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Abstract
This paper presents a design optimisation of a mechanism used to lift and turn heavy objects,
in this case, a specific gear that weights 3000 kg. The objective pursued during the development of
the project was to reduce the weight of the mechanism, and thus, make it more cost-efficient, as
well as to improve the clamping system to secure that the heavy objects are safely handled. The
method followed was to first identify the critical parts in cooperation with the client. Then, the
corresponding analysis has been developed for each of those parts, by minimising the mass of two of
them, and by selecting and dimensioning the guideways for the clamping motion in the other case.
The key results obtained from these analyses were that the weight of one of the parts was reduced
by 50 %, the clamping system was improved and that the stress analysis shows that the maximum
stress is far below acceptable levels. Hence, it is concluded that it was possible to optimise the
mechanism and reduce the weight, improving the handling of heavy objects.
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1. Introduction
The engineering company ENGOI1, located in Idiazabal, Spain, provides engineering solutions
to a wide range of companies. After some visits and requests, they detected a specific and common
problem of turning not only big but also heavy elements, such as gears. So, after having analysed the
problem, they defined a preliminary design of a mechanism which could take and turn this kind of
elements (see Figure 1).

Figure 1: Preliminary design

Even so, they have also detected some weak points in this preliminary design and asked us to
improve and optimize the mechanism. The company has specified us the weight (3000 kg) and the
dimensions (Ø1000 mm) of the gear to manipulate. So, based on this preliminary design, the three
main objectives of the project are the following ones, with their respective sub-objectives:
1- Optimise the weak points of the clamping system according to the reactions created due to
the lifting of the specified gear.
1.1- Make a static analysis of the mechanism in order to calculate all the reaction
forces/moments.
1.2- Optimize the clamping system replacing the fasteners with linear guideways.
1.3- Choose a suitable hydraulic cylinder which is able to clamp and lift the specified gear.
2- Optimise the mechanism minimizing the mass using the Design Optimization process.
2.1- Perform a FEM analysis of the Hook and the Bracket.
2.2- Minimise the mass of the Hook and the Bracket taking into account the restrictions on
their dimensioning as they have to be assembled with the rest of the mechanism.
3- Perform a structural analysis to ensure security and its proper functioning, using the Finite
Element Method.
3.1- Ensure the security during the operation by verifying that the part ”Lateral Support” will
not be deformed plastically.
3.2- Ensure that the displacements of the part ”Railway Support” will not cause a
misalignment between the railways and the linear guideways.

ENGOI (1): ENGOI PROYECTOS DE INGENIERIA SL., POLIGONO INDUSTRIAL GOARDIA, 43 - 4 4,
IDIAZABAL, Gipuzkoa, Spain
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1.1 Background
There are some main strategic reasons which lead to the motivation of a new product
development, where the improved utilization of the production/operation stands out above the
reasons of changing strategic direction, improving financial return, etc. (Awny, 2006). Due to the
continuously changing engineering environment, identifying new product opportunities is crucial,
always considering their potential life cycle depending on the nature of them.
After identifying it, the product development process (PDP) is carried out, which consists of
five main stages to move successfully from the conceptual idea to bring the new product into the
market (Liang, 2009). Starting from the customer input and their design specifications, different
ideas/options are analyzed, and the first conceptual design is evaluated with the customer. If this is
approved, the engineering of it with the design analysis and optimization is realized (Jurco, 2010). As
can be seen in Figure 2, the design will be modified and optimized until the FEM analysis results are
adequate according to the customer´s specifications, achieving the final model design.

Figure 2: Design optimization flowchart

And after having designed the product, its failure modes and their effect analysis also must
be analyzed, before making decisions about the sales and distribution of it, which will be the key to
achieve success with the innovative product (Liang, 2009).
Moreover, the success of a new product depends on the following points (Awny, 2006):
-Quality: whether it has better quality than similar products in the market.
-Value: whether it meets the customer´s perspective.
-Opportunity: whether the product arrives in the market before competitors.
-Profitability: whether there will be investment returns.
Compared to the regular four pins used as guides in the predesign suggested by the
company, the commercial linear guideways can take up loads in both the up/down and the left/right
directions, due to the restraint effect between the rails and blocks (HIWIN, 2018). Depending on the
characteristics of each type of contact, different types of guides will be used (Rexroth, 2017). Some
specific steps should be followed for the selection of the linear guideway type for a specific
application (HIWIN, 2018).
“Because heavy lifting work is involved, hydraulic actuators with high output are more
commonly used than electric actuators” (Takahashi, 2016). Among the advantages of using a
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hydraulic power system, can be found the capacity of generating large magnitudes of forces to drive
heavy loads and speed control can also be achieved by regulating the flow rate of the oil to the
actuator (Parambath, 2016). Different factors, such as the force, diameter, stroke, etc. to take into
account when selecting the appropriate hydraulic cylinder for a specific application (Mobley, 1999)
(Rabie, 2009).
”MATLAB is a high-level language and environment for numerical computation, visualization,
and programming. Using MATLAB, you can analyse data, develop algorithms, and create models and
applications” (López, 2014). In MATLAB multiple commands are offered for solving equations and
systems of equations (López, 2014). This can be used in order to analyse the influence of different
parameters in the functioning of a mechanism by formulating its mechanical behaviour using
Newton’s laws.
“An optimisation study can be described with three features: design variables, design
constraints and objective function. The aim is to ascertain the best parameters depending on the
objective function and constraints. It is carried out with any module which searches for the optimum
design parameters according to the design constraints and objective function by referencing to
response parameters from pre-solved FEAs” (Jurco, 2010).
Many physical phenomena in engineering and science can be described in terms of partial
differential equations, which are almost impossible to solve using classical analytical methods (Jacob,
2007). “The finite element method (FEM) is a numerical approach by which these partial differential
equations can be solved approximately. From an engineering standpoint, the FEM is a method for
solving engineering problems such as stress analysis, heat transfer, fluid flow and electromagnetics
by computer simulation” (Jacob, 2007). The software Abaqus/CAE provides a consistent interface for
creating, submitting, monitoring, and evaluating results from simulations done using the FEM
(Abaqus, 2014). Some specific steps should be followed when doing a FEA with the Abaqus (Jacob,
2007). When using the FEM, different kinds of errors arise, these can be minimised although never
eliminated (Paul, 2004). The only errors that can be controlled with FE tools are the discretization
ones, that is why some aspects should be considered when meshing the model (Paul, 2004).

1.2 Problem Statement
This problem has been detected by ENGOI due to some requests from other companies, and
they have seen a potentially successful product development project. As more than one company
have shown interest in this specific problem, ENGOI has decided to find an engineering solution,
considering that more companies in the sector will have the same problem.
Even though the following design will be defined to manipulate a circular element, once the
structural design is determined according to the variables of weight, dimensions, forces… the design
could be modified to manipulate another type of heavy elements also.
But also, the constraints of the project must be mentioned. Apart from the limited
specifications provided by the company and customer, it must be considered that our knowledge and
experience in the field is not as high as the company´s engineers, so to be in contact with them and
getting feedback will be the key to achieve success in the project.
The four pins used to provide the linear motion between the two sides were defined by the
company as the main critical point of the predesigned mechanism. Even if the company did not
calculate the bending moment created due to the clamping of the gear, they insisted to calculate it
and start optimizing this part of the mechanism, replacing them with suitable commercial elements
of HIWIN, a company which provides this type of products.
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Another task requested by the company was to dimension the actuator which would enable
to clamp the specified gear, even though the needed force was not calculated either. In this case,
they specified that the actuator should preferably be from ENERPAC, an American company which
offers a wide range of hydraulic products and solutions depending on the requests of other
companies (https://www.enerpac.com/en-us/).
So, to do these both first tasks, the first problem to solve will be to do a static analysis of all
the system to get all the necessary reactions.
Once the critical parts had been dimensioned and replaced, design optimization of two parts
and the mechanical assurance of the other two were requested. According to the design
optimization, two structural elements were selected by the company and asked to minimize the mass
with the aim to reduce their cost, always without forgetting all the previous constraints. And on the
other hand, other two parts will be analysed using FEA methodology, to assure that their stresses
and deformations will not be critical and will not cause any problem in the correct working of all the
system.

