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Sammanfattning 
Detta arbete utfördes på vridledsmodulen för handhållna kameror från T-serien hos företaget 

FLIR. Vridledsmodulen används för att hålla uppe objektivet och reglerar vinkeln på detta i 

jämförelse med resten av kameran. FLIR hade tidigare ett flertal lösningar för olika 

kameramodeller och dessa hade individuella problem när det kom till kvalitet, toleranser och 

hållbarhet. De tidigare lösningarna skilde sig i vilka komponenter som används och vilket 

vridmoment som krävs från användaren vid bruk. 

Företaget sökte en ny lösning för vridledsmodulen; en lösning som var skalbar. Detta innebar att 

den nya modulen skulle kunna användas i flera kameramodeller med olika användarmoment och 

olika objektiv med varierande vikt. Användarmomentet skulle kvantifieras genom att utvärdera 

befintliga lösningar; de funna värdena skulle sedan användas för att finna en ny lösning. 

Dimensionerna på modulen skulle väljas med hänsyn till dimensionerna på de tidigare 

lösningarna och gränssnittet mot kamerahuset. 

I början av projektet utfördes en förstudie genom att titta på tidigare lösningar gjorda av FLIR 

för att formulera krav på produkten. De verktyg som användes för detta var MATLAB för 

beräkningar, SolidWorks för CAD och utrustning från verkstaden för att manuellt mäta 

momentet. 

För att börja formulera koncept gjordes en brainstorm där de första koncepten förklarades genom 

skisser, och senare med CAD gjorda i SolidWork. Dessa koncept beräknades på genom att 

använda MATLAB för att hitta rätt dimensioner och komponenter. 

Koncepten diskuterades genom att låta berörda parter ge feedback under planerade möten. En 

Pugh’s matris användes för att utvärdera koncepten emot varandra, för att välja slutkoncept. 

De slutgiltiga koncepten var av två olika modeller. Det ena kontrollerades genom dimensioner 

och stålkulor, styrda av kompressionsfjädrar, som klickade i spår i en ytterring. Det andra styrdes 

endast genom friktionen mellan två ytor som var i kontakt med varandra under lasten från 

kompressionsfjädrar, där det då inte fanns distinkta klicklägen. Avsikten var att dessa två 

koncept skulle ha samma moment och att de skulle vara skalbara på samma sätt; genom olika 

förspänning av fjädrarna i applikationen. 

Nyckelord: Vridled, utveckling, fjädrar, friktion, moment
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Abstract 
This work was done on the rotary joint module of handheld cameras in the T-series made by the 

company FLIR. The rotary joint module holds the lens and controls the angle in relation to the 

rest of the camera. FLIR’s current solutions for the rotary joint had various module solutions for 

different camera models and the solutions have individual problems in quality, tolerances and 

durability. The current solutions differ in which components that are used, in dimensions and 

what torque is required by the user.  

The company was looking for a new solution for the rotary joint module; a solution with 

scalability. This means that the new module were to fit in several camera models with different 

torques and with lenses of different weight. The torque needed by the user would be quantified 

by evaluating solutions used today, where these values would be applied when finding a new 

solution. The dimensions of the module would be in consideration to the dimensions of the 

earlier solutions and to the interface between the joint and the camera. 

In the beginning of the project a pre study was made by looking at the current solutions made by 

FLIR to form requirements. The tools used for this were MATLAB for calculations, SolidWorks 

for CAD drawings and workshop tools for manual measurements of the torque.  

To start forming concepts solving the problem a brainstorm was performed where the ideas were 

visualized using sketches, and later CAD drawings using SolidWorks. These concepts were 

calculated using MATLAB to find the right dimensions and components.  

The concepts were discussed using meetings with interested parties, to get feedback on the work 

and sort out the better concepts. A Pugh’s matrix was used to evaluate the concepts against each 

other. 

The final concepts were of two different models; one controlled by dimensions and steel balls, 

connected to compression springs, clicking into grooves, and the other controlled merely by the 

friction between two surfaces provided under load from compression springs, where there were 

no actual click positions. The intention was that these two would have the same torque and they 

were scalable in the same way; by pre-tensioning the springs in the application to give different 

loads. 

Keywords: Rotary joint, development, springs, friction, torque 
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NOMENCLATURE 

This chapter presents the notations and abbreviations used in the report. 

Notations 

Symbol Description 

α Angle of attack 

β Compensated angle of attack 

δ Calculation constant, Disc springs [-] 

µd Dynamic coefficient of friction [-] 

µs Static coefficient of friction [-] 

Di Inner diameter [mm] 

Dm Coil diameter, Compression springs [mm] 

Do Outer diameter [mm] 

Dt Wire diameter, Compression, springs [mm] 

E Young´s modulus [GPa] 

F Force/Load [N] 

Ff Friction force [N] 

Fkomp Compressive force [N] 

Fmom Torque force [N] 

Fs Spring load [N] 

f Deflection [mm] 

G Shear modulus [GPa] 

H Unloaded height of head room, Disc spring [mm] 

K1-4 Calculation constants, Disc spring [-] 

k Spring rate [N/mm] 

L0 Free length, Compression spring [mm] 

M Torque [Ncm] 

N Normal load [N] 

n Number of coil, Compression spring [-] 

np Number of parallel elements [-] 

ns Number of elements in series [-] 

p Pitch, Compression spring [mm] 

r Radius [mm] 

T Thickness of material, Disc spring [mm] 



 

 

t Thickness [mm] 

wM, wR Coefficients of friction, Disc spring [-] 

 

Abbreviations 

CAD  Computer Aided Design 

HV  Vickers Hardness Number 

KTH  Royal Institute of Technology 

PCTFE  Polychlorotrifluoroethylene (Polymer material) 

MVC   Maximum Voluntary Contraction 

PDMS   Polydimethylsiloxane 

QFD   Quality Function Deployment 

WBS  Work Breakdown Structure 
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1 INTRODUCTION 

This chapter describes the background, purpose, delimitations for the project. The methods used 

for information retrieval, concept and prototype development to implement the procedure are 

also presented. 

1.1 Background 

This report was done by a student at the Royal Institute of Technology (KTH) as a Master thesis 

for Machine Design during the spring of 2016. The project was conducted at the company FLIR 

in Täby, Stockholm.  

The work was done on the rotary joint module of handheld cameras T4xx, T6xx and T10xx 

made by the company FLIR, see Figure 1. The rotary joint module which controls the angle of 

the lens on the handheld cameras had various module solutions for different models of cameras 

and the solutions had individual problems in quality, tolerances and durability. The current 

solutions differed in which components that were used and in dimensions and what torque is 

required by the user.  

 

Figure 1. Camera T4xx with rotatable lens from FLIR (FLIR, 2016) 

One important aspect for this joint was that the customer gets the right feeling from the torque 

they apply; the torque that makes the joint change position from one click position to the other. 

This torque was not initially quantified by the company for any of the camera models. 

1.2 Purpose 

The company was looking for a new solution for the rotary joint module; a solution with 

scalability. This means that the new module were to fit in several camera models with different 

torques and with lenses of different weight.  

The torque needed by the user would be quantified by evaluating the current solutions, where 

these values would be applied when finding a new quality solution. The dimensions of the newly 

developed modules would be in consideration to the dimensions of the earlier solutions and to 

the interface between the joint and the camera, to make the module easier to adapt to different 

camera housings. Weight and cost was to be had in mind when developing the new module, but 

did not need to be investigated. 
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1.3 Delimitations 

The delimitations of the project can be seen in the list below:   

 When developing the concepts the interface against the camera houses did not need to be 

of the exact dimensions; in the final concept(s) the interfacing was however done to one 

of the current houses. 

 The budget did not need to be calculated, only taken into consideration in terms of 

material and manufacturing costs. 

 The prototypes were not manufactured in the right materials, which made torque 

measurements and actual material evaluation inaccessible in the time span. 

 The weight of the concepts did not need to be calculated, only kept in mind during 

development. 

 The final manufacturing was not done within the time span of the project. 

1.4 Method 

In this section the methods used for information retrieval, concept generation and evaluation, 

prototype development and manufacturing is described. The GANTT time schedule for the 

project can be seen in Appendix A. The project was broken down using a WBS, Work 

Breakdown Structure, with the five parts of Administration, Pre-phase, Concept Generation, 

Concept Evaluation and Results & Reporting. The WBS can be found in Appendix B.  

1.4.1 Information Retrieval 

In the beginning of the project a pre study was made by looking at the current solutions made by 

FLIR to form requirements. The tools used for this were MATLAB (MATLAB, 2015) for 

calculations, SolidWorks (SolidWorks, 2015) for CAD drawings and workshop tools for manual 

measurements of the torque.  

During information retrieval reports on different kinds of springs, friction and wear between 

materials, what might affect friction, the ergonomic view of user torque and materials were read 

to form an understanding of the problem. This information was collected by searching for, 

mainly, scientific reports on the subjects. 

To conclude the evaluation phase of the current solutions, the requirements on the module were 

clarified, using a Quality Function Deployment (QFD) to weigh the importance of each 

requirement.  

1.4.2 Concept Generation & Evaluation 

To start forming concepts solving the problem a brainstorm was performed where the ideas were 

visualized using sketches, and later CAD drawings using SolidWorks (SolidWorks, 2015). The 

further developed concepts were calculated with MATLAB (MATLAB, 2015) to find the right 

dimensions and components.  

The concepts were discussed using meetings with interested parties, to get feedback on the work 

and sort out the better concepts. A Pugh’s matrix was used to evaluate the concepts against each 

other. 

The methodology used in the project can be described as an iterative and incremental 

development, where the iterative part is defined by the development and evaluation of concepts 

in three different stages in the project, see Figure 2. The iteration stages were brainstorm, further 

development and the two final parallel concepts. 
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Figure 2. Method of Development 

1.4.3 Prototype Development 

Initial prototypes were made using 3D printing and standard components, where the difference in 

material properties of the plastic prototype compared to the real material in mind, was taken into 

account when evaluating the concepts.  

1.4.4 Manufacturing 

The final manufacturing was done outside of the time span. Drawings and selection of material 

prepared for this was done during the last weeks of the project. 
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2 FRAME OF REFERENCE 

This chapter contains the information that was retrieved to fulfill the project. The search for 

information was based on data on springs, user ergonomics, materials and friction and wear. 

