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Abstract  

The ATLAS Experiment New Small Wheel will be installed at Point 1 of the LHC in Geneva in 2017. 

It has a vast array of detectors and triggers, yet due to its size and delicate nature, special attention needs 

to be given to the installation procedures and equipment. This dissertation entails the design of the NSW 

installation tooling as well as the procedure of optimising such a tooling with Finite Element Analysis. 

The NSW detector design team work simultaneously with the engineering and services team which 

results in constantly changing design specifications. A procedure has been explored to account for this 

frequent change to adapt the design in an efficient manner. The overall tooling is made up of the main 

tooling beam, the counter weight assembly, the rotating and locking head and the sector grabber frames. 

Focus is also given to the optimisation via Finite Element Analysis using ANSYS Mechanical. This 

covers the structural integrity of the entire tooling as well as weight minimisation. In addition a detailed 

study explores the effects of stress relief grooves on a stepped shaft.  
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Chapter: 1 Introduction  

The purpose of an installation tooling is to manipulate a particular component into a position and would 

require specific orientation. The New Small Wheel (NSW) of the ATLAS Experiment collider requires 

such a tooling in order to carry out its sector assembly. The ATLAS Experiment (ATLAS Collaboration, 

2008) is a 7000 ton cylindrical particle collision detector that spans 44 m with a diameter of 22 m. It is 

one of 4 colliders on the Large Hadron Collider (LHC) 27 km loop (Bini, 2013). In order to detect 

particle dispersion upon collision, the detector is designed with a combination of cylindrical and end 

cap configurations. This allows a near complete three dimension capture volume in all directions from 

the central collision point. The cylindrical layers of detectors track the radial trajectories, while the end 

cap detectors track the more axially biased paths. The NSWs form part of the inner end cap muon 

detectors and are therefore disc like in shape as seen in Figure 1-1.  

 

Figure 1-1. The ATLAS Experiment with Small Wheel visible (Bini, 2013). 

Muons are sub-atomic particles sometimes created during proton-proton collisions. The muon requires 

a specific type of detector to record its path as it travels away from the collision point at the centre of 

the collider. The muons are detected in the end caps by means of small Thin Gap Chambers (sTGC) 

and MicroMegas (MM) (ATLAS Collaboration, 2013).  
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The NSW, positioned at the central most muon detector in Figure 1-1, comprises simplified sectors in 

a triangular shape to form the wheel. There are two offset layers of these sectors in order to capture 

areas in between the sectors of the first layer as shown in Figure 1-1. This ensures a complete area of 

detection along the wheel as one layer detects trajectories in the gaps left by the other layer. The layer 

closest to the centre is made up of small sectors (SS). These sectors, as the name mentions, are smaller 

in size than the sectors in the layer that surrounds it, the large sectors (LS). Both sectors share the same 

detector make up, but the shapes and sizes are different (Ponsot, 2014).  

In order to assemble these sectors on the NSW structure, there is a need for a specialised installation 

tooling. An example of a sector installation tooling would be the Wisconsin Tooling previously used at 

CERN as seen in Figure 1-2. 

 

Figure 1-2. Wisconsin Tooling with chamber grabber (Cattai, et al., 2014). 

The exact design specifications of the NSW sectors change as the design of the sector physics are 

optimised. The engineering team that designs the mechanical structures, services and toolings therefore 

need to account for these changes until the physics-based design is finalised. A project on a large scale 

such as the NSW therefore poses a unique working environment for engineering design where 

requirements are altered frequently. Such projects are common among the various improvements and 

upgrades at CERN.  

Since CERN is a large centre for nuclear research in Europe, there are various protocols with regards 

to engineering principles and standards that have to be adhered to. CERN also has a particular list of 
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supported software for design purposes to ensure literacy amongst all personnel. The primary software 

for mechanical simulations used at CERN is ANSYS R15.0 Workbench: Mechanical. This allows 

various simulations using Finite Element Analysis (FEA) to determine mechanical results from various 

loads such as pressure, force and thermal gradients.  

For complex geometries and force profiles where calculations are not always linear it offers accuracy 

and efficiency far greater than that of conventional hand calculations. The majority of the simulation 

and optimisation procedures in this dissertation utilises finite element analysis via ANSYS. 

 

This dissertation is made up of seven chapters that further portray the research conducted towards the 

design and analysis of a suitable sector installation tooling as per the requirements in chapter 3.1.  

Chapter 2 is the literature survey which gives the necessary background information and history 

regarding the NSW sectors, previous tooling and fundamentals of FEA. It serves to familiarise the 

reader with the fundamental concepts upon which the dissertation is based.  

Chapter 3, Design approach, describes the particular design approach that the author carried out by 

analysing the design functional and system requirements. This includes the design methodology and 

analysis of previously manufactured installation toolings.  

Chapter 4, Tooling concept generation, shows the initial tooling conceptual designs and specifically 

describes the logical process and points of optimisation for the various design problems presented in 

the requirements for the new tooling.  

Chapter 5 forms the final design and simulation section of the dissertation. This chapter contains the 

detailed procedures and results of the FEA carried out as well as the various programs written to 

optimise the design process itself.   

Chapter 6 is a complete evaluation of the final design and discussion regarding the significant 

improvements made over the previous tooling as well as the unique FEA methods used for specialised 

simulations. Special mention is also made about the future manufacture of the tooling and practical 

testing that can be carried out. 

Chapter 7 concludes the dissertation by highlighting the key points of the various designs, procedures 

and methods of optimisation developed through the work. 
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Chapter: 2 Literature Survey 

To initiate the study a detailed literature survey was conducted. This allowed for the required 

background understanding and evaluation of work requirements, details of the design conditions and 

theory of the FEA solver. 

2.1 New Small Wheel 

The NSW is made up of 2 layers of sectors. The first layer is made up of 8 Large Sectors (LS) that are 

positioned in a circular pattern around a central hub. The second layer is made up of 8 Small Sectors 

(SS) that are also positioned in a circular pattern, but with a 22.5° rotation about the central axis with 

respect to the vertical. This acts to position the second layer of sectors directly in the gaps left by the 

first layer of sectors. Figure 2-1 shows the Small and Large sectors on the present Small Wheel assembly 

(Ponsot, 2014). 

 

Figure 2-1. Present Small Wheel assembly and shielding (Ponsot & Spigo, 2015). 

The small sectors are attached via kinematic mounts to SS spokes. These spokes connect to both the JD 

shielding and JD Plug. The large sectors connect to similar LS spokes. These spokes connect to the SS 

spokes in addition to the JD Plug. Since the Small and Large sectors act to exert a cantilevered load on 

the JD Plug, the SS spoke area of the wheel is supported by two modified Foot spokes. These spokes 

provide structural support to the JD Plug as well as a means for the Small sectors in that area to connect 

to. Figure 2-2 shows the intended assembly procedure whereby SS spokes and Foot spokes are first 

JD 
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attached (1) to JD followed by the Small sectors (2). The LS spokes are then installed (3). The last step 

involves installing the large sectors to the assembly (4). 

 

Figure 2-2. NSW assembly sequence (Ponsot, 2014). 

2.1.1 Large sector 

The LS comprises various layers of detectors. It has an aluminium spacer frame centre that behaves as 

the main structural member of the sector. MicroMega detectors are then bolted onto either side of the 

spacer frame. The sTGC detectors are then attached by means of four kinematic mounts to the spacer 

frame as seen in Figure 2-3 (also see Figure 2-7). These kinematic mounts allow for the sTGC layers to 

be aligned to one another (Ponsot, 2014). 

1 2

1 

3 4 
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Figure 2-3. Make up of NSW sectors (Ponsot & Spigo, 2015). 

The LS weighs 1450 kg and this weight is evenly distributed throughout its volume; constant density 

can be assumed. The LS has a height of 3725 mm and a maximum width of 2376 mm. A fully assembled 

LS is 404 mm thick from sTGC frame-to-sTGC frame. The shape of a LS is shown in Figure 2-4 

(Ciapetti & Spigo, 2014). 

 

 

Figure 2-4. Front view of the NSW large sector (Ciapetti & Ponsot, 2015). 

Kinematic mount 
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2.1.2 Small sector 

The SS shares the same layer composition and therefore has the same thickness as the LS, however with 

different frontal dimensions. The SS is also 3725 mm high, yet its maximum width is only 1785 mm. 

The SS weighs 1100 kg as a result and is also assumed to have constant density throughout its volume. 

The SS has a simpler triangular shape as seen in Figure 2-5 (Ciapetti & Spigo, 2014). 

 

Figure 2-5. Front view of the NSW Small sector (Ciapetti & Ponsot, 2015). 

2.1.3 Foot spoke 

The Foot spoke is a modified small spoke that has a mount to the ground. The purpose of this is to 

support the cantilevered hub of the NSW as both the Large and Small sector layers attach to the hub. 

There are two Foot spokes per NSW. All standard Small spokes are made completely of aluminium, 

but since the Foot spokes need to support the additional weight, certain profiles are manufactured from 

316L stainless steel. The reason for using this particular grade of stainless steel is its non-magnetic 

properties, so that it will not interfere with the magnet systems of the detector or alter particle paths. 

The Foot spoke weighs 1000 kg and is asymmetrical unlike the standard spoke. In addition to supporting 

the hub and providing an interface for the Small sectors to mount on, the Foot spoke also holds an 

alignment bar used to adjust sectors when the wheel is assembled. Each Foot spoke has the alignment 

bar mounted at different positions, therefore the COG of each spoke is not the same. Figure 2-6 shows 

the left Foot spoke viewed from the outside of the collider (Ciapetti, et al., 2015). 
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Figure 2-6. Foot spoke of NSW (Ciapetti & Ponsot, 2015). 

2.1.4 Kinematic mounts for large and small sectors: 

The large and small sectors connect to their respective spokes by means of kinematic mounts. The sTGC 

modules also connect to the sector spacer frame by means of kinematic mounts. There are 3 types of 

mounts for each sector; a spherical fixed joint, a guide and a fork. Depending on the sectorôs orientation, 

the kinematic joints will be placed at varying positions for the most appropriate weight distribution and 

adjustment access. The use of these kinematic mounts allow for the necessary translation of each sector 

with a fine enough resolution to make appropriate alignments. Figure 2-7 shows the three different types 

of kinematic joints used (Cattai, et al., 2014).  

 

Figure 2-7. Kinematic joints used for sector and sTGC mounting and alignment (Cattai, et al., 2014). 
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2.2 Installation Tooling 

2.2.1 Types of installation toolings 

The assembly site for the NSW, Building 191 at the Meyrin site of CERN has a large 140 ton overhead 

crane and a smooth concrete floor. This leaves two possibilities for the nature of the installation tooling 

design. The tooling can either be hoisted or made to travel along the ground (Ponsot & Spigo, 2015).  

A hoisted tooling would need a counter weight and a central beam about which the tooling can be 

balanced about the hoist point as shown in Figure 2-8 (University of Wisconsin, 2001). 

 

Figure 2-8. Balanced hoist tooling (University of Wisconsin, 2001). 

A floor based tooling can take the form of a modified forklift with a jib interface. Here the actual forklift 

is used as the counter weight and can accommodate a large range of component masses. Figure 2-9 

shows a conventional forklift with a bolt-on jib attachment (BAHRNS, 2010).   

 

Figure 2-9. Forklift with Jib attachment (BAHRNS, 2010). 

2.2.2 Wisconsin Tooling 

The Wisconsin Tooling is the current installation tooling used for sectors, wedges and chambers for the 

ATLAS and CMS experiments. It was designed, manufactured and tested in 2001 by the University of 

Wisconsin in Madison Wisconsin USA, from which it gets its name.  The Wisconsin Tooling is a hoist 

type tooling that utilises an overhead crane for operation. Its functional features include counter balance 

adjustment for various weights, sector rotation and sector centre-of-gravity translation adjustment. This 
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allows a wide range of components to be installed within its maximum weight range of 400 kg. Figure 

2-10 shows the Wisconsin Tooling installing a gas chamber in the CMS assembly (University of 

Wisconsin, 2001).   

 

Figure 2-10. Wisconsin Tooling installing sector on CMS (Ponsot, 2014). 

The Wisconsin Tooling has become a beneficial asset to CERN due its robustness and versatility. It set 

the benchmark for many other fixed weight toolings that were designed for specialised environments at 

CERN.  

 Technical details and review of the Wisconsin Tooling occurs in Chapter 3 of this dissertation. 

2.3 The Finite Element Analysis (FEA) procedure 

Finite Element Analysis, as described in the Engineering Computational Methods notes prepared by 

Jean Pitot in 2011, is a particular branch of computational analysis that specifically deals with 

simulating mechanical and thermal stresses that components experience when under a particular load. 

FEA has become increasingly important as it offers a way to accurately find solutions to problems that 

may not have linear analytical solutions and to a degree of accuracy that is often not feasible by 

experimental or analytical approaches (Pitot, 2011). In addition it offers greater flexibility and 

efficiency than experimental methods and has become accepted and often a legal requirement for 

engineering design.  
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The basic principle of computational analysis is commonly explained by the black box. The black box 

orders the various components of computational analysis. The first component is the mathematical 

models which are an assemblage of governing equations which define the physical parameters of the 

problem at hand. The next component is the numerical methods that solve these mathematical models 

by providing solutions. Lastly are the hardware and software components which offer the computing 

ability and protocol or instructions to carry out the calculations respectively. Figure 2-11 show a simple 

schematic of how these components are utilised to achieve the desired results (Pitot, 2011). 

 

Figure 2-11. Basic schematic of the Black Box (Pitot, 2011). 