1.3 Overview
The main sections that will be found in the rest of the report are briefly explained here.
First of all, the method and steps followed in order to achieve the general objective of this
project are exposed in the next section 2. This main section is divided into several subsections where
the whole developments of each analysis are explained giving the essential specifications.
To start with, how the static analysis of the whole mechanism was done will be explained,
which is necessary to do the optimization of the clamping system using linear guideways. After that,
how the dimensioning of the actuator was carried out, and its assembly defined is explained,
continuing with the design optimization of two structural elements and finishing with the structural
analysis of two elements using Finite Element Analysis.
Then, in section 3, a summary of all the interesting results obtained from those analyses is
shown.
Followed by section 4, where a discussion about the influence of the assumptions made
during the project and the potential errors in the final results is performed.
Conclusions are drawn in section 5, that is to say, an evaluation of the performed job and the
things that might be improved.
With this in mind, the improvements that may be developed in a future are presented.
Any supplementary information that gives a deeper view of the performed work is available
in the appendix.
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2. Method and Analysis
In order to execute this project and develop all the needed tasks to fulfil the main objective,
the following method was used, starting from the static analysis of the mechanism until the
structural design of some elements of the final design.
The method followed during the development of this project has been defined taking as an
example the design optimisation flowchart shown in Figure 2: Design optimization flowchart. Hence,
taking into account the objectives and constraints set by the customer, different analyses have been
performed in order to obtain an improved and optimised design of the mechanism.

2.1 Static analysis of the mechanism
The first step was to calculate the forces and moments generated during the turning
operation. Considering that the mechanism works with heavy objects, and thus, the turning speed is
negligible, static analysis has been performed to obtain the magnitudes of those loads. Two main
positions of the mechanism have been analysed, when the gear is in a horizontal and in a vertical
position, both them taking into account that the whole mechanism is lifted during the operation, and
thus, is bearing the total weight of the gear.
The method used to perform these analyses was to present and solve a basic static problem
using Newton’s laws. Hence, the steps followed were:
1. Make simplified modelling of the parts.
2. Model the forces and moments applied on each part, obtaining the free body diagrams.
Note that Newton’s third law was used to model the reactions between the parts.
3. Obtain the static equations based on Newton’s first law: ∑ 𝐹 = 0 and ∑ 𝑀 = 0
4. Solve the equations using Matlab.
It must be considered that the following assumptions were made in order to be able to
calculate the unknown reactions:
A.1: The gear will be always perfectly clamped with the mechanism and the contact points
will be placed in the centre of the bracket.
A.2: The static friction coefficient between the brass and mild steel in the contact points has
been reduced from 0.5 to 0.25 considering the possibility that the gear could not be totally dry.
A.3: The brass will be well attached to the bracket without suffering any displacement, and it
will not deform to the extent of affecting the static friction coefficient between the two materials.
Once the values of the unknown forces and moments have been obtained, for the
development of the next analyses the most critical magnitudes have been selected.
According to the friction between the gear to lift and the bracket which makes contact with
it, it must be said that as the material attached to the bracket will be brass sheets, the static friction
coefficient between it and the mild steel was assumed as 0.5. (Dudley, D. Fuller, 2013)

2.1.1 When the gear is horizontal
The first analysed case was when the gear is clamped and lifted in its horizontal position. The
modelling and free body diagrams of the gear and the bracket with their respective reactions are
shown in Figure 3 and Figure 4.
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Figure 3: FBD of horizontal gear

Figure 4: FBD of the horizontal bracket

As mentioned previously, the next step was to present the static equations obtained from
the FBD, based on Newton’s first law. The two equations obtained by equaling the resultant forces
on the x and y-axes to 0 and the one obtained by equaling the resultant moment in z to 0, are the
following:
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑥; 𝐹𝑐 − 𝐹1 cos𝛼 − 𝐹2 cos𝛼 = 0
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑦; 𝐹1 sin𝛼 − 𝐹2 sin𝛼 = 0 ; 𝑃 = 4𝐹𝑟 = 4𝐹𝜇
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑧; 𝑀 − 𝐹1 cos𝛼𝑙1 − 𝐹2 cos𝛼𝑙2 + 𝐹1 sin𝛼𝑙3 − 𝐹2 sin𝛼𝑙3 = 0

(2.1)
(2.2)
(2.3)

2.1.2 When the gear is vertical
Secondly, the case of the gear in the vertical position during the turning is analysed. Figure 5
and Figure 6 show the gear and the bracket and the forces and moments applied in each of them.
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Figure 5: FBD of vertical gear

α

α

Figure 6: FBD of the vertical bracket

The three equations obtained from the FBD of the gear are the following ones:
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑥; 0 = 0
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑦; 2𝐹2 sin𝛼 − 2𝐹1 sin𝛼 − 𝑃 + 2𝐹2 𝜇cos𝛼 + 2𝐹1 𝜇cos𝛼 = 0
𝑟2
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑧; −𝐹2 𝑟 + 𝐹1 𝑟 − 𝐹2 𝜇𝑟 + 𝐹1 𝜇𝑟 − 𝐹1 𝜇2𝑟 + 𝑃√ = 0
2

(2.4)
(2.5)
(2.6)
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From the FBD of the bracket these equations have been obtained:
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛𝑥; 𝐹𝑐 − 𝐹1 cos𝛼 − 𝐹1 𝜇sin𝛼 − 𝐹2 cos𝛼 + 𝐹2 𝜇sin𝛼 = 0
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑦; −𝐹2 sin𝛼 − 𝐹2 𝜇cos𝛼 + 𝐹1 sin𝛼 − 𝐹1 𝜇cos𝛼 + 𝐹𝑦 = 0
𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑒𝑞𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝑧; 𝑀 − 𝐹2 cos𝛼𝑙2 − 𝐹2 sin𝛼𝑙3 − 𝐹2 𝜇cos𝛼𝑙3 + 𝐹2 𝜇sin𝛼𝑙2
− 𝐹1 cos𝛼𝑙1 + 𝐹1 sin𝛼𝑙3 − 𝐹1 𝜇cos𝛼𝑙3 − 𝐹1 𝜇sin𝛼𝑙1 = 0

(2.7)
(2.8)
(2.9)

2.1.3 Solve of equation systems with MATLAB
As mentioned previously, once both equation systems of the vertical and horizontal cases
were achieved, they were solved using the Software MATLAB. It was explained in the section 1.1
Background that ”MATLAB Linear Algebra introduces you to the MATLAB language with practical
hands-on instructions and results, allowing you to quickly achieve your goals” (López, 2014). The
results of the unknown variables of these systems provide information to dimension the commercial
elements such as the moment which the guideways will have to support and the load which the
actuator must be able to support.

2.2 Optimization of the clamping system using linear guideways
As mentioned in the background (HIWIN, 2018), compared to the regular four pins used as
guides in the predesign suggested by the company, the commercial linear guideways can take up
loads in both the up/down and the left/right directions, due to the restraint effect between the rails
and blocks. In this section how the selection of the most suitable ones was carried out is defined.

2.2.1 Selection of guideways
ENGOI specified that the selected guideways must be the block type HGW-HA (HIWIN),
considering their capacity to support the bending moment, which is the main reason to use these
guideways instead of the pins. Thus, considering the moment generated due to the clamping of the
gear, the model size and quantity of the guideways were defined, also with a suitable railway. As it
was calculated in 3.1 Static analysis, the moment which the guideways must support was 𝑀 =
44000 Nm.

2.2.2 3D Assembly
Once the railways and guideways were chosen, the 3D CAD models provided by the HIWIN
webpage were downloaded and assembled to the assembly of the whole mechanism, following the
steps defined and taking care of the specifications of the commercial elements. Some elements that
were related to the clamping system of the mechanism would suffer changes as well, which are
shown in Appendix D: New elements.

2.3 Selection and assembly of the hydraulic cylinder
As mentioned in the background (Takahashi, 2016), when heavy lifting work is involved,
hydraulic actuators with high output are commonly used, which have the capacity of generating large
magnitudes of forces to drive heavy loads. According to the axial force needed to clamp the gear,
which was calculated in 3.1 Static analysis, a suitable actuator was selected from ENERPAC, a
company specified by ENGOI also.
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2.3.1 Selection of hydraulic cylinder
ENGOI specified that the hydraulic actuator must be selected from ENERPAC. Taking into
account that the axial force required calculated previously was the compressive one, the actuator
must be double-acting type, with a maximum cylinder retract capacity higher than 𝐹𝑐 = 53000 N =
5.4 Tn. Considering this limitation, the smallest and suitable hydraulic cylinder was selected.

2.3.2 3D Assembly
Once the actuator was chosen, the 3D CAD model provided by the ENERPAC webpage was
downloaded and assembled to the assembly of the whole mechanism, following the steps defined
and taking care of the specifications of the commercial elements. Even though the stroke was
enough to clamp the gear correctly, as the selected actuator was short, an extension was assembled
to it, in order to connect the two sides of the mechanism, which is shown in 3.3 Dimensioning and
assembly of hydraulic cylinder.

2.4 Design optimization using Design Study methodology
In this section, the optimization process of two structural elements has been carried out in
the Design Study module of the software SolidWorks. This module searches the optimum design
parameters according to the constraints and objectives, depending on the results obtained from the
pre-solved Finite Element Method.
This optimisation has been performed with two parts of the mechanism, the hook and the
bracket. In Figure 7: The whole assembly these two parts located on the whole mechanism are
shown.

Hook

Bracket

Figure 7: The whole assembly

2.4.1 Design Optimization features
An optimisation study can be described with three features: design variables (parameters),
design constraints (limits/bounds) and the objective function (H. Kursat, 2017). The aim is to get the
best values of the variables depending on the objective function considering all the constraints. The
main constraint used in these two studies was that the maximum stress (σmax) must be less than the
half of the yield strength (𝜎𝑦 ) of the material (as requested by the industrial supervisor of the
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company to assure the reliability of the design, using a security factor for the yield strength of SF=2
and without considering the fracture limit), and the objective function was defined as minimising
material mass. This last one with the aim of decreasing the price of the element.

2.4.2 Design Optimization of the Hook
The first element which was optimised was the Hook, see Figure 8.

Figure 8: Hook

In the predesign provided by the company, the total mass of the element was 4.6 kg and its
maximum stress 130 Mpa (see Figure 39). To see the location in the mechanism and the FEA of this
element, see Appendix B: FEM analysis of the Hook. As mentioned previously, the objective was to
reduce the total mass without increasing too much the maximum stress. To do so, the following
variables were defined, with their ranges and steps (see Table 2). To see better the variables, see
Figure 33, where the total length and the radius are shown, while the width is the dimension which is
in the perpendicular direction that can not be seen. The steps of the variables define how much they
increase in each simulation until reaching the maximum measure, and all these were agreed with the
industrial supervisor of the company.
Table 2: Variables of the Hook

Variable
Total Length
Radius
Width

Initial value
282 mm
75 mm
30 mm

Minimum
200 mm
60 mm
20 mm

Maximum
350 mm
90 mm
40 mm

Step
10 mm
10 mm
5 mm

In order to obtain a suitable optimised element, these three constraints were defined (see
Table 3):
Table 3: Constraints of the Hook

Constraint
𝛔𝐦𝐚𝐱
Horizontal distance to the hole
Vertical distance to the hole

Value
𝜎𝑦 275MPa
<
=
= 137.5 MPa
𝑆𝐹
2
> 35 mm
> 35 mm

In the case of the maximum stress, a security factor of 2 was used to the maximum stress of
the optimised element could not reach the following stress. Whereas the two minimum distances to
the hole were to ensure that the hole of Ø60 mm did not reach any corner of the element.
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So, once having defined the objective function to minimise the total mass of the element,
according to the defined variables and constraints shown in Table 2 and Table 3, the module created
320 design sets to solve, searching the optimum design variables, which are shown in the Table 10,
also with the total mass and the maximum stress of the optimised element.

2.4.3 Design Optimization of the Bracket
The second element which was optimised was the Bracket, see Figure 9.

Figure 9: Bracket

In the predesign provided by the company, the total mass of the element was 24.1 kg and its
maximum stress 82 Mpa (see Figure 47). To see the location in the mechanism and the FEA of this
element, see Appendix C: FEM analysis of the Bracket. In this element also the objective was the
same, to reduce the total mass without increasing too much the maximum stress. So, in the following
Table 4 and Table 5 are shown the defined variables and constraints to optimise this element. To see
better the variables, see Figure 42, where β, Below width and upper width are shown more
accurately. Here also, the steps of the variables define how much they increase in each simulation
until reaching the maximum measure, and all these were agreed with the industrial supervisor of the
company.
Table 4: Variables of the Bracket

Variable
β
Below Width
Upper width

Initial value
210°
288 mm
20 mm

Minimum
180°
270 mm
20 mm

Maximum
210°
320 mm
50 mm

Step
5°
10 mm
10 mm

Table 5: Constraints of the Bracket

Constraint
𝛔𝐦𝐚𝐱
Upper α
Below α
Length
Central length

Value
𝜎𝑦 275MPa
<
=
= 137.5 MPa
𝑆𝐹
2
Maintain same value
Maintain same value
Maintain same value
Maintain same value
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According to the maximum stress allowed, the same criteria of using SF=2 was used, and on
the other hand, some measures must keep the same value in order to clamp properly the gear to lift,
which led to geometrical constraints.
Once having defined the objective function to minimise the total mass of the element,
according to the defined variables and constraints shown in Table 4 and Table 5, the module created
168 design sets to solve, searching the optimum design variables, which are shown in the Table 11,
also with the total mass and the maximum stress of the optimised element.