2.1 Springs 

The spring is a component that is used to store mechanical energy and provide load control. It 

comes in various shapes and materials, for different types of loading. The helical spring and the 

disc spring are presented below. 

2.1.1 Helical Springs 

The helical spring, or compression spring, is a wire that is formed by wrapping a wire around a 

cylindrical shape. When it is loaded the material undergoes torsion, which makes the shear 

modulus of the material an important design factor. When loaded, the helical spring has a linear 

rate (particularly after the first 20% of deflection) that often is referred to as the spring rate, k. 

The properties of a helical spring which affects most is the way the ends of the spring are 

designed, the material, the surface treatment and the design stress level. 

The most common constraints of the design of a helical spring are the free length, L0, spring rate, 

k, and coil diameter, Dm. Equation (1) shows the relation between load, F¸ and deflection, f. 

From this we can see that the spring cannot be scaled down and still have the same properties. 

𝑓 =
8 ∙ 𝐷𝑚

3 ∙ 𝑛

𝐺 ∙ 𝐷𝑡
4 ∙ 𝐹 (1) 

The number of coils, n, is chosen to keep the pitch, p, reasonably low, to have a stabile spring 

with a uniformly distributed load. A coil of the spring is a full turn of the wire. It is found that 

springs that does not have whole number of coils will have a longer life span. 

End conditions of the spring have four different forms: open, open & ground, closed and closed 

& ground, see Figure 3. Generally, the stability against buckling is higher for the closed end, 

where the spring has extra material that does not deflect, but the spring rate is non-linear in the 

beginning of deflection since it does not have full pitch there, making the coils inactive sooner. 

 

Figure 3. End conditions, from left:open, open & ground, closed and closed & ground 

A helical spring generally accepts up to 2x106 cyclic stresses, when the material is steel. For 

spring applications it is more reasonable to use a parameter of 2x107 cyclic stresses. The wire 

thickness is often needed to be increased beyond the optimum value to keep the stresses in 

acceptable levels. Lateral loading of a spring will decrease the life of the spring. 

The springs can also have different surface treatments; the most commonly used are case 

hardening and shot peening. (J.L. Porteri, 2010) 

For springs in set, the parameters of the set depends on if the springs are parallel or in series. The 

values for the deflection and load for these types of sets are formulated in Table 1. 
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Table 1. Parallell springs and springs in series 

 Parallell Series 

Deflection, f 
1

𝑓𝑡𝑜𝑡,𝑛
=

1

𝑓1
+

1

𝑓2
+ ⋯ +

1

𝑓𝑛
 𝑓𝑡𝑜𝑡,𝑛 = 𝑓1 + 𝑓2 + ⋯ + 𝑓𝑛 

Force, F 𝐹𝑡𝑜𝑡,𝑛 = 𝐹1 + 𝐹2 + ⋯ + 𝐹𝑛 𝐹1 = 𝐹2 = ⋯ = 𝐹𝑛 

 To design or choose a spring for an application a set of considerations should be taken into 

account. The space in which the spring will function drives the dimensions, as is the rate of the 

force in relation to its deflection. (P.S. Valsange, 2012) 

2.1.2 Disc Springs 

The disc spring is a washer with a conical shape that is characterized by being able to take high 

spring force with a small deflection; the more disc springs stacked in each other, the bigger the 

force the spring set can take. For this spring type this is the parallel formation. The discs can also 

be stacked in series, when they are assembled mirrored against one another, see Figure 4. 

 

Figure 4. Stacking of disc springs in relation to force and deflection 

One other characterization for this spring is its capacity of variation of force-deflection curve 

over a broad range. Besides linear attributes degressive force deflections can be achieved, and 

also increasing spring deflection, if the springs are packed accordingly. 

The parameters of the disc spring can be calculated as Equations (2-7), where (3-6) are 

calculation factors and Fe is the force of a single element, H is the unloaded height of the 

headroom, T is the thickness of the material and δ is a constant applied for calculations. 

𝛿 =
𝐷

𝐷1
 (2) 

𝐾1 =
1

𝜋𝛿2
∙

(𝛿 − 1)2

𝛿 + 1
𝛿 − 1

−
2

ln 𝛿

 (3) 

𝐾2 =
6

𝜋 ln 𝛿
∙ (

𝛿 − 1

𝑙𝑛𝛿
− 1) (4) 



7 

 

𝐾3 =
3 ∙ (𝛿 − 1)

𝜋 ln 𝛿
 (5) 

𝐾4 =
4𝐸𝑇𝑓

(1 − 𝑣2)𝐾1𝐷2
 (6) 

𝐹𝑒 = 𝐾4 ∙ ((𝐻 − 𝑓) ∙ (𝐻 −
𝑓

2
) + 𝑇2) (7) 

For springs in set the formulas for force and deflection can be seen in Table 2. (Lesjöfors, 2016) 

Table 2. Parallell/Series of Disc Springs 

 Force, F Deflection, f 

Parallel elements, np 𝐹𝑡𝑜𝑡 = 𝑛𝑝 ∙ 𝐹𝑒  𝑓𝑡𝑜𝑡 = 𝑓 

Elements in series, ns 𝐹𝑡𝑜𝑡 = 𝐹𝑒  𝑓𝑡𝑜𝑡 = 𝑛𝑠 ∙ 𝑓  

Both parallel & series 𝐹𝑡𝑜𝑡 = 𝑛𝑝 ∙ 𝐹𝑒  𝑓𝑡𝑜𝑡 = 𝑛𝑠 ∙ 𝑓  

Assembling disc springs cause surfaces in contact. The friction of disc springs is given by 

expressing it as friction forces acting against the applied force on the springs. There are three 

factors that should be taken into consideration when calculating the friction of disc springs: 

 Friction between applied force and end element disc spring 

 Friction between disc springs, in contact surfaces of parallel springs 

 Friction between the guide elements and the springs 

For the two first factors the spring force is calculated from equation (8), 

𝐹𝑓,𝑑𝑖𝑠𝑐 = 𝐹 ∙
𝑛𝑝

1 ± 𝑤𝑀 ∙ (𝑛𝑝 − 1) ± 𝑤𝑅
 (8) 

where F is the spring force without friction, np the number of parallel springs, wM the coefficient 

of friction for the second factor and wR the coefficient of friction for the first factor. The minus 

sign is used for loading stresses and the plus sign is for unloading stresses. (Christian Bauer, 

2016) 

Regarding the lifespan of disc springs it can be said that the less of the interval 0-fn, where fn is 

the maximal deflection (75% of H), that is used the longer the life. (Lesjöfors, 2016) 

2.2 Ergonomics 

The ergonomics of a customer using different tools are investigated to find reasonable values for 

load on a human. The palmar push move is described below. 

2.2.1 Palmar Push 

The palmar push is the using of the palm to push an object perpendicular to its surface, see 

Figure 5. The maximal voluntary contraction, MVC, for both standing and sitting postures are 

for males and females given in Table 3. For infrequent pushes the load should be no higher than 

50% MVC and should not exceed 70% for one extreme case. (B. Lindqvist et al, 2007) 
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Table 3. Palmar push for males and females, for one hand 

Male 55 N 

Female 35 N 

 

Figure 5. Palmar push – using both palms 

2.3 Materials 

In this chapter the investigated materials are described; the polymer materials PCTFE and 

Neoprene, the wear resistant material Nitronic 60 and the friction material M-3020. Friction 

coefficients for these materials in contact are compiled in chapter 2.4.2. 

2.3.1 PCTFE, Polycholotrifluorethylene 

PCTFE, also known as Kel-F or Neoflon is a crystalline thermoplastic polymer, which can have 

a wide range of properties depending on manufacturing conditions. It is formed by 

polymerization of the homopolymer of chlorotrifluoroethylene. PCTFE is used as seals, gaskets, 

gears, cams and bearings because of its high performance properties. (Azom, 2013) 

High crystalline PTCFE has high mechanical strength, is dense and has a low elongation. PCTFE 

with lower density has more elasticity. The properties of PCTFE include exceptional rigidity, 

very low moisture absorption, high compressive strength, low deformation under load, low 

coefficient of thermal expansion, stability in dimensions and it can be manufactured to very 

accurate dimensions. In selection, one must however take into account that it is relatively costly.  

(Termtech, 2010) 

2.3.2 Neoprene 

Neoprene, or polychloroprene, is a synthetic rubber which resists degradation more than natural 

rubber and since it is relatively inert it is useful in demanding applications. It is often used as 

load bearing base between two plates to uniformly guide tensions from one element to the other. 

Neoprene ages well and its dynamic characteristics are outstanding, which make it suitable in use 

for both static and dynamic sealing. The temperature resistance for neoprene can be up to 250°C 

and the dynamic coefficient of friction for neoprene in contact with steel can have values of up to 

2.2. (Advanced Polymer Alloys, 2013) 

It can be manufactured after customer fabrication, where extrusion of solid or sponge neoprene 

will give it its desired shape. Water jet cutting can also be used for profiles being cut-to-size. 

(Azom, 2015) 
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2.3.3 Nitronic 60 

Nitronic 60, standard UNS S21800, is an austenitic stainless steel which is known for its 

outstanding wear, galling resistance and corrosion resistance. This material, compared to cobalt-

bearings and high nickel alloys is a less costly solution, when fighting wear of components.  

It has a wear rate of 2.79 mg/1000 cycles when in contact with itself, and an even lower value of 

2.4 mg/1000 cycles when in contact with 440C steel. Its dynamic coefficient of friction is, 

despite its low wear rate, as high as 0.5 when in self-mating contact. (Electralloy, 2013) 

2.3.4 M-3020 

M-3020 is a rigid moulded high friction material which is produced by the company Bennetter 

Trading AB. This material is known for its strength and rigidity; it is a heavy duty material 

which suitable in multipurpose industrial applications as, for example, friction discs. Its static 

coefficient of friction is 0.50-0.55 and dynamic 0.48-0.50, when in contact with steel. (Bennetter, 

2008) 

2.3.5 NEDOX-coated metals 

NEDOX-coating for metals is used to increase surface hardness and wear resistance. A nickel 

alloy is applied enforced to the surface of the metal and is sealed by implanting polymer 

particles. This provides the material with dry lubrication properties and the friction properties of 

the material is reduced. The hardness of the surface will be 1000-1100 HV. (Aalberts Industries, 

2016) 

2.4 Friction and Wear 

Friction and wear occurs when surfaces are in sliding contact. In this chapter factors for 

controlling friction and wear is formulated with an investigation of how friction between 

surfaces work. 

