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INSTRUCTIONS FOR DIPLOMA THESIS 

Design the tilting mechanism of the composite beam pipe for the CBM 

experiment of the FAIR accelerator at GSI Darmstadt in Germany. The mechanism 

is located between the fixed conical beam pipe of the RICH / MUCH detector and 

the 12-meter tilting composite section that leads the beam to the absorber. The ion 

guide is tilted in the horizontal plane in the range of +/- 2,5°. Design several suitable 

variants for smooth tilting in the entire range with regard to the smallest possible 

amount of material. The centre of rotation of the tilt is at a distance of 3.7m from the 

mechanism. Design a drive for tilting the mechanism. Create an FEM model of the 

mechanism with bellows that will describe its shape after deflection to the extreme 

position and design an experiment for its validation. 
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1. Introduction 

The aim of this thesis is to contribute with some technical design outlines to 

the construction of the CBM experiment infrastructure. The whole assembly of 

devices and support systems of the CBM experiment is being designed by the 

mechanical engineers and physical experts from different countries and institutes 

under the auspices of the German research organisation GSI Helmholtzzentrum für 

Schwerionenforschung. This project is based on the international collaboration of 

different research organizations and it might be realized in the near future. 

Such a contribution might be performed via design of a tilting mechanism of 

the CBM experiment beam pipe, that is expected to allow setting of any position of 

the beam pipe within the horizontal plane in a defined range of angle deflections. 

The tilting joint is supposed to connect the fixed conical section and the adjustable 

downstream section of the beam pipe, which represents an element for the 

accelerated heavy ion beam conduction. The design of the tilting joint may be 

supported by the FEM analysis, which is expected to simulate the shape of the tilting 

mechanism after its deflection. 

1.1. CBM experiment 

Nowadays, the scientists from different parts of the whole world are applying 

to convey piece of knowledge about cosmic matters in order to get know more about 

the phenomena regarding the origin of stars or planets, explore the area of 

elementary particle physics or even research medical issues. When talking about 

the compressed baryonic matter (CBM) experiment, the researchers might be able 

for example to simulate the conditions just after the Big Bang during the formation 

of our solar system in a short period. During the last years the project of building 

new international accelerator facilities in Darmstadt in Germany has been developed 

in terms of the Facility for Antiproton and Ion Research (FAIR), which includes a 

wide range of experiments such as the CBM experiment. [1] 

The following figure shows actual as well as planned facilities of the FAIR 

complex, which already comprises smaller heavy ion synchrotron SIS 18 and linear 

Accelerator UNILAC with ion sources, storage ring or a fragment separator. [2] 

All new planned infrastructure, accelerators and storage rings are highlighted 

red in the figure 1. The currently designed experimental facilities are depicted in 

green colour. Except for the CBM experiment, there are constructed rooms for 

Atomic, Plasma Physics and Applications (APPA), NUclear STructure, 
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Astrophysics, and Reactions (NUSTAR) and antiProton ANnihilation in Darmstadt 

(PANDA) experiments or Superconducting FRagment Separator (Super-FRS) and 

a few storage rings, particularly High Energy Storage Ring (HESR), Collector Ring 

(CR), the accumulator / decelerator Storage Ring (RESR) and New Experimental 

Storage Ring (NESR). These systems will use the accelerated beams of particles 

from round accelerator SIS 100 with the circumference 1084 m and later from the 

accelerator SIS 300. [1] [3] [4] 

 

Fig. 1: Scheme of accelerator facilities in Darmstadt (FAIR, The PANDA Collaboration: 
Technical Design Report) [5] 

The cave for CBM experiment will comprise not only devices for one 

experiment, but also High Acceptance DiElectron Spectrometer (HADES), which will 

be used for the research of dense baryonic matter as well. These 2 experimental 

systems are expected to work separately in different times under different 

constellations. The setup of HADES experiment is situated in front of the CBM 

experimental complex according to the figure below. When operating just the 

HADES experiment, so called beam dump will be installed in front of the target of 

the CBM experiment to disperse the ion beam right behind the HADES. [1] [6] 

The research performed within the CBM experiment is related to the physical 

issues regarding the nuclear atomic or hadron branch and nuclear astrophysics. The 

aim of the CBM experiment is to observe heavy ion collisions and related 

phenomena such as the matter emerging from the ion interactions. Further 

objectives include the research of photons, collective hadron flow, mesons, 

electrons or dynamical fluctuations of particles etc. [7] Nonetheless, the results 
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might have an exceeding influence on other fields of science such as material 

engineering, plasma or radiation physics research and even on the medicine in 

terms of development of diseases treatment. [8] 

 

Fig. 2: The HADES detector (left) with the assembly for CBM experiment (right) (Peter 
Senger) [8] 

1.2. Starting point of tilting joint design with the background of 

experimental assembly 

The facility for CBM experiment will use accelerated beams of ions at different 

energy states from the new round particle accelerator SIS 100 in Darmstadt. The 

whole process will run under extreme physical conditions, which means that the 

mechanical components must be good adapted, for example, to resist the forces 

caused by inner vacuum. [1] [9] [10] 

Taking into account the physical characteristics of the experiment, which 

handles mainly with the Au particles from the proton or nucleus collisions, there are 

high requirements on all components not to devalue the experimental data. Because 

of the high level of the measurement sensibility, it is necessary to install electronical 

systems for a high-speed data processing, working with fast algorithms, or radiation 

hard detectors for smooth and precise data acquisition from the experiment. The 

mechanical components and detectors are expected to meet such requirements as 

well, which means that they should be designed with as low material budget as 

possible in order to prevent the experimental results from their devaluation through 

the interactions of the particles inside the apparatus with the surrounding objects. 

Especially high demands are placed on the infrastructure including the beam pipe 

and its connecting parts. It is the reason, why thin-wall components are preferable 
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for the installation in the areas directly afflicted by the ion beams. All in all, the 

equipment for the CBM experiment might ensure the quality of physical 

measurements. [11] 

The setup of CBM experiment consists of some detectors interconnected 

through the infrastructure elements including the beam pipe taking 16 meters in its 

longitudinal dimension. Individual devices and components are described through 

their abbreviations in the scheme below. 

 

Fig. 3: Scheme of the CBM experiment 

When beginning from the left side of the picture, the first functional object is 

represented by a target. This element determines type of a heavy-ion experiment 

under the condition that there are commonly distinguished two alternatives of a 

collider experiment and a fixed target experiment. A collider experiment operates 

with the collisions of two particle or nuclear beams. In this case, the CBM experiment 

is specific for the solution of the fixed target, which is based on interactions of 

accelerated beams from the accelerator SIS 100 with this fixed target. The target 

comprises a fixed thin foil of a heavy metal suited for the application in the CBM 

experiment (f. e. Au, Ag, Ni). [6] [7] [12] 

The superconducting dipole magnet serves for the beam inclination. Its 

magnetic field has strong intensity enough to determine the direction of the flight of 

particles. [13] 

Inside the hole of the magnet are located Micro-Vertex Detector (MVD) and 

Silicon Tracking System (STS). The MVD the detector is placed in the immediate 

proximity to the target. Silicon detectors of STS are situated at distances between 

300 mm and 1000 mm from the target in the downstream direction. Both detection 
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systems STS as well as MVD are designed with very small material budget in order 

not to scatter the particles and devaluate the experimental outputs. [7] [12] 

Behind the dipole magnet follow some detectors in adjustable configuration. It 

goes around Ring-Imaging Cherenkov Detector (RICH) and Muon Chambers 

(MUCH). The RICH detector consists of mirrors with a radius of curvature 

corresponding with the detector position related to the target, which is about 1.6 m 

upstream of the RICH, and photodetectors. The option of the Muon Detection 

System includes 6 hadron absorber layers and about 18 gaseous tracking 

chambers. [6] [12] 

An additional electron and positron detection system is presented by the 

Transition Radiation Detector (TRD), which consists of 9 detector layers in 3 layers. 

The assembly of TRD is placed behind the last hadronic absorber and the layers 

are located progressively 5m, 7,2 m and 7,5 m downstream the target. [6] [12] 

The Time-of-Flight Detector (TOF) is operated approximately 6 m downstream 

the target behind TRD. The detector consists of an array of multi-gap resistive plate 

chambers made from glass. [6] [12] 

Furthermore, there will be installed two calorimeters downstream the TOF 

detector, namely the Electromagnetic calorimeter (ECAL) and the Projectile 

Spectator Detector (PSD) in a subsequent order. The ECAL is formed by the 

modules involving 140 lead layers and scintillator plates inserted in the gaps 

between them. The location of ECAL might be variable. The second calorimeter 

PSD consists of the lead layers and scintillator sheets as the ECAL. The position of 

PSD will be adjustable in the range of 10 – 15 m downstream the target. The frame 

of PSD allows horizontal as well as vertical displacement and the rotational tilting 

around the vertical axis in order to set the position of the detector as exact as 

possible with the beam axis. [1] [6] [7] [12] [14] 

The next crucial group is the infrastructure comprising all mechanical 

components such as frame assemblies, roller systems, and last but not least the 

most important beam pipe setup with its demountable joints and deflection 

mechanisms. There is a number of frame constructions needed for the support of 

detectors as shown in the figure 2. Several detectors are placed on rail systems 

(TRD, TOF, PSD), which enables their movement in axial direction of the beam pipe. 

The precision of detector positioning for the measurement standby is 0,1 mm 

depending on the drive mechanics. The value of the toleration for the system 
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positioning in horizontal and vertical direction could be less than 0,5 mm in relation 

to the rails assembling. The interface between the rail system and other devices is 

formed by connection plates. Besides that, the plates serve for drive mechanism 

mounting. [14] 

The vacuum beam pipe itself is divided into the conical and straight section. 

The conical section roots in the area v dipole magnet and goes through the STS 

and RICH / MUCH detector. The conical-shape pipe is not expected to change its 

position. Nevertheless, behind RICH / MUCH is being designed a tilting joint, which 

might ensure any deflection of the straight pipe section in the range of <-2,5°; 2,5°>. 

The tilting mechanism situated 3 700 mm downstream the target, which represents 

the centre of rotation of the tilting joint, is supposed to connect both the conical and 

the straight section of the 16 m long beam pipe, which further consists of shorter 

segments connected through special square-shaped flanges. If the pipe continued 

in a conical shape, it would not fit into the downstream detector inner holes, and so 

there is a shape change of the beam pipe behind the tilting joint and the pipe 

continues in the cylindrical-shape in the downstream direction. As the material of 

the beam pipe has been appointed carbon-fibre composite because of its 

convenient resilient properties at low material budget, and thus saving pipe wall 

thicknesses. [1] [12] 

The figure 4 depicts two design options of the straight section of the beam 

pipe. Both designs operate with the connections with bellow system behind RICH / 

MUCH detector. Such a technical node is being solved in practical part of this thesis 

and, moreover, there are raised even other alternatives to bellows. Back to the pipe 

options, there are differences in the beam pipe diameter of the straight section 

between the tilting joint and PSD detector. The first possibility is to set the pipe 

diameter to 323,2 mm, which corresponds to the diameter of the end of the conical 

section of the beam pipe. In this case, the reduction of the pipe diameter on 190 mm 

would be performed approximately 9 m downstream the target, because the hole 

through the PSD is not adapted for bigger diameter. The second attitude is based 

on the diameter reduction just immediately behind the tilting joint. The beam pipe 

could have the same diameter along its whole straight section. Both alternatives are 

expected to preserve the beam of particles in the centre of the beam pipe in each 

position after tilting the cylindrical section as much as possible. According to the 

decisions within the CBM collaboration, it has been appointed, that the second 
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option will be used further and that the design will contain the beam pipe of the 

diameter 180 mm with the wall thickness of 1 mm. [12] 

 

Fig. 4: Beam pipe versions (CBM progress report 2018, Design simulations of beam pipe 
and radiation studies for the CBM experiment, A. Senger and the CBM collaboration) [12] 

Recently, there occurred some ideas to apply an eccentrically mounted 

straight section of the beam pipe, which means, that the ion beam need not be 

confined necessarily in the centre of the beam pipe, but it is possible to count with 

some acceptable distance between the beam centre and the inner surface of the 

pipe. In the figure 5 from the CBM progress report are depicted functions of the 

beam energies at the distance 3 700 mm downstream the target. Evidently, the 

density of scattered Au ions sharply falls in distant areas related to the centre of the 

beam, where is expected the highest intensity of the particle concentration. The 

beam pipe has been sketched as the blue rectangle in the diagram in order to show 

an eccentric mounting possibility of the straight part of the beam pipe. [12] 

The design of an eccentric tilting mechanism with bellow will be introduced in 

the practical part of the thesis as well. 
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Fig. 5: Horizontal profiles of Au beams in the beam pipe deflected by a magnetic field 
(Design simulations of beam pipe and radiation studies for the CBM experiment, A. 

Senger and the CBM collaboration) [12] 

The end of the beam pipe as well as the beam shut down is realized through 

the beam dump formed by the iron core packed in a radiation shielding. The dump 

is designed to be able to bear the high-intensity ion beams, especially the radiation 

from the backscattering particles. One of the tasks of the beam dump is to reduce 

the radiation in the CBM experiment cave. [12] 

  



 
DIPLOMA THESIS 

DEPARTMENT OF 
DESIGNING 

AND MACHINE ELEMENTS 
 

DESIGN OF A TILTING MECHANISM OF CBM EXPERIMENT BEAM PIPE - 9 - 

2. Metal bellows 

Metal bellows play the main role in the design of a tilting mechanism. 

Therefore, this hole chapter is being dedicated to their recherche. The aim is to 

provide the information about different types of metal bellows, their manufacturing, 

materials, applications, potential producers, or other relevant knowledge. 

The metal bellows represent suitable thin-walled components for 

compensation of angular, axial, and lateral displacements of any opposite mating 

pipes. Very common issues regard the combination of, above mentioned, elastic 

deformations. A metal bellow is a highly flexible as well as resistant part, which 

consists of number of convolutions, that allow to ensure the transformation into a 

required final deformed shape of this spring-like component in order to achieve any 

mechanical connection of deflected pipework and maintain such a transition 

between separated elements under the conditions of mechanical, temperature or 

pressure conversions. [15] [16] [17] 

When designing a construction with metal bellows, the biggest emphasis is put 

on the proper definition of geometrical attributes as well as operating physical 

conditions. 

Between the most characteristic properties of bellows belongs the mean 

effective area (MEA), which counts with inner diameter (ID) and outer diameter (OD) 

of a bellow: [18] 

𝑀𝐸𝐴 =
𝜋

12
∙ (𝑂𝐷2 + 𝑂𝐷 ∙ 𝐼𝐷 + 𝐼𝐷2) (1)  

The mean effective area is the crucial parameter for determination of a relation 

between the pressure changes and the force effecting bellows walls. [18] 

Except for diameters, other characteristics of bellows are, for example, the free 

length, which is the length of an undeformed bellow, number and shape of 

convolutions, that results in maximal allowed stroke, wall-thickness having an 

impact on the spring rate of a bellow etc. [19] 

The following tables include the key design parameters of bellows, which could 

be taken into account and that the most crucial of them might be presented to the 

bellows producer depending on their application, because different areas of bellows 

implementation regard different physical conditions as well as their priority. So, the 

first table tackles the geometrical attributes and basic physical conditions of bellows 

operation. 



 
DIPLOMA THESIS 

DEPARTMENT OF 
DESIGNING 

AND MACHINE ELEMENTS 
 

DESIGN OF A TILTING MECHANISM OF CBM EXPERIMENT BEAM PIPE - 10 - 

 

Tab: 1 Dimensional attributes of bellows (MW Components catalogue) [17] 

Meanwhile, the second table involves required deflections, operating 

pressures, lifecycles, bellows properties related to sealing capabilities such as leak 

rate and mechanical parameters such as spring rate. All of these factors, especially 

the pressure conversions, operating temperature and the spring rate, effect on the 

wall-thickness and type of material. [20] 

Back to the most characteristic attributes of bellows. The already mentioned 

spring rate (SR) reflects a force needed for bellows compression or extension by a 

given stroke. In other words, the spring rate express the relation between the axial 

load and achieved deflection. [18] [19] 

𝑆𝑅 =
𝐴𝑥𝑖𝑎𝑙 𝑙𝑜𝑎𝑑

𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
 (2)  
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The leak rate (LR) represents a relation of the volume of internal space V and 

the difference between the external and internal pressure (Δp) per the time (Δt). It 

expresses the amount of gas, that leaks through material per the time on the basis 

of pressure difference between outer and inner space relate to the volume of a 

container [21] 

𝐿𝑅 = 𝑉 ∙
𝛥𝑝

𝛥𝑡
 (3)  

 

Tab: 2 Performance attributes of bellows (MW Components catalogue) [17] 

The bellows characteristics may be divided into the area of linear behaviour 

and the area of permanent deformation depending on the size of deflection. The 

limit of the linear are is called the elastic limit. As shown in the diagram below, the 

hysteresis seems to be pretty small for metal bellows on the basis of their similarity 

to springs in terms of mechanical properties. It means, that a new state of 
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deformation is not supposed to be very afflicted by a previous state of deformation. 

Especially, in the case that the elastic limit was not crossed, there would not be any 

changes in bellows behaviour. [18] 

 

Fig. 6: The diagram of relation between force and deflection of bellow (Sigma-Netics 
catalogue) [18] 

The types of metal bellows differ in principle in the way of its manufacturing. 

The process of fabrication and the choice of bellows material have a direct impact 

on the mechanical properties of a bellow, and therefore on different possibilities of 

their application. The two crucial groups are represented by formed and welded 

bellows. The aim is to compare different types of bellows to select the most 

convenient one for the implementation to the design of a tilting mechanism of the 

beam pipe for CBM experiment. [18] 

2.1. Seamless hydroformed bellows 

Firstly, let’s focus on the seamless hydroformed type of bellows, which 

represent one of the most economical solution for high volume production of 

bellows. 

The production of seamless hydroformed bellows consists of several steps, 

which do not include any welding. The process of the bellow shape development is 

in this case characterised by deep drawing of metal strips and followingly by 

hydroforming to the final product. [22] 

Firstly, a suitable material type is selected as a semi-product. The piece of 

sheet or metal strip is further sheared and prepared for drawing process, which 

involves degreasing, heat treatment, chemical neutralization and lubrication [23] 
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The procedure of multi-step deep drawing is carried out on presses, where are 

metal round plates transformed into an intermediate product, which reminds of cups. 

[24] 

After getting an intermediate product from drawing operations and cleaning 

preparations, the process of hydroforming follows. The tubes are in this case formed 

in special closing tools, where is brought an active pressure medium, the most often 

a water-oil emulsion. The deformation of tubes is performed under high inner 

pressures up to 250 bar in dependence on the wall-thicknesses, composition of 

material or local dimensions such as a radius of edge fillets. Due to a parallel 

compression of the whole tool, the convolutions of a bellow are formed. [25] [26] 

During the final operations, the bellows are eventually degreased, heat treated 

cleaned and dried in terms of the finishing operations before being ready for an 

expedition. [23] 

The hydroforming is performed on hydraulic-based machines. The maximal 

possible diameter of a bellow is limited by the die plate dimension. [27] 

The figure below depicts two kinds of hydroformed ripple shape. The left 

scheme shows the sinus profile and on the right side is captured the omega profile. 

The sinus profile is typical for roll-formed bellows as well. [15] 

 

Fig. 7: From left: sinus and omega convolution profiles of formed bellows (Witzenmann 
catalogue) [15] 

Occasionally, it is possible to substitute the first step of the deep drawing 

operation with another option, which is based on plate rolling and welding, 

nevertheless, such a method is evidently no more seamless. For example, the 

Fulton Bellows offers company seamless as well as seam-welded hydroformed 

bellows, but commonly are used drawn tubes for hydroforming. [28] 
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2.1.1. Pros and cons 

Disadvantages of hydroformed bellows for the use in the experimental 

technique are bigger wall-thickness dimensions. The great advantage of such a 

manufacturing method is the possibility to reach consistent dimensional tolerances 

and to develop complicated shapes of complex parts. In comparison to the welded 

bellows, the seamless hydroformed bellows do not suffer from internal stresses 

caused by heat effects from welding. [18] [25] [29] 

In another point of view, the method of bellow manufacturing profoundly 

influences the range of allowed bellow stroke in both cases of compression and 

extension. Typically, the hydroformed bellows are allowed to be compressed by 

15% of their free length and extended by 10% of their free length. In comparison to 

other types of bellows, they resist smaller pressure differences. Their tooling costs 

are lower than for the welded bellows, nevertheless, higher number of produced 

pieces in production series should cover such cost differences. It depends on the 

material, but generally hydroformed bellows can be operated under lower 

temperatures than welded bellows and higher than electrodeposited ones. [30] 

2.1.2. Materials 

The seamless hydroformed bellows are commonly fabricated from different 

metallic alloy combinations, especially from those forming stainless steels, nickel 

alloys, bronze or brass. 

For example, the Mera Bellows company offers within its catalogue non-

ferrous alloys such as Brass (e. g. CuZn20) and Bronze (e. g. CuSn6) mainly for the 

purpose of application in control and measuring technologies primarily focused on 

temperature as well as pressure sensing devices. Brass belongs to the one of the 

most traditional materials used for metal bellows. In comparison to brass, bronze 

alloys are considered to perform better corrosion resistance and they can withstand 

little bit higher tensile stresses. Usually, both materials are soft soldered to 

endpieces. The advantages of brass and bronze materials are low manufacturing 

costs. [22] [28] [31] [32] 

Further possibilities are represented by beryllium-copper (CuBe2) metallic 

alloys with 0,4–2% of beryllium. As it goes around a material with good electric 

conductivity, it is commonly used in electrical devices and systems in terms of 

activation, alarm systems. Their elastic properties and high tensile strength cause 

that they are convenient for applications of mechanical pressure sensor. With a 
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great lifecycle duration, the beryllium-copper bellows appear in aerospace 

engineering. It is supported by heat treatment after their assembly. It is suitable for 

brazing as well. [22] [28] [31] [32] 

 

Fig. 8: Seamless hydroformed bellows of (from left) brass, beryllium-copper and bronze 
(Mera Bellows) [32] 

The significant group of bellows materials are nickel alloys. There is a wide 

range of alloy version, where belong for example nickel-copper alloys such as Monel 

(e.g. Monel 400 - NiCu30Fe) comprising 65-70% nickel, 20-30% copper, 5% 

magnesium and iron and other elements like sulphur, carbon or silicon. Monel 

belongs to that type of material, which shows great chemical properties, in the first 

place, the corrosion resistance, and so its use is broadened within the chemical 

industry, where is needed to manipulate with salt water, steams, acid or alkaline 

fluids. The material is brazing, arc or laser welding – friendly. Another nickel-based 

alloy is Inconel with minimal content of 72% nickel and with the second main element 

17% chromium plus additive elements. The material is suitable for welding and 

shows very good properties in terms of corrosion resistance or thermal stress 

changes. Another material option is covered by Hastelloy (e.g. Hastelloy C276), a 

representative nickel molybdenum (15-17%) chromium (14,5-16,5%) superalloy 

with an important additional element of 3-4,5% tungsten, which shows the best 

properties compared with above mentioned nickel alloys. An outstanding alloy is 

also Ni-Span C Alloy 902, which comprises nickel, iron and chromium with additions 

of aluminium and titanium. It is specific for its constant thermo-elastic coefficient 

within the range of temperatures -45°C – 65°C. [22] [28] [31] [33] [34] [35] 
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Fig. 9: Seamless hydroformed bellows of Monel (Sigma-Netics) [31] 

The next significant group of seamless bellow materials is stainless steel. 

There is a wide range of metal compounds, that belong to this class, for example 

(according to the terms of the American Iron and Steel Institute): AISI 304, AISI 

309S, AISI 310S, AISI 321, AISI 316, AISI 316L, AISI 316Ti, AISI 347, A 286 etc. 

This kind of material stands out for its great tensile as well as compression strength 

and corrosion resistance. Therefore, the bellows of stainless steel are rather allowed 

to adopt to larger strokes than bellows of other materials. They can be designed to 

be operated under extreme conditions of high pressure differences and high 

temperatures, what leads to their convenient application in terms of vacuum 

technologies. Because of the anticorrosion properties of the stainless steel with 

suitable surface treatment, it can resist aggressive chemical fluids as well. The 

materials may withstand brazing, soldering and welding as well. [17] [22] [28] [30] 

[31] 

 

Fig. 10: Seamless hydroformed bellows of stainless steel (Mera Bellows) [32] 

2.1.3. Producers 

The Polish Mera bellows company has been already mentioned in the previous 

chapter. Its productions is directly focused on the seamless hydroformed bellows 

within different variants. Except for the material selection, there are offered open-

ended or closed-ended bellows and special two-ply bellows, which consist of two 
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inserted tubes with precise diameter dimensions, that are hydroformed to create 

convolutions. [32] 

The Sigma Netics company from USA is oriented in the field of pressure 

technique as well as bellow manufacturing through all – hydroforming, edge-welding 

and electroforming technologies. Their products are used in the area of temperature 

sensing devices, aerospace technologies or isolation systems. [31] 

The Beijing Bellowman Technology company in China uses also for the 

fabrication of methal bellows the seamless hydroforming method. Except for steel 

or bronze bellows, it offers metal expansion joints, hoses and pipes. [23] 

The American Fulton Bellows company produces bellows via hydroforming as 

well as mechanical roll-forming method in a wide range of material types. For the 

standard hydroforming procedure can be used either seamless drawn tube or seam-

welded metal tubing. This process of seam-welded forming is described in the 

chapter 2.2. The company offers single-ply bellows as well as multi-ply bellows [28] 

2.1.4. Application 

The areas of hydroformed application are related to aerospace, astronautics, 

petrochemistry, metallurgy, electric power, solar and nuclear powerplants, medical 

devices, heating and power transmission systems, ship and automobile industry. 

The Bellows are often used as a sealing component, pressure gauges or as a part 

of industrial controls and regulators able to be operated under vacuum conditions. 

[15] [23] [25] [36] 

For example, the already mentioned Fulton Bellows company constructs 

packless valves with hydroformed or roll-formed bellows. Nevertheless, such an 

application might meet edge-welded bellows as well. Furthermore, it offers leakless 

expansion joints, which are able to absorb thermal changes or vibrations and, 

therefore, ensure a reliable flexible connection of two opposite mating components. 

Moreover, the bellows could be installed as liquid reservoirs or chambers, that are 

able to withstand pressure as well as temperature differences. The bellows are 

expected to compensate the movement of vibrating parts of motors or it can be used 

as a shaft sealing or seal in vacuum pumps and vacuum interrupters or more 

precisely electric circuit interrupters. [22] [36] 
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Fig. 11: From left: packless valve, expansion joint, expansion chamber (Fulton Bellows 
company) [36] 

2.2. Roll-formed bellows 

Another way of bellow manufacturing is represented by rolling technology. 