2.5 Structural analysis of the mechanism
As the turning mechanism will work with heavy objects, in order to ensure its proper
functioning and prevent fatal accidents during the operation, the static analysis of two interesting
parts has been performed. On the one hand, the lateral support has been analysed to assure that
there is no plastic deformation due to stress concentration in the bolt holes. On the other hand, the
railway to make sure that its maximum displacement is small enough for the whole clamping
mechanism assembly to be well aligned and the linear guideways to slide correctly. Figure 10 shows
the whole assembly, where the railway support is indicated in green and the lateral support in red.
The CAD models of these two parts are shown in Figure 11 and Figure 12.

Railway support

Lateral support

Figure 10: The whole assembly

Figure 11: Lateral support
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Figure 12: Railway support

“Although other methods retain advantages in certain niche applications, they are difficult or
impossible to apply to other types of analyses. At the same time, the FEM can be applied to almost
any type of analysis” (Paul, 2004). This is why the FEM has been used to carry out these structural
analyses.
In (Jacob, 2007) examples of the steps to be taken when creating ABAQUS models and
perform the FEA are explained, which are the following ones:
1. Create a part
2. Create a material
3. Define and assign section properties
4. Assembly the model
5. Define analysis steps
6. Apply boundary conditions and loads
7. Mesh the model
8. Create a job
It has to be taken into account that, as explained by (Paul, 2004), the final results obtained
from the FEA will always have an error. In every step, a new error is introduced affecting the results.
Modelling errors are given since FEA works with idealized mathematical models of the real structure,
so it depends on the assumptions made when modelling it. Discretization errors are the result of
turning the continuous mathematical model (with infinite DOF) into a model with a finite number of
degrees of freedom, this is made by meshing the model. Solution errors are added when obtaining
numerical solutions of the FE equations, and lastly, errors can also be made when interpreting the
results.
“However, only the discretization errors are specific to the FEM, and only discretization
errors can be controlled using FEM tools” (Paul, 2004). In that same book is clarified that the
discretization error control aims to define to what extent are the results dependent on the
discretization choice. Hence, the objective is to obtain a solution where the dependence of the
results of interest on the choice of the discretization is not significant, not to obtain the most
accurate solution possible. This error can be estimated by a convergence process, that is to say, by
changing the choice of discretization and studying the influence of those changes on the data of
interest.
In the next two sections, the decisions that have been taken when modelling and choosing
the discretization of the two analysed parts are specified.
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2.5.1 Stiffness analysis of the lateral support
First of all, the CAD model of the part, designed using SolidWorks, has been imported to
ABAQUS/CAE, see Figure 13, modelled as a 3D deformable solid.

Figure 13: Modelling of the lateral support

When creating the material, which is the steel S275JR, the properties shown in Table 6 have
been introduced. These values have been taken from the SolidWorks database since the material is
the same as in the two parts analysed in 2.4 Design optimization using Design Study methodology.
Nevertheless, the values of Young's modulus and the yield strength have been contrasted with the
information obtained from the experimental analysis done by (Josip, 2012).
Table 6: Properties of S275JR

Density (kg/m3)
Young’s modulus (GPa)
Poisson’s ratio (-)
Yield strength (MPa)

7800
210
0.28
275

The analysis is expected to be purely elastic, as the aim is to verify that the maximum stress
that the part will support is far below the yield strength of the material. Thus, when defining the
plastic properties in the material module in ABAQUS, just a plastic deformation of 0 has been
assigned to the stress of 275 MPa, to set the boundary between the elastic and plastic deformations.
Then, a solid homogeneous section has been created and assigned to the whole model. In
the assembly module, an independent instance of the whole part has been created. An initial step
was already created by default and a general static one has been added, when defining this step, the
option of considering the nonlinear effects of large displacements was not selected.
The boundary conditions have been applied in the initial step and the loads in the analysis
step. The four holes have been modelled as pinned since they are attached to another part by bolts.
In other words, the displacements in the three axes of the nodes located in the vicinity of the holes
have been restricted. For the application of the resultant loads, three surfaces have been partitioned
in order to apply the respective pressure in each of them, the estimation of the magnitudes of the
loads is explained in Appendix F: Estimation of Loads for ABAQUS FEM. Figure 14 shows the whole
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model with the boundary conditions in orange and loads applied in purple. In Figure 15 the boundary
conditions and the pressure loads are zoomed.

Figure 14: Boundary conditions (orange) and loads (purple) on the mathematical model of the lateral support

Figure 15: Boundary conditions (orange) and loads (purple) zoomed

The next step was to make the discretization of the model by meshing it. “Because it is
unstructured, free meshing allows more flexibility than structured meshing. The topology of regions
that you mesh with the free meshing technique can be very complex” (Abaqus, 2014). In this case,
due to the complexity of the geometry to use structural or swept meshing, free meshing technique
has been used in all the regions. Since the only element shape option allowed with this technique for
three-dimensional regions is the tetrahedral element shape (Abaqus, 2014), the element type used
to mesh the whole part was C3D10, a 3D stress 10-node quadratic tetrahedron.
Once the element types are defined, a convergence analysis has been done. In this case, the
data of interest were the maximum stresses, given in the welded edges and the vicinity of the holes,
both of them shown in Figure 16. Therefore, several simulations have been done by reducing the
mesh size and increasing the number of elements used to discretize the model, obtaining different
values of those stresses. In Figure 17 the relation between the number of elements and both stresses
is represented.
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Figure 16: Stress concentrations (red) on the welded edge and the vicinity of the hole, respectively

Figure 17: Convergence analysis; number of elements vs stress

It can be seen that the magnitude of stress on the welded edge tends to infinity as the
number of elements increase, without getting any convergence. This is due to a singularity that
occurs in FE models in sharp re-entrant edges in 3D (Paul, 2004). Although the curve showing the
value of the stress in the vicinity of the hole seems to reach convergence, the same convergence
process has been performed with the maximum displacement to verify it (see Figure 18).

Figure 18: Convergence analysis; number of elements vs displacement
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This time a clear convergence was obtained in between 110000 and 140000 number of
elements, or 9.5 and 8.5 element size. Hence, the final data was obtained with an element size of 8.5.
The meshed part can be seen in Figure 19 and the final results in 3.5 Structural analysis of the
mechanism.

Figure 19: Discretized model of the lateral support

2.5.2 Stiffness analysis of the railway support
In this case, due to the thinness of the part, it has been modelled as a 2D planar deformable
shell and sketched in order to obtain the geometry shown in Figure 20.

Figure 20: 2D shape, boundary conditions and applied loads of the mathematical model of the railway support

The material of this part is the steel F1140, its properties that have been introduced when
creating the material are shown in Table 7. These data have been obtained from the SolidWorks
software database.
Table 7: Properties of F1140

Density (kg/m3)
Young’s modulus (GPa)
Poisson’s ratio (-)
Yield strength (MPa)

7800
210
0.28
565

As the objective of this analysis is to verify that the maximum displacements given in the part
are not significant enough for the correct sliding of the guideways, just the elastic properties of the
material have been considered. Hence, when defining the plastic properties in the material module
in ABAQUS, just a plastic deformation of 0 has been assigned to the stress of 565 MPa, to set the
boundary between the elastic and plastic deformations.
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A solid homogeneous section of a thickness of 0.045 m has been created and assigned to the
whole model. Then, an assembly containing a single instance of the part is created. In this case as
well, besides the initial step created by default another static general step has been created without
selecting the nonlinear geometry option.
The boundary conditions, which have been applied in the initial step, have been modelled as
pinned holes. That is to say, the displacements on both axes x and y of the nodes located in the edges
of both holes have been restricted. In order to model the forces transmitted by the two guides to the
railways, the lines shown in Figure 20 have been sketched and the forces applied in the static step.
The calculations of the magnitudes of the forces are explained in Appendix F: Estimation of Loads for
ABAQUS FEM. Figure 20: shows the model with the boundary conditions in orange and the loads
applied in yellow.
According to the mesh, the plane stress option was selected since the part is relative to its
dimensions (Jacob, 2007). When considering this, a constant stress distribution across the thickness
is assumed (Paul, 2004). The rest of the characteristics were selected by default, defining the
element type CPS4R; a 4-node bilinear plane stress quadrilateral with reduced integration and
hourglass control.
Then a convergence analysis has been performed in order to minimize the dependence of
the results on the discretization. This time the convergence process has been done with the data of
the displacement, as it is the data of interest. Figure 21 shows the relation between the number of
elements and the maximum displacement. It can be seen that with the number of elements between
30000 and 40000 the curve is stabilized. This is why a mesh size of 0.003, and thus, 40929 elements
to discretize the model have been used, see Figure 22. The final results obtained can be found in 3.5
Structural analysis of the mechanism.

Figure 21: Convergence analysis; number of elements vs displacement

Figure 22: Discretized model of the railway support
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3. Results
After having performed all the analyses that were expected to achieve the fixed goals, the
summary of the obtained results is the following one:
 Linear guideways and hydraulic cylinder selected and dimensioned
 Optimisation minimising the mass of two parts
o


Hook: from 4.6 kg to 2.4 kg

o Bracket: from 24.1 kg to 23.9 kg
Structural analysis of two parts
o

Lateral support: 𝜎𝑚𝑎𝑥 : 320 Pa

o Railway support: 𝑈𝑚𝑎𝑥 : 0.0017 m
A more thorough presentation of the results obtained from each analysis is shown in the next
sections.

3.1 Static analysis
After defining the equation systems and solving them in MATLAB, the following results of the
variables needed to carry out the project were obtained (see Table 8):
Table 8: Results of the static analysis

Vertical case
𝐹1 = 𝐹2 = 28800 N
𝐹𝑐 = 28000 N
𝑴 = 𝟒𝟒𝟎𝟎𝟎 𝐍𝐦

Horizontal case
𝑭𝟏 = 𝑭𝟐 = 𝟑𝟎𝟎𝟎𝟎 𝐍
𝑭𝒄 = 𝟓𝟑𝟎𝟎𝟎 𝐍
𝑀 = 40000 Nm

As can be seen, the critical variables 𝐹 and 𝐹𝑐 are in the case when the gear is horizontal,
whereas the moment 𝑀 is higher in the vertical case. So, these values will be used to dimension the
commercial elements and define the FE models of the parts to be analysed.

3.2 Optimization using linear guideways
As it was calculated in 3.1 Static analysis, the moment which the guideways had to support
was 44000 Nm. So, using 12 guideways of HGW55HA, a bending moment (𝑀𝑌 ) of 4570 × 12 =
54840 Nm could be supported, which was enough (see Table 9).
Table 9: Linear guideways

In the following Figure 23 is shown the assembly of the clamping system using linear
guideways, and some new elements to join the free and fixed part, as “Railway Support” and
“Separator” (see Appendix D: New elements).
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Figure 23: Clamping system assembly

Once the twelve guideways and the four railways were assembled to the mechanism, the
dimensioning of the bolts had to be done. The bending moment in the fixed side of the element
“Railway support” would be supported by the slot between the element “Separator” and itself so the
bolts of M24 wouldn´t suffer the shear due to the bending moment. But on the free side, as the
moment would be directly supported by the bolts of M14, it would be important to choose correctly
the material and class of them. This dimensioning was carried out in Appendix E: Dimensioning of
Bolts.
On the other hand, apart from the bolts, the stiffness analysis of the element “Railway
support” was carried out in section 2.5.2 Stiffness analysis of the railway support in order to assure
that it would not suffer big displacements resulting in the misalignment of the guideways.

3.3 Dimensioning and assembly of hydraulic cylinder
As it was calculated in 3.1 Static analysis, the cylinder retract capacity must be higher than
𝐹𝑐 = 53000 N = 5.4 Tn. So, the actuator RD1610, which retract capacity is 𝐹𝑐 = 8 Tn, was selected.
In the following Figure 24 is shown the assembly of the actuator and its extension of Ø56mm and
length of 600mm.
The actuator is attached to the two brackets located on each side of it. The cylinder provides
the necessary compressive force to these brackets to clamp the gear properly during the turning
operation.

Figure 24: Actuator assembly
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3.4 Design Optimization using Design Study methodology
An optimization process of two structural elements has been carried out in the Design Study
module of the software SolidWorks with the aim of searching the optimum design parameters
according to the constraints and objectives. Here are shown the results of the optimization study.

3.4.1 Design Optimization of the Hook
After having defined the objective function to minimise the total mass of the element,
according to the defined variables and constraints are shown in Table 2 and Table 3, the module
created 320 design sets to solve, searching the optimum design variables. The results of the
optimisation process are shown in Table 10 and in Figure 25, whereas the maximum stresses and
displacements are shown in Figure 26.
Table 10: Results of the optimisation of the Hook

Variable
Total Length
Radius
Width
Mass
𝛔𝐦𝐚𝐱

Optimised value
200 mm
75 mm
20 mm
2.4 kg
108 MPa

Figure 25: Optimised variables of the Hook
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Figure 26: Maximum stresses and displacements of the optimised Hook

3.4.2 Design Optimization of the Bracket
After having defined the objective function to minimise the total mass of the element,
according to the defined variables and constraints are shown in Table 4 and Table 5, the module
created 168 design sets to solve, searching the optimum design variables. The results of the
optimisation process are shown in Table 11 and Figure 27, whereas the maximum stresses and
displacements are shown in Figure 28.
Table 11: Results of the optimisation of the Bracket

Variable
β
Below Width
Upper width
Mass
𝛔𝐦𝐚𝐱

Optimised value
210°
270 mm
20 mm
23.9 kg
80 MPa

Figure 27: Optimised variables of the Bracket
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Figure 28: Maximum stresses and displacements of the optimised Bracket

3.5 Structural analysis of the mechanism
As it is explained in 2.5 Structural analysis of the mechanism, in both cases, once the
convergence was reached, the mesh size to perform the FEA was selected and defined.
The data of interest obtained from the analysis of the lateral support were the maximum
stresses because the objective was to ensure that the yield strength is not reached and, thus, no
plastic deformation occurs. Figure 29 shows the stress field output of the part and a maximum stress
value of 320 Pa. In Figure 30 a zoomed image of the critical parts, which are the welded edge and
the vicinity of the holes, is shown.
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Figure 29: Stress field output of Lateral Support

