure as easy communication as possible. The other area is the development of 
vision and traction sensory techniques which would enable the robot to see and feel the 
object it is manipulating. Both these fields have improved since McDonald released his 
book but further improvements are in progress. 

Combined, these improvements mean that the artificial intelligences of the robots are 
increasing and that they become more and more self-acting. As this happens they will 
probably replace humans in task after task which is hazardous to us.  
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3 Gears 
A gear is a toothed wheel whose main purpose is to transfer power from one shaft to 
another. The gears are connected to two or more shafts where one shaft is driving the 
motion. The driving shaft transmits torque and speed to the gear that is attached to the 
shaft. Since the driving gear is placed into contact with the second gear the teeth of the 
driving gear will push on the teeth of the driven gear, which will start to rotate. When a 
gear that is attached to a shaft begins to rotate the shaft will too. Hence, the rotational 
motion has traveled from one shaft to another. 

Two or more gears in connection with each other are together referred to as a gear set 
and it is conventional to call the smaller gear a pinion and refer to the bigger as the gear 
[9] or the wheel [15]. 

Gears are an extremely effective way of transmitting power since their power 
transmission efficiency can be as high as 98% [2]. 

3.1 Types of gears 

According to Shigley et al. [14] there are four principal types of gears:  

Spur gears have teeth parallel to the axis of rotation and are therefore only able to 
transmit power between parallel shafts. On the other hand they are the simplest and 
consequently the cheapest of all gears. 

The difference compared with the spur gears is that the teeth of helical gears are 
inclined to the axis of rotation. One advantage is that these gears are quieter and 
smoother than spur gears since the teeth enter progressively into the meshing zone 
instead of simultaneously. The inclined teeth also make it possible to transmit power 
regardless of the angle between two nonintersecting shafts. Finally helical gears are able 
to transmit slightly larger loads since the teeth are a bit thicker in a plane perpendicular 
to the axis of rotation [9]. This means that helical gears can be made smaller but on the 
other hand their somewhat more complicated geometries make them more expensive.    

A worm, with one long tooth wired like a spiral around the circumference, is similar to a 
screw thread. This is mated with a worm gear whose axis must be perpendicular to the 
axis of the worm. Since there is only one tooth on the worm the gear ratio is high 
compared to other gears. The contact area is also larger which increases the friction and 
that makes a worm set suitable for low speeds. The high friction also makes it possible 
to use worm sets in load-holding applications without adding a break, which would be 
needed for the other gears. Unfortunately the high friction also leads to greater losses 
and that makes a worm set rather inefficient. The worm and the worm gear are often 
made in matching sets which combined with the rather complicated geometry and high 
weariness due to friction make them expensive.  

Bevel gears are conical with the teeth on the conical surface. Primarily, they are used 
when two shafts intersect and power should be transmitted around a corner. 
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3.2 Kinematics of gears 

If two normal smooth cylinders are rolling against each other without slipping, the 
contact point between them is called the pitch point and will be found on an imaginary 
line between the centers of the two cylinders. The distance from the center of the 
cylinder to the pitch point is used as radius, r, for the pitch circle and the pitch diameter, 
d, of the cylinder is naturally twice that distance.  

Since the tangential speed, υ, in the contact point of the gear set is the same for both the 
gear and the pinion their angular velocity, ω, will differ according to equation (1) [2]. 

22
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This means that the torque also will change since the contact forces are the same, 
according to Newton’s third law.  
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This relation can also be combined with the definition of the gear ratio, R, of the gear 
set which is calculated from the number of teeth on the gears. Naturally the teeth 
numbers are integers since all teeth must be of the same size. 
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Further this shows that by using two gears with different diameters it is possible to 
change the velocity and torque of a rotational motion. Combined with the high power 
transmission efficiency mentioned earlier this makes gears extremely useful.  

For full functionality of the gears the teeth must be of the same size and the distances 
between the teeth along the pitch circles the same for both the gear and the pinion. This 
distance is called the circular pitch, cp, and is defined according to equation (4). 

n
Dcp π⋅

=  (4) 

When buying a gear, the module, m, is generally specified. The definition can be seen in 
equation (5) and obviously it is quite similar to the circular pitch. The reason for using 
the module is that it describes the geometry without bothering about the pitch. If the 
pitch diameter is wanted then just multiply by the number of teeth and if the distance 
between the teeth is wanted multiply with π. 

π
cp

n
Dm ==  (5) 

The part of the gear tooth that extends outside the pitch circle of the gear is called 
addendum. Since the gear tooth must penetrate the pitch circle of the other gear in order 
for the gears to mesh, it is necessary to cut notches in the gears to make clear for the 
teeth tips. These notches are called dedendums and the dedendum curve must be 
conjugate to the addendum curve.   
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3.3 Gear tooth geometry 

According to [15] almost any conceivable gear tooth geometry has a mating tooth that 
makes conjugate action possible. Conjugate action means that when the driving gear 
rotates at a constant angular velocity the mating gear does so too. Therefore the choice 
between different tooth geometries is made based on characteristics like manufacturing 
and force distribution. 

There are two different gear teeth profiles in the gearbox that will be modeled in this 
project. These profiles are the involute profile and the cycloidal profile. 

3.3.1 Involute profile 

This is the most common type of gear tooth and made so the shape follows an involute 
of a circle. It can be achieved by first choosing a base circle that should be somewhat 
smaller than the pitch circle. Then, a thread should be winded up around the base circle 
of the gear wheel. When the thread later is untwined the end of the thread will create the 
involute curve if the loose thread is held tangent to the place where it leaves the contact 
with the circle. This also means that the thread will always be normal to the involute 
curve. A sketch of the involute curve can be seen in Figure 3.1.  

 

Figure 3.1. Creating the involute curve. 

The main advantage with this profile is that the contact force between the two gears will 
always be normal to the involute profiles and its line of action will pass through the 
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pitch point. According to Norton [9] this prevents disorders in the velocity ratio due to 
center distance errors. This means that even though the gear and the pinion are placed 
incorrect with respect to each other no noise or malfunctioning appears. He further 
claims that the involute shape actually is the only shape where these disorders may not 
occur due to center distance errors.    

3.3.2 Cycloidal profile 

This section is mainly based on [15] where the author has derived formulas to compute 
tables so they agree with the values published in British Standard 978 Part 2: Cycloidal 
Type Gears. But he also claims that he has found similar calculations in the book, 
lessons in horology, from 1905. 

Cycloidal gears are traditionally used in watches and clocks but are rare in most other 
mechanical constructions compared to involute gears. It will probably be clear why in 
the end of this section. 

The cycloidal profile of the gear is built by placing a small circle outside of, and tangent 
to, the pitch circle. Then the addendum starts at the contact point, P1, between the two 
circles and will follow that point on the small circle when the circle rotates clockwise. 
The curve ends at the top of the tooth, P2. A rather exaggerated drawing of this can be 
seen in Figure 3.2. In the picture the entity rg stands for the radius of the small circle 
while rw stands for the pitch radius of the gear/wheel. 

 

Figure 3.2. The creation of the cycloidal shape. 
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For formulas regarding the creating of the cycloidal shape, see Appendix A. It seems the 
advantages with cycloidal teeth profiles compared to involute teeth shapes are non-
existent or at least a bit hard to establish. Sparks stated that one reason should be that 
cycloidal shapes are easier to manufacture than involutes since it is easier to create 
milling cutters for them. However, Thoen [16] claims that the principal manufacturing 
method of gear teeth is hobbing and it is much easier to create an involute hob, since it 
is straight-sided while the hob profile for a cycloidal shape is a curve with changing 
radius of curvature.  

This advanced curve may also lead to profile errors which forced the automobile 
manufacturers to exchange their cycloidal gears for involutes since the former leads to 
high wear and noises. In clock manufacturing the speeds and loads are much lower 
which makes that problem redundant. 

The inspection method for involutes is also more precise and easier than for cycloidal 
gears since a gear roll tester can be used instead of an optical projector. According to 
Thoen, the optical projector has a 0.0005 inches tolerance on profiles while a gear roll 
tester discovers such errors with relative ease. 

Finally, the biggest disadvantage with cycloidal profiles is that they get affected by 
center distance errors while, as previously mentioned, involute profiles are not.  

3.4 Possible faults 

There can be several reasons for a fail in a gearbox and some of the most common are 
[13]. 

• Broken gear teeth 

• Gear teeth pitting 

• Backlash between the teeth 

• Interference between the teeth 

• Too high friction 

• Too big compliance 

• Leakage of the lubricant 

Occurrence of one of these may result in another one and naturally the construction 
aims at eliminating or at least minimizing the risk. For geometrical reasons a certain 
amount of backlash is always needed but too small leads to higher friction and too high 
to higher tooth load and impact forces since the contact surface between the gears is 
smaller. But if the gears are intended to only run in one direction the problem with large 
backlash will be marginalized, since the problem mostly occurs when the direction of 
the gear rotation changes [9]. Material irregularities, manufacturing processes and 
installations lead to differences in stiffness between the gears and inhibit elimination of 
faults. 

However, the formula for predicting the lifetimes of the gearboxes produced by 
Nabtesco [8] assumes that the bearings around the crankshafts are the components that 
fail first and they are scarcely affected by these faults.  
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3.5 The gearbox in this project 

The gearbox that will be modeled in this project is a Nabtesco gearbox of the type 
RV320E, Figure 3.3, that is attached to axis three on the ABB robot IRB6620, which 
can be seen in Figure 2.1.  

 

Figure 3.3. The gearbox. 
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3.5.1 Included parts 

 

Figure 3.4. Pictures and CAD-models of parts included in the gearbox. 

The gearbox is built up by a few hundred different parts but most of them can be found 
in the bearings. The parts are as follows: 

• 2 rv, rotary vector, gears, in this report often referred to as discs. 

• 1 shaft 

• 1 hold flange 

• 1 case 

• 40 rollers, placed between the case and the rv gears. 

• 3 spur gears 

• 3 crankshafts 

• 6 ball bearings, placed between the crankshafts and the rv gears. 

• 6 conical roller bearings, placed between the crankshafts and the shaft and the 
hold flange. 

• 2 large bearings, placed between the case and the shaft, and the case and the 
hold flange, respectively. 
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3.5.2 Basic power transmission 

The power transmission is divided into two steps of reduction according to [8]. This 
reduction can be seen in Figure 3.5. 

 

Figure 3.5. A schematic sketch of the reduction in the gearbox. 

In the first step, the power is transmitted from the input shaft to the three crankshafts by 
a spur gear reduction. The now rotating crankshafts are connected to two epicyclical 
gears, called rv gears, via a roller bearing and make the rv gears follow a circular path. 
It is the offset of the axes of the crankshafts that are in contact with the roller bearings 
that impose this circular path. When a crankshaft rotates one lap, the axes of these axles 
are moved in a circle with radii equal to the offset.  In Figure 3.6, the geometry can be 
seen, with three crankshafts, two rv gears and six roller bearings between them. 

 

Figure 3.6. Model of the crankshafts, the roller bearings and the rv gears. 
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The cyclical teeth on the outer circumference of the gears then mesh with rollers placed 
around the inside of the case, making the epicyclical gear reduction complete.  In order 
to receive a balanced load the rv gears are 180 degrees offset, causing only one of them 
to make contact with each roller. This power transmission can be seen in Figure 3.7, but 
only one of the rv gears is shown.  

 

Figure 3.7. The power transmission between the rv gears and the case. 

For output, it is possible to choose between the shaft and the case by fixing the other 
one. The total reduction of the secondary reduction is such that one revolution of the 
crankshafts only makes the teeth of the rv gears move one pin in the opposite direction.  

 

Figure 3.8. The reduction of the gearbox. 

According to Nabtesco [8], the advantages of their construction are as follows: 

The two stage reduction reduces the vibration and inertia since the rv gears move slower 
and the input can be made smaller than in a gearbox with only one reduction.  

Since the essential crankshafts are supported by both the shaft and the hold flange their 
stabilities increase which lead to higher stiffness and shock resistance and less 
vibrations. 

The use of roller bearings throughout the gearbox decreases the wear and backlash and 
consequently increases the lifetime. 

With the two rv gears engaging rollers gradually the load is distributed more even since 
more teeth share the load. This also leads to higher shock resistance than with straight 
teeth. 
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4 Estimation of Life Time 
Today there exist numerous different models for calculation of the lifetime and 
distribution of stresses and strains in a gearbox. Hereunder a few of them will be 
presented. 

4.1 Nabtesco Life Time Formula 

The manufacturer of the gearboxes for ABB robots provides a life time formula based 
on the assumption that the crankshaft bearings will be the first component in the 
gearbox to fail [8]. Using this assumption the life time is calculated based on bearing 
life calculations and the formula is stated as following: 
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Lh : Service life obtained (Hr) 

Nm : Average output speed (r/min) 

Tm : Average output torque (Nm) 

No : Rated output speed (r/min) 

To : Rated output torque (Nm) 

K: Service Life, 6000 Hours 

 

The rated output speed and torque for each gearbox can be found in the Nabtesco 
catalog while the average output speed and torque have to be calculated with equations 
(7) and (8). 
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Here t1, t2,…, tn are different time steps during a robot cycle. T1, T2,…, Tn are the 
corresponding side arm torques from the motor while N1, N2,…, Nn are the arm side 
speeds of the joint. 

 

However, Lundberg [6] claims that the torque is a calculated value since the reference 
signal arriving to the motor from the control is the quantity logged as a function of time. 
The formula seems slightly coarse since only the speed and torque of the gearbox are 
used as input parameters. Lundberg points out that SKF also involves parameters like 
operating temperature and lubricant properties in their advanced formula for calculation 
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of life times of bearings. But Häggblad [3] concludes that those parameters at least 
partially are considered in the stress life factor. He actually suggests that the Nabtesco 
approach should be avoided and motivates it by drawing conclusions from the 
cumulative damage formula according to Miner [3]. Besides, multiple bearings are 
common and according to Lundberg, Nabtesco defines a safety factor for each product 
model instead of using a separate formula for handling multiple bearings. 

4.2 Modified fatigue lifetime theory 

In his report Fatigue life of RV reduction gears [3], Bo Häggblad examined the reason 
for the large difference between the Nabtesco predictions and the lifetimes obtained by 
ABB in tests and presented a modified model.  
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where 

L10 = modified (SKF) rating life, millions of revolutions 

aSLF = stress life factor = aSKF = SKF life modification factor 

a1 = life adjustment factor for reliability (here chosen=1, corresponding to 
90% reliability) 

ηa= macro-scale added stress (mounting, centrifugal force etc, here chosen=1) 

ηb= lubrication factor 

ηc = contamination factor 

κ = viscosity ratio (is a measure of the actual oil film thickness that depends 
on the rotational speed and the dimensions of the bearing) 

Pu = fatigue load limit (usually chosen to 350 MPa in shear) 

 

Obviously this formula uses more input parameters than the one Nabtesco uses which 
make it more credible, since there are numerous parameters that should affect the 
lifetime of the gearbox.  
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4.3 The Finite Element Approach 

As the computers have become more and more advanced it has become increasingly 
popular to use the finite element method when calculating physical entities. It is a 
general and numerical method for solving differential equations approximately. 

These differential equations are supposed to hold for entire objects, but the idea with the 
finite element method is not to find approximations that hold for the entire object 
directly. Instead the object is divided into numerous small objects, called finite 
elements, and approximations are made for each finite element individually. A linear 
approximation of the differential equation might not be satisfactory for the whole 
object, but for a small part of the object the approximation might. The smaller the 
elements are, the more accurate the linear approximations will be. 

The approximations made for a finite element will be used for calculating its behavior. 
According to [11], these calculations are rather simple since the approximations for 
how variables changes over a finite element usually are polynomials. These 
approximations are consequently interpolations of a variable over the element, where 
the value of the variable is considered to be known for certain points within, or on the 
sides of, the element. These points are called nodes and are essential for the finite 
element method.  

When the behavior of the element has been calculated it will be stored in the form of a 
matrix, where the rows and columns correspond to different entities of the nodes. Then 
all matrices will be assembled together into one, big, global matrix which is used as an 
approximation of the behavior of the whole object. 

This matrix is used for solving a matrix problem which in its simplest form looks like in 
equation (11). 

FqK =⋅ ,  (11) 

where 

=K The global stiffness matrix 

=q The nodal displacements 

=F The load vector 

 

This corresponds to a static load problem, such as a rod with a force applied on one 
side. Usually the global stiffness matrix is calculated from the geometry and the applied 
load is known making the nodal displacements the sought after vector. If the 
displacements are known it is possible to calculate the strains and stresses in the 
elements.  

Each row and column in the big matrix represents the behavior of one node, which 
might be common for several elements. Smaller elements leads to more nodes, which 
leads to a bigger matrix and consequently to a larger matrix problem to calculate. This 
leads to longer calculation times. However, smaller and more elements also lead to a 
better approximation, making the number of elements chosen an important decision.  

The collection of elements is called a finite element mesh and will be refered to as mesh 
in this report. For derivations and more details, consult finite element literature, for 
example reference [11].   
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5 Samcef 
The finite element program that will be used in this project is Samcef. It is able to 
perform many different kinds of analyses: 

In this project, the analysis of interest is the structural analysis since a multi-body-
simulation is desired. It is also possible to choose solver and the solver chosen for this 
project is the implicit non-linear since it is the most suitable for dynamic non-linear 
multi body analyses. 

5.1 General line of work 

The graphical interface in Samcef is called Samcef Field. When working with Samcef 
Field the work is divided into five different modules which need to be used. These have 
the following titles: 

• Modeler 

• Analysis Data 

• Mesh 

• Solver 

• Result  

 

Figure 5.1. Screenshot of the interface in Samcef Field. 
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The natural first step is to start in the modeler module since it is used to create or change 
geometry. There exist a number of tools made for creating and changing geometries but 
the most useful way of working is to create the geometry in a 3D cad-program and then 
import it into Samcef Field. However, then all surfaces need to be sewn together and all 
edges merged, but this approach is still better. If an entire assembly is imported, then it 
needs to be exploded so that each part is treated on its own. Then each part needs to be 
sewn and get its edges merged individually, because if these operations are done prior to 
the explosion, then the parts are merged together. This is also the module, in which the 
points used for boundary conditions should be applied. 

After the geometry is created, boundary conditions should be applied to it and this is 
done in the analysis data module. It is essential to apply a material to each part and 
decide whether it should be treated as rigid or flexible. It is actually possible to mix 
rigid and flexible parts with each other. A rigid assumption means that the part will not 
deform in the simulation but is able to move. This also means that there will be no 
internal stresses or strains in a rigid part. Constraints, loads and assembly-commands 
should be assigned there after and here the points created in the modeler become useful.  

In Samcef Field it is often not ideally to apply boundary conditions to whole surfaces. 
Instead, a point should be created and then connected to the surface or edge with help of 
the mean-command. The mean feature calculates the mean displacement and rotation of 
the support and applies them to the point. Without the mean command the program 
would idealize the support with a node placed in its center of gravity and create links to 
every node on the support. These links are rigid bodies and consequently the support 
gets rigidified. In other words the mean command prevents the object from getting 
unrealistically rigid. 

When all boundary conditions are applied a mesh should be assigned. This is done by 
executing “generate” in the mesh module. Then the program will try to assign mesh 
automatically. But if some surfaces or edges are of extra interest then it is possible to 
specify a certain mesh density on the chosen entities. 

After a mesh has been assigned it is time to decide which variables to calculate and set 
up the parameters for the simulation. The former is done under the archive command 
while the later is done under the settings command. Changeable parameters involve 
entities like assigned memory for the simulation, desired time interval for the 
simulation, desired time increments, response type, time step algorithm, initial time-step 
and thresholds for force and energy. More will be mentioned about these in the 
calculation method section. 

The last step is naturally to examine the results and draw conclusions. This is done 
under the result module and two useful tools are to either make a movie or create a 
graph of an entity that is changing over time. There are more ways of analyzing the 
results but these two are the ones that have been used most in this project.  

5.2 Calculation method 

The non-linear finite element solver of Samcef is called MECANO and solves both 
classical structural problems and flexible mechanism problems. For pre and post 
processing it is using an inbuilt program called BACON. Mecano can solve problems of 
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several different kinds of analyses like structural analysis or thermal analysis. A benefit 
is the fact that it is possible to combine several types of behaviors. 

A set of non-linear equations is solved at each step and the form of the equations 
depends on whether the user is requesting a static, kinematic or dynamic calculation. 
The simplest case is the static problem where just the stiffness of the structure is taken 
into account and the equation can be seen in equation (11). When a kinematic 
calculation is requested velocity phenomena are added and the system of equations can 
be seen in equation (12). The dynamic calculation also takes inertia effects into account 
and this can be seen in equation (13). 

FqKqC =⋅+⋅
•

 
(12) 

FqKqCqM =⋅+⋅+⋅
•••

,  
(13) 

where 

=K The global stiffness matrix 

C = The damping matrix 

M = The mass matrix 

=q The nodal displacement vector 

=
•

q The velocity vector 

=
••

q The acceleration vector 

=F The load vector 

 

This means that the dynamic calculation is the most computer intense, while the static is 
the least demanding. 

The kinematic constraints applied to the model are handled by Lagrange multipliers, 
which scale the constraints at the element level and then multiply them by a factor that 
is of the same order of magnitude as the stiffness matrix before adding them to the 
global matrix. This means the constraints are scaled before inserted into the global 
matrix, unifying the constraints regardless of which element they belong to. 

In dynamical calculations, the program knows the position, velocity and acceleration at 
the present time and wants to calculate the same entities at this time plus the time step. 
For solving the equations above dynamically a time integration algorithm is used. The 
algorithm used in this project is the Chung-Hulbert scheme, which is a variant of 
Newmark’s scheme that adds numerical damping to the calculations [12].  

The objective for Newmark’s Scheme is to solve the differential equations of motions 
for every time step. It starts by setting a time step that will be used for the calculations. 
Then it assumes that the accelerations are zero and approximates the velocities and 
positions for the time step. A modified version of the Newton-Raphson algorithm solves 
these simplified equations of motion and afterwards the displacements are corrected by 
using the mass, stiffness and damping matrices. Then the residual, which is the 
difference between the left and right side of the system of equations, is calculated. Until 
it is lower than a set limit, the scheme will start over from the Newton-Raphson 
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algorithm again. If the residual is lower than the set limit the errors in the other 
calculations are calculated. Depending on the errors, the scheme either rejects the time 
step and starts from the beginning with a shorter time step, or accepts the time step and 
uses it as base for the next time step.    

The modified version of the Newton-Raphson algorithm divides the total load at the 
particular time into several increments and then adds one increment at a time to the 
calculation. When the first increment is applied it calculates the displacements 
iteratively until the equilibrium equation is satisfied. Then it applies the next increment 
and starts a new iteration process. This is done until all increments have been added, 
meaning that the total load is applied. Then the Chung-Hulbert scheme continues with 
the next time step.  

5.3 Boundary conditions used in this project 

Several different boundary conditions have been used in this project and here they will 
be described. The first three are constraints, while the last four are assembly options. 
Constraints are applied to one object while assembly options are used for the interaction 
between objects. A few examples of where the different boundary conditions have been 
applied can be seen in Figure 5.2. 

 

Figure 5.2. Examples of applied boundary conditions. 

• The locking is used for locking the displacement of an object in one direction. If 
two or more directions are desired to be locked it is just to apply more locking 
constraints. It has been used to lock surfaces in the axial direction of the 
gearbox. 

• Ground springs are applied to create a resistance towards displacements of the 
object in a specified direction. In this project this constraint has been used to 
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impose small loads on the discs. This was needed since the simulation had 
problems starting if no resistance was found in the beginning. Later in the 
simulation these springs were not stiff enough to affect the results more than 
slightly.  

• The ground hinge prevents all movements of the object except for a rotational 
movement around an axis chosen. This has been used for the crankshafts to 
make sure that they only rotate around their own axes. It is also possible to apply 
a motor to the ground hinge to create a desired rotation. 

• Mean has been briefly mentioned in section 5.1 and creates a connection 
between a point and an object. The mean command finds the mean displacement 
and rotation of all nodes on the object and applies them to the point. In this 
project they have been used both for edges that should have ground hinges 
applied to them, and for creating hinges without making them too stiff. 

• The hinge is used for enabling two objects to rotate with respect to each other 
around an axis chosen, preventing all other movement between the two entities. 
This has been applied between the crankshafts and the bearings approximated as 
cylinders. To be precise they have been applied between points that act as mean 
nodes for the crankshafts and the bearings. 

• A Flexible-flexible contact is used for calculating the contact between a flexible 
set of nodes and a flexible surface. Two supports should be chosen and the 
nodes of the first support will be projected onto the face of the second support. 
Then the normal distance between the projected node and the projection is 
calculated and if that distance is greater than the normal distance criterion, then 
the node will not be considered to be in contact with the surface. This is a setting 
that can be changed in the advanced parameter settings but mostly does not need 
to be changed. A parameter that needs to be changed though is the normal 
distance variation max. It is used by the dynamic time integration scheme and 
typically was changed to one millimeter in this project. These contacts were 
assigned between the discs and the bearings. 

• Rigid-flexible contact is another version of the contact command but is used for 
connecting a flexible set of nodes to a rigid surface. It is almost similar to the 
flexible-flexible contact and can be applied via the contact option. In this project 
however, it had to be added as code in the epilogue in the solver module. The 
epilogue is a place where it is possible to write programming code that the 
solver, Mecano, will read together with the code that the translater, Bacon, has 
translated from the applications that have been added in the graphical way. This 
has been used for the contact around the rollers. 

• The gear assembly is applied when two entities should be connected to each 
other via a pair of gears. This could instead be done by applying numerous 
contact conditions but then the simulation time would increase significantly due 
to the vast amount of complicated calculations. Different geometry between 
different types of gears are not really a problem since it is possible to specify 
parameters like pressure angle, number of teeth on each wheel, gear type and 
several more. In this project they have been used for handling the spur gear 
reduction between the input shaft and the crankshafts. 
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5.4 Remarks 

First, it should be pointed out that these are my opinions about the software as a user for 
about three months and attendee of the introduction course held by Samtech.  

The first thing that was noticed was that the graphical interface seemed intuitive and 
extensive. It was convenient with all modules placed in the correct order in a bar over 
the graphical window. To right side of the bar with the modules another bar was placed 
with different tools that contained different commands depending on which module was 
open. The modules and the commands were sorted so that the ones that should be used 
first were to the left and the ones that should be used last to the right. Consequently, if 
the person that is modeling is able to work with all parts in the model simultaneously, it 
is just to start in the modeler module and go from left to right in the command bar and 
assign constraints. Then the analysis data module, which is placed directly to the right 
of the modeler module, should be accessed and its command bar cycled through. This is 
done until all modules have been passed. This interface is both intuitive and pedagogic, 
which is highly appreciated.  

A great advantage with Samcef field, compared to a few other finite element program, is 
that the commands are applied graphically and that almost no code needs to be written. 
In this project, a small epilogue had to be written for the rigid-flexible contact but 
otherwise no code had to be written. This, combined with the intuitive interface, make it 
quite easy to learn the basics of Samcef. 

However, for better results points should be used and this approach may take a while to 
get used to, which could prolong the learning process. The vast number of boundary 
conditions might also prolong the learning process for new users but it is an advantage 
for more experienced ones. 

The worst thing about Samcef could very well be the graphics. Especially when 
showing the results on the screen, the program is really slow and the graphic lags. 
Samtech claims that they are working on it and are going to hire a video game developer 
to improve this. 

Another part of Samcef that could use an improvement is the modeler module which is 
quite simple. This is not really a problem however, since the usual approach is to create 
the geometry in a cad-program anyway. 

An essential feature in all computer programs is that the program gives distinctive error 
and warning messages that clearly indicates what is wrong. It is really annoying when a 
program fails or sometimes even crashes. The warning and error messages in Samcef 
mainly appear in the mecano window during the simulation and can also be found in a 
file that logs the calculations. The warnings are just warnings that tell when something 
bad occurs but they are not enough for stopping the simulation, while the error 
messages tell why the simulation stops. Most of the messages in Samcef state what they 
complain about, which is convenient and helpful when searching for errors in the 
model. However, they could be a bit clearer to speed up the process of analyzing the 
calculations. 

The solver mecano seemed to be quite fast, until the real robot cycle was used as the 
applied motion, since all simulations up to that point took less than 48 hours to 
complete even though the computer used equals an ordinary personal one. For example 
the final approach with a constant rotation as applied motion, consisting of 25725 nodes 
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and 70624 elements, which had a time span of four seconds, took forty hours to 
complete. Even though the mesh was loose, this was a quite short time considering the 
complexity of the calculations and the number of parts involved. However, the same 
model took 85 hours for simulating only one second when the rotational movement 
during a robot cycle was used. The calculation time was expected to increase but not 
this significantly.   

Perhaps the most convenient feature in Samcef is the flexibility to choose behavior and 
material individually for each part and assign boundary conditions and mesh constraints 
to specific faces, edges or even nodes. This makes it possible to build a model that 
behaves more or less exactly as wanted and to create dense meshes for areas of interest 
and loose meshes in other areas, which reduces the calculation times.  
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6 Modeling approach 
Since the simulation of the gearbox should be done in a finite element program the first 
step was to digitalize the geometry. It is appropriate to use a CAD, Computer Aided 
Design, program since they are made for creating 3D bodies. The geometry was created 
in the CAD-program Solid Works and saved in the file format IGES that is common for 
both Solid Works and the finite element program Samcef. 

Samcef was almost untested by ABB and hence it was difficult in the beginning to 
understand the applications and functions. To learn the program and make searches for 
errors easier, the chosen approach for creating a model was to first create several simple 
models where one power transmission step in the gearbox was modeled in each model. 
In order to lower the required simulation times these tests were carried out on highly 
simplified models where only the basic geometry of the parts were used. This lowered 
the complexity of each model and also increased the understanding of the different 
functions of the program. Furthermore, the inaccuracy of the models, compared to the 
real geometry of the gearbox, made it possible to send them to Samtech for support. 

It was desired to model as many parts as possible as flexible instead of rigid in order to 
receive stresses and strains in as many parts as possible. If it works with everything 
flexible then it is possible to replace the flexible parts with super elements when the 
models get too advanced.  

At first, two main power transmission steps were discovered and consequently the test 
models mainly focused on modeling each. These two can be seen in Figure 3.6 and 
Figure 3.7. The first one models the circular movement of the rv gears induced by the 
crankshafts and the second models the contact between the rv gears and the rollers on 
the inside of the case. Later these two steps were combined into the same model and an 
input shaft was added. 

6.1 Modeling of the circular movement of the rv gear 

To simplify this model as much as possible it was decided that the first model should 
consist of just one rv gear, approximated as a disc, with two crankshafts connected to it. 
That model can be seen in Figure 6.1 and the offset of the middle part of the crankshaft 
can be noticed. One motor was placed on each crankshaft, imposing a constant angular 
rotation speed on the crankshafts around their axes of revolution. Between the 
crankshafts and the disc the boundary condition contact was applied, which means that 
the surfaces should be in contact with each other.  
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Figure 6.1. Stresses in a model with two crankshafts and one disc. 

The simulation showed that the disc followed a circular path as desired, quite similar to 
the one that can be seen in Figure 6.7. The stresses seem too high since the largest 
stresses are above 7000 MPa while the young’s modulus of the steel used in the 
simulation is 205 MPa. It is a factor of over thirty between these values and that is high 
considering the applied load is just a slow, rotational movement. Even if a finer mesh 
would be applied, the stress concentrations would still be large. However, it was the 
creation of the circular path that was desired.  

The next model consisted of one disc and three crankshafts with the same boundary 
conditions as in the former model applied. In Figure 6.2, this model can be seen and the 
offset of the axles of the crankshafts should also be noted. During the simulation the 
same circular path as before was created. The stresses were significantly lower 
compared to Figure 6.1, but still remarkable.   

 

Figure 6.2. Stresses in a model with three crankshafts and one disc. 
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Since the circular movement was created for one disc and the gearbox consists of two, a 
second one was added. This model can be seen in Figure 6.3 and the simulation showed 
that both discs followed circular paths.  

 

Figure 6.3. Stresses in a model including three crankshafts and two discs. 

The circular paths of the discs had been created but the gearbox has roller bearings 
placed between the crankshafts and the rv gears. A model was created to examine 
whether it made any different if roller bearings approximated as cylinders were placed 
between the disc and the crankshafts. Between the crankshaft and the bearing a hinge 
boundary condition was applied, preventing all movements of the bearing except for a 
rotational one around the crankshaft. But still a contact boundary condition was used 
between the bearing and the disc. First only one bearing was introduced making it 
possible to compare the distribution of stresses. This comparison can be seen in Figure 
6.4.  

 

Figure 6.4. Comparison between the stress distributions between using an 
approximation of a bearing or not. 
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Generally, the stresses seem too high since the largest stresses are above 2000 MPa. 
However, the stresses around the crankshaft down to the right seem more reasonable. 
This is also the crankshaft which has a roller bearing approximation around it. 
Consequently, the adding of the hollow cylinder seemed to be an improvement.  

To ensure that the circular path of the discs could be created with hollow cylinders 
placed between the crankshafts and the discs, a model with bearings added to three 
crankshafts was made. The stresses and movements are shown in Figure 6.5 and seemed 
to be reasonable, so the tests for modeling the circular movement of the gears were 
considered successful. 

 

Figure 6.5. Comparison between stresses when hollow cylinders are used and not used. 

Finally, these boundary conditions were implemented on the real geometry. The result 
can be seen in Figure 6.6 and Figure 6.7, where Figure 6.6 shows the stress distribution 
and Figure 6.7 the position of the center of the upper disc in the xy-plane during the 
simulation. 

 

Figure 6.6. Stress distribution during disc movements. 
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The stress distribution in Figure 6.6 seemed realistic since the highest stresses are 
around nine MPa. This is far more credible than the stresses shown in Figure 6.4. and it 
might be noted that the stresses vary with a factor 300 between the two figures. 

In Figure 6.7, the circular path of the rv gear can be seen. The offset between the axles 
of the crankshaft is 2.2 mm and fortunately the radius of the circle is equal, improving 
the credibility of the results of the simulation.  

 

Figure 6.7. The planar position of the center of the upper disc during one revolution. 

6.2 Modeling of the contact between the rv gear and the 
rollers 

This stage of the gearbox is difficult to simplify since the gear moves along a circular 
path instead of rotating. However the most interesting relation is the contact between the 
roller and the inside of the case when the roller is hit by a gear tooth. The purpose of the 
following models was to test how to create this interaction properly. 

First it was tested whether it was possible to use the contact boundary condition for 
creating a rolling motion, by also adding friction to the contact. The model can be seen 
in Figure 6.8, and consisted of a cylindrical axis and an outer ring with a cylindrical 
roller between them. Ground hinges were placed on the central axle and the outer ring, 
preventing any movement except for a rotational motion around the global axial 
direction. A motor was placed on the central axle and contact conditions were applied 
between the axle and the roller and between the roller and the ring, respectively. This 
meant that the cylinder should rotate and hopefully impose rolling motions to the roller 
and the ring. 
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Figure 6.8. A model with a cylindrical axle, a roller and an outer ring. 

This simulation did not converge when all parts were set as flexible. The reason was 
thought to be that the contact surfaces are too small, since they are just lines. Another 
reason could be that even though everything was locked in the axial direction, the roller 
was able to move in every other direction since it was flexible.  

To constrain the movements of the roller, the next model had a circular cavity in the 
inner circumference of the ring which was intended to drag the roller along with the 
movement of the ring. This model can be seen in Figure 6.9, but this simulation would 
not converge either. 

 

Figure 6.9. A model with a cylindrical axle and a roller placed in a cavity on an outer 
ring. 

The model shown in Figure 6.10 was created in order to ensure that the contact surfaces 
were larger than just lines. The cavities on both the cylinder and the outer ring enlarge 
the contact surfaces and make it difficult for the rollers to not stay in contact. Only one 
roller was activated in the model instead of all 16, to shorten the simulation time. 
However, even this simulation refused to converge. 

 

Figure 6.10. A model with a cylinder with cycloidal gear teeth, rollers and an outer 
ring. 

Since the simulations did not converge when the roller was modelled as flexible, the 
model in Figure 6.10 was used again but with the roller modelled as rigid. The flexible-
flexible contacts were replaced by rigid-flexible contacts since the behaviour of the 
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roller changed. This model was chosen since it was considered to be most similar to the 
gearbox and the easiest for the solver to simulate due to the large contact surfaces. 

 

Figure 6.11. Stressdistribution in the model seen in Figure 6.10.  

The simulation converged and the stresses are shown in Figure 6.11. Since the main task 
in this section was to examine the use of flexible-flexible and rigid-flexible contacts and 
since the simulation of the model shown in Figure 6.10 converged, the task was 
completed.  

It was noted that the size of the area where contacts were applied significantly increased 
simulation times. When the area was increased from just the area around the roller to the 
whole circumference of the cylinder, the simulation time increased several times. The 
relative increase of the simulation time was larger than the area increase, proving that 
the areas chosen for contact conditions should be minimized and chosen carefully.  

It might have been possible to make the simulation of these models work with flexible-
flexible contacts if the roller had been preloaded, but since this section was considered 
complete, no tests were carried out. 
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6.3 Modeling of disc and case movements 

The experiences received from the modeling of the disc movements and the modeling of 
the contact between the discs and the rollers on the inside of the case were combined 
and used. The model can be seen in Figure 6.12 and for simplicity it consists of no 
bearings, two crankshafts instead of three and especially one roller instead of 40. 
Furthermore, the measurements of this model are similar to the significant geometrical 
shapes of the real gearbox, while the finer details are neglected.  

The highest stresses seems to be concentrated around the crankshafts and are a bit high 
since they are more than double the young’s modulus of steel. This might be due to the 
fact that no bearing approximations are present in the model. However, the main 
purpose of this model was to see whether it was possible to model the desired power 
transmissions.  

 

Figure 6.12. Disc and case movements. Both significant movements involved. 

A point was placed on the inner circumference of the outer ring to ensure that the outer 
ring behaved as desired. The position of this point in the xy-plane during the simulation 
can be seen in Figure 6.13. It might be hard to see but the plot shows that the point 
follows a circular path around the origin. The length of the arc is quite short and this is 
realistic since the case just should rotate one roller when the gears rotate one lap. Since 
there are forty rollers, the case should rotate one fortieth of a lap and the figure proves 
it.   
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Figure 6.13. The position of a point on the circumference of the case during a 
simulation. 

The movements created in this model are the essential in the gearbox and with the 
adding of a driving input shaft the simplified model was considered complete. Between 
the input shaft and the two crankshafts two gear-commands were applied. The reason 
for using the command instead of a contact model was to keep the complexity down as 
much as possible. Since each spur gear has seventy gear teeth the number of contacts 
would have been numerous if contact conditions had been applied. 

6.4 Reaching the final approach 

Since the final models mentioned in section 6.1 and 6.3 worked properly, a model was 
built using the correct geometry. In the first model the simulation of the movements of 
the crankshafts, bearings and the discs with proper geometry worked. In the second, the 
input shaft and the interaction between the outer ring and the discs, via a roller, were 
simulated. The latter model consisted of an input shaft, three crankshafts, six roller 
bearings approximated as cylinders, two discs, a case and a roller between the case and 
the discs. Most chamfers and fillets were neglected in an attempt to lower the 
complexity of the geometry.   

However, the simulation of the model with the correct geometry would not converge. 
The first iteration of the simulation seemed good but the second and third went to worse 
residuals for the force and energy and then the following iterations just circled around 
these points until the simulation gave up. It seemed as if the simulation would not 
converge or that it converged to a bad solution. A possible reason could be that there is 
a local extreme point in the vicinity of the desired extreme point. All applied boundary 
conditions and mesh constraints were checked and double-checked to see if there was 
an error somewhere, but still the simulation refused to reach the upper time limit. 
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An attempt was carried out with the final model of section 6.1 as base, since in that 
model the movements of the crankshafts, bearings and discs worked properly. An input 
shaft was added and a simulation performed which succeeded. But when a roller and the 
case were added to this model the simulation once again refused to pass the first time 
step.   

It was decided to try to find out where the problem of the simulation lay. A model was 
created to test whether the case was the problem. The final model of section 6.3 was 
used, but the outer ring was exchanged for the case. This simulation had no problem 
converging which led to the conclusion that the case was not the problem. 

Three crankshafts were tested instead of two in the final model of section 6.3. To speed 
up and simplify the building of the model the discs and crankshafts of the existing 
model were deleted along with their boundary conditions and instead three crankshafts 
and two discs were added. This simulation converged too. 

Since the simulation worked both with a case and three crankshafts, it was almost 
certain that the problem lay in the bearings approximated as cylinders. However, the 
approach of using the final model of section 6.3 as base and just replacing desired parts 
seemed promising and the end date of the project was getting close so an attempt was 
made to combine the edition of the final model of section 6.3, where the outer ring was 
replaced with the case, with the final model of 6.1. This simulation converged and will 
be presented in the next chapter. 

Unfortunately, the reason for why the simulation suddenly converged is still unknown.  
This might be of interest to examine, but it was not done in this project. 

6.5 Remarks 

It seems that the approach of identifying different steps of the gearbox and breaking 
down the problem and model into many small was an excellent choice. This made each 
model small and simple which made them easier to build, change and evaluate and most 
importantly the simulation times could be held reasonably low. Since a new program 
had to be learnt, with all its functionalities and thinking, it was also an advantage to start 
out with simple models with just a few boundary conditions. Further, the small and 
simple models also made it possible to send them to, and discuss them with, Sebastien 
Gohy, an employee of Samtech Since the knowledge within ABB about Samcef was 
limited this project would probably not even had been close to reach the objectives 
without his help. 
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7 The Final Approach 
This section will describe the construction of the final approach and give a few remarks 
regarding it. 

7.1 The Cad Modeling 

Neither the drawings nor the CAD-files of the interior of the gearbox were available and 
hence the whole geometry of the gearbox had to be measured. It was done using a 
vernier caliper, a protractor and a ruler. There exist machines today that are able to 
measure more accurate but since more details mean a bigger matrix problem and 
consequently longer simulation times, it seemed enough to measure in tenths of 
millimeters.  

Each part of the gearbox was measured and digitalized separately and then the complete 
gearbox was assembled importing the parts one by one. Pictures and CAD-models of 
each part can be seen in Figure 3.4. 

Several different versions of each part were created to enable a flexible model of the 
gearbox. In the highest detailed versions the parts are created to be as similar to the real 
structure as possible, including all chamfers and fillets. The lowest detailed versions 
only contain the basic geometry except for contact surfaces which are slightly more 
detailed. 

The geometrically most advanced parts of the gearbox are the cycloidal shapes of the 
gear teeth on the outside of the rv gears and the roller bearings. For simplification the 
teeth are approximated as circle-sectors with constant radii while the real shape is built 
up by several segments with different radii. Otherwise the form would have had to be 
measured with an optical projector. The bearings were treated in another way. In their 
simplest version they were just approximated as cylindrical with central holes going 
through them. This might not be an excellent approximation but it lowers the 
complexity of the models significantly. 
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7.2 The Finite Element Model 

When the geometry had been created in Solid Works it was exported in the IGES-
format and then imported into Samcef. The model can be seen in Figure 7.1 and was 
built as follows.  

 

Figure 7.1. The model of the gearbox. 

The input shaft is modeled as rigid since it is considered as a way to impose a load on 
the gearbox and not really a part of the latter. A ground hinge is applied to create the 
rotational movement and the profile of the motor of the ground hinge can be altered to 
receive a desired movement.  

A gear-command is used to transmit the power from the input shaft to the three 
crankshafts. If the spur gears would have been modeled in Solid Works and contact 
conditions applied instead the complexity of the model would have increased 
drastically. The latter are also hold in place with the help of ground hinges. 

The next step is the roller bearings between the crankshafts and the rv gears. They can 
be modeled with a bearing-command but then a complete stiffness matrix has to be 
entered into the program and this would need testing. Instead they are modeled as 
smooth cylinders that just fill up the space between the crankshafts and the rv gears. 
They are connected to the crankshafts in the following way. The contact area of each 
part is approximated with a node that acts as the mean node, described in section 5.1, of 
that area. Then the two nodes, one from the crankshaft and one from the bearing, which 
are placed in the same spot, are connected via a hinge-command. This makes the roller 
bearing follow the crankshaft and be free to rotate around it. The displacements of the 
bearings in the axial direction of the gearbox are also locked. 

On their outer surfaces the bearings are in contact with the rv gears with flexible-
flexible contacts applied between the surfaces that should be in contact. Here the normal 
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distance variation max, which was described in section 5.3, of the contact condition is 
changed to one mm instead of one micron. The rv gears are also locked in the axial 
direction. 

Between the rv gears and the case the power is transmitted with the help of rollers, but 
they are modeled as rigid. A rigid-flexible contact is applied between the rv gear and the 
case, saying that there exists a roller in the space between them. The roller and the case 
are both cut in two pieces each by the xz-plane, to create one surface on each detail for 
each rv gear.  

The movements of the case were constrained with the help of a ground hinge on a node 
that acted as the mean node of the bottom circumference of the case. Consequently the 
case was just allowed to rotate around its axis of revolution. 

7.3 Results 

During a simulation of this model, with the real function of the rotational angle of the 
input axle versus time for a real robot cycle, the following plots were created. 
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Figure 7.2. The X-coordinate of a point on the inner circumference of the case during a 
simulation with a robot cycle. 
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Y-coordinate during robot cycle

90

95

100

105

110

115

120

0 0,2 0,4 0,6 0,8 1 1,2

Time [s]

Y
-C

oo
rd

in
at

e 
[m

m
]

Samcef
Measured

 

Figure 7.3. The Y-coordinate of a point on the inner circumference of the case during a 
simulation with a robot cycle. 

In Figure 7.2 and Figure 7.3, the coordinates of a point, placed on the inner 
circumference of the case, calculated by Samcef are compared to measured coordinates. 
The measured coordinates were recorded on the case when the robot cycle, used as 
input in the model, was applied to the input shaft. As can be seen, the curves 
representing the coordinates calculated by Samcef follows the measured curves well, 
increasing the credibility of the result of the simulation.  

 

Figure 7.4. The stress distribution inside the gearbox after 0.9 seconds. 

50 



  The Final Approach 

The stress distribution seen in Figure 7.4, shows that the stresses are concentrated to the 
bearing approximations and the vicinity of the roller. No stresses are shown in the roller 
since it was modeled as rigid, but it is interesting to note that the largest stresses can be 
found in the bearing approximation closest to the roller. This corresponds to the 
assumption by the manufacturers of the gearbox that the bearings will be the first 
components to fail, which was mentioned in section 3.4. The stress levels seem to be 
reasonable or even a bit low, but since the applied load is just a rotational movement on 
the input shaft, they seem realistic.  

7.4 Remarks 

In this section the final approach has been described and as can be seen it does not 
involve all parts of the gearbox. The parts present are however the ones that are mainly 
involved in the power transmission while the main purpose of the neglected parts is to 
hold the former parts in place. The movement they are preventing in the axial direction 
of the gearbox has been prevented in the model by locking-constraints applied to the 
surfaces of the involved parts. Further, the neglected parts are responsible for making 
sure that the crankshafts rotate around their own axis of revolution and in this model 
this has been done with ground hinges. This may seem to lead to the conclusion that 
those parts are not essential for the model but including them would change the stress 
distribution inside the gearbox. This change in stress distribution is most probably lower 
than the influence from the approximations made, especially regarding the bearings. 

The approximation of the roller bearings as hollow cylinders is perhaps not the most 
accurate that can be made, but it should still give a better presentation of the bearings 
than if the discs had been placed directly on the surface of the crankshafts by decreasing 
the diameter of the holes in the discs.  Another solution would have been to either 
model all parts included in the bearings and the interaction between them. This was not 
realistic in this project since the complexity of the models and hence the simulations 
times would have increased tremendously. Besides, it is not sure that this result would 
correspond better with reality anyway. The best way of handling the roller bearings is 
probably to use the assembly option for bearings that is included in Samcef. The only 
problem with using it is that it needs a complete stiffness matrix of the bearing and for 
receiving this matrix it is necessary to carry out tests on the bearings.   

The only load applied in the models is a rotational movement on the input shaft or, if no 
input shaft is included in the model, on the crankshafts. In real life the gearbox is 
affected by more loads than that, for example the gravitation and inertia effects due to 
the movement of the arms of the robot. These loads would probably affect the results of 
the simulations but they should be rather uniform and affect all parts about equally and 
not be significant. 

Only one roller is activated along the circumference of the case compared to forty in 
reality. This means that the stresses are a bit too high around the roller. Unless this area 
is of interest it should not be a problem though. The reason for just having one activated 
roller is that the simulation time with just one roller was significant. Each extra roller 
would have improved the result but also prolonged the simulation time and the 
simulation time was considered to be long already. 
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Even though the model was measured with a precision of only tenths of millimeters this 
was enough since the mesh was loose and some parts were approximated anyway. A 
more accurate geometry would have increased the simulation time and this was 
undesirable. 

Even though these approximations and simplifications have been made this model 
should still be useful. It gives a schematic sketch over the stress distribution and can 
especially be used for identifying stress concentrations. Even if the actual values might 
not correlate exactly with the real world, the order of magnitude should be correct and 
the relative difference between two values likewise. It can also be used for deriving 
entities like contact forces which could be useful when examining one part at a time.  
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8 Discussion and conclusions 
The geometry of the Nabtesco gearbox RV320E, placed on the third axle of the ABB 
robot Tiger, IRB6620, was digitalized in the CAD-program Solid Works. Then the 
geometry was exported in the IGES-format and imported into the finite element 
program Samcef. 

After a few smaller models had been made, the final approach was built and it consisted 
of one input shaft, three crankshafts, six bearings approximated as hollow cylinders, two 
rv gears, one case and a roller placed between them. 

The advantages of Samcef were the intuitive graphical interface, the flexibility when 
building models and the graphical applying of boundary conditions. On the other hand, 
the graphics were really slow and lagged, especially when examining results. The 
calculation times seemed reasonable, since an ordinary personal computer was used for 
the simulations, until the constant rotational movement on the input shaft was replaced 
with the real robot cycle. Then the simulation time increased drastically, revealing that 
optimizing of the models from a calculatingly point of view is essential. A simulation of 
a model with a loose mesh density may not converge, while a dense mesh may lead to 
gigantic simulation times.    

The modeling approach, where two main power transmission steps were identified and 
modeled individually, turned out to be excellent. Starting with simple models was 
appropriate since a new program was learnt and this also made it easier to discover 
where the problems with the modeling of each power transmission step were. 

In the final approach the principal power transmission is modeled, while the parts that 
lock these parts in the axial direction are replaced by constraints that fulfill the same 
purpose. The approximations and simplifications made affect the stress distribution in 
the model but it could be used as a schematic sketch over the stresses since the order of 
magnitude of the stresses should be correct. The relative difference between the values 
at two different points in the model should also be almost correct. 

8.1 Future work 

The immediate use of the big model is to use it for receiving approximate loads on each 
surface of each part. This information can then be used for modeling each part on its 
own, with a very fine mesh, in any finite element program since such simulations are 
relatively simple.  

In order to improve the accuracy of the stress distribution, making it correspond better 
to the real world, it would be useful to replace the cylinder approximation of the roller 
bearings with the bearing tool. To do that the roller bearings need to be tested, since the 
bearing tool needs a full stiffness matrix. 

At present, only one roller is activated between the rv gears and the case. If the contact 
between the gears and the case is of interest all forty rollers should be activated. 

Another suggestion is to place the model on a robot and run a simulation where the 
loads are the movements of the axes during a robot cycle and the gravitation.   
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In the model built in this project some parts were missing and in order to receive a 
complete stress distribution of the gearbox these parts should be added, making this the 
third option. 

Make some tests to examine how far the stress distribution of the model built in this 
project is from reality. It is possible to check the speed of the case when a rotational 
movement is applied to the input shaft, but the stresses inside the gearbox are harder to 
measure. 

A combination of all these options might be the best solution but if one of them should 
be prioritized it should probably be the using of the bearing tool, since it is quite easy to 
implement if the stiffness matrix is calculated. 
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Appendix A – The formulas for creating 
the cycloidal shape 
In section 3.3.2 the cycloidal shape of gear teeth is briefly described. Here follows the 
formulas that should be used for creating the desired geometry.  

The diameter of the small circle in Figure 3.2 should equal the pitch radius of the pinion 
in order to get straight radial pinion addendum.  

2
pinion

g

r
r =  (14) 

Assuming that the addendum and dedendum are of equal width, the circular arc of the 
gear circle that is under the red line equals one fourth of the circular pitch. Now it is 
time to introduce a few angles and for simplification they are measured in radians. This 
means that arc lengths easily can be calculated by multiplying the angle with the radius. 

( )
4
cprw =− βα  (15) 

The rolling condition for the small circle on the pitch circle can be seen in equation 
(16). 

gw rr ⋅=⋅ θα  (16) 

By dividing (16) with rg and replacing α with the help of (15) equation (17) is received. 
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Equation (18) is received by replacing rg in (17) with (14). 
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 (18) 

Finally, by using (3) and (4) with (18), equation (16), has turned into equation (19). 

R
n p

⋅+= βπθ 2  (19) 

To receive an expression for β, investigate the triangle with corner points C0, C2 and P2. 
Now draw a line perpendicular to C0C2 from P2 to the line C0C2. Using the top triangle 
creates expressions for the adjacent and opposite sides for the lower triangle. This leads 
to equation (20). 
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Or with β isolated. 
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Equations (19) and (21) create a system of equations with two equations and two 
unknowns. Unfortunately this system has to be solved numerically and iteratively by 
first assuming a value of one of the angles and then calculate a value of the other. Then 
this value is used for determining a value of the first angle. This has to be done 
iteratively until the method converges. 

With β and θ received it is possible to calculate the addendum height, a, by using the 
law of sinus on the triangle C0C2P2 (22). 

gw rar
βθ sinsin

=
+

 (22) 

Or with a isolated. 

wg rra −=
β
θ

sin
sin  (23) 

However, equation (23) contains both β and θ. It is possible to eliminate β by using 
equation (21) and the definitions, which leads to equation (24). 

( ) ( ) wg rRRra −⋅+⋅−++= θcos212211 2  (24) 

According to Sparks [15], the standard expression for the addendum height is the 
addendum factor, fa, which expresses the height in module units instead. 

m
afa =  (25) 

The formula for calculation of fa is received by dividing both sides of equation (23) with 
m and then replacing rg and rw. 

( )( )RRR
n

f p
a 2cos212)21(1

4
2 −⋅+⋅−++= θ  (26) 

With fa calculated it is possible to calculate the addendum radius factor fr. 

ar ff ⋅= 4.1  (27) 

Similar to equation (25) the addendum radius is received from equation (28). 

rr fma ⋅=  (28) 

But the standard wants to have a 5% clearance so the addendum height, ah, used is 95% 
of the addendum height a. This is however not a problem since most tables shows the 
practical addendum factor, fprac, which already is reduced for clearance. 

( ) pracah fmfma ⋅=⋅⋅= 95.0  (29) 
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These equations have been used to calculate the shape of the profile of the gear and 
unfortunately the calculated entities have to be manipulated when building the teeth on 
the pinion. To make things worse the standard has different values for different number 
of leaves on the pinion. Generally, the fewer number of teeth a pinion has, the larger the 
space between the teeth gets and the addendum becomes more pronounced. 

Normally the teeth and spaces are of equal size and placed uniformly around the pitch 
circle. Then the width of a tooth is half the circular pitch or 1.57 modules. However, this 
width is reduced for the pinion. It is 1.05 modules for pinions with between six and ten 
teeth and 1.25 for pinions with eleven or more.   

The bottom clearance is always 0.4 modules which means that the dedendum of the 
pinion will be calculated as in (30). 

4.0+= ap fd  (30) 

Unfortunately there are three different shapes for the addendum of the pinion, which are 
chosen depending on the number of teeth on the pinion. None of these shapes are true 
cycloids but instead arcs of circles that starts where the dedendum touches the pitch 
circle and have their centers on the pitch circle. The two arcs that build up the contour 
of the addendum will meet on the centre line and this shape is called an ogive. But for 
pinions with ten or more teeth the shape instead takes the form of a half circle. The 
recommendations concerning which profile to choose for pinions with fewer than ten 
teeth are that medium ogival should be used for eight to nine teeth and high ogival for 
even less teeth. When the profile type is decided, consult Table 1 for other variables 
involved in the design of the pinion. 

Profile Leaves fa  fr  

Round 6-10 0.525 0.525

Round 11+ 0.625 0.625

Medium 6-10 0.670 0.700

Medium 11+ 0.805 0.840

High 6-10 0.855 1.050

High 11+ 1.050 1.250

Table 1. Profiles for the teeth of the pinion. 
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Appendix B – Parameters used in the 
models 
Here are a few characteristics about each model mentioned in this report. Common for 
all models is that the response was chosen as dynamic and the chung-hulbert scheme 
used as the time step algorithm. The control of integration error in dynamic equations 
and the initial static computations were inactivated. In addition, the time increment for 
back-up was set to 0.1 and the initial time-step to 10 microns of a second. In all models 
involving contacts, the distance variation max was set to 1 mm. 

 

The model seen in Figure 6.1
Number of nodes: 3 347 

Number of elements: 7853 

Number of dofs: 22 854 

Simulation time: 4 seconds 

Calculation time: 73 minutes 

Changed parameters: - 

The model seen in Figure 6.2
Number of nodes: 1 545 

Number of elements: 3 319 

Number of dofs: 23 289 

Simulation time: 4 seconds 

Calculation time: 6 minutes  

Changed parameters: - 

The model seen in Figure 6.3
Number of nodes: 4 879 

Number of elements: 9 915 

Number of dofs: 35 844 

Simulation time: 4 seconds 

Calculation time: 12 minutes 

Changed parameters: - 

The model seen in Figure 6.4
Number of nodes: 6 596 

Number of elements: 11 150 
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Number of dofs: 50 339 

Simulation time: 1 second 

Calculation time: 18 hours 

Changed parameters: - 

The model seen in Figure 6.5
Number of nodes: 8 099 

Number of elements: 12 070  

Number of dofs: 72 660 

Simulation time: 1 second 

Calculation time: 36 minutes 

Changed parameters: - 

The model seen in Figure 6.6
Number of nodes: 35 699 

Number of elements: 65 831  

Number of dofs: 255 185 

Simulation time: 4 seconds 

Calculation time: 23 hours 

Changed parameters: - 

The model seen in Figure 6.11
Number of nodes: 6 355 

Number of elements: 4 321 

Number of dofs: 59 736 

Simulation time: 1 second 

Calculation time: 54 minutes 

Changed parameters: rigid-flexible contact 

The model seen in Figure 6.12
Number of nodes: 25 537 

Number of elements: 69 633 

Number of dofs: 150 659 

Simulation time: 4 seconds 

Calculation time: 2 hours 50 minutes 

Changed parameters: rigid-flexible contact 

The model seen in Figure 7.1, constant rotation speed 
Number of nodes: 25 725 

Number of elements: 70 624 
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Number of dofs: 135 647 

Simulation time: 4 seconds 

Calculation time: 43 minutes 

Changed parameters: rigid-flexible contact 

The model seen in Figure 7.4
Number of nodes: 25 725 

Number of elements: 70 624 

Number of dofs: 135 647 

Simulation time: 1 second 

Calculation time:  85 hours 

Changed parameters: rigid-flexible contact, force threshold 0.01 instead of 0.001. 
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