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Abstract

Construction of tilt table with high loads

by Niklas Janebrink

At Uddeholm AB, they today use two overhead cranes with chains to move and tilt steel

sheets for visual inspection of surface defects. The tilting is done to give the operator

a better view of these defects using reflection of light. The problem with this approach

is that it is combined with danger of life with hanging load, in case a chain breaks.

Therefore Uddeholm AB would like to develop a tilt table that can be mounted on their

lift table they use today.

To solve this problem, 5 concepts was developed using a product development process.

The chosen concept was further developed into a product that met the defined load case

to tilt the sheets, weighing up to 20 tonnes, 55 degrees. The design that was selected

use two points of rotation and is driven by three hydraulic cylinders.

The structure has been calculated by hand and with the structural mechanics software

Ansys. To tilt the table a complete hydraulic system was developed and dimensioned.

The hydraulic system has been calculated by hand and simulated by a computer program

called Hopsan developed at Linköping University.



Sammanfattning

Konstruktion av tiltbord med hög last

av Niklas Janebrink

P̊a Uddeholm AB använder man idag tv̊a traverser med kedjor för att flytta och tilta

st̊alpl̊atar för syning av ytdefekter. Tiltningen sker för att operatören lättare ska kunna

se dessa defekter med hjälp av ljusreflektioner. Problemet med detta arbetssätt är att

det är förenat med fara för liv med hängade last d̊a en kedja skulle kunna g̊a av. Därför

vill Uddeholm AB ha hjälp att utveckla ett tiltbord som kan monteras p̊a deras lyftbord

som används idag.

I detta arbete togs det fram 5 koncept med hjälp av en produktutvecklingsprocess för

att lösa problemet. Ett koncept valdes som utvecklades till en produkt som klarar det

definierade lastfallet att tilta pl̊atar som väger upp till 20 ton 55 grader. Den valda

designen som valdes använder tv̊a rotationspunkter och drivs av 3 hydraulcylindrar.

Konstruktionen beräknades för hand och med strukturmekanikprogrammet Ansys. För

att driva konstruktionen utvecklades och dimensionerades även ett komplett hydraulsys-

tem. Hydraulsystemet har beräknats för hand och simulerats av ett datorprogram som

kallas för Hopsan som utvecklats vid Linköpings universitet.



Acknowledgements

I would like to thank Camatec Industriteknik AB and my supervisors there, Göran
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Chapter 1

Introduction

1.1 Background

This thesis work has been carried out at Camatec Industriteknik AB as a part of the

Master of Science degree in mechanical engineering at Karlstad University. The work

has been about creating a combined lift and tilt platform for inspection of steel sheets

at Uddeholms AB in Hagfors, Sweden.

Today Uddeholm have two inspection stations where they look for cracks and flaws on

all faces of the steel sheet. The reason to tilt the sheet is to get a better view of the

surface using reflection of light. To do this they have two ordinary scissor lifts and two

overhead cranes with chains. The process-operators use these overhead cranes to move

the steel sheet in the station but also to tilt the steel sheets, see figure 1.1. If one of these

chains would break the result could be disastrous with serious injuries or even death.

To prevent this, they wanted a combined lift and tilt.

The chains of the overhead crane are subjected to local loads in the links. The sharp

edges of the steel sheet plastically deform these links, which weakens the chain.

To get away from the dangerous tilting moment in the overhead crane the lift and tilt

platform need to be able to withstand weights up to 20 tonnes. The sheets have a variety

of different dimensions, which means that the final solution must be adapted to work

1
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Figure 1.1: Steel sheet in overhead crane being moved to lift table

independent of size. The problem with this is that the center of gravity of the sheet

moves when tilting the table. This lead to different loads on the lift table. In Europe

every machine need to have CE marking. This indicates that the construction is made

in accordance with European standards and regulations.

On the market there are several manufacturers of tilt tables but they do not have the

capacity of tiltning 20 tonnes. The biggest tilt tables that are commercially available

are only dimensioned to withstand loads up to two tonnes.

A hydraulic system is fundamental to give the table a tilting function. Hydraulics is

the science of using compressed fluids to do work. With modern hydraulics came the

possibility to transmit, store and manage energy in a more effective way than before.

A hydraulic system can be broken down to four parts; power device like a pump and

motor, piping for fluid flow, control valves and fluid powered motor such as cylinders,

fluid motors and actuators. This thesis will show how to construct such a system and

also to simulate it using the software Hopsan which is developed at Linköpings university.
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1.2 Aim and limitations

The goal with this thesis is to construct a fully functional concept with a complete

CAD-model and a proper hydraulic system that are both calculated and simulated.

The thesis is limited to the tilting part of the table because there already exist lifts that

can lift 20 tonnes.





Chapter 2

Method

A sequential product development method was used with the following steps:

1. Identify customer needs and determine criteria

2. Generate concepts

3. Concept evaluation and elimination

4. Choose concept

5. Construction

6. Final product specification

2.1 Identify customer needs and determine criteria

By interviewing operators and engineers from Uddeholm a list of demands and requests

for the product was formulated. The specification of requirement was made using the

theories behind the Olsson matrix [2]. The specification of requirement is found in

appendix A. With the problem formulated, market research was done on manufacturers

of lift and tilt tables and in patent databases.

5
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2.2 Generate concepts

To generate concepts, the problem was divided into smaller sub problems and the so-

lutions for these were generated by brainstorming. The solutions for the sub problems

were then combined into concepts. The concepts were then developed to a point where

the information is enough to make a decision if the solution could work. To get an idea

about the forces in the different solutions, the solutions was analysed using 2D static

mechanics. To optimize the different geometrical properties a calculation program was

made for each of the concepts. The program was executed with Scilab, an open source

program similar to Matlab.

2.3 Concept evaluation and elimination

To choose the best concept, a concept screening using an elimination matrix (Pahl and

Beitz) was performed [2]. The elimination matrix uses the requirements and it sort out

the worst concepts by looking at all the concepts one by one.

2.4 Choose concept

From the previous step with evaluation and elimination, the final concept was chosen

using a relative decision matrix (Pugh) where the concepts were compared to a ref-

erence concept. If any concept was better than the reference concept it became the

new reference in a new round of comparison. Because the requirements are of different

importance, they are weighted from 1 to 5 in a new matrix. To get non subjective

weightings a separate weighting matrix was made to determine the importance of the

different requirements.

To be able to know what the customer value the most, an interview was made [2].
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2.5 Construction

The construction was made with the CAD program Pro/Engineer Wildfire 5.0. Standard

parts was downloaded from SolidComponents which is an online database for CAD-

models [3] and the cylinder model was sent from the manufacturer. The final design was

calculated with the FEM-software Ansys Professional NLS 15.0.

An hydraulic system was developed and analysed by hand calculations and with the

software Hopsan 0.6.6.

2.6 Final product specification

The final product was presented as a product specification with models and cost of

construction including component cost, manufacturing cost and assembly cost. The cost

for materials was found using steel manufacturers listing price, the manufacturing and

assembly cost is estimated by companies (Aktiebolaget Bröderna Hedbergs Mekaniska

and Fryken Montage AB) and the bought component cost was taken from the resellers

quotation. In appendix D a risk analysis is presented.

2.7 Result from concept generation

2.7.1 Concept 1 - Hydraulic cylinders with fixed rotation axle

The system is based on a fixed rotation axle with two or more double acting and parallel

hydraulic cylinders. The cylinders could be mounted in two ways, either using the lower

bracket or the top bracket near the bearing housing assembly. In the figure 2.1, the

cylinder is mounted with the lower bracket closest to the bearing housing.

Calculations showed that the stroke of the cylinder becomes very long or the forces very

high, when the cylinder is mounted from the outside going in. The solution was to

choose a telescopic cylinder, however a telescopic cylinder is not designed to take any

tensile forces. In figure 2.2 it is seen that the forces change from compressive to tensile

when the center of mass crosses the rotation axis at around 38◦. Therefore the cylinders
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(a) No tilt (b) Tilt

Figure 2.1: Concept 1 with and without tilting

must be mounted as in figure 2.1 and may not be of the telescopic kind.

Figure 2.2: Force in cylinders in concept 1

2.7.2 Concept 2 - Hydraulic rotor

Concept Hydraulic rotor is similar to the concept ”Hydraulic cylinders with fixed rota-

tion axle” with the difference that the rotational axis is positioned in the center of the

table, and that hydraulic rotors are used instead of cylinders, see figure 2.3.

An optional solution to the hydraulic rotor is to use an electric step motor with a gear-

box to increase the torque.
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Figure 2.3: Concept 2, tilting is achieved with an hydraulic rotor in concept 2

The moment needed to withstand the largest steel sheet is seen in figure 2.4.

Figure 2.4: Moment to tilt steel sheet using hydraulic rotors

The tilt top need to be able to tilt 55◦. To achieve this the construction needs to be

higher than the maximum height set in the requirements (see appendix A).

2.7.3 Concept 3 - Hydraulic cylinders with trailing wheels

Double acting hydraulic cylinders are connected to wheels or a solid with a slip surface,

while the table is tilted using a rod. See figure 2.5. The cylinder pull the wheel and the
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rod lifts the table top in an angle. In figure 2.5, the wheel is the solid where the cylinder

is mounted (near the heel).

Figure 2.5: Concept 3, tilting is achieved using cylinders and rods

The forces on this construction is high at the start due to the small starting angle of the

rod. The cylinder force is seen in figure 2.6.

Figure 2.6: Force in cylinder required to tilt concept 3

2.7.4 Concept 4 - Quad table

The platform is connected to four vertical cylinders. The cylinders are connected in two

pairs so that tilt is achieved when one pair of the cylinders is extended. Two of the

cylinders are telescopic and two are single acting cylinders. The telescopic cylinders are
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mounted fixed on the ground and the single acting cylinders are mounted to rotational

brackets. This means that when the telescopic cylinders are extended the other cylinders

will be inclined slightly inwards. See figure 2.7. This solution does not require a scissor

lift due to the capability of extending the four cylinders simultaneously. The retraction

of the cylinders is achieved by lowering the cylinder pressure and using the gravity and

mass of the construction and the steel sheet.

Figure 2.7: Concept 4, tilting is achieved by extending the hydraulic cylinders on the
right side

The cylinders will get lateral forces when tilting the table. This reduces the rigidity of

the cylinder mounting and increases the risk of buckling of the pistons.

2.7.5 Concept 5 - Centered point of rotation with both way tilting

The rotating axis is centred so that the table is able to be tilted both ways. The double

acting cylinders are mounted with some pre-extension to be able to tilt the table, see

figure 2.8. The steel sheet is fixed using variable heels (not shown in figure). The heels

are positioned on both sides of the top-plate and separately driven by cylinders mounted

underneath the table top. The reason for having double heels is to prevent the sheet

from sliding when the table is tilted in each direction.

The concept will be more expensive and complicated to use due to the amount of cylin-

ders needed compared to the other concepts, the variable heels themselves need at least
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Figure 2.8: Concept 5, tilting is achieved by extending or retracting the cylinder

4 cylinders. The construction will also be too high because of the need to tilt 55◦ similar

to Concept 2 - Hydraulic rotor.



Chapter 3

Theory

3.1 CE marking and EN 1570

Products in Europe that can be dangerous must be CE marked, this includes electrical

equipment, machines and pressure equipment. With the CE marking, the manufacturer

or importer of the product verifies that it meets all essential health and safety require-

ments. One way to ensure that these requirements are fulfilled is finding support in a

directive. Behind these directives is an organization called International Organization

for Standardization (ISO). Lift tables that are CE marked is certified with the EU Di-

rective EN 1570. This directive is a simplified version of the Machinery Directive and is

tailored for lifting tables [4].

The basic requirements of EN 1570 are and illustrated in figure 3.1:

• 100% of rated load distributed over the entire platform

• Or 50% of rated load distributed over half the lengthwise

• Or 33% of rated load distributed over half the sideways.

Lift tables should be stable and not be able to tip over.

Stresses may not during normal operation exceed 0.66 times the yield strength of the

material used, or 0.5 times the ultimate tensile strength according to the ISO standard

13
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Figure 3.1: Illustration of rated load distributed on the lift platform

for lifting tables [4].

Because the tilt table is a construction that must endure high loads and sometimes reck-

less usage, especially when a steel sheet is positioned on the table from the cranes with

high speed, the dimensioning stresses must be chosen to be on the safe side. Therefore

the dimensioning stress is taken to be the smallest of either 0.33 times the yield strength,

or 0.25 times the ultimate tensile strength (UTS).

To CE mark a machine there are several requirements that must be fulfilled.

• Risk analysis - What and how big are the risks with the product? What solutions

can the manufacturer apply to minimize the risks in accordance with current law?

• Instruction manual - An instruction manual in the users language where the pur-

pose of the product is described. The manual must also include warnings and

prohibitions with the product and directions for montage, manoeuvring and main-

tenance.

• Guarantee - The manufacturer guarantee that the product fulfils the requirements

from specified directives or constitutions and standards.

• Technical documentation - Technical documentation including design information,

drawings, calculations and test reports showing that the essential requirements are

met.
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3.2 SS-EN ISO 4413:2010

This standard specifies general rules and safety requirements for hydraulic fluid power

systems and components [5].

• The hydraulic system should not expose persons to hazard if there is a pressure

loss.

• The hydraulic system should be accessible to maintenance.

• The components used should not be subjected to loads, pressures or velocities

exceeding the component rating.

3.3 Mechanics

3.3.1 Center of Gravity for sheet

To describe the movement of the center of gravity (CoG) as a function of tilt angle,

equation 3.1 and 3.2 is combined using equation 3.3.

The movement of CoG, x, is calculated from the distance c between the rotating point

(RP) and CoG with equation 3.1 and the angle β from equation 3.2. See figure 3.2 where

θ is the tilt angle.

In equation 3.1 the variables b and h is the width and height of the sheet, d2 is the

length normal to the sheet between RP and the sheet, and a is the length from the heel

to RP. See figure 3.3 and 3.4.

c =

√(
b

2
− a
)2

+

(
h

2
+ d2

)2

(3.1)

β = arccos

(
(h2 ) + d2

c

)
(3.2)

Finally x is calculated as a function of θ with equation 3.3.
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Figure 3.2: Definition of variables to CoG movement

x = c sin(β − θ) (3.3)

3.3.2 Forces acting on steel sheet

To calculate the forces in the system, static equilibrium of the steel sheet were set up.

See figure 3.3 and equations 3.4 - 3.8.

∑
Fx = 0⇒ T −mg sin θ = 0 (3.4)

∑
Fy = 0⇒ N −mg cos θ = 0 (3.5)

The force T is divided into two components, frictional force and force from the heel that

constrain the sheet from sliding movement. The frictional force is defined as µN and

the heel force is defined as Ts, see equation 3.6.

Ts = T − µN (3.6)
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Figure 3.3: Definition of variables of the sheet

Before sliding of the sheet Ts does not exist. To calculate the angle at which sliding

would occur without the heel equation 3.7 is used.

γ = arctanµ (3.7)

To calculate Ts equation 3.8 is used. It combines equation 3.4 and 3.5 with 3.6.

Ts = T − µN = mg(sin θ − µ cos θ) (3.8)

3.3.3 Forces in Concept 1

To describe how the angle of the cylinder α is changed with the tilting angle θ, the

length of the cylinder in the y-direction, H, and x-direction, L, must be calculated, see

equation 3.9 and 3.10. See figure 3.4 for an explanation of the variables. The complete

calculation program is presented in appendix B.

H =
√
r2 + (d2 − d1)2 sin

[
θ + arctan

(
d2 − d1

r

)]
+ h1 (3.9)
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Figure 3.4: Definition of variables of the tilt mechanism

L =
√
r2 + (d2 − d1)2 cos

[
θ + arctan

(
d2 − d1

r

)]
− L1 (3.10)

The cylinder angle α is defined between 0◦ and 180◦ and is calculated using equation

3.11.

α = arctan

(
H

L

)
(3.11)

To calculate the length of the cylinder equation 3.12 is used. The length was needed in

order to choose the cylinder parameters; stroke and center to center (CC) length.

CC =
H

sinα
(3.12)

To calculate the forces in the system a free body diagram was made, see figure 3.5. The

angles and distances in the system is defined in the same way as in figure 3.4.

This yields the equations of equilibrium, see equations 3.13 - 3.15.
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Figure 3.5: Definition of forces acting on concept 1

∑
Fx = 0⇒ Fvx + Fcyl cosα = 0 (3.13)

∑
Fy = 0⇒ Fvy −mg + Fcyl sinα = 0 (3.14)

∑ y
MRP= 0⇒ mgx+ Fcyl[cos(α)(H − h1)− sin(α)(l1 + L)] = 0 (3.15)

The total force in the rotation point acting on the bearings is calculated with equation

3.16.

Fv =
√
F 2
vx + F 2

vy (3.16)

The unknown variables from equation 3.13 - 3.16 is calculated using linear algebra. For

calculation program see appendix B and the resulting plots in appendix G.

3.3.4 Forces in Concept 2

To calculate the forces in concept 2 the same method was used as in concept 1 with a

few differences. Concept 2 does not have any cylinder, due to the choice of hydraulic

rotor. The important design parameter in this concept is the moment that is required
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to hold the tilt top at every angle. The moment M is calculated using equation 3.17

where x is defined using equations 3.1 to 3.3.

M = mgx (3.17)

To keep the moment as low as possible x must be as small as possible. To keep x small

one need to minimize the parameter d2 and choose a in such a way that the CoG have

equal length to RP at both maximum an minimum tilt.

3.3.5 Forces in Concept 3

In concept 3, the cylinder is positioned on the bottom and pulling the RP assembly. To

get the tilting function a rod was connected to the table top and ground. See figure 3.6

for variables in concept 3. x is calculated using equations 3.1 to 3.3.

Figure 3.6: Definition of variables in concept 3

This yields the equations of equilibrium, see equations 3.18 - 3.20.

∑
Fx = 0⇒ Fvx − Frod cosα = 0 (3.18)



Chapter 3. Theory 21

∑
Fy = 0⇒ Fvy −mg + Frod sinα = 0 (3.19)

∑ y
MRP= 0⇒ mgx− Frodr[cos(α) sin(θ) + sin(α) cos(θ)] = 0 (3.20)

To calculate the force in the cylinder Fcyl one must consider the friction. Fvx and Fvy

are calculated in the rotation point, using equations 3.18 - 3.20, and translated down to

the sliding wheel in figure 3.7. The equations of equilibrium yields equation 3.21 where

Fvy is the normal force acting on the sliding wheel.

Figure 3.7: Forces acting on the wheel in concept 3

Fcyl = Fvx + µFvy (3.21)

To calculate CC, equation 3.22 is used.

CC = r cos θ + s cosα (3.22)

3.3.6 Strength of materials

The axles used to lock cylinders and bearings in their brackets will be subjected to shear

forces. To give the axles a sufficient diameter daxle, equation 3.23 was used. F is the

force acting on the axle and A is the cross sectional area of the axle. Only one shear

area is used in the calculation, which means that the equation is conservative. The real

axle is subjected to shear forces on both sides of the bearing. An excel spreadsheet was

made to aid the calculations, see appendix H.
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τ =
F

A
=

4F

d2axleπ
(3.23)

Using the von Mises yield criterion, the maximum shear stress allowed in the material

could be calculated:

τmax,allowed =
σmax,allowed√

3
(3.24)

With equation 3.23 and 3.24 combined, the diameter of both the cylinder axle dcylaxle

and the rotation axle drotationaxle could be calculated where F is the force acting on the

axle (Fcyl or Fv respectively).

daxle =

√
4F

σmax,allowed√
3

π
(3.25)

This resulted in dcylaxle = 50 mm and drotationaxle = 70 mm using Fcyl and Fv as forces

calculated using calculation program in appendix B.

To calculate the pressure at the edges of the holes in the brackets the bearing stress

formula, equation 3.26, was used. dhole is the hole diameter (the same as the calculated

axle diameters, dhole = daxle) and t is the thickness of the plate [6].

p =
F

dholet
(3.26)

3.4 Finite element analysis

This section describes how the finite element analysis was done. The software used to

simulate the 3D-model was Ansys Professional NLS 15.0 from Ansys Inc.

3.4.1 Simplifications

To be able to analyse the model some simplifications was made. When creating the

model all holes, welds, bolts and cylinders were removed from the original CAD model.
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This was done to get a better mesh of the parts and to reduce the time spent on the

computation of uninteresting parts. The cylinders were exchanged to solid-bodies with

a constant cross section with smaller diameter than the hydraulic cylinder piston. The

reason to choose a smaller diameter was because of lack of space between the cylinder

bracket ears. The real application have a bearing with a width smaller than the simulated

piston rod. With a good functioning model the bolts holding the bearing housing were

introduced as cylindrical bodies. The model was cut in half to save computational time

and symmetry conditions was used.

3.4.2 Materials

All the materials in the assembly were assigned to be isotropic steel with Young’s mod-

ulus of 210 GPa, Poisons ratio of 0.3, tensile strength of 355 MPa and ultimate tensile

strength of 470 MPa. The density of the material is 9050 kg/m3. The safety factors

used was 3 to yield strength and 4 to ultimate tensile strength. Therefore the critical

parts on the construction must not exceed 115 MPa.

3.4.3 Body contact

All the parts that are welded together were assumed to be perfectly bonded. The linear

constraint equations for the bonded conditions were enforced with multipoint constraints

(MPC’s). The frictional and frictionless contacts were calculated using the augmented

Lagrange method, which is a non-linear solver for problems involving contact. The

coefficient of friction was chosen to be 0.2 between the materials [6]. The augmented

Lagrange method is a penalty-based approach where equation 3.27 is calculated during

each iteration, λ is the Lagrange multiplier that changes depending on the result of the

equation. The contact penetration xn is checked against a maximum penetration depth,

and if it is larger then λ is increased. This gives results that are less sensitive to the

contact stiffness kn (sometimes called penalty stiffness). F is the nodal contact force

acting between the bodies. To help the solution to converge, the stiffness was reduced

by a factor of 0.1 and then automatically updated at each iteration [7].

F = knχn + λ (3.27)
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3.4.4 Mesh

The mesh was refined on the parts with regions of high stress. This was done to get

more accurate results using less computational time instead of having a fine mesh on the

whole model. Both averaged and unaveraged von Mises simulated stresses were checked,

if the stresses were similar then the mesh size was sufficient. An other method to analyse

how good the solution is one can run the same model several times with different mesh

sizes. A reasonable result is reached if the result from using different mesh sizes differ

by no more than a few percent. Hand calculated results are generally more correct [8].

To refine the mesh on interesting parts of the assembly an option called sphere of influ-

ence was used. Sphere of influence is defined with a coordinate system, a fixed radius,

parts to be refined and element size. Inside the radius, the parts chosen will be refined.

In figure 3.8 one can see the mesh of the assembly with refinements on the stress-plates

and the top-plate.

Figure 3.8: Mesh of the assembly seen from below

The final model had 329328 nodes and 152748 elements.
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3.4.5 Elements

In the model different types of elements are used for different parts of the model, as

could be seen in figure 3.8 and 3.9. The elements used are program controlled to be

solid hexahedral or solid tetrahedral. The automatic mesh-engine also controls the need

for midside nodes in the elements.

Figure 3.9: Elements seen from the side at 55◦ tilt

3.4.6 Boundary conditions and load

The surface under the brackets against the lift table are chosen to be fixed support,

which mean that the surface has no displacement or rotation. The load is applied in

step 2 with an acceleration of 9806,6 mm/s2. The axles had frictionless contact against

the holes in the brackets. To keep the axles in position in the brackets, the axles was

locked in axial direction to the bracket ears.
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3.4.7 Bolt pretension

To save calculation time the bolts was exchanged to a simplified solid with no threads.

The simplified solid bolt method give the best accuracy against methods using for ex-

ample hybrid bolt, spider bolt or rigid body element bolt [9]. The bolt pretension was

done in step 1. The bolt was, by the program, divided into two parts and subjected to

an axial displacement until the pretension force was acquired. In step 2 the bolt was

locked to keep the bolt in place. To calculate pretension force of the bolt, equation 3.28

is used [6]. The excel spreadsheet for the calculations is presented in appendix E.

Ff0 = 0.73Fst (3.28)

σs is the yield strength of the bolt which is derived from the bolt classification for a 12.9

bolt; σs = 1200 ∗ 0, 9 = 1080 MPa [10].

Fst = σs ∗As (3.29)

As is an average area called effective cross section area. It is defined over the threads of

the bolt, dm is the mid bolt diameter and di is the inner bolt diameter [1].

As =
π

16
(dm + di)

2 (3.30)

The pretension force Ff0 is sufficient to use in most cases but the stiffness of the materials

and the settlement is important to have in mind. To calculate the new pretension force

one must first calculate the spring stiffness coefficient of both the bolt and the bulk. See

figure 3.10 for length variables [1].

The stiffness of the bolt Cs is calculated with equation 3.31 where A1 is the non threaded

area of the bolt and Es is the Young’s modulus of steel.

1

Cs
=

L1

A1Es
+

L2

AsEs
(3.31)
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Figure 3.10: Bolt variables [1]

The stiffness of the bulk Cg is calculated using equation 3.32.

1

Cg
=

Lk
AEg

(3.32)

Where the area A is calculated using Fritsche’s equation 3.33 with the steel correction

factor km = 1/5 [1].

A =
π

4

[(
Ds + km

Lk
2

)2

−Dh

]
(3.33)

The final bolt pretension is calculated with equation 3.34 where Z is the settlement

of the bolt. Z is found from diagrams where surface roughness is plotted against the

settlement. [1]

Ff = Ff0 −
Z

1
Cg

+ 1
Cs

(3.34)

The bolt pretension force used for the M16x50 12.9 bolts was calculated to be Ff = 111.5

kN, see appendix E.

3.4.8 Simulated angles

Table 3.1 presents the angles to be simulated for the 1300x600 mm steel sheet.

3.4.9 Convergence

Convergence plots are useful to assess the accuracy of the finite element method (FEM)

solutions. These plots should always decrease with little or no oscillation until the
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Table 3.1: Angles to be simulated

Angles
0◦ Minimum angle
10◦ Before slip
25◦ Minimum stress in rotation axle
40◦ No/small cylinder force
50◦ Alternative maximum angle
55◦ Maximum angle

desired limits are reached. The residual force in the system must be less than the force

criterion to be considered converged in the software. The criterion is defined using the

applied load times the tolerance which is 0.5% by default in Ansys [7].

3.5 Hydraulics

To design a hydraulic system one start by making a hydraulic circuit design where

components are determined. In order to dimension the hydraulic system one begins by

calculating the cylinder. The area of the piston and the applied force determines the

pressure (without losses) in the system. The stroke and velocity of the piston determines

the flow in the system. In appendix F an excel spreadsheet is presented with the input

and output values of the hydraulic system design.

3.5.1 Hydraulic circuit design

A very basic circuit is seen in figure 3.11. From the bottom left and up to the down right

there is a tank (1), stopcock valve (2) to switch off the system, pump (3), 4/2 control

valve (4), cylinder (5), pressure relief valve (6) to protect components from overload,

filter (7), check valve (8) and tank (1) again. These components are the minimum

number required to obtain a linear motion from a hydraulic system [11].

3.5.2 Choice of hydraulic cylinder

The force on pressure side is calculated using equation 3.35. The pressure is defined as

p, η is the degree of efficiency and the other variables are defined in figure 3.12. With

the force known one can calculate the cylinder diameter. With the diameters and stroke

defined a suitable cylinder could be chosen [12].
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Figure 3.11: Basic hydraulic circuit design with a fixed displacement pump and a
cylinder

Figure 3.12: Cylinder variables
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F1 =
pπd21η

4
(3.35)

The force on the rod side is calculated with equation 3.36.

F2 =
pπ(d21 − d22)η

4
(3.36)

With the dimensions of the cylinder decided one must check for the risk of buckling.

This could be done with the ordinary Euler’s column formula, equation 3.37 and 3.38

where d is the rod diameter, E is the Young’s modulus and n is the safety factor. See

figure 3.13 to find what free buckling length, Lf , to use. The force acting on the cylinder

must be lower than Fcrit to be safe from buckling [11].

Figure 3.13: Euler column buckling cases with associated free buckling lengths

Fcrit = π2
EI

nL2
f

(3.37)
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Where the area moment of inertia of the cross-section I equals to equation 3.38 for a

round piston rod.

I =
πd4

64
(3.38)

3.5.3 Choice of pump and motor

The cylinder extension velocity v and the area A on the piston side is used to calculate

the required flow in the system, see equation 3.39. The required flow in the system

is used to decide the pump displacement and rotation speed. The flow out from the

cylinder is calculated using the same equation whereas the area A is the area on the rod

side [12].

Q = Av (3.39)

The power requirement P of the pump is calculated with equation 3.40 where Q is the

flow and p is the pressure [13].

P = Qp (3.40)

3.5.4 Volume of tank

A large tank is desirable to promote cooling and separation of contaminants. At a

minimum, the tanks must store all the hydraulic fluids that the hydraulic system will

require and maintain a high enough level to prevent a whirlpool effect at the pump inlet

opening. If a whirlpool occurs, air will be taken in with the hydraulic fluid and this will

damage the components.

In determining the hydraulic reservoir volume, it is important to consider the following

factors:

• Hydraulic fluid expansion caused by high temperatures

• Change of hydraulic level due to hydraulic system operation
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• Exposure of the tank interior to excess condensation

• The amount of heat generated in the system

A rule in hydraulics says that ”the tank volume is the volume that the flow fills under

3 minutes”, see equation 3.41 [11].

Tankvolume = 3Q (3.41)

3.5.5 Choice of lines

The velocity in the lines influences what type of flow there is. With a turbulent flow

one will get more pressure losses than with laminar flow. To have a laminar flow in the

suction line the flow velocity should not exceed 1.5 m/s. One should strive for a short

suction line to minimize the risk of cavitation. This is due to high dynamic pressure

drop at start-up which may occur if one uses long lines.

For pressure lines the velocity should not exceed 4.5 m/s to reduce heat generation due

to friction and to minimize pressure spikes in the system due to quick closing of valves.

Return lines could have the same dimension as the pressure lines. But it is possible to

reduce the dimension a few millimetres because the flow is lower on the rod side of the

cylinder. The flow is lower because of the smaller area on the rod side in the cylinder.

With equation 3.42 the radius of the line is calculated, input variables are flow Q and

velocity of the fluid u [11].

R =

√
2Q

πumax
(3.42)

3.5.6 Pressure losses

The amount of pressure loss in the lines is dependent on the Reynolds number. To

calculate the Reynolds number, the average fluid velocity u in the lines (see equation

3.43) must be calculated.

u =
Q

πR2
(3.43)
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The Reynolds number is calculated using equation 3.44 where υ is the kinematic viscosity

of the fluid and d is the diameter of the line.

Re =
ud

υ
(3.44)

If the Reynolds number is less than 2100, the flow is laminar, and if it is over 4000,

it is turbulent. The region between 2100 and 4000 is a mixed zone of laminar and

turbulent flow. The pressure loss is calculated using equation 3.45 where the variable f

is calculated using equation 3.46 for laminar flow and equation 3.47 for turbulent flow

[14].

∆pf = f ∗ L
d
∗ ρu

2

2
(3.45)

f =
64

Re
(3.46)

Equation 3.47 is called the Colebrook equation and it’s dependent on Reynolds number

and the relative roughness ε/D. The equation is accurate within 2 percent of actual

measured f for a pipe. A Moody chart could also be used but the Moody chart involve

several uncertainties and is usually considered to be accurate to ±15% [14].

1√
f

= −2 log

(
ε/D

3.7
+

2.51

Re
√
f

)
(3.47)

To get the pressure, p2, in the cylinder outlet, the losses in the return line are summa-

rized. Equation 3.48 enables calculation of the actual system pressure where F is the

force acting on the cylinder, ηmm is the mechanical efficiency and A1 and A2 are the

areas of the piston side and the rod side respectively [11].

p1 =

F
ηmm

+ p2A2

A1
(3.48)

The actual needed pump pressure is calculated by adding the system pressure with the

pressure losses in the pressure line. See equation 3.49.
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∆pp = p1 + ∆ptot.pressureline (3.49)

3.5.7 Simulation

Simulation software can be used to solve a complex system of equations efficiently and

accurately. There are several methods available for this purpose. The two most common

ways is to use a solver algorithm that puts all equations together into a centralized

differential algebraic equation system (DAE) or an ordinary differential equation system

(ODE). Matrix operations and numeric integration methods are then used to solve the

system [15].

Hydraulic systems are not simple to simulate due to strong nonlinearities and stiff differ-

ential equations. Conventional techniques uses small step times to be able to deal with

numerically stiff problems. The problem could be reformulated so that fast components

are considered non-dynamic [16].

There are several computer programs available for the modelling and analysis of hy-

draulic systems, e.g. FluidSim, SimHydraulics (for MATLAB and Simulink) and Hopsan

(a free software developed at Linköping University). Hopsan is different from the others

because it uses an alternative approach to solve the equation system. Hopsan let each

component have its own equation system, which allows the component solver to have

a fixed time step for each component. The method used in Hopsan is the transmission

line element method (TLM) [15].

Hopsan was first released in 1977 and is now replaced with a next generation software re-

leased in 2011. The new Hopsan is rewritten in C++ using object oriented programming

[17].

3.5.7.1 Transmission Line Element Method

The main theory behind Hopsan is the Transmission Line Element method (TLM-

method). TLM is developed from Huygens’ principle, a method for analysis of wave
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propagation [18]. The main idea in the TLM method is to model the system numeri-

cally isolated between components and only let result data flow to the next component.

Wave variables and characteristic impedances is used in Hopsan to describe wave prop-

agation in a system. There are three types of components. One will receive the wave

variables and impedances and return pressure and flow. The second will receive pressure

and flow and return wave variables and impedances. The third is a signal component.

These three components are called Q-, C- and S- type components, respectively. A Q-

type component is always connected to a C-type in each node in the block diagram [19].

In equation 3.50 the link between the C-type and Q-type components is shown. The

input variables are pressure and flow, p and q. These and the bulk modulus is used to

calculate the characteristic impedance Zc and subsequently the wave variable c.

p = c+ Zcq (3.50)

A C-type component is a capacitive component such as a volume or a transmission line

component. In figure 3.14 a C-type component is illustrated with the information flow

[20].

Figure 3.14: Description of information flow in TLM method C-type component

A Q-type component limits the flow, such as valves and orifices. The input variables

are the wave variable c and the characteristic impedance Zc and output variables are

pressure and flow, p and q. In figure 3.15 a Q-type component (the pump) is illustrated

with the information flow to a C-type component, a volume.[20]

Figure 3.15: Description of information flow in TLM method Q-type component
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3.5.7.2 Create a component

Hopsan comes with a library of components that can be used to build systems. But

for special applications and simulation of non-standard components there is a need to

be able to create additional components. Since Hopsan is programmed using object-

oriented programming and uses a decentralized solver, a new component could be added

to the the library without problems. The components could be written in C++ or in a

subset of the Modelica language and compiled separately which means that a company

can distribute the models to a customer without revealing the code [21]. The things

needed to specify a component are:[20]

• Type of component (C, Q or S)

• Unique component name

• Variables and component parameters

• Type of ports and what type of nodes they require

• Describe what the component must do to initialize connected nodes at initial time-

step

• Equation system for simulating a time-step

There is a component generator built into Hopsan that transform Mathematic code into

a Hopsan component.

3.5.7.3 Sensitivity analysis

Sensitivity analysis can be performed in Hopsan. It uses a Monte Carlo-based analysis,

which means that the system is simulated many times while one or more parameters are

changed according to a normal distribution or a specified range. This is used to analyse

how robust the model is against uncertain parameters from input data. The output

from a sensitivity analysis is a plot showing the chosen output variable result from the

parameter change [20].
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Results

4.1 Concept selection

All the matrices from concept selection are found in appendix C.

The elimination matrix is seen in table C.1. Concept 3 is eliminated due to space lim-

itations and high initial forces, the cylinders need to be outside the boundaries to be

able to tilt the table. Concept 4 was eliminated due to the use of telescopic cylinders,

since the cylinders will be subjected to tensile stress which is devastating for a telescopic

cylinder.

The remaining concepts are compared against concept 1 and the result is shown in table

C.2. Concept 1 is slightly better than concept 5 but the difference is too small to make

a final concept decision.

To be able to weight the criteria in a unbiased manner a weighting matrix was done.

This matrix is shown in table C.3. It can be seen that the most important design criteria

was the even weight distribution.

In table C.4 the result from the weighted decision matrix is shown. The matrix show

that concept 1 was better than the other two. Therefore concept 1 was decided to be

37



Chapter 4. Result

further developed.

4.2 Mechanical design

The mechanical design from the CAD-software, Pro/Engineer, is seen in the figures be-

low.

The first version was designed using a 14 mm thick 1x2 m plate as a top-plate with

all brackets and bearings bolted into it. The frame used rectangular tubes with the

dimension 100x50x5 mm. All brackets consisted of 3 plates that was welded together.

In order to meet the design criteria Ansys showed that some parts needed to be modi-

fied. From the first model the framework was modified to become two times stiffer by

selecting tubes that had higher bending stiffness. Cylinder brackets was changed from

being bolted into the top-plate to be welded in a stress-plate and to the frame. All

bracket ears became thicker and a support was added under the heel to relieve some

of the bending stresses. It was also found that the stiffness of the frame was positively

affected by putting lids on the tube ends. These changes was iterated 6 times between

CAD and analysis to the final design.

In figure 4.1 one can see that there are three heels. This is due to the two aluminium

blocks that are placed upon the top-plate. These aluminium blocks are loose and is

used to distance the steel sheet so that the chains from the overhead crane is not being

pinched when the sheet is placed on the table. The top-plate is 8 mm thick steel sheet

that is welded to the frame and stress-plates. In the bottom of the figure there are a

blue part. This part is the top from the lifting table and it marks the tilt boundaries.

In figure 4.2 one can see the assembly on which the construction rotates. In the middle

there is a bearing housing that contain the spherical plain bearing. The axle that holds

the construction in place is locked in all directions with the bolted side sheet. On top

of the bearing housing there is a stress-plate that is welded together to the frame and

the top-plate.
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Figure 4.1: Tilt table at 0◦

The spherical plane bearing with inner diameter of 70 mm was chosen because of the

low price, the thin outer dimension and high load rating. As seen in the calculation a

smaller distance between RP and the steel sheet is preferred. Deep groove ball bearings

can not handle the high loads and the velocity is to low for a spherical roller bearing

with this load.

Figure 4.2: Rotation assembly

In figure 4.3 the tilt is at the maximum angle. The cylinders and the rotation assemblies

are shown. The two boxes that stand by themselves are mechanical stops with rubber

on top to improve the dampening effect. There are mechanical stops at maximum tilt
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angle built into the frame. Under the frame there are a safety frame that stops the

tilting when touched by a body part, to minimize the risk of pinching.

Figure 4.3: Tilt table at 55◦

To see the largest sheet as a reference to the tilt table see figure 4.4. The largest sheet

have the measurements 1300x600 mm and weights 20 tonnes.

Figure 4.4: Tilt with 20 tonnes steel sheet at 55◦

In figure 4.5 the table is seen from below. The frame is made from rectangular tubes

with high bending strength to stiffen the top of the table. The stress-plates (seen on

top of the figure) are welded to the frame and the top-plate. At the bottom of figure 4.5

the mechanical stops for maximum tilt are shown. There are two small plates that are
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located between the frame where the maximum tilt stop are. These plates are stiffening

plates for the heels.

Figure 4.5: Tilt table from below

The bolts that was not calculated using Ansys was dimensioned using the bolt pretension

theory presented in chapter 3.

4.3 Hydraulic design

The hydraulic circuit design is shown in figure 4.6. The special about this design is the

counterbalance valve before the cylinder. The valve used is the SBVE-R1/2. The valve

will control the fluid velocity in the system so that the extension and retraction of the

cylinder is independent on the load. This means that the cylinder will extend at the

same speed making the tilt predictable [22]. The system is made up with three cylinders

that are parallel from the 4/3 directional valve and upwards in the figure.

The power unit used is a Hybox Flex Basic. The Hybox has a tank and all parts required

to power a hydraulic system. The pump is a variable displacement pump with pressure

control which means that it has a sensor that measures the difference in pressure be-

fore and after the pump and change the rotation speed of the pump to give a constant

pressure in the system. The variable displacement pump is more energy efficient than a

fixed displacement pump.
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Figure 4.6: Hydraulic circuit design

The cylinders chosen was of type DA01011900-0200. These cylinders are double acting

with spherical plain bearing rod ends on both ends, piston diameter of 100 mm and

piston rod diameter of 50 mm.

The pressure and return lines have a diameter of 10 mm and the suction line has a

diameter of 20 mm.

To tilt the table a hand control is used. The hand control was chosen to keep clear from

the lift table control, which is a foot control.

In table 4.1 the basic components that were used are listed.
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Table 4.1: Hydraulic system parts

Type Quantity Art. no From
Cylinders 3 DA01011900-0200 Stacke Hydraulik AB
Counterbalance valve 6 SBVE-R1/2 Hydac
Directional valve 1 WK06J-01 Hydac
Pressure relief valve 1 DB06A-01 Hydac
Hydraulic power unit 1 Hybox Flex Basic Hydac

In table 4.2 the calculated and simulated pressures in the system are presented. The

last column is showing the difference in percent as a comparison. The system simulated

is seen in figure 4.7. The signal component opens the valve after 5 seconds. Initially

there were no pressure in any component in the system.

Figure 4.7: Simulated circuit design in Hopsan

Table 4.2: System pressure

Cylinder pressure [MPa] Calculated Hopsan Difference
p1 17.38 16.35 -6.3%
p2 0.83 0.58 -43.1%
pp 18.15 18.53 2.1%

The simulated power consumption by the pump is 16 kW and the calculated is 2.5 kW.

The difference is because of different flows used in Hopsan and in the hand calculation.

The reason for this is discussed further in chapter 5.

In figure 4.8 the fluid flow both cylinder and through the directional valve are shown.
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Input flow to the cylinder was 20 l/min and 60 l/min trough the directional valve. The

calculated flow, to have the cylinder velocity of 5 mm/s, is 2.5 l/min to one cylinder and

7.4 l/min through the directional valve.

Figure 4.8: Simulated flow in to one cylinder (red) and trough the the directional
valve (blue)

In figure 4.9 the cylinder position is seen. Observe that the time to fully extend the

cylinder is 7.2 seconds and not 30 seconds that are calculated by hand.

Figure 4.9: Simulated position of one cylinder

In figure 4.10 the pressure on both inlet and outlet of a cylinder is seen.
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Figure 4.10: Simulated pressures at inlet and outlet of one cylinder

4.4 Calculations

In table 4.3 the forces calculated using the calculation program in appendix B is seen.

The plots from the program are seen in appendix G.

Table 4.3: Calculated forces in system

0◦ 10◦ 25◦ 40◦ 50◦ 55◦

Fvx -356.7 -260.4 -114.8 19.2 92.4 121.1
Fvy 46.4 35.4 85.5 230.9 398.8 512.4
Fv 359.7 262.8 143.2 231.6 409.3 526.5
Fcyl 388.8 308.6 162.9 -35.4 -218.2 -334.0
Ts 0 0 45.6 89.8 114.6 125.3

In table 4.4 the forces simulated in Ansys are presented. Convergence plots are presented

in appendix I.

Table 4.4: Simulated forces in system

0◦ 10◦ 25◦ 40◦ 50◦ 55◦

Fvx -333.6 -244 -108.1 17.6 87.6 115.4
Fvy 49.4 40.7 90 229.5 392.4 502.7
Fv 337.2 247.4 140.8 230.3 402.1 515.8
Fcyl 366.7 292.4 155.6 -32.8 -209.7 -322.8
Ts 0.9 8.8 50.5 95.2 124.4 139.6

In table 4.5 the differences between the calculated and simulated forces are reported.
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Table 4.5: Difference between simulated and calculated forces in percent

0◦ 10◦ 25◦ 40◦ 50◦ 55◦

Fvx 7% 7% 6% 9% 5% 5%
Fvy -6% -13% -5% 1% 2% 2%
Fv 7% 6% 2% 1% 2% 2%
Fcyl 6% 6% 5% 8% 4% 3%
Ts -100% -100% -10% -6% -8% -10%

The maximum simulated stresses is shown in table 4.6. The table also show the most

affected part in the analysis. The stresses show that both the cylinder bracket and the

bearing house must have yield stresses exceeding 355 MPa to meet the design criteria.

Table 4.6: Stresses at the different tilt angles simulated with Ansys

Angle ◦
Max stress

v.Mises [MPa]
Part

Max shear
stress [MPa]

Part

0 161 Cylinder bracket 31 Cylinder axle
10 142 Cylinder bracket 26 Cylinder axle
25 72 Bearing house 17 Rotation axle
40 110 Bearing house 30 Rotation axle
50 170 Bearing house 50 Rotation axle
55 210 Bearing house 65 Rotation axle

The bolts are subjected to high loads and will have plastic deformation around the

washer and in the threads. The stresses are shown in figure 4.11 and 4.12.

Figure 4.11: Stresses in bolt and in stress-plate where the bolt is fastened

In figure 4.12 one can see that there are red areas. This mean that the elements have

stresses exceeding 115 MPa. In the housing this is okay because the part have higher
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yield stress than the other parts. In the bracket the stresses are okay as well because

they prevail at the surface of the material. The small local area with stress exceeding

yield stress will strain harden. This is acceptable as long as the stress do not exceed the

ultimate tensile strength.

Figure 4.12: Stresses in bolt and in bearing housing where the bolt is fastened

The stresses in the top-plate and frame is shown in figure 4.13.

Figure 4.13: Stresses in table top at tilt angle of 55◦

In figure 4.14 the stresses in the bracket is shown when the cylinder force is at its highest.

In figure 4.15 the stress in the rotation axle is shown. The elements with stresses

exceeding the design stress of 115 MPa are cut out from the axle. This illustrates how
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Figure 4.14: Stresses in cylinder bracket at tilt angle of 0◦

deep into the material the exceeding stress will reach. A material with yield strength

of 520 MPa is therefore chosen. In figure 4.16 the influence of the new design criteria,

of 173 MPa, is seen by changing the color map in the software to be red over 173 MPa

instead of 115 MPa.

Figure 4.15: Elements with stress over design stress are cut out at tilt angle of 55◦

In figure 4.16 the rotational axle is shown at tilt angle of 55◦ to illustrate the stress using

steel with a yield strength of 520 MPa where the design stress is 173 MPa.

In figure 4.17 the pressure between the rotation axle and bracket is shown at maximum

tilt angle where the pressure is at its highest.

4.5 Cost

The cost and weight of the materials used in the construction are presented in table 4.7.
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Figure 4.16: Stress in axle at tilt angle of 55◦

Figure 4.17: Pressure on the rotating axle against bracket at tilt angle of 55◦

In table 4.8 the cost for the purchased parts are presented.

Cost for manufacturing and assembly of the construction is estimated to 44715 SEK.

These costs are not exact because the manufacturers had problems to estimate the cost

without complete drawings.

The total cost to produce and install the tilt table was estimated to 109945 SEK. This

cost does not include the work done to develop the construction or to finalize it with

drawings and CE marking certification.
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Table 4.7: Materials cost of tilt

Part Quantity Mass [kg]/unit Cost/kg Cost [SEK]
Top 1 174.6 12 2095
Frame 1 138.9 18.25 2535
Bearing housing 2 8 18 288
Rotation axle 2 4.2 17 143
Rotation bracket 2 32.4 13 842
Bearing stress-plate 2 16.2 13 421
Cylinder axle 6 0.8 15 72
Cylinder bracket up 3 3.9 13 152
Cylinder bracket stress-plate 3 9.2 13 359
Cylinder bracket down 3 5.6 13 218

Total: 496 kg 7126 SEK

Table 4.8: Cost of purchased parts

Part Quantity Price/unit Cost [SEK] Weight [kg]
Cylinder 3 6306 18918 9
Hydraulic system 1 33900 33900 20
Bearing GE 70 ES 2 627.5 1255 3.2
Safety frame 1 4.3 3908 4.7
Bolt M16x50 12.9 4 6 24 0.4
Bolt M16x70 12.9 4 7 28 0.6
Bolt M10x45 10.9 30 2 60 1.1
Bolt M8x20 8.8 16 0.7 11 0.2

Total: 58104 SEK 39.2 kg
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Discussion

To choose a concept several matrices were made using the product development method

described in [2]. In this method a weighted decision matrix is used. In order to weight

the evaluation criteria there are no completely objective methods. The method used

minimized the perceived impact as best as it goes by weighting all the criteria against

each other two times.

To verify that the calculation program (appendix B) calculated the length and angle

variables correctly, a sketch in Pro/Engineer was made. In the sketch the variables

changed with respect to the tilt angle. The variables x, c, α, CC, H and L could there-

fore be verified.

The result from the simulations in Ansys showed a small difference to the hand calculated

values. The simulated model had generally lower forces. One of the reasons for this

might be due to poor mesh in some areas. Simulating in Ansys is very time consuming

so to minimize time spent on simulating the model to achieve the optimal mesh, the

model was calculated three times with mesh refinement. The mesh refinement was done

between each step to see if the results were similar. The result with finer mesh showed

that the forces were some percent higher and closer to the hand calculated values. The

reason for the lower forces in the model could be because the model had a coarse mesh.

A coarse mesh will stiffen the model and the stresses will therefore be too low.

The reason why the results have less difference with higher tilt angle could be because of
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heel force Ts. The heel force seem to create a bending force in the system which reduces

the cylinder force Fcyl. The bending force created by the heel force is not taken into

account in the calculation program.

To simulate a model there were some simplifications made when the problem was set up.

Welds were one of those things. The corners became more subjected to stresses similar

to notch stresses when the welds were removed from the model. The welds between the

frame and the top-plate would make a considerable increase of the contact area. With

welds the frame stiffness would increase giving a better result.

To save computational time the cylinders were replaced with smaller cylindrical solids.

This smaller cylinder induced bending forces in the axle between the bracket and the re-

placed cylinder. This is a conservative solution implying that the stresses in the bracket

and axle would be lower in the real case, where a bearing surround the axle distribut-

ing the load. This is also an explanation of why the stresses and pressures seen in the

bracket and axle do not coincide with the hand calculated result.

The model was cut in half and a symmetry condition was set up, this mean that the

load is equally positioned on the table. In the real application this will not happen,

the sheet will always be off center however small the offset will be. An assumption was

made that this load offset wouldn’t notably change the results.

The boundary conditions between brackets and axles was chosen to be frictionless, this

induced some problems with the model. Small local forces in axial direction displaced

the axles from the brackets and the structures fell from the assembly. To solve this

displacement constraints were applied, however this constraint made the whole model

stiffer which influenced the overall results. The new solution was to use named selections

as a tool to lock the surfaces of the axle and the bracket relative against each other in

the axial direction. This solution only influence the bracket ears and the axle.

The hydraulics calculation spreadsheet (seen in appendix F) was verified using examples

from the hydraulics textbook referred to [11].

Hopsan was a capable program that simulates a hydraulic system very fast. However

the right input data was difficult to find due to the information provided by component

manufacturers did not correspond to the input data Hopsan needed. The producers gave

information about the pressure loss over the valve at different pressures. The sensitivity
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tool was therefore used to determine the missing input parameters but not all parameters

were found. This is seen especially on the flow in the system.

The results show differences between the simulated and calculated pressures. One of

the possible reasons is that the pressure drop from the transmission lines does not exist.

The differences could also lie in wrong input data due to the guess work done with the

sensitivity tool. One unmistakable fault in the simulation model is the flow. It shows

a flow of 60 l/s when it should be much lower. This fault is obvious when you look at

the cylinder position plot and see that it moves faster then determined 5 mm/s. The

flow influence the losses over the valves, this could explain the differences in pressures

between calculations and Hopsan. Equation 3.40 calculates the power consumption at

the pump. This equation is dependent on the flow, that is why the difference between

the calculated power and the simulated power is so substantial. If one limits the flow to

7 l/min in the system (2.3 l/min per cylinder) the cylinders would extend the total 150

mm in almost 30 seconds.

In figure 4.8 the flow into the cylinder and through the directional valve is seen, after

5 seconds, when the signal component opens the valve, there are heavy fluctuations in

the flow. The reason for this is that the system is empty of fluid and pressure. One can

reduce these by creating start parameters: The wave variable could also be changed to

cancel out the spikes in the system but there is no documentation on how to set this

parameter in the correct way. The Hopsan documentation is lacking information over all.

The simulations showed that a maximum tilt of 55◦ is on the border of what the con-

struction can manage with the designed safety factor. An idea is to lower the maximum

tilt angle to 50◦ instead. The upsides to this is that the forces in especially in bear-

ing house and rotation point bracket would be considerably lower, see appendix G. By

lowering the maximum tilt angle the height of the construction could be lowered or

the rotation point bracket moved inwards to relieve the lift table underneath. Shorter

cylinders could also be mounted with a stroke of 150 mm instead of 200 mm. A possible

downside are that the operators may need to tilt more than 50◦.

To stiffen the assembly the mechanical tilt stop for maximum tilt could be exchanged

to one plate that span the total width of the construction instead of several small plates

that only span the frame tubes. There are some bending forces acting from the heel
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of the table top. The plate would take some of that load. One way to improve even

more in this respect is to move the heel about 50 mm up the top-plate so that the frame

is directly underneath or slightly behind the heel. The bending stresses would then be

minimized in the top-plate. This was not done due to lack of time.

A problem with the construction is that it will be hard to get all the brackets on the

correct position during the assembling of the structure. The rotation axis consist of two

brackets and the axles need to be on the same rotation axis to work. The bearings will

correct some of this problem, but it is still a problem for manufacturing and assembly.

The brackets are going to be welded together and this method induce stresses that will

change the angles of the plates, this is a problem because of the narrow tolerance needed

for the axle. One way to solve this problem would be to process the axle holes after

welding. However this would lead to increased cost for the construction.

During the final check of the work a mistake was found. In the product specification,

appendix A, there are a span of different sheet sizes. The only sheet that are presented

in this work is the biggest one, 1300x600 mm and the construction was created around

this sheet. However when choosing a smaller sheet the forces in the system are different,

see figure 5.1 and figure 5.2. The tilt angle is lowered to 50◦ because the forces became

to high for the bearings.

Even if the bearings could be the same, some modifications to the design has to be done.

The cylinders need to be bigger, 125x63-150 instead of 100x50-200 to be able to handle

the higher tensile force. With a larger cylinder the cylinder axles will get the diameter

of 60 mm. All the brackets need to be thicker and frame must be stiffer. All this things

are simple enough to change in the CAD model and with hand calculations but due to

lack of time to do simulations this was not done.

Another solution to this problem is to have a box placed between the heel and the sheet

to translate the CoG away from the RP. This solution is not aesthetically pleasing but

it does the job. In figure 5.3 the new span of cylinder forces is shown. The blue lines

are the maximum and minimum forces in the cylinders and the red line illustrates the

forces of which the construction was designed for.
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Figure 5.1: Resultant force in rotation point

Figure 5.2: Force in the cylinders
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To be able to handle sheets with width between 600-799 a 300 mm box is needed.

To be able to handle sheets with width between 800-999 a 200 mm box is needed.

To be able to handle sheets with width between 1000-1199 mm a 100 mm box is needed.

To be able to handle sheets with width between 1200-1300 mm no box is needed.

The boxes could be used with all sheet heights. With more box sizes the solution would

be better, using 3 boxes is only a suggestion.

Figure 5.3: Force in the cylinders with the span using 3 boxes

5.1 Future work

The modifications that was discussed earlier must be made due to the miss in the de-

sign. To be able to manufacture and give a complete cost analysis of the construction,

drawings must be made. The drawings of the construction is the base of which the

manufacturing, the cost estimate and the CE marking are done.

The construction need to be approved to be mounted on the lift table by the lift table

manufacturer. The lift table could need stiffening plates under the tilt table brackets

because of high local loads.
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The remaining simulations that need to be done is with the 600x600 mm steel sheet to

verify that the modifications done to the construction is enough. The simulations would

also verify the forces calculated in the calculation program for different sheet sizes.

A simulation that shows what happens if a cylinder fails is needed in risk analysis for

the CE marking. CE marking of the construction need to be done before taking the

product into use. This includes writing an instruction manual and to improve the risk

analysis seen in appendix D.
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Conclusion

In this report, a design for a tilt table has been presented. The construction is iterated

to a working concept by help of CAD-software and calculation programs such as Ansys

for structural mechanics and Hopsan for the hydraulic system. The construction have

the capability to tilt 20 tonne sheets with the height and width of 600 mm and 1300

mm respectively from 0◦ to 55◦ in 30 seconds using three hydraulic cylinders and a

system pressure of 18 MPa. Today there are no commercially available tilt table with

this capacity. To manufacture and assemble this construction the cost was estimated to

109945 SEK.
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Product Specification

Activity/Spec Explanation Demand Aim
Maximum load Rated load of 20 tonnes X
Tilt angle Table tilt of 55◦ X
Table space Tilt construction confinement of 2x1 m X
Length 1000 - 5500 mm X
Width 600 - 1300 mm X
Height 250 - 600 mm X
CE-marking The machine must comply with requirements for CE marking X
Simplicity The machine should be easy to use X
Stop The machine should have mechanical stops X
Cost Max cost of 150 kSEK X
Min height 600 mm is the minimum height that the sheet should be from the ground X
Max height 2000 mm is the maximum height that the sheet should be from the ground X
Velocity Tilting the table from min to max angle should take 30 seconds X
Paint The machine should be painted X

Manufacturing methods
The machine shall be constructed of steel sheets through bending, welding,

X
milling and turning and using standard components as much as possible

Chains The chains need to have space to be under the sheet X
Heel The heel must not be higher than the sheet X
Sheets per day 30 sheets per day X
Low weight The tilt should have low weight in order not to reduce the maximum lifting weight X
Distributed load The load should be evenly distributed over the table X
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Calculation program

//Nollpunkt är planet på tilten samt lägsta rotationspunkt (botten på staget)

clc

clear

steps = 55

vTs = zeros(steps)

vFvx = zeros(steps)

vFvy = zeros(steps)

vFv = zeros(steps)

vFcyl = zeros(steps)

vCC = zeros(steps)

vAlpha = zeros(steps)

vM = zeros(steps)

vX = zeros(steps)

y = zeros(steps)

counter = 0

//Tiltvinkel
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theta = 20;

for i=0:steps

counter = counter +1;

theta = i;

theta = theta * %pi / 180;

//Materialkonstanter

my = 0.2;

//Plåtens dimensioner

h = 600;

b = 1300;

l = 3280;

//Plåtens massa

mg = 20500*9.81/1000;

//Rotationspunkt

a = 300;

h1 = 250-70; //-70 är korrigering för höjd på cyl-bracket

//Cylinder

//r = 400;

//l1 = 600;

r = 485;

l1 = 40;

d1 = 140; //Cylinderinfäst-axel till plåt

d2 = 153; //Rotationsfäst-axel till plåt

//Beräkning tyngdpunktsrelationer

g = sqrt(((b/2)-a)^2+((h/2)+d2)^2);
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beta = acos((h/2 + d2)/g);

//Tyngdpunktens hävarm

x = g*sin((beta - theta));

H = h1 + sqrt(r^2+(d2-d1)^2)*sin(theta + atan((d2-d1)/r));

L = sqrt(r^2+(d2-d1)^2)*cos(theta + atan((d2-d1)/r)) - l1;

alpha = atan(H/L);

if alpha <0 then

alpha = alpha + %pi

end

CC = H / sin(alpha)

Ts = mg*sin(theta)-my*mg*cos(atan(my))

if Ts < 0 then

Ts = 0;

end

A = [

1, 0, cos(alpha);

0, 1, sin(alpha);

0, 0, cos(alpha)*(H-h1)-sin(alpha)*(l1+L);

];

B = [

0;

mg;

-mg*x;

];

C = A\B;

Ts = Ts
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Fvx = C(1)

Fvy = C(2)

Fcyl = C(3)

Fv = sqrt(Fvx^2 + Fvy^2)

M = mg*x/1000;

vTs(counter) = Ts

vFvx(counter) = Fvx

vFvy(counter) = Fvy

vFv(counter) = Fv

vFcyl(counter) = Fcyl

y(counter) = theta * 180 / %pi

vAlpha(counter) = alpha*180/%pi

vCC(counter) = CC

vM(counter) = M

vX(counter) = x

// Kontrollera att summan av alla krafter är 0

//E Fx = 0

if abs(Fvx + Fcyl*cos(alpha))> 0.01

disp(i)

disp(Fvx + Fcyl*cos(alpha))

halt(’Fx inte 0’)

end

//E Fy = 0

if abs(Fvy - mg + Fcyl*sin(alpha))> 0.01

disp(i)

disp(Fvy - mg + Fcyl*sin(alpha))

halt(’Fy inte 0’)

end

//E M = 0

//-Ts*d2 + mg*x - Fcyl*sin(alpha + atan((d2-d1)/r))*(L-l1) + Fcyl*cos(alpha + atan((d2-d1)/r))*(H-h1)
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if abs(mg*x+Fcyl*(cos(alpha)*(H-h1)-sin(alpha)*(l1+L)))> 0.01

disp(i)

disp(mg*x+Fcyl*(cos(alpha)*(H-h1)-sin(alpha)*(l1+L)))

halt(’M inte 0’)

end

end

Color = ’b’;

scf(1)

xlabel("Tilt angle [degrees]")

ylabel("Ts [kN]")

plot(y,vTs,Color)

scf(2)

xlabel("Tilt angle [degrees]")

ylabel("Fvx [kN]")

plot(y,vFvx,Color)

scf(3)

xlabel("Tilt angle [degrees]")

ylabel("Fvy [kN]")

plot(y,vFvy,Color)

scf(4)

xlabel("Tilt angle [degrees]")

ylabel("Fv [kN]")

plot(y,vFv,Color)

scf(5)

xlabel("Tilt angle [degrees]")

ylabel("Fcyl [kN]")

plot(y,vFcyl,Color)
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scf(6)

xlabel("Tilt angle [degrees]")

ylabel("CC [mm]")

plot(y,vCC,Color)

scf(7)

xlabel("Tilt angle [degrees]")

ylabel("Alpha [degrees]")

plot(y,vAlpha,Color)

scf(8)

xlabel("Tilt angle [degrees]")

ylabel("M [kNm]")

plot(y,vM,Color)

scf(9)

xlabel("Tilt angle [degrees]")

ylabel("x [mm]")

plot(y,vX,Color)
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Concept selection

Table C.1: Elimination matrix
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Elimination criteria:
(+) Yes
(-) No
(?) More info is required
(!) Control against productspec

Decision:
(+) Yes
(-) No
(?) More info is required
(!) Control against productspec

Comment Decision

1 + + + + + + +
2 + + + + + + +
3 + - Max tilt impossible due to space constraints -
4 + - Telescopic cylinders undergoes tensile forces -
5 + + + + + + +
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Table C.2: Decision matrix

Criteria
Alternative
1 (ref) 2 5

Maximum tilt angle

D
a
tu

m

0 0
Low weight - -
Constant center of gravity 0 +
Even weight distribution + +
Compact construction - -
Cheep construction - -

Sum + 1 2
Sum 0 2 1
Sum - 3 3

Net value 0 -2 -1
Rang 1 3 2
Further development yes no no

Table C.3: Weighting matrix

Criteria A B C D E F Sum Sum/tot Weight
A - Maximum tilt angle - 0,7 0,6 0,5 0,7 0,7 3,2 0,21 4
B - Low weight 0,3 - 0,5 0,2 0,5 0,2 1,7 0,11 2
C - Constant center of gravity 0,4 0,5 - 0 0,3 0,5 1,7 0,11 2
D - Even weight distribution 0,5 0,8 1 - 0,7 0,7 3,7 0,25 5
E - Compact construction 0,3 0,5 0,7 0,3 - 0,5 2,3 0,15 3
F - Cheep construction 0,3 0,8 0,5 0,3 0,5 - 2,4 0,16 3

Tot 15 1,00 0,25

Table C.4: Weighted relative decision matrix

Criteria
Alternative

w 1 (ref) 2 5
Maximum tilt angle 4

D
a
tu

m

0 0
Low weight 2 - -
Constant center of gravity 2 0 +
Even weight distribution 5 + +
Compact construction 3 - -
Cheep construction 3 - -

Sum + 5 7
Sum 0 6 4
Sum - 8 8

Net value 0 -3 -1
Rang 1 3 2
Further development yes no no
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Risk Analysis

Hydraulics

Severity Probability Risk Action
Broken cylinders 3 1 3 None
Broken direction valve 3 1 3 None
Broken counterbalance valve 2 2 4 None
Broken line 1 2 2 None
Broken pump 3 2 6 None

The counterbalance valves act like a protection if anything would to brake. If the pres-

sure is lost in the directional valve, the cylinders will lock in place.

If any cylinder is broken then the others will still be operational and the tilt table could

be lowered in a calm way.

If the pump is broken then the system would not move at all either up or down.

Mechanics

Severity Probability Risk Action
Sheet slide off 5 1 5 None
Pinch point at tilt movement 4 2 8 Inform and shields
Broken cylinder axle 3 1 3 None
Broken rotational axle 3 1 3 None
Broken bearing 1 3 3 Maintenance
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The risk that the sheet would slide off is small, the friction prevent this from happening.

There is always pinch points in a tilting movement and to prevent any injury one would

inform of the risk using yellow hazard stickers on the table. The safety frame is mounted

to prevent any potential injury by stopping the motion if it is affected by a hand or limb.

The interior of the machine should also be shielded all around using thin plates.

If a rotational axle brakes down the table would pinch and maybe a bearing would brake

down as well.

If a cylinder axle brakes down the redundancy of the hydraulic system would easy lower

the tilt.

A broken bearing is not problem. If a bearing brakes down the only thing that will

happen is the moment needed to tilt the table will be higher and the system will be less

efficient.



Appendix E

Bolt pretension
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Appendix F

Hydraulic calculation
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Appendix G

Plots
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Appendix H

Strength of materials
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Appendix I

Convergence plots

Figure I.1: Convergence plot at 0◦

Figure I.2: Convergence plot at 10◦
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Figure I.3: Convergence plot at 25◦

Figure I.4: Convergence plot at 40◦

Figure I.5: Convergence plot at 50◦
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Figure I.6: Convergence plot at 55◦
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1: Lyftbord som betjänar upp till tv̊afasta stannplan, 2011.

[5] Swedish Standards Institute. EN ISO 4413:2010 - General rules and safety require-

ments for systems and their components, 2010.

[6] Karl Björk. Formler och tabeller för mekanisk konstruktion. Karl Björks Förlag

HB, Sp̊anga, Sweden, 6 edition, 2011.

[7] Ansys Inc. Mechanical APDL Theory Reference 15.0, 2013.

[8] Jon Pointer. Understanding Accuracy and Discretization Error in an FEA Model.

In Ansys User’s conference, 2004.

[9] Jerome Montgomery. Methods for Modeling Bolts in the Bolted Joint. Number

Figure 2, page 15, Orlando, Florida, 2002. Siemens Westinghouse Power Corpora-

tion.

[10] Karl-Olof Olsson. Maskinelement. Liber AB, Stockholm, Sweden, 3 edition, 2006.

ISBN 978-91-47-05273-8.
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ISBN 978-91-7393-304-9.

[22] HYDAC International. Counterbalance Valve Poppet Type , Direct-Acting Car-

tridge – 350 bar, 2014.

http://www.specmahydraulic.se/CommonResources/Files/www.specmahydraulic.se/Component%20Div/Kataloger/Pumpar,%20motorer%20och%20flodesdelare_Webb.pdf
http://www.specmahydraulic.se/CommonResources/Files/www.specmahydraulic.se/Component%20Div/Kataloger/Pumpar,%20motorer%20och%20flodesdelare_Webb.pdf
http://www.specmahydraulic.se/CommonResources/Files/www.specmahydraulic.se/Component%20Div/Kataloger/Pumpar,%20motorer%20och%20flodesdelare_Webb.pdf
http://www.specmahydraulic.se/CommonResources/Files/www.specmahydraulic.se/Component%20Div/Kataloger/Pumpar,%20motorer%20och%20flodesdelare_Webb.pdf
http://doi.wiley.com/10.1002/jnm.427
http://flumes.iei.liu.se/hopsan/docs/user/html/

	Abstract
	Sammanfattning
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Abbreviations
	Physical Constants
	Symbols
	1 Introduction
	1.1 Background
	1.2 Aim and limitations

	2 Method
	2.1 Identify customer needs and determine criteria
	2.2 Generate concepts
	2.3 Concept evaluation and elimination
	2.4 Choose concept
	2.5 Construction
	2.6 Final product specification
	2.7 Result from concept generation
	2.7.1 Concept 1 - Hydraulic cylinders with fixed rotation axle
	2.7.2 Concept 2 - Hydraulic rotor
	2.7.3 Concept 3 - Hydraulic cylinders with trailing wheels
	2.7.4 Concept 4 - Quad table
	2.7.5 Concept 5 - Centered point of rotation with both way tilting


	3 Theory
	3.1 CE marking and EN 1570
	3.2 SS-EN ISO 4413:2010
	3.3 Mechanics
	3.3.1 Center of Gravity for sheet
	3.3.2 Forces acting on steel sheet
	3.3.3 Forces in Concept 1
	3.3.4 Forces in Concept 2
	3.3.5 Forces in Concept 3
	3.3.6 Strength of materials

	3.4 Finite element analysis
	3.4.1 Simplifications
	3.4.2 Materials
	3.4.3 Body contact
	3.4.4 Mesh
	3.4.5 Elements
	3.4.6 Boundary conditions and load
	3.4.7 Bolt pretension
	3.4.8 Simulated angles
	3.4.9 Convergence

	3.5 Hydraulics
	3.5.1 Hydraulic circuit design
	3.5.2 Choice of hydraulic cylinder
	3.5.3 Choice of pump and motor
	3.5.4 Volume of tank
	3.5.5 Choice of lines
	3.5.6 Pressure losses
	3.5.7 Simulation
	3.5.7.1 Transmission Line Element Method
	3.5.7.2 Create a component
	3.5.7.3 Sensitivity analysis



	4 Results
	4.1 Concept selection
	4.2 Mechanical design
	4.3 Hydraulic design
	4.4 Calculations
	4.5 Cost

	5 Discussion
	5.1 Future work

	6 Conclusion
	A Product Specification
	B Calculation program
	C Concept selection
	D Risk Analysis
	E Bolt pretension
	F Hydraulic calculation
	G Plots
	H Strength of materials
	I Convergence plots
	Bibliography