Figure 30: Stress field output of critical parts of Lateral Support

In the case of the railway support, the aim of this FEA was to ensure that its displacement
due to bending is not significant for the correct functioning of the guideways, being the data of
interest the maximum displacement. Figure 31 shows the displacement output of the part and a
maximum displacement magnitude of 0.0017 m.
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Figure 31: Displacements output of the Railway Support
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4. Sustainability
In this section, the three main aspects involved in sustainability are discussed;
environmental, social and economic.
According to the manufacturing of the whole mechanism, considering the information given
by the company, the only manufacturing process of almost all the parts will be the machining and
welding. The preliminary shape of those parts will be purchased commercially. Thus, the
environmental impact of the production of this mechanism will be caused by these two processes,
such as different emissions to the air and usage of chemical products. Once the mechanism is
operative, the environmental impact will be minimum aside from the electrical energy for the motor
and the fluid used in the cylinder.
Referring to the social sustainability, as the objective of this design is to make easier the
lifting and turning of heavy elements, this means that the operator will not need any specific
knowledge or physical capacity, which leads to equal opportunity.
Last but not least, economically, as this mechanism will work with heavy elements, risk
assurances will have an important cost in the implementation for the company. However, once it is
working, looking ahead, it is expected to be amortized, as it improves a lot the operation time and
productivity of the turning operation.
To sum up, taking into account these three important aspects, the manufacturing and
implementation of this mechanism lead to long-term sustainable profit growth.
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5. Discussion
In this section, the influence that the decisions taken during the development of the project
might have in the final results is discussed.
On the one hand, assumptions have been made in the static analysis of the whole
mechanism. Even though is clear that all these assumptions will affect the results, it can be said that
after having discussed every decision with the industrial supervisor, the model created considering
the assumptions is real enough to analyse different parts of the mechanism.
Furthermore, when using the values obtained from the static analysis in the rest of the
analyses performed, security coefficients agreed with the industrial supervisor have been considered,
depending on the commercial elements and the FEA. As a consequence, and taking into account that
the mechanism is working with big and heavy elements, the linear guideways, the hydraulic cylinder,
the load magnitudes used in the FEA, etc. are oversized. This has been constantly discussed and
validated with the industrial supervisor of the company ENGOI.
On the other hand, according to the finite element analyses, as it is mentioned previously in
2.5 Structural analysis of the mechanism, the final results obtained will accumulate four different
errors during the process to get them (Paul, 2004):
 Modelling errors
 Discretization errors
 Solution errors
 Interpretation errors
The interest was focused on the modelling and discretization errors as they can be reduced,
but never eliminated, with the decisions made during the definition of the FE model.
Referring to the modelling of the mathematical model, some assumptions were made,
affecting the final results. In both analyses made by Abaqus, the pinned holes were modelled by
defining as pinned all the nodes in the holes, restricting the boundary condition more than in reality,
and thus, obtaining higher stress values and lower displacement values than the real ones. When
modelling the loads, as explained in Appendix F: Estimation of Loads for ABAQUS FEM, in the case of
the lateral support a shear force was considered negligible and the moment was modelled as a pair
of pressures, making the model more distant from reality.
The decisions made when defining the mesh lead to discretization errors in the result. It must
be said that a convergence analysis has been done in every case to minimize this discretization
errors. However, the stress singularity in the welded edge on the lateral support could have affected
the results (Paul, 2004), this singularity could have been avoided by filling the edge of the modelled
part. The fact that free meshing technique was used with no mesh control and for the lateral support
tetrahedral elements were used, instead of the more accurate hexahedral elements, could have
distorted the results from reality too.
To sum up, several assumptions were made during the development of all the phases of this
project, leading to a conservative and oversized design, ensuring the secure functioning of the
mechanism during the operation.
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6. Conclusions
In this section, the obtained results will be analysed and discussed, understanding what they
mean and what decisions should be taken in this regard. It will be also evaluated if the objectives
fixed at the beginning of the project have been successfully fulfilled.
First of all, to provide the motion in order to clamp the gear, appropriate linear guideways
which can support the bending moment created have been assembled to the mechanism and a
hydraulic cylinder which is capable to clamp the specified gear has been chosen and assembled to
the mechanism. This way a stiffer structure than the one presented in the preliminary design has
been assembled, optimising the weak points detected.
Secondly, two structural elements have been optimized using the Design Study module of the
software SolidWorks. According to the Hook, not only the maximum Von Misses stress has been
reduced from 𝜎𝑚𝑎𝑥 = 130 MPa to 𝜎𝑚𝑎𝑥 = 108 MPa, but also the mass from 𝑚 = 4.6 kg to 𝑚 =
2.4 kg, almost the half, which reduces the price of the element. On the other hand, in the element
Bracket, both mass and maximum Von Misses stress has been reduced but very little, from 𝑚 =
24.1 kg to 𝑚 = 23.9 kg and 𝜎𝑚𝑎𝑥 = 82 MPa to 𝜎𝑚𝑎𝑥 = 80 MPa respectively. So, it can be said that
this last element was designed in a very optimized way by the company ENGOI from the beginning.
Last but not least, the static analyses of the lateral support and the railway support were
performed using the FEM, obtaining maximum stress of 320 Pa in the lateral support and a
maximum displacement of 0.0017 m in the railway support. In the first case, the magnitude of the
maximum stress is far away from the yield strength of the material, assuring that the part will not fail
from yielding. However, the welding of the edge should be reinforced as it is a critical point of the
part that could fail, in the case of the holes it is concluded that the stress concentration there is not a
concern. Regarding the railway support, the magnitude of the maximum displacement is
insignificant, assuring the linearity of the assembly, and hence, the correct sliding and functioning of
the guideways.
To conclude, all the objectives determined at the beginning of the project in 1. Introduction
was successfully achieved, obtaining an optimised, stiffer and lighter structure capable of lifting and
turning heavy and big elements.
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7. Future Work
Once the conclusions of the performed job are drawn, the possible interesting tasks that
could be done in a future have been discussed, in order to get a more accurate analysis and
optimisation of the mechanism.
In this project two structural elements have been geometrically optimised reducing their
mass and analysing the results, all the parts could be optimised in the same way, which would
require much more time but would also reduce the price of all the mechanism depending on the
quantity of material that is reduced.
Although a static analysis of two parts has been already performed, it would be interesting to
analyse if any of the other parts could possibly suffer from fatigue. If this is the case, a study of this
phenomenon should be performed.
Another interesting task to perform in the near future would be to analyse how the clamping
forces of the mechanism affect the gear and, mainly, the surface of the gear. In this project, after a
research on the field, the static friction coefficient between the brass and mild steel (material of the
gear) was reduced from 0.5 to 0.25 considering the possibility that the gear could not be totally dry.
But, looking to the future, more accurate research should be done in order to analyse which material
is the best one for this particular application. For this, a more thorough analysis of the friction given
between the two materials should be done first, and later the possible deformations suffered by the
gear and the wear on the surface could be known.
Finally, with this mechanism to lift and turn elements of a specific size, shape and weight
designed, it is possible to apply the same idea and design this kind of mechanism for another type of
elements to be turned.
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Appendix A: Work Breakdown and Time plan
Table 12: Planning Gantt
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Appendix B: FEM analysis of the Hook
The FEM analysis of this element was carried out by making a comparison between the
material yield point and the Von Misses stress magnitudes. FEA was set up considering static loading
and a linear and isotropic material model assumption. The analysis was carried out using SolidWorks
simulation commercial finite element code (H. Kursat, 2017).

B.1 Introduction
Four elements of “Hook” were located in the upper part of the mechanism, which was
designed to hook all the mechanism to a crane, with a hook in each of them (see Figure 32, red ring).

Figure 32: Position of Hook in the mechanism

So, these elements must support all the weight of the mechanism, resulting in a shear force
and a bending moment that was calculated in the following section. The material was S275JR and its
measures were the following ones (see Figure 33), with a width of 30mm.

Figure 33: Dimensions of the Hook
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B.2 FE model
B.2.1 Material
As mentioned before, all the structural parts that would be welded and not machined of the
mechanism would be of Steel S275JR, so the first step was to associate this material to the part, as
shown in Figure 34.

Figure 34: Material S275JR of SolidWorks

Even though the database of SolidWorks gives automatically the Yield Strength and the
elastic (Young) modulus of the material, these two properties were verified in a scientific paper
(Josip, 2012). The most critical Elastic modulus with 20℃ is the same as in the SolidWorks database
and according to the Yield Strength, the one from the database is the most critical one. So both
values of the Software were used in order to analyse the most critical case.

B.2.2 Boundary Conditions
As the four elements would be hooked to a crane, it was assumed that the hole of the
element couldn´t move and even rotate in any direction, so this part was defined as fixed, as shown
in Figure 35.
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Figure 35: Boundary Conditions of the Hook

B.2.3 External Loads
According to the external loads, it would suffer a shear force and a bending moment. The
force would be equal to the quarter part of all the weight of the mechanism with the gear, resulting
in a load of 22 kN (see Figure 36).

Figure 36: External Loads of the Hook 1
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Whereas the bending moment would be produced due to the distance from the centre of
mass to the centre of the hole of the hook, being the following one (see Figure 37).
(B.1)
𝑀 = 22000N × 0.24m = 5280 Nm

Figure 37: External Loads of the Hook 2

So, after applying the boundary condition and the two external loads, this was the FE-model
before applying the mesh (see Figure 38).

Figure 38: FE model of the Hook
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B.2.4 Mesh
To do the meshing of the element correctly, a convergence analysis was done, which consist
on decreasing the element size until the stress level does not change or the change is quite small
without changing any other condition. The results from different simulations changing the mesh size
of the tetrahedral 3D solid elements are shown in Table 13.
Table 13: Convergence analysis of the Hook

Mesh size
5 mm
3 mm
2 mm

𝛔𝐦𝐚𝐱
114.8 MPa
121.7 MPa
128.4 MPa

The convergence error can be quantified by defining the difference between two consecutive
mesh refinements (Paul, 2004). Analysing the change of the maximum stress of the element changing
the mesh size, the maximum error was the following one:
128.4 − 121.7
(B.1)
× 100 = 5.5%
121.7
It can be said that a unique simulation without any mesh refinement produces results with
an unknown discretization error. In this case, even though the error was not as small as in the
following element, the maximum stress is less than half of the yield stress of the material. So, the
mesh size of 2 mm was used to do the simulations of the design optimization.

B.3 Results
In Figure 39 and Figure 40 are shown the results of the FEM analysis, being the maximum
Von Misses stress and the maximum displacements.

Figure 39: Maximum Von Misses stresses of the Hook
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Figure 40: Maximum displacements of the Hook
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Appendix C: FEM analysis of the Bracket
C.1 Introduction
Three elements of ”Bracket” were located on each side of the general structure, which makes
contact with the gear to lift, as shown in Figure 41, with a red ring:

Figure 41: Position of Bracket in the mechanism

The resultant forces in the element due to the clamping of the element were calculated in
3.1 Static analysis, and as the previous element, the material was S275JR and its measures were the
following ones, with a width of 20mm (see Figure 42):

Figure 42: Dimensions of the Bracket
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C.2 FE model
C.2.1 Material
As mentioned before, all the structural parts that would be welded and not machined of the
mechanism would be of Steel S275JR, so the first step was to associate this material to the part, as
shown in Figure 43.

Figure 43: Material S275JR of SolidWorks 2

C.2.2 Boundary Conditions
As these six elements would be welded to the structure, it was assumed that the left long
side of the element couldn´t move and even rotate in any direction, so this part was defined as fixed,
as shown in Figure 44.
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Figure 44: Boundary conditions of the Bracket

C.2.3 External Loads
According to the external loads, as calculated in 3.1 Static analysis, the most critical case
would be when the gear was horizontal, where a normal load of 10000 N and a friction force of
𝐹𝑅 = 𝑁𝜇 = 10000 N × 0.25 = 2500 N were transmitted into the contact area with the gear (see
Figure 45).

Figure 45: External Loads of the Bracket
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So, after applying the boundary condition and the two external loads, this was the FE-model
before applying the mesh (see Figure 46).

Figure 46: FE model of the Bracket

C.2.4 Mesh
A convergence analysis was done in this element also, and the results from different
simulations changing the mesh size of the tetrahedral 3D solid elements are shown in Table 14.
Table 14: Convergence analysis of the Bracket

Mesh size
7 mm
5 mm
3 mm

𝛔𝐦𝐚𝐱
77.99 MPa
82.58 MPa
81.80 MPa

Analysing the change of the maximum stress of the element changing the mesh size, the
maximum error was the following one:
81.8 − 82.58
(C.1)
× 100 = 0.9%
82.58
As can be seen, the error was very small, so the mesh size of 3 mm was used to do the
simulations of the design optimization.

C.3 Results
In Figure 47 and Figure 48 are shown the results of the FEM analysis, being the maximum
Von Misses stress and the maximum displacements:
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Figure 47: Maximum Von Misses stresses of the Bracket

Figure 48: Maximum Displacements of the Bracket
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Appendix D: New elements
D.1 Railway Support
The element “Railway Support”, which is shown in Figure 49, has been used to connect the
fixed and free part of the mechanism, and it is where the railways have been located to provide the
linear motion of the guideways.

Figure 49: Railway Support

The railways HGR55R780C of 780mm length have been located in the long-machined slots of
the left part of this figure, using the holes of M14 as specified in the commercial catalogue of HIWIN.
Whereas the two short slots of the right side would be machined to support the bending moment
created by the guideways making an area of contact with the following element “Separator”, even
though they would be attached using two bolts of M24, as requested by ENGOI.

D.2 Separator
The element “Separator”, which is shown in Figure 50, was designed for two main reasons.
First, to give the necessary separation between the “Railway support” and the general clamping
structure, and on the other hand, also to support the bending moment in order to decrease the
shear stress of the two bolts of M24.

Figure 50: Separator
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Appendix E: Dimensioning of Bolts
In the free part of the element, as the linear guideways are attached to the element, the
bolts of M14 will be used due to the specifications of the guideways. The objective, in this case, was
to specify which property class of bolt will be needed to support the reactions, which are the
following ones: a moment of 𝑀 = 44000 Nm and a shear force of 𝐹𝑐 = 53000 N. As the mechanism
is symmetric, both reactions will be distributed equally into both sides, being half of each. Three pairs
of two guideways will be assembled at each side of the machine, so the moment that each pair will
have to suffer will be distributed. But, with the aim of avoiding risks, each guideway pair was
analysed on the condition that it would suffer the total moment (see Figure 51).

Figure 51: FBD of the joint

E.1 Direct shear stress
If shear loading is symmetrically applied to a multiple bolted joint, it is usually acceptable to
assume that the total shear is uniformly distributed over all bolts. If it is assumed that clamping
friction provides no shear resistance, equation E.1 gives the shear stress 𝜏𝑏 (Jack, 2009), where 𝐴𝑖 =
area of bolt and e 𝑛𝑏 = number of bolts:
𝑭𝒄
𝟐𝟔𝟑𝟐𝟕. 𝟒𝟖 𝐍
𝝉𝒃 = 𝒏𝒃
=
= 𝟐𝟏. 𝟑𝟖 𝐌𝐏𝐚
(E.1)
∑𝒊=𝟏 𝑨𝒊 𝟖 · 𝟏𝟓𝟑. 𝟗𝟒 𝐦𝐦𝟐

E.2 Shear stress due to torsion
Due to the direction of the moment and the force, the four bolts of the bottom will suffer
higher stresses, so only these four bolts were analysed. On the other hand, as the distance from the
centroid is bigger to the bolts of the bottom and the other two, two magnitudes of shear stresses will
be produced.
- Bolt 1 and 3:
Again, neglecting any shear resistance due to clamping friction, the torsion-like shear stress
𝜏𝑡 at the bolts may be calculated from equation E.2:
𝑻𝒓𝒊
𝝉𝒕 =
(E.2)
𝑱𝒋
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where

𝑟𝑖 = radius from the centroid to the ith bolt
𝑛𝑏
𝐽𝑗 = ∑𝑖=1
𝐴𝑖 𝑟𝑖 2 = “joint” polar moment of inertia

And substituting the values of 𝑟𝑖 = 50.97mm and 𝐽𝑗 = 14.13 · 106 mm4, we get a shear
stress of 𝜏𝑡 = 78.78 MPa.
As the resultant shearing stress on each bolt is calculated by taking the vector sum of the
direct shear and the shear due to torsion, the resultant was calculated in the four bolts and then
chosen the most critical one to specify the material. So the angle α was calculated to be able to
divide the module of the torsional stress into the horizontal and vertical components.
∝= 𝐭𝐚𝐧−𝟏

𝟏𝟖.𝟓
𝟒𝟕.𝟓

= 𝟐𝟏. 𝟐𝟖º

(E.3)

(E.4)
𝝉𝒙 = 𝝉𝒕 𝒔𝒊𝒏 ∝ +𝝉𝒃 = 𝟒𝟗. 𝟗𝟕 𝐌𝐏𝐚
(E.5)
𝝉𝒚 = −𝝉𝒕 𝒄𝒐𝒔 ∝= −𝟕𝟑. 𝟒 𝐌𝐏𝐚
By taking the vector sum as mentioned previously, the resultant shear stress of the bolt was
calculated with the following equation E.6:
𝝉𝒕𝒐𝒕𝒂𝒍 𝟏,𝟑 = √𝝉𝒙 𝟐 + 𝝉𝒚 𝟐 = 𝟖𝟖. 𝟖 𝐌𝐏𝐚

(E.6)

-

Bolt 2 and 4:
Again, neglecting any shear resistance due to clamping friction, the torsion-like shear stress
𝜏𝑡 at the bolts may be calculated from equation E.7:
𝑻𝒓𝒊
𝝉𝒕 =
(E.7)
𝑱𝒋
And substituting the values of 𝑟𝑖 = 142.64mm and 𝐽𝑗 = 14.13 · 106 mm4 , we get a shear
stress of 𝜏𝑡 = 220.45 MPa.
The angle β was calculated to be able to divide the module of the torsional stress into the
horizontal and vertical components.
𝟏𝟑𝟒. 𝟓
(E.8)
𝜷 = 𝐭𝐚𝐧−𝟏
= 𝟕𝟎. 𝟓𝟓º
𝟒𝟕. 𝟓
(E.9)
𝝉𝒙 = 𝝉𝒕 𝒔𝒊𝒏𝜷 + 𝝉𝒃 = 𝟐𝟐𝟗. 𝟐𝟓 𝐌𝐏𝐚
(E.10)
𝝉𝒚 = −𝝉𝒕 𝒄𝒐𝒔 ∝= −𝟕𝟑. 𝟒 𝐌𝐏𝐚
By taking the vector sum as mentioned previously, the resultant shear stress of the bolt was
calculated with the following equation E.11:
𝝉𝒕𝒐𝒕𝒂𝒍 𝟐,𝟒 = √𝝉𝒙 𝟐 + 𝝉𝒚 𝟐 = 𝟐𝟒𝟎. 𝟕𝟏 𝐌𝐏𝐚

(E.11)

The bolts number 2 and 4 are the ones which suffer the highest stress, with a shear stress of
𝜏𝑡𝑜𝑡𝑎𝑙 = 240.71 MPa. Applying a security factor of 𝑆. 𝐹. = 2 and considering the distortional energy
failure theory, the minimum yield strength required for these dimensions of the bolt was obtained,
which is the following one (equation E.12):
𝝉𝒕𝒐𝒕𝒂𝒍 · 𝑺. 𝑭.
(E.12)
𝝈𝒚𝒊𝒆𝒍𝒅 =
= 𝟖𝟑𝟒. 𝟑𝟓 𝐌𝐏𝐚
𝟎. 𝟓𝟕𝟕
Knowing the minimum yield strength required and looking the table 13.5 of (Jack, 2009), we
can conclude that the property class of 10.9 (Low carbon martensite, Q&T) in the bolts of M14 will be
enough to support the mentioned reactions of the joint.
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Appendix F: Estimation of Loads for ABAQUS FEM
In this section, the values of the loads applied to the two parts analysed with Abaqus, which
are the lateral support and the railway support, are calculated. To do so, the values obtained from
the static analysis explained in 3.1 Static analysis are used.

F.1 Loads on the lateral support
Taking into account the known values of the forces and moments estimated in with the static
analysis and the FBD shown in Figure 52, the internal forces and moments given in the section that
connects the bracket and the lateral support are calculated (see Table 15).

Figure 52: FBD of the Bracket/ Lateral Support
Table 15: Inner forces and moment

Fs (N)
2500

Ft (N)
14500

M (Nm)
975

As the lateral support is connected to three brackets, when modelling it with Abaqus, three
areas were delimitated, which represent the contact surfaces with the brackets.
In each area, a pressure obtained by dividing the force Ft among the area is applied. The
shear force Fs was considered negligible and the moment M has been modelled as a pair of
pressures. In order to do so, the moment was first divided into a pair of forces.
𝑀 = 2𝐹𝑑
One force was assumed to be applied in the top surface in the positive direction, and the
other one in the bottom surface in the negative direction. By summing up the pressures obtained by
dividing these forces among the surface with the pressures obtained from the force Ft, the final load
values introduced in the Abaqus modelling have been calculated. Figure 53 shows the final
distribution of those pressures and Table 16 its values.
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Figure 53: Distribution of pressures in the lateral support
Table 16: Values of pressures of the lateral support

P1 (Pa)
559900

P2 (Pa)
755200

P3 (Pa)
50780

F.2 Loads on the railway support
From the results presented in the 3.1 Static analysis, in this part, the moment supported by
the linear guideways is applied, as the guideways are sliding in the railway attached to this part.
Firstly, the total moment was divided into two guideways, as shown in Figure 54.

Figure 54: Moments due to the linear guideways

Then, in order to model these two moments in Abaqus, they were divided into a pair of
force, applying the same equation as in the previous case.
𝑀 = 2𝐹𝑑
This resulted in the FBD shown in Figure 55, and the values for each force of F=53.257 kN.

Figure 55: Loads applied on the final modelling of the railway support