The software utilised to conduct the FEA in this dissertation is ANSYS Workbench R15.0. ANSYS 

Mechanical provides a FEA package that makes use of the Finite Element Method.  

2.3.1 Discretisation 

Discretisation is the concept that represents a continuous function by a number of discrete points that 

can be achieved analytically. Discretisation only gives solutions at certain points in the domain and can 

therefore be used to approximate a continuous function. Figure 2-12 gives a graphical representation of 

discretisation. The function f(x) is the continuous solution to an arbitrary stress calculation and fô(x) is 

the discretised function. x1, xi and xn all show discrete points. xi corresponds to yiô at the discrete point 

and to yi on the continuous function (Pitot, 2011). 
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Figure 2-12. Graph showing visual representation of discretisation (Pitot, 2011). 

Discretisation is the fundamental principle of how computational analysis can solve a complex problem 

in small and simple discrete steps.  

2.3.2 Finite Elements 

In order to run the mathematical models and equations on the component, the component geometry 

must first be divided into small and roughly homogenous elements (discrete points) as mentioned. This 

is done so that a component of complex geometry can be broken down into simple shapes therefore 

making the processing of calculations on each element simpler to complete and more accurate. A 

general rule is that the finer the mesh or element density, the greater degree of accuracy. This however 

is proportional to computational time. The finer the mesh, the greater the processing time due to the 

greater number of calculations that need to be done. There is a point where a critical mesh density is 

reached; any finer will not improve the result accuracy. This point is called the mesh independence 

point. It is the optimum way that a model should be run to ensure the greatest accuracy at the best 

available computational efficiency. Figure 2-13 shows a visual description of mesh independence (Pitot, 

2011). 
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Figure 2-13. Approaching the point of mesh independence (Pitot, 2011). 

2.3.3 Governing equations for computational solid mechanics 

The governing equations allow the behaviour of a component in response to a load to be monitored. 

The three points of interest for FEA are usually displacement, stress and strain. To obtain these results 

there are three main governing equations that are used namely; the equilibrium equation, the 

compatibility equation and the constitutive equation (Pitot, 2011). 

The equilibrium equation is expressed by: 

 div{ů}+{F} = ɟ{ü} (1) 

From the equation div is the divergence operator, {ů} is the stress tensor for normal and shear stresses, 

{F}  is the force vector, ɟ is the density of the material and {ü} is the second derivative of the 

displacement with respect to time, therefore the acceleration vector. The equilibrium equation is a form 

of Newtonôs second law. The equilibrium equation serves to balance the forces experienced by the body 

by summing the internal and body forces to obtain the inertial force. 

The compatibility equation is expressed by: 

 {Ů} = (grad{u} + ὫὶὥὨό ) (2) 

In this equation {Ů} is the strain tensor and grad is the gradient operator on the displacement vector {u} 

which accounts for displacements in both the translational and rotational directions. The purpose of the 

compatibility equation is to determine strains experienced by the volume by means of the change of 

displacements. 

The constitutive equation is expressed by: 

 {ů} = [C]  {Ů} (3) 
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The term [C]  is the stiffness matrix that contains the relevant elastic and shear moduli. The stress 

tensor of the constitutive equation is common with the equilibrium equation and strain is common 

with the compatibility equation. The constitutive equation is also known as Hookeôs Law. The 

purpose of this equation is to determine the stresses induced in the volume based on the stain tensor 

and the stiffness matrix. The term [C]  is Youngôs Modulus term and therefore this can only apply for 

the linear elastic region of materials. 

These equations feed directly into the finite element method (FEM). A complex geometry volume is 

discretised into elements and governing equations are applied to each individual element. Each 

element has a node its corners. These nodes each have their own displacement vectors for the six 

degrees of freedom; three directions of translation and three directions of rotation. Figure 2-14 shows 

the node of a 2D element with the displacement vector (Pitot, 2011). 

 

Figure 2-14. Displacement vector {u} of a node (Pitot, 2011). 

The interaction of an element with other nodes is given by an expression known as the Elemental 

equation: 

 [k] e[{u} e = {f} e (4) 

This is a form of the Equilibrium equation, specifically one describing a spring experiencing an 

external force. The term [k]  is the elemental stiffness matrix derived from the element geometry and 

material properties. {f} e is the elemental load vector and {u}e is the elemental displacement vector 

which shows the movement of the nodes in response to an applied load. The displacement vector is 

the unknown of the equation. 

The elemental stiffness and load vectors are then assembled to form a global stiffness and load vector 

denoted by: 

 [K]{u} = {F}  (5) 

Each individual element is therefore linked together by common nodes to achieve the global mesh as 

seen in Figure 2-15 (Pitot, 2011). 








































































































































































































































































