2.4.1 Textured Surfaces 

Textured surfaces can be used in applications to change the frictional nature. It can help control 

the impact of wear particles. It is especially efficient when it is used under lubricated conditions. 

Textured surfaces is an option for friction control to other choices like improved lubricant, 

surface treatments and improved tolerances of design. 

The tribological main functions of surface texturing is to adjust the lubrications flow and 

thickness over the contact zone, use the texture to supply a surface with lubricant, trap the 

detritus that else would be embedded or chafe the surfaces, and regulate the bearing pressure 

distribution. 

There are several methods for producing textured surfaces, such as: engraving, indentation, 

lithography, electro-discharge machining (EDM), ultrasonic methods, laser engraving and 

abrasive jet cutting. The textured surface can also be combined with other treatments as finishes 

and coatings to get the friction proportion wanted. (P. Blau, 2012) 

2.4.2 Friction between Surfaces 

To develop a model for static or dynamic friction in an application it is important to understand 

the properties of the materials in contact. Knowledge of the interfacial properties and how stable 

they are over time, comprehension of at which affecting size the application is in operation and a 

definition of the practical relationship between the surfaces are necessary to form this model. 
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Friction contacts consist or interfacial components that, when in interference, produce a 

resistance to the sliding motion. There are several different friction processes, and more than 

often there is more than one process operating in an application, which affect the actual working 

friction force. Examples on these processes are: changes in surface roughness, adhesive transfer 

of material from surfaces in contact and wear debris layer formation.  

A frictional contact between two surfaces can be described on several different scales, all 

depending on which model to be used for the particular application; macrocontact describe the 

general shapes of the bodies in contact, microcontact is used in more fine scale interaction where 

the surface roughness is studied on a micro scale. Lately surfaces have even been studied at an 

atomic level, where the term nanocontact has been used. 

In the beginning of the life cycle of materials only the peaks in the roughness of the surface 

touch, and the real area of contact is often considerably smaller than it may seem. The running-

in, or wearing-in, of a material is often used to describe how the area of contact increases, since 

the surface roughness changes during the initial wear of the material. Even small amounts of 

wear can change the surface roughness on a microcontact level. 

The wear debris from the materials in contact may itself cause further degradation of the surfaces 

and raise the friction. Investigations on patterning of surfaces to create grooves to trap the debris 

in are made, where the orientation and depths of the textured surface affect the efficiency of the 

trapping of debris. 

An adhesive component affecting the static coefficient of friction can occur when two materials 

are in contact over a length of time. When two surfaces are pressed against each other their 

atoms will interact. The extent of interaction depends on the amount of pressure, temperature and 

the chemical reactivity between these two materials. If the surfaces in contact are clean an 

interfacial bond can develop, whereupon the static friction could tend to increase. The outside 

load interaction then needs to be able to overcome the starting friction after long periods of 

inactivity. 

Calculations on frictional force often use friction coefficients for the materials in contact. The 

values of these coefficients can take on a wide range depending on how it is measured. Due to 

lack of information on the material and their surfaces there is an evident shortcoming on the 

accuracy when calculating friction. A list of expected coefficient of frictions for the materials 

mentioned in chapter 2.3 can be seen below in Table 4. 

Table 4. Coefficients of friction 

Materials 
Static coefficient of 

friction, µs 

Dynamic coefficient 

of friction, µd 
Lubricated static 

coefficient of friction 

Steel - Steel 0.74-0.78 0.42-0.57 0.16-0.4 

Magnesium – Steel (GCr15) 0.26-0.36 - - 

Nitronic 60 – Nitronic 60 - 0.50 - 

M3020 - Steel 0.50-0.55 0.48-0.50 - 

Neoprene - Steel 2.2  1.3 

PCTFE - Steel - 0.35 - 

NEDOX-coated stainless steel – 

Stainless steel 
0.166-0.19 0.155-0.17 - 

(R. Jun et al, 2004), (E. Jordan Brookes, 2016), (C. Haering & A. Schmidt, 2002) 
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No friction model that accounts for change in interface geometry, temperature, chemical effects 

and external mechanical responses exist today, whereas this should be considered when 

addressing problems where friction is a key element. (Taylor & Francis Group, 2009) 
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3 IMPLEMENTATION 

In this chapter the implementation of methods is described, with evaluation of existing solutions 

and the two iterations of concept generation; brainstorming and further developed concepts. 

3.1 Evaluation of Existing Solutions 

To evaluate the current solutions, and thereby acquire important specifics needed to generate 

new conceptual ideas, the mechanisms of the rotary joint modules for T4xx and T6xx were 

investigated by calculations, measurements and observations. The principal dimensions of where 

the module should be fitted into are described in Figure 6, where the inner diameter, Di, regulates 

the size of the space for feedthrough of cables during assembling of the camera. 

 

Figure 6. Principal sketch of space for the rotary joint module 

Calculations were made on the mechanism of the modules, prior to measuring, to see what 

torque could be expected. What was calculated was the torque from the steel balls working with 

the springs in the application Contributions from surface frictions were willfully not taken into 

account in this model, since no accurate data for this type of friction over time and load could be 

found; this to get a picture of the uncertainty factor that this friction brings to the torque, see 

equation (9). Dimension tolerances were considered to get a span on the expected torque. 

Uncertainty factor = 1 -  
Calculated torque

Measured torque
 (9) 

The company had been using trial and error when developing the current solutions, whereupon 

the uncertainty factor could be used to investigate how good the quality is in the different rotary 

joint solutions. 

3.1.1 T4xx 

Initially, the current problems with the module of T4xx were discussed with the following result: 

 The plastic bearing used wore the magnesium housing. 

 The tolerances of the thickness of the components affected the required torque and in 

some cases this would cause the disc springs to become overloaded, leading to collapse. 

 Wear between the two steel washers. 

 Low number of click positions. 

 The click positions were somewhat indistinct. 



14 

 

The module of T4xx had twelve click positions and the dimensions as given in  

Table 5.  

Table 5. Dimension parameters T4xx 

Parameter Value 

Outer diameter, Do,T4xx 35,8 mm 

Inner diameter, Di,T4xx 20 mm 

Space for cables ca. 10x17,5 mm = 175 mm2 

The depth dimension was calculated, see Appendix C, and had a value of 17.8-18.4 mm. 

The mechanism of the module of T4xx consists of four helical springs, with a steel ball laid on 

each of these. Over them is a washer retainer with holes for the steel ball, and thereon is a plate 

rotation index which controls the click positions of the mechanism. Over the plate is five disc 

springs, which are stacked with three parallel springs in series with two parallel springs. On the 

top is a cover plate which fixates the mechanism with two screws with a given tightening torque. 

Under this mechanism the module also contains two steel washers. A principal sketch of the 

mechanism is presented in Figure 7. Dimensions and calculations of components can be found in 

Appendix C. 

 

Figure 7. Principal sketch of the rotary joint module for T4xx 

The rotary joint for the T4xx camera is controlled by the steel balls which click in to different 

positions in the plate rotation index, where the rotation of the plate compresses the helical 

springs. The material used to decrease wear in this solution was NEDOX coating on stainless 

steel. 

The calculated torque for T4xx had a span of 76.9 to 83.3 Ncm. The torque was measured with 

both dynamometer and a torque tester, and the result was that it had a torque of approximately 

115 Ncm. From this the uncertainty factor of the module for this rotary joint was calculated from 

equation (9) to 0.28-0.33. 

3.1.2 T6xx 

The module of T6xx had twenty click positions and the dimensions as Table 6. One thing that 

was a problem with this concept was that the small amount of space for wiring made the 

assembling complicated. 
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Table 6. Dimension parameters T6xx 

Parameter Value 

Outer diameter, Do,T6xx 42,0 mm 

Inner diameter, Di,T6xx 15,5 mm 

Space for cables ca. 2xØ7,5 mm = 88 mm2 

 

The depth dimension was calculated in Appendix D and had a value of 13.7-14.2 mm. 

A principal sketch of the mechanism is presented in Figure 8. The module of T6xx consists of 

two different sets of springs; four in each set. The thinner spring has a steel ball on it, which is in 

contact with the rotation index (blue) which steers the angle position of the lens. The thicker 

spring is connected with a disc (red) with holes for the steel balls, with a bearing (orange) inside 

and on top, which in turn also is connected to the rotation index. The dimensions and 

calculations of T6xx can be seen in Appendix D.  

 

Figure 8. Principal sketch of the module of T6xx 

Like the rotary joint for the T4xx camera, the joint for the T6xx is controlled by steel balls which 

click in to different positions in the rotation index plate, where the rotation of the plate 

compresses the helical springs. Like the T4xx, the T6xx solution also had components with 

NEDOX coating to decrease wear. 

From calculations the expected torque was in a span of 127.5 to 128.2 Ncm. The torque of the 

module for T6xx was measured with a dynamometer and the result was a torque of 150 Ncm. 

The uncertainty factor for the T6xx rotary joint module was thereby calculated as equation (9) 

describes to a value of 0.15. 

3.1.3 T10xx 

The module of the T10xx is the same as the one for T6xx, but with spacers for the springs to 

increase the compression force, thus increasing the torque. The dimensions and calculations for 

this model were not investigated further, but the torque was measured to be used for the 

scalability of the new module. 

The measurements for this module were also made with a dynamometer and the result was a 

torque of approximately 225 Ncm. 
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3.1.4 Lenses 

The weights and lever arms of the different lenses for the three examined camera models were 

examined to get a picture of how much torque each of them apply to the module in one direction. 

From this it was received that the weight of the lenses could apply a torque from 10-35% of the 

measured torque. 

3.1.5 Scalability 

The scalability of the module was controlled by which torque the user would need to apply to 

turn the lens. The outer diameter dimension of the module was modelled in one size, making the 

required torque the only aspect to be taken into consideration. Therefor the measured torques, 

115 Ncm for T4xx, 150 Ncm for T6xx and 225 Ncm for T10xx, were the values that would be 

used for monitoring the scalability. 

3.1.6 Conclusion from Evaluation of Existing Solutions 

From the evaluation of the present solutions the result was that the difference between the 

calculated and measure values had a ratio where the calculated values were 15-33% below the 

measured. The conclusion of this was that this was due to friction in the modules. The measured 

values gave a better picture of what torque the user will need to apply, why these would be used 

for calculating the scalability. The area for which the cables would be assembled through was 

small for two of the camera models (T6xx and T10xx) and the weight of the lenses could give a 

torque of 10-35% of the required torque from the user in one direction.  

From these conclusions a list of things to be taken into consideration when developing the new 

module was formed, with a QFD, Quality Function Deployment. The QFD can be seen in Table 

7, where design requirements to fulfil customer requirements are investigated to find their 

importance. The customer requirements are prioritized on a scale from 1-5, where 1 is the lowest 

priority and 5 the highest. The design requirements are then put in relation to the customer 

requirements, where the relationship can be weak, fair, strong or strongest. The importance of 

each design requirement is then calculated by multiplying the priority times the relationship.   

 Control the friction in the concepts or in a wider range be sure of what controls the 

torque; having an uncertainty factor closer to one. 

 Look for a concept that can be used for all three camera models, using scalability. 

 Increase the space for cables, making the assembling easier. 

 Try to increase the number of click positions. 

 Decrease the wear of the magnesium housing. 

 Look at the weight of the lenses and how they affect the torque in one direction. 
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Table 7. QFD, Quality Function Deployment 

   Design Requirement 

 Relationships 

●●● strongest = 10 

● strong = 7 

○ fair = 4 

◦ weak = 1 
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t Controlled customer torque 4 ●●● ○  ●  ○ 

Cost is low 2  ●●●  ● ● ◦ 

Weight is low 2   ●●●  ○  

Concept is scalable 5 ●  ○  ● ○ 

Easy to produce 3  ◦  ●●● ● ○ 

 Importance Ʃ(Priority x Relation) 71 37 38 69 78 50 

3.2 Concept Generation 

The concept generation was done in two stages. The first stage was to form a variety of different 

solutions, and in the end of that stage these were presented to interested parties to get feedback. 

From this four concepts were further developed in stage two. 

3.2.1. Iteration One - Brainstorm 

To finish the pre-study of the current solutions, and therefor start the concept generation, a 

meeting was held with the industrial supervisor, Joakim Tallbrink, industrial designer Christian 

Högstedt, and Mikael Erlandsson, who is responsible for user experience at the company. The 

meeting was held to discuss further of what requests that the company and the user could have 

on the module. From this three different sets of concepts were considered; with click-positions, 

without click-position and with adjustable torque. After this a brainstorm was performed to 

generate concept ideas, which are presented below. 

3.2.1.1 Concepts with Click 

Two concepts with click positions were developed, with different load directions and springs. 

The first concept can be seen in Figure 9. 
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Figure 9. Radial Concept, with angle (left) and sectional view (right) 

The radial concept consisted of compression springs with steel balls on them placed to be loaded 

in the direction of the center of the circular module. The balls fit into grooves of the outer ring, 

where the material of the outer ring could be strings of material placed along the periphery of the 

module house. The depth of this concept, compared to the current solution, was decreased a lot, 

since the springs are loaded radially. However, the manufacturing of the parts may be expensive, 

and there could be a risk that the springs would be loaded laterally, which might decrease the 

springs, and therefore module’s life span. This concept could have angle compensation to take 

the weight of the lens into account. 

The axial concept was controlled by two plates with mirrored geometries, see Figure 10. The 

lower plate lies on a set of springs that would compress when the upper plates rotates, 

whereupon the plates slide against each other, changing the click position. A risk was that the 

plates wear if the material choice was not good enough or it was not lubricated accurately, and 

they could be expensive to manufacture. However, the loading of the springs is only in the axial 

direction for this concept, since the lower plate would slide along guide pins which will prevent 

lateral loading of the helical springs. This concept could also be equipped with a compensating 

angle to acknowledge to effect of the lens weight in one direction. 

 

Figure 10. Axial Concept, with angle (left) and waves (right) 

As seen in Figure 9 and Figure 10, both the radial and the axial concepts have two designs; one 

without, and one with compensating angles. The design with the compensating angle was 

developed to make the torque lighter in one direction, since the lens with its weight will apply a 

torque in one direction, see Figure 11.  
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Figure 11. Applied torque from the lens 

By looking at the different lenses for T4xx, T6xx and T10xx a compensation of 20% was 

decided, which gave an angle of attack of 25°, when the other angle of attack was 30°, see Figure 

12 where orange is the outer ring and red is the steel ball, if referred to the radial concept. 

 

Figure 12. Compensating - angles of attack 

3.2.1.2 Concepts without Click 

The brainstorm on formulating concepts without click was concentrated on finding a friction 

solution where the materials would act in the participated manner; holding the weight of the lens 

steadily, but also running smoothly when the position is altered. This causes high requirements 

on the material when it comes to friction, wear and durability. No adhesive wear of the surfaces 

in contact is desired, but a high static coefficient of friction is. 

From studying the friction phenomena and how it could be altered a concept with a textured 

surface and a flexible material was formed, where the lubrication in the pockets of the textured 

surface would help the material to run smoothly when in motion. The static coefficient of friction 

would hold the load when at rest. An initial sketch of this concept can be seen in Figure 13. 

 

Figure 13. Flexible Textured Surface Concept 

To further investigate whether this material could be found Mats KG Johansson professor in 

polymer technology was contacted. (Johansson, 2016, pers. comm.),  From this meeting it was 

clarified that the material in question probably would be an elastomer with some sort of rate 

dependence and a distinct difference in static and dynamic coefficient of friction. Johansson 

referred to Rutland for further consultancy. 

Mark Rutland, professor in Surface and Corrosion Science, was of much help when he gave 

ideas of what materials could be tested and how. He pointed out that a viscoelastic rubber could 
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be used, where the elastic recovery is time dependent. A set of polymers to be investigated was 

had: PDMS, PCTFE, Neoprene and resins. (Rutland, 2016, pers. comm.)  

3.2.1.3 Concepts with Adjustable Torque 

Four different solutions for concepts with adjustable torque were formulated in the brainstorm. 

The first was a concept with a mechanism which would lock the lens in a position. The position 

could be altered by holding a button, connected by a lever arm to a spring, see the upper left 

sketch in Figure 14. The second concept was that the peripheral ring of the outer diameter would 

be decreased by tightening a rotary switch, which would cause a bigger load on springs, see 

upper right sketch of Figure 14. The third concept was similar to the second, but the diameter of 

the outer ring would be decreased by moving a part of the outer ring towards the center, see 

lower left sketch in Figure 14. Both the second and third concept would be applied to a radial 

design of the mechanism. The last concept was formulated for an axial concept design, and 

consisted of an additional plate with threads that would increase the load on the springs with a 

rotary switch, see the lower right sketch in Figure 14.  

 

 

Figure 14. Sketches of Concepts with Adjustable Torque 

 

3.2.2. Iteration Two – Further Development 

To initiate stage two of the concept generation the concepts from stage one were presented to six 

employees at FLIR; Joakim Tallbrink, Christian Högstedt and Mikael Erlandsson who had been 

consulted earlier in the project, and Mathijs Mooij, Catrin Harju and Erik Cardelius who had 

worked with similar concepts as the rotary joint. From that meeting feedback of the concepts and 

new ideas were formulated. From this discussion four concepts were developed further. These 

are described below. 

3.2.2.1. Radial Concept 

The radial concept was based on the radial concept with click position from stage one. The angle 

was still compensated for the weight of the lens in one direction, where the materials in contact 

and the coefficient of friction between them were the parameters affecting the choice of the 

angle. The concept consists of 30 click positions which were controlled by six springs with steel 

balls, see Figure 15.  
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Figure 15. Radial Concept - Sectional view (left) and top view (right) 

This concept was superior when it comes to the depth of the module, but this affected the radial 

dimensions where the space for the chords was decreased. This could be altered by increasing 

the outer diameter of the module, or by searching for a shorter spring with the right properties. 

The number of click positions can be altered, depending of the outer diameter and the diameter 

of the steel balls, by redesigning the outer ring. The scalability in the concept is done by using 

different pre-tensioning for the helical springs. 

The outer ring material was developed with two different alternatives. The first alternative had 

deeper grooves which would be lubricated, giving the positions distinct click positions. The 

second alternative had shallower grooves, and would not be lubricated and therefore have higher 

friction between the positions, see Figure 16. Both outer rings were developed with angle 

compensation, which can be seen in Appendix E. 

 

Figure 16. Outer rings of Radial Concept – distinct click (left) and shallow grooves (right) 

3.2.2.2. Axial Concept 

The axial concept was based on the axial concept with click positions from stage one. This 

concept also supplied a compensating angle and consisted of 30 click positions which were 

controlled by the two plates with wave forms; where the lower plate was connected to four 

compression springs in the rotating spring house, see Figure 17. 

 

Figure 17. Axial Concept - Isometric sectional view (left) and perpendicular sectional view (right) 

 

The axial concept had the opposite pros and cons as the radial concept; the space for the chords 

was increased, but the depth of the module was increased. The scalability for the axial concept 

was, like in the radial concept, done by having different pretensions of the springs. 
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The calculations for the radial and axial concept were the same, but differ in parameter values. 

These can be seen in Appendix E. 

3.2.2.3. Compression/Glide Concept 

The compression concept was a new idea that was extracted during the presentation of the 

concepts from stage one. It consisted of friction materials (orange in figure) which hold the 

weight on the lens under load of four compression springs. To change the angle of the lens the 

user give a load, using palmar pushes from each side, causing the friction materials to no longer 

be in contact, making the changing of angle easy, see Figure 18. 

 

Figure 18. Compression Concept - Sectional view 

A complication that arose when looking at this concept was that there had to be communicated to 

the user that the joint has to be compressed before turning it. In discussion with the evaluation 

group an alteration of the concept, where the compression would be removed, only using the 

spring pretension to achieve a high normal load, thus increasing the frictional force and therefore 

the torque. This alternative concept would be called the glide concept. The scalability for the 

compression/glide concept was also made by different pretensions of the springs. 

The calculations on this concept can be seen in Appendix F, where the palmar push force of the 

user is taken into account for the compression alternative.  

3.2.2.3 Material Friction Concept 

The material friction concept was based on the investigation of materials recommended by 

Rutland in stage one. The outline of the design was based on how the two materials would be in 

contact, see Figure 19, where different forms, surface properties and how much the polymer 

material would be clamped into the form would affect the user torque. The outer material (blue 

in figure) would not be a friction material, but if needed a thin film increasing its friction could 

be applied (white in rightmost figure). No calculations were made for this concept, but it was 

based on that the material would be tested in a prototype.  

 

Figure 19. Material Friction Concept - Sectional view (left), top view (middle) and top view with film (right) 

For the material selection the meetings with Johansson and Rutland were taken into account. 

From investigation of the recommendations from Rutland in stage one the two materials that 

were considered was PCTFE and Neoprene, where Neoprene was chosen because of its lower 

cost, a set of neoprene rubbers with different thickness were prepared to be tested in the 

prototype. 
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The scalability for the material friction could be controlled by different clamping of the material, 

causing greater resistance which would increase the torque. However, since no calculations were 

able to be done on this concept the scalability could not be thoroughly investigated. 

3.2.2.4 Evaluation of Concepts, Stage Two 

The concepts further developed in stage two were evaluated in a meeting with the industrial 

supervisor, where prototypes of the radial, axial, compression and material concepts had been 

manufactured, see Figure 20. The concepts were then evaluated with a Pugh’s matrix as help, see 

Table 8. The desired properties of the concept and the weight of these were based on the 

customer and design requirements specified in Chapter 3.16. The weight was given from 1-5, 

where 5 is the most important property and 1 is the least important. The ranking of every concept 

for each property was from 0-2, where 0 means that the concept is not an improvement in 

relation to the references, 1 means that there is an improvement and 2 that the improvement is 

big. A decision was made, where a concept with click would be compared with a concept based 

on friction in the final iteration, which would be manufactured in suitable materials to be able to 

investigate the quality using the uncertainty factor.  

 

Figure 20. 3D-printed prototypes - Radial concept (left), radial, axial and compression concept with wooden blocks 

for grip (middle) and material concept (right) 

The scalability of the concepts could not be evaluated by test for these concepts, since they were 

not manufactured in the wanted material; therefore, not giving the right picture of which torque 

the configurations would need. The same goes for the uncertainty factor which, even more, 

depend on the materials and the surface friction which affect the concepts. 
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Table 8.  Pugh's Evaluation Matrix - Stage Two 

  References         
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No. of components 3 21 18 19 0 9 2 12 1 7-8 2 

No. of click positions 3 12 20 30 1 30 1 Sliding 2 Sliding 2 

Scalability 5 
Preloading 

springs 
Preloading 

springs 1 
Preloading 

springs 
1 

Preloading 
springs 

1 
Clamping 
material? 

0 

Depth [mm] 1 
17.8-
18.4 

13.7-
14.2 

9,5 2 15,8 0 13,5 1 12,5 1 

Outer Diameter [mm] 2 35,8 42 43 0 42,2 0 38 0 44 0 

Space for chords [mm2] 3 175 88 208 1 474 2 205 1 323 2 

Design Complexity 4 - -  2  0  2  1 

Test of prototypes 4 - -  2  1  1  0 

Final score (Weight x Ranking) 29  24  30  23 

From this evaluation it was decided that the two concepts that would be further developed into 

stage three was the radial concept and the glide concept, where the compression concept was not 

prioritized since the communication with the customer to compress the unit to rotate was defined 

as a problem.  
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4 RESULTS 

The results and final iteration consists of two concepts which are interfaced with the camera 

house of the T6xx-model. The final concepts, their components and materials are presented 

below. 

4.1 Radial Concept 

The radial concept was further developed, where it was designed to fit the camera house of the 

T6xx model. Most of the components will be manufactured by milling in stainless steel. The 

glide bearing is a standard component made in a polymer material and the steel bushing will be 

manufactured from thin steel sheets. The housing of the camera was from earlier made in 

magnesium. The final parts of the radial concept can be seen in Figure 21. 

 

Figure 21. Components of Radial Concept 

To keep the friction as controlled as possible in this module dimension tolerances are thoroughly 

thought through to contain the torque and friction to the parts wanted; the springs, steel balls and 

the outer ring with click positions. The inner diameter of the housing is made of magnesium, and 

a steel bushing in contact with a glide bearing will apply a press fit on the inner house to make 

sure there would be no rotation around the magnesium, since this material is known to wear for 

this application. 

The friction surfaces are marked with red in Figure 22, where all of the surfaces in contact are 

with the glide bearing, except the contact between the top attachment and the axial lock plate, 
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where the materials are stainless steel against stainless steel. No actual normal load will be put 

on these surfaces though, which will decrease the friction force. 

 

Figure 22. Cross section view of Radial concept 

During discussions on this concept the amount of click positions were discussed, where a further 

increase was desired. A solution with offset springs was brought forth; since there was a lack of 

space to implement six extra offset springs an implementation with three springs at half of the 

angle between original springs is had. This will give the customer half of the torque in every 

other step, see Figure 23. 

 

Figure 23. Radial concept - original (left), with three extra offset springs (right) 

4.1.1 Scalability 

The scalability for this concept is controlled by pre-tensioning the helical springs to get the three 

different torque cases (115, 150 and 225 Ncm), where spacers will be used for the two higher 

torques. The spring was found through contact with the manufacturer Spiralspecialisten (H. 

Ewrelius, 2016, pers. comm.).  

From calculations on the concept without offset springs, see Appendix E, the load for each 

spring for the three different cases is 3.83, 5.00 and 7.49 N. Using equation (1) a load/deflection-

graph was set up to find the deflection of the springs for these loads, see Figure 24. 
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Figure 24. Scalability, Spring deflection - Radial concept 

 

The deflections had for these load values were 1.53, 2 and 2.98 mm. From this observation the 

dimensions of the spring houses are based on the smallest user torque where the spacers to be 

used for scalability will be of the heights 0.5 and 1.5 mm. The small deviation in the deflection 

could then be assumed to be neglectable, with force deviations of the compression springs below 

0.1 N. 
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4.2 Glide Concept 

The radial concept was further developed, where it was designed to fit the camera house of the 

T6xx model. Material selection for this concept is solely based on the materials which will cause 

the wanted torque; the friction material part and the glide plate part. All of the other components 

will be manufactured in stainless steel, except for the glide bearing and steel bushing which will 

be as described in the radial concept. The final parts for the glide concept can be seen in Figure 

25. 

 

Figure 25. Components of Glide concept  

 

The friction surfaces of this concept will mainly be based on the surfaces of the friction material 

and glide plate, which are in contact under load, see blue marking in Figure 26. The areas in 

contact besides these are the ones marked with red, where the only parts that are interacting 

under load in the spring house bottom with the glide bearing. 

 

Figure 26. Sectional View of Glide concept 
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4.2.1 Material selection 

The choice of material for the friction material component and the glide plate component for this 

concept are based on which materials could apply the right amount of friction force under the 

load of the springs, when a relatively small torque radius is used for this application. A material 

which had a high dynamic coefficient of friction, without high values of wear and galling was 

needed. During material investigations high friction materials were searched and the materials 

that are decided to be tested are M-3020 and Nitronic 60, since they have a high dynamic 

coefficient of friction.  

4.2.2 Scalability 

To scale this concept the pre-tensioning load for the six springs in the application was calculated 

for the three different torque cases. The springs used are collected from an earlier solution at 

FLIR, where the load on each spring for the three cases is calculated to be 28.45, 37.11 and 

55.66 N. A load/deflection graph for these springs was set up from equation (1), see Figure 27. 

 

Figure 27. Scalability, Spring deflection - Glide concept 

The deflections of the springs correlating to these load values are 1.39, 1.81 and 2.72 mm, where 

the surface pressure between the materials would be 0.28, 0.36 and 0.55 MPa. For the spring 

tensioning to scale the glide concept, spacers of heights 0.4 and 1.4 will be used, where the 

deviations will cause the new calculated torques to be 115, 148 and 231 Ncm.  
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5 DISCUSSION & CONCLUSION 

In this chapter the methods and results are discussed and the conclusion is presented. 

5.1 Discussion 

The final concepts were of two different models; one controlled by dimensions and steel balls 

clicking into grooves, and the other controlled merely by the friction between two surfaces 

provided under load from compression springs, where there were no actual click positions. The 

intention was that these two would have the same torque and they would be scalable in the same 

way; by pre-tensioning the springs in the application to give different loads. 

The new solutions are controlled by dimensions, since the calculated deflection from the springs 

were driving the design of the components surrounding them. The unwanted frictional surfaces 

were almost decreased to just be in the contact with the glide bearing. They are in a large extent 

without load to not give the application unwanted frictional torque; this to try to get a better 

uncertainty factor to verify the quality of the rotary joint. This factor will probably be harder to 

control in the glide concept, since this is controlled by the materials friction properties, which 

often is defined under other conditions than for this actual application. This does not mean that 

this concept is an inferior solution for this rotary joint, but that the certainty is decreased because 

of a lack of information on the materials in general. 

The final evaluation of the final concepts needed to be done by manufacturing them in the right 

materials. Since every different customer probably will handle the rotary joint in different ways, 

it is hard to have an idea of how good the new concepts will be until they are put to test in the 

fields. However, long term test would need to be done to see how the materials handle the load 

over time, especially on the glide concept where the materials causing the frictional torque needs 

to be evaluated to see if they can give the right amount of torque over a long period of time.  

The final concepts have been adapted to fit in the housing of the T6xx camera, but designing to 

be able to be used in the housings of the T4xx, T10xx and other housing that might be wanted, 

needs to be done. There it has to be made a decisions whether to alter the dimensions of the 

rotary joint or the camera housing to make the interface correct. An advantage for altering the 

camera housings is that the feedthrough of the cables could be increased, as intended. Overall for 

the alteration it is important that the function of the module is not affected, keeping in mind that 

unwanted surface friction should be avoided. 

For the outer ring of the radial concept the attachment to the camera house needs to be 

investigated. For a mechanical lock there has to be changes in the design of the magnesium 

house. The compensating angle for this concept should be evaluated in consideration of if the 

design and manufacturing costs is justified is the customer sees this as a wanted supplement.  

5.2 Conclusions 

The new modules for the rotary joint were designed to consider surface friction and scalability. 

They were calculated to be scalable after the torques of the three different camera models. Two 

different solutions were had; one dimension-driven with click positions and one dependent on 

the friction between two materials without click positions. 

To get a clear picture of how well these concepts manage they should be manufactured in the 

right materials and tested, both by looking at the user experience and the long term endurance. 
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6 FUTURE WORK 

In this chapter the future work suggested for the project is presented.  

 

To be able to apply the final concepts to the actual camera the following parts should be 

investigated: 

 The final concepts manufactured in the right materials should be tested, taking into 

consideration the uncertainty factor and the endurance of the components. 

 Decide whether to alter the dimensions of the housing or the rotary joint to have the 

interface between the joint and the different camera houses. 

 Materials for the glide concept should be compared before final conclusion, where the 

torque accuracy, dependent on the frictional behavior of the material, and the life span 

should be key factors. 

 The attachment of the outer ring from the radial concept should be investigated, where 

the camera housing could be altered to mechanically hold it. 

 Test the radial concept with and without extra offset springs. 

 Discussions on features for the glide concept were if a click sound could be manufactured 

to give the customer feedback on the rotary movement when using this solution. The 

spring house was made with a smaller outer diameter in the housing to make further 

developments where components for this sound simulation would be possible. To 

manufacture the click sound parts to realize this needs to be designed. 
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Appendix A: GANTT – Time Plan  
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Appendix B: Work Breakdown Structure, WBS 
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Appendix C: Calculations for T4xx 

 

%% Prestudy - Analysis of current solution 

% ANALYSIS, T4XX 

clear all 

clc 

close all 

  

%% Calculations on space, no load 

disp([' ']) 

disp(['VALUES FOR T4XX:']) 

disp([' ']) 

  

%Number of iterations for tolerance calculations 

lang = 1e4; 

  

%No external load (no pretension in screw - no compression) 

%Parameters 

L0_sf =     10e-3;  %No load length, compression spring [m] 

Di_sf =     2.5e-3; %Inner diameter, compression spring 

D_kula =    4e-3;   %Diameter steel ball 

t_ss =      0.5e-3; %Thickness track disc (NOT RELEVANT, is within the dimension of 

the steel ball) 

D_ss_g =    3.8e-3; %Diameter of hole on track disc 

    tol_D_ss =  0.05e-3; 

    D_ss1 = D_ss_g-tol_D_ss; 

    D_ss2 = D_ss_g+tol_D_ss; 

    D_ss = linspace(D_ss1,D_ss2,lang); 

    %Tolerance: +-0,05 

D_ks_g =      2.1e-3; %Diameter of hole on click disc 

    tol_D_ks = 0.1e-3; 

    D_ks1 = D_ks_g-tol_D_ks; 

    D_ks2 = D_ks_g+tol_D_ks; 

    D_ks = linspace(D_ks1,D_ks2,lang); 

    %Tolerans: +-0,1 

t_ks =      1e-3;   %Thickness of click disc 

h0_tf =     0.7e-3; %Maximal headroom, disc spring 

t_tf_g =      0.4e-3; %Thickness, disc spring 

    tol_t_tf1 = 0.06e-3; 

    tol_t_tf2 = 0.02e-3; 

    t_tf1 = t_tf_g-tol_t_tf1; 

    t_tf2 = t_tf_g+tol_t_tf2; 

    t_tf = linspace(t_tf1,t_tf2,lang); 

    %Tolerance: +0,02 -0,06 
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t_cp =      1e-3;   %Thickness, Cover plate 

t_h =       1e-3;   %Thickness springhouse, beneath compresion springs 

t_b_g =       0.75e-3;%Thickness washer (amount: 2) 

    tol_t_b =0.05e-3; 

    t_b1 = t_b_g; 

    t_b2 = t_b_g+tol_t_b; 

    t_b = linspace(t_b1,t_b2,lang); 

    %Tolerance: +0.05 -0 

  

%Space of components in interface relation to the steel ball 

for j = 1:lang 

x1(j) = D_kula/2 - sqrt((D_kula/2)^2-(Di_sf/2)^2); %Compression spring against steel 

ball (negative) 

x2(j) = sqrt((D_kula/2)^2-(randsample(D_ss,1)/2)^2); %Track disc against steel ball  

x3(j) = sqrt((D_kula/2)^2-(randsample(D_ks,1)/2)^2); %Click disc against steel ball 

x4(j) = (x3(j)+t_ks)-(D_kula/2); %Overlap from click disc above steel ball (positive) 

  

%No load length 

L0_ob(j) = L0_sf+D_kula-x1(j)+x4(j)+2*h0_tf+5*randsample(t_tf,1)+t_cp; %[m] 

%Total length, no load 

L0_ob_t(j) = L0_ob(j)+t_h+2*randsample(t_b,1); 

%Height of track disc 

hojd_ss = L0_ob(j)-t_cp-5*randsample(t_tf,1)-2*h0_tf; 

end 

L0_ob_max = max(L0_ob); 

L0_ob_min = min(L0_ob); 

L0_ob_t_max = max(L0_ob_t); 

L0_ob_t_min = min(L0_ob_t); 

hojd_ss_max = max(hojd_ss); 

hojd_ss_min = min(hojd_ss); 

  

disp(['NO LOAD LENGTH:']) 

disp(['The no load length of the component package from the bottom of the compression 

springs is then maximum: ', num2str(L0_ob_max*10^3),' and minimum: ' 

num2str(L0_ob_min*10^3) ' mm.']) 

disp(['The no load total length of the module is then maximum: ', 

num2str(L0_ob_t_max*10^3),' and minimum: ' num2str(L0_ob_t_min*10^3) ' mm.']) 

disp(['The height of the track disc is then at the maximum: ' 

num2str(hojd_ss_max*10^3) ' and minimum: ' num2str(hojd_ss_min*10^3) ' mm.']) 

disp([' ']) 

%% Pre-tensioning of screws, MRT 2,5x6 

  

T_in =      40e-2;      %Pre-tensioning torque on screws ([Nm] = 40 Ncm) 

my_als =    0.26;       %Coefficient of friction - Magnesium against steel 

my_bas =    0.8;        %Coefficient of friction - Stainless against stainless 

Dy =        2.5e-3;     %Outer diameter of screw [m] 

Dm =        2.208e-3;   %Average diameter 
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Di =        2.013e-3;   %Inner diameter 

p =         0.45e-3;    %Pitch (standard M-screw) 

s =         5e-3;       %Head diameter 

a =         30*pi/180;  %Half profile angle of the thread, for M-threads the angle is 

30 degrees 

d_h =       2e-3;       %Diameter of hole in the magnesium housing 

r_m = (d_h+s)/4; 

  

phi = atan(p/(pi*Dm));  %Pitch angle 

ra_s = atan(my_als/cos(a)); 

  

%Axiell kraft 

F_ax = T_in/((Dm/2)*tan(phi+ra_s)+my_bas*r_m);  %Calculations from Karlebo Handbok 

  

disp(['PRE-TENSIONING OF SCREWS:']) 

disp(['The pre-tensioning of the screws will apply an axial force of: ' num2str(F_ax) 

' N.']) 

%% Springs 

disp([' ']) 

  

%Compression springs, parameters 

Dt_sf = 0.5e-3; %Wire diameter 

Di_sf = 2.5e-3; %Inner diameter 

nt_sf = 10.1;    

n_diff= 1.5;    

nv_sf = nt_sf-n_diff; 

p_sf =  1.1e-3; %Pitch 

Ln_sf = 6.6e-3; %Maximum load length 

Fn_sf = 8.81;   %Spring force at maximum load length 

G_sf =  73000e6;%Shear modulus, SS 2331-06 

Dm_sf = (Di_sf+(Di_sf+2*Dt_sf))/2; %Average diameter 

  

h_b = 10.5e-3;  %Height to the "ground" that the track disc might lean against 

  

for b = 1:lang 

    %If the track disc is leaning against the "ground" 

    L1_sf(b) = h_b-(D_kula/2)+randsample(x1,1)-randsample(x2,1); 

    f1_sf(b) = L0_sf-L1_sf(b); 

    F1_sf(b) = 4*(G_sf*Dt_sf^4/(8*Dm_sf^3*nv_sf))*f1_sf(b); 

    %If the track disc is leaning against the "ground" AND the click disc 

    L2_sf(b) = h_b+t_ss-(D_kula/2)+randsample(x1,1)-randsample(x3,1); 

    f2_sf(b) = L0_sf-L2_sf(b); 

    F2_sf(b) = 4*(G_sf*Dt_sf^4/(8*Dm_sf^3*nv_sf))*f2_sf(b); 

    %This means the the compression spring only has a minor deflection (f2_sf) and 

    %the track disc is leaning against the "ground" AND the click disc, which means 

that all of the load 
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    %from the pretensioning is taken by the disc springs. 

end 

  

%Disc springs, parameters 

Dy_tf_g =     31.7e-3;    %Outer diameter 

    tol_Dy_tf = 0.21e-3; 

    Dy_tf1 = Dy_tf_g-tol_Dy_tf; 

    Dy_tf = linspace(Dy_tf1,Dy_tf_g,lang); 

    %Tolerance: +0 -0,21 

Di_tf_g =     20.4e-3;    %Inner diameter 

    tol_Di_tf = 0.18e-3; 

    Di_tf1 =Di_tf_g+tol_Di_tf; 

    Di_tf = linspace(Di_tf_g,Di_tf1,lang); 

    %Tolerance: +0,18 -0 

E_CK67 =    208500;     %Modulus of elasticity, CK67 

v_CK67 =    0.295;      %Poissions ratio, Carbon steel 

const =     (4*E_CK67/(1-v_CK67^2))*10^6;   %Material constant for Carbon steel, CK67  

  

for k = 1:lang 

    delta(k) = randsample(Dy_tf,1)/randsample(Di_tf,1);    %Calculation constant, disc 

springs 

    K1(k) = (1/(pi*delta(k)^2))*((delta(k)-1)^2/((delta(k)+1)/(delta(k)-1)-

2/log(delta(k))));  

    A(k) = const*randsample(t_tf,1)/(K1(1)*randsample(Dy_tf,1)^2); 

end 

  

%Calculating the deflection from the given load 

F_tot_tf = F_ax*1.06;   %Total load on the spring package, (plus 6% friction, 

according to Lesjöfors standards) 

Fe_tf = F_tot_tf/3;    

  

%Interpolating the deflection of the disc springs with help from values for the spring 

from Lesjöfors 

f = [0.175 0.35 0.525 0.7]*10^-3; 

F = [54.9 78.5 81 73]; 

Fq = [50 72 Fe_tf 80 Fe_tf]; 

fq1 = interp1(F,f,Fq,'pchip'); 

fe_tf = fq1(3); 

f_tot_tf = 2*fe_tf; 

  

disp(['DISC SPRINGS:']) 

disp(['The total deflection from the disc springs is: ' num2str(f_tot_tf*10^3) ' 

mm.']) 

disp(['N.B.! If this values is bigger than 1.4 mm the disc springs are overloaded.']) 

  

s_tf = fe_tf/h0_tf; 

disp(['Quota deflection per headroom is then: ' num2str(s_tf) '.']) 
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%% Loaded length 

L_b_max = max(L2_sf)+(D_kula/2)-max(x1)+max(x3)+t_ks+5*max(t_tf)+2*h0_tf-

f_tot_tf+t_cp; 

L_b_min = min(L2_sf)+(D_kula/2)-min(x1)+min(x3)+t_ks+5*min(t_tf)+2*h0_tf-

f_tot_tf+t_cp; 

  

L_b_t_max = L_b_max+t_h+2*max(t_b); 

L_b_t_min = L_b_min+t_h+2*min(t_b); 

  

disp([' ']) 

disp(['LOADED LENGTH:']) 

disp(['The loaded length of the component package from the bottom of the compresion 

springs is then maximum: ' num2str(L_b_max*10^3) ' and minimum: ' 

num2str(L_b_min*10^3) ' mm.']) 

disp(['The total loaded length is then maximum: ' num2str(L_b_t_max*10^3) ' and 

minimum: ' num2str(L_b_t_min*10^3) ' mm.']) 

disp([' ']) 

  

%% Torque from the user 

  

r_kula_g = ((28.4e-3)/2);   %Radius to the middle of the hole in the track disc 

(tolerance: +-0.1) 

    tol_r_kula = 0.1e-3; 

    r_kula1 = r_kula_g-tol_r_kula; 

    r_kula2 = r_kula_g+tol_r_kula; 

    r_kula = linspace(r_kula1,r_kula2,lang); 

  

%Extra compression of the compression springs 

for l = 1:lang 

    f_ex(l) = t_ks-randsample(x4,1);  %The extra compression of the compression 

springs needed to change click position  

    F_ex(l) = 4*(G_sf*Dt_sf^4/(8*Dm_sf^3*nv_sf))*f_ex(l); 

  

    ang_v(l) = asin(randsample(x3,1)/(D_kula/2));               %Angle of attack on 

the steel ball 

    F_komp(l) = randsample(F2_sf,1)+F_ex(l);  

    F_mom(l) = F_komp(l)/tan(ang_v(l));                         %Torque force from the 

user 

    Ff_mom(l) = F_mom(l)*cos(ang_v(l))*my_bas*sin(ang_v(l));    %Friction at the 

contact between the steel ball and the click disc 

    my_w = 0.16;            %Coefficient of friction - Steel against steel, lubricated  

    Ff_w_mom = F_ax*my_w;   %Friction between washers 

    M_vrid(l) = (F_mom(l)+Ff_mom(l)+Ff_w_mom)*randsample(r_kula,1); 

end 

M_vrid_max = max(M_vrid); 

M_vrid_min = min(M_vrid); 

  

disp(['USER TORQUE:']) 
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disp(['The user torque needed to overcome the spring force and change the click 

position is then at maximum: ' num2str(M_vrid_max*10^2) ' and minimum: ' 

num2str(M_vrid_min*10^2) ' Ncm.']) 
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Appendix D: Calculations for T6xx 

 

%% Prestudy - Analysis of current solution 

% ANALYSIS, T6XX 

clear all 

close all 

clc 

  

%% Calculations on space, no load 

disp([' ']) 

disp(['VALUES FÖR T6XX:']) 

disp([' ']) 

  

%Number of iterations for tolerance calculations 

lang = 1e3; 

  

%No external load (no pretension in screw - no compression) 

%Parameters 

%Thin Spring 

L0_sf =     11.5e-3;    %No load length 

Dt_sf =     0.5e-3;     %Wire diameter 

Dm_sf =     3.2e-3;     %Average diameter 

Di_sf = Dm_sf-Dt_sf; 

nv_sf =     8.5; 

%Thick spring 

L0_tf =     12e-3;      %No load length 

Dt_tf =     1.1e-3;     %Wire diameter 

Di_tf =     3.7e-3;     %Inner diameter 

Dm_tf = Di_tf+Dt_tf;    %Outer diameter 

nt_tf =     7.4; 

n_diff = 1.5;           %(Standard at Lesjöfors, spring manufacturer) 

nv_tf=nt_tf-n_diff; 

%Other komponenter 

D_kula =    4e-3;       %Diameter of steel ball 

t_ss_g =    1.9e-3;     %Thickness groove disc (around ball) 

    tol_t_ss = 0.1e-3; 

    t_ss1 = t_ss_g-tol_t_ss; 

    t_ss2 = t_ss_g+tol_t_ss; 

    t_ss = linspace(t_ss1,t_ss2,lang); 

    %Tolerance: +-0,1 

D_ss_g =      4.05e-3;      %Diameter of hole in groove disc -> bigger than the 

diameter of steel ball 

    tol_D_ss = 0.02e-3; 

    D_ss1 = D_ss_g-tol_D_ss; 
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    D_ss2 = D_ss_g+tol_D_ss; 

    D_ss = linspace(D_ss1,D_ss2,lang); 

    %Tolerance +-0,02 

t_l_g =       1.2e-3;       %Thickness bearing 

    tol_t_l = 0.05e-3; 

    t_l1 = t_l_g-tol_t_l; 

    t_l2 = t_l_g+tol_t_l; 

    t_l = linspace(t_l1,t_l2,lang); 

    %Tolerans +-0,05 

t_ks =      1.85e-3;        %Thickness click disc 

D_ks_g =      3.1e-3;       %Diameter of click disc 

    tol_D_ks = 0.1e-3; 

    D_ks1 = D_ks_g+tol_D_ks; 

    D_ks = linspace(D_ks_g,D_ks1,lang); 

    %Tolerans +0,1 -0 

h_ka =      0.2e-3;     %Height from bottom of click disc to point of attack 

h_kb =      1.1e-3;     %Height from bottom at click position to bottom of click disc 

(Isn't used, since the ball doesn't touch the bottom!) 

tl_s =      t_l-0.9e-3; %Overlap from the bearing 

t_h =       1.8e-3;     %Thickness of spring house under the springs 

t_bl =      1.2e-3;     %Thickness bronze bearings in camera house 

  

%Space for components in contact with the steel ball 

x0 = sqrt((D_kula/2)^2-(Di_sf/2)^2);    %Interference spring against steel ball 

x1 = (D_kula/2)-x0;                     %Subtractive factor for steel ball in contact 

with spring 

x2 = (L0_sf+(D_kula/2)-x1)-L0_tf; 

  

for a = 1:lang 

    x3_1(a) = sqrt((D_kula/2)^2-(randsample(D_ks,1)/2)^2)-h_ka;   %If the click disc 

is not in contact with the bearing 

    x3_2(a) = -x2+randsample(t_ss,1)+randsample(tl_s,1);          %If the click disc 

is in contact with the bearing 

        %Is in contact with the bearing, since x3_2 is a little bit bigger! 

    x3_k(a) = sqrt((D_kula/2)^2-(randsample(D_ks,1)/2)^2);   %Height to point of 

contact (edge) 

    x3(a) = max([x3_1(a),x3_2(a)]); 

    x4a(a) = (D_kula/2)-x3(a);   %How much the click disc is overlapping compared with 

the initial point of attack of the steel ball 

     

    %No load length of the component package 

    L0_ob_1(a) = L0_tf+randsample(t_ss,1)+randsample(tl_s,1)+t_ks; 

    L0_ob_2(a) = L0_sf-x1+D_kula-x4a(a)+randsample(t_ks,1); 

    L0_o(a) = max([L0_ob_1(a), L0_ob_2(a)]); 

    %L0_ob(a) = max(L0_o); 

end 
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disp(['NO LOAD LENGTH:']) 

disp(['The no load length from the bottom of the springs is maximum: ' 

num2str(max(L0_o)*10^3) ' and minimum: ' num2str(min(L0_o)*10^3) ' mm.']) 

disp(['The no load length of the module in total is maximum: ' 

num2str((max(L0_o)+t_h+t_bl)*10^3) ' and minimum: ' num2str((min(L0_o)+t_h+t_bl)*10^3) 

' mm.']) 

disp([' ']) 

%% Pre-tensioning of screws, T10, MF T3 x20 

  

T_in =      100e-2;     %Pre-tensioning torque on screws  

Dy =        3e-3;       %Outer diameter of screws 

Dm =        2.675e-3;   %Average diameter 

Di =        2.459e-3;   %Inner diameter 

p =         0.5e-3;     %Pitch (standard M-screw) 

s =         5.5e-3;     %Head diameter 

my_als =    0.26;       %Friction coefficient - Magnesium against steel  

my_bas =    0.8;        %Friction coefficient - Stainless against stainless 

d_h =       2.5e-3;     %Diameter of hole in thread of the house 

a =         30*pi/180; 

r_m = (d_h+s)/4; 

  

phi = atan(p/(pi*Dm));  %Pitch angle 

ra_s = atan(my_als/cos(a)); 

  

F_ax = T_in/(Dm/2*tan(phi+ra_s)+my_bas*r_m);  %Calculations from Karlebo Handbok 

  

disp(['PRE-TENSIONING OF SCREWS:']) 

disp(['The pre-tensioning of the screws applies an axial force of: ' num2str(F_ax) ' 

N.']) 

%% Springs 

  

G_s =  73000e6;   %Shear modulus, SS 2331-06 [N/m2] 

  

k_smal = (G_s*Dt_sf^4)/(8*Dm_sf^3*nv_sf);   %Spring constant, thin spring 

k_tjock = (G_s*Dt_tf^4)/(8*Dm_tf^3*nv_tf);  %Spring constant, thick spring 

f_tot = F_ax/(4*k_smal+4*k_tjock); 

  

F_sm = k_smal*f_tot; 

  

f_t_i = x3_2-x3_1;   %Deflection of the thick springs before the load is on both thick 

and thin springs 

  

disp(['This gives us a deflection of the springs of maximum: ' 

num2str(max(f_tot+f_t_i)*10^3) ' and minimum ' num2str(min(f_tot+f_t_i)*10^3) ' mm.']) 

  

%% Angle of attack when the screws are pretensioned & the length of the module then 
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Lb = L0_o-f_tot+f_t_i; 

disp(['The loaded length from the bottom of the springs is then maximum: ' 

num2str(max(Lb)*10^3) ' and minimum ' num2str(min(Lb)*10^3) ' mm.']) 

disp(['The loaded length of the module in total is then maximum: ' 

num2str((max(Lb)+t_h+t_bl)*10^3) ' and minimum ' num2str((min(Lb)+t_h+t_bl)*10^3) ' 

mm.']) 

  

%Compression of the thin springs (it is x4 when x3=x3_2; in contact) 

ang_v_i = asin(x3_k/(D_kula/2));%Angle of attack on steel ball, initially  

r_k = (29e-3)/2;    %Radius from the middle of the modulus to the point of attack on 

steel ball 

  

x4b = (D_kula/2)-x3_k; 

  

F_komp = (x4b*G_s*Dt_sf^4/(8*Dm_sf^3*nv_sf)); 

F_mom = (4*F_komp+4*F_sm)/tan(ang_v_i); 

Ff_mom = F_mom.*cos(ang_v_i)*my_bas.*sin(ang_v_i);    %Friction at steel balls contact 

with the click disc 

M_anv = (F_mom+Ff_mom)*r_k;    

  

disp([' ']) 

disp(['The torque needed by the user is then maximum: ' num2str(max(M_anv)*10^2) ' and 

miniumum ' num2str(min(M_anv)*10^2) ' Ncm.']) 
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Appendix E: Calculations for Radial and Axial concept 

 

E.1 Forces in terms of point of attack on sphere 

 

 

 

The angle of attack on the spherical surface is α, giving in the resultant forces Fmom which 

correspond to the force given by the torque applied from the customer, M, and Fkomp which is the 

compressive force from the torque on the springs. In the surface there will also be a friction force 

Ff. The calculations for this can be seen below in equation (E1-E3). 

 

𝐹𝑚𝑜𝑚 =
𝑀

𝑟
 (E1) 

𝐹𝑘𝑜𝑚𝑝 = 𝐹𝑚𝑜𝑚 ∙ tan(𝛼) =
𝑀

𝑟
tan (𝛼) (E2) 

𝐹𝑓 = 𝐹 ∙ 𝜇 =
𝑀

𝑟

𝜇

cos (𝛼)
 (E3) 

 

The resulting forces in both directions can then be calculated as equation (E4) and (E5), 

 

→ 𝐹𝑚𝑜𝑚 + 𝐹𝑓 ∙ sin(𝛼) =
𝑀

𝑟
(1 + 𝜇 ∙ tan (α)) (E4) 

↓ 𝐹𝑘𝑜𝑚𝑝 − 𝐹𝑓 ∙ cos(𝛼) =
𝑀

𝑟
(tan(𝛼) − 𝜇) (E5) 

 

where r is the radius from center to point of attack. 

The code for the radial concept was calculated from the shallow concept. The parametric 

calculations were made in MATLAB and can be seen below. 

 

%% Radial concept 
M = [115 150 225]*10^(-2);  %Torque T4, T6, T10 
r4 = 20.03e-3;              %Angle of attack - 45 degree angle (no compensation) 
n4 = 6;                     %Number of springs  

  

F_fj4 = (M./(r4*n4))*(tand(a)-my); 
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disp(['Force per spring, Radial concept: ' num2str(F_fj4) '.']) 

disp(['Friction force: ' num2str(F_fj4*my) '.']) 

  

%Compensated 

M = [115 150 225]*10^(-2);  %Moment T4, T6, T10 

  

F_fj4b = (M./(r4*n4))*(tand(k_v)-my); 

disp(['Force per spring, Radial concept, compensated: ' num2str(F_fj4b) '.']) 

disp(['Friction force, compensated: ' num2str(F_fj4b*my) '.']) 

 

 

%% Axial concept 

M = [115 150 225]*10^(-2);  %Torque T4, T6, T10 

r6 = 21e-3;                 %Angle of attack - 30 degree angle (no compensation) 

a = 30;                     %Angle of attack, not compensated [degrees] 

n6 = 4;                     %Number of springs 

my = 0.2;                   %Approximate coeff. of friction steel against plastic 

  

F_fj6 = (M./(r6*n6))*(tand(a)-my); 

disp(['Force per spring, Axial concept: ' num2str(F_fj6) ' .' ]) 

 
E.2 Angle compensation 

From investigation of what compensation could be useful in perspective to what lenses are used 

on the different cameras a compensation of 20% was decided, see chapter 3.2.1.1. Therefore the 

torque for the compensating angle in one direction should give an extra 20%. Calculations on the 

compensating angle can be seen below. 

 

𝑀𝑐𝑜 = 𝑀 ∙ 1,2 (E6) 

 

Since the resulting force in the downward direction, 𝐹↓, should be the same for both angle, only 

changing the torque, the torque is taken from equation (E5). The torque is broken out, resulting 

in equation (E7). 

 

𝑀 =
𝐹↓ ∙ 𝑟

tan(𝛼) − 𝜇
 (E7) 

 

Since the axial force F↓ is desired to be the same for both the normal angle, α, and the 

compensating angle, this gives the result on the compensating angle, β, from putting equation 

(E7) in (E6), 

 

tan(𝛽) − 𝜇 =
tan(𝛼) − 𝜇

1,2
   →    𝛽 = arctan (

tan(𝛼) − 2,2𝜇

1,2
) 
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where β is the compensating angle. 

The parametric calculations were made in MATLAB and can be seen below. 

 

%% Angle Compensation - Deeper groove 

clear all 

close all 

clc 

  

a_v =       30;     % Regular angle of attack 

my =        0.16;   % Coefficient of friction, steel against steel, lubricated 

komp =      1.2;    % Compensation (20%) 

  

%Calculating angle 

a_extra = atand((tand(a_v)-0.2*my+1.2*tand(a_v)*my^2)/(1.2-0.2*tand(a_v)*my+my^2)); 

  

disp(['If the regular angle of attack is ' num2str(a_v) ' desgrees, the compensating 

angle with 20% compensation is ' num2str(a_extra) ' degrees.']) 

disp([' ']) 

 

%% Angle compensation - Shallow groove 

a = 45;         %Angle of attack - shallow groove - not compensated [degrees] 

my = 0.6;       %Coefficient of friction, steel against steel, no lubrication 

ko = 0.8;       %Compensation (20%) 

  

%Compensating angle 

k_v = atand(ko*(tand(a)-my)+my); 

 

disp(['The compensating angle at ' num2str(a) ' degree (not compensated) and 

coefficient steel against steel (no lubrication) ' num2str(my) ', the compensating 

angle is ' num2str(k_v) '.'])                                               
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Appendix F: Calculations Compression/Glide Concept 

 

F.1 Compression Concept 

The palmar push from the user should not ergonomically exceed a value of 12.5 N, when the 

compression load from the customer is 50 N over the four springs, see graph below. The concept 

was then designed to get a user compression below 12.5 N, while still keeping the torque values 

up and the static coefficient of friction required by the materials in contact low. 

 

The parametric calculations to find the wanted coefficient of friction were made in MATLAB 

and can be seen below. 

 

%% COMPRESSION CONCEPT 

%Calculation of the needed coefficient of friction 

  

n = 4;          %Number of springs 

r = 18.75e-3;   %Radius of friction materials in contact 

F_fj = 12.5;    %Maximum load per spring with customer force 

M = [115 150 225]*10^-2;     %Torque (T4xx, T6xx, T10xx) 

  

my = M/(n*F_fj*r); 

disp(['Coefficient of friction: ' num2str(my) '.']) 

 

From calculations the coefficient of friction would have to be 1.2, 1.6 and 2.4 for the user 

torques wanted. 
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F.2 Glide Concept 

The calculation for the Glide concept is based on the friction forces between two material 

surfaces, under normal load from five helical springs, see descriptive picture below. 

 

 

 

The equations used can be seen below (E1-E3), where N is the normal load, Fs is the spring load 

of one spring, np is the number of parallel springs, Ff the frictional force, µ the coefficient of 

friction, M the torque and r the radius for the center to the working force. 

 

𝑁 =  𝐹𝑠 ∙  𝑛𝑝 (E1) 

𝐹𝑓 =  𝜇 ∙ 𝑁 (E2) 

𝑀 =  𝐹𝑓 ∙ 𝑟 (E3) 

 

The parametric calculations on the Glide concept were made in MATLAB and can be seen 

below. 

 

%% GLIDE CONCEPT  

M_g = [115 150 225]*10^(-2);    %Torque (T4xx, T6xx, T10xx) 

my_g = 0.49;                    %Static coefficient of friction, M-3020 (Nitronic = 

0.50) 

r_g = 16.5e-3;                  %Radius of friction materials in contact 

n_g = 5;                        %Number of springs 

A = 508.94;                     %Contact area [mm^2] 

  

disp([' ']) 

disp(['GLIDE CONCEPT']) 

F_fj_g = M_g/(n_g*my_g*r_g); 

  

disp(['The spring force for each spring needed to hold the torque is: ' 

num2str(F_fj_g(1)) ', ' num2str(F_fj_g(2)) ', ' num2str(F_fj_g(3)) ' N.']) 
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disp(['The total spring force from all springs is then: ' num2str(F_fj_g(1)*n_g) ', ' 

num2str(F_fj_g(2)*n_g) ', ' num2str(F_fj_g(3)*n_g) ' N.']) 

disp(['This provides the materials with a surface pressure of: ' 

num2str(F_fj_g(1)*n_g/A) ', ' num2str(F_fj_g(2)*n_g/A) ', ' num2str(F_fj_g(3)*n_g/A) ' 

MPa.']) 

  

%Corrected values for spring deflection with spacers 0.5 and 1.5 mm. 

F_fj_corr = [28.45 36.65 57.13]; 

M_corr = F_fj_corr.*n_g*my_g*r_g; 

  

disp(['The values of the torque when using intended spacers will be: ' 

num2str(M_corr*10^2) ' Ncm.'] 