Actually, we could differ 2 types of roll-formed bellows depending on the 

intermediate product, which is determined for the milling of new convolutions. For 

such a forming procedure can be utilized either seam welded tubing or seamless 

drawn tubes. According to these intermediate products and their technical 

fabrication might be presented 2 groups of rolled bellows. In particular, it goes 

around seam-welded roll-formed bellows and seamless roll-formed bellows. [28] 

The seam welded formed bellows are manufactured from thin metal plates, 

which are rolled and after that welded in longitudinal direction, and therefore, there 

emerges a seam. There is an option to make not only a single-ply bellow but also a 

multi-ply bellow through inserting two or more close fitting tubes in each other. [28] 

[37] [38] 

The following operations in terms of mechanical roll-forming are based on 

deformation of tubes and shape transformation into bellows convolutions. The 

mechanical forming is realized along the tube intermediate product and the 

requested dimensions of diameters as well as lengths are step by step created. 

Such a mechanical method seems to be convenient especially for huge bellows or 

multiply bellows, but, of course, the way of the bellow fabrication is determined 

primarily by its application. [28] [37] [38] 

Originally, the principle of this bellow forming method has been invented in the 

USA. According to the patent “Bellows forming method and apparatus” from 1976 

was developed the first machine using rolling for corrugation forming. [39] 
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Fig. 12: Roll forming tool (Spiroflex) [37] 

Nowadays, the CNC machines have already substituted the conventional 

manually operated types. For example, the Nutberry Limited company offers low 

cost metal bellows created on the CNC controlled roll forming machines. [38] 

2.2.1. Pros and cons 

When considering the comparison of the roll-formed bellows with seamless 

hydroformed bellows, the advantages such as cost saving due to lower tooling costs 

and wide size range of seam-welded roll-formed bellows come out. The deep 

drawing method is unfortunately limited by sizes of bellow diameters regarding die 

patterns and working area dimensions of a press. Therefore, the seam-welding 

technology represents a convenient way for manufacturing of huge metal bellows, 

which involves plate rolling and longitudinal seam welding. The seam welding does 

not set any limits for length limitations of a bellow as well. It is the reason, why seam-

welded rolled bellows might be applied as expansion joints or flexible connections 

of mating pipes. [18] 

On the other hand, when is needed to put emphasis on the bellow spring rate 

accuracy, the right choice represents the group of seamless hydroformed bellows, 

as their wall-thickness tolerance much more better than the tolerance achieved by 

fabrication of seam-welded rolled bellows. This fact leads to more precise spring 

rate, stroke as well as pressure characteristics of seamless bellows. The seam-

welded type is also used for lower number of stroke cycles and the conditions for its 

material choice are welding-friendly properties, which means that the scale of 

applicable materials is smaller than in the case of hydroformed bellows. [18] 

2.2.2. Materials 

Fundamentally, the range of materials is similar to the list introduced in the 

chapter 2.1.3 of hydroformed bellows, especially regarding stainless steels or nickel 

alloys. [37] [38] 
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2.2.3. Producers 

This section will introduce in brief some producers of roll-formed bellows. 

As above mentioned, the British Nutberry Limited company is deeply focused 

on production of seam-welded formed bellows, which includes plate cutting, rolling 

and welding and then CNC roll-forming. The company also offers gas springs as 

thermodynamic elements, where are implemented bellow convolutions as well. [38] 

Except for already introduced the Fulton Bellows company, just another 

producer the Croatian Spiroflex company is involved in production of roll-formed 

metal bellows through automatic seam-welding technique of different methods such 

as TIG welding, plasma welding, MIG-MAG welding or resistance spot-welding. [37] 

[40] 

2.2.4. Application 

Roll-formed bellows find the broadest application within the chemical, 

petrochemical, electrical or transportation industry. Bellows serve as expansion 

joints in terms of pipelines for fluids or vapours, heat exchangers, exhaust 

conductors in motor systems. It can be applied in vacuum technology and they may 

be built up within valves as hydroformed bellows. [28] [37] 

For instance, the products of the Spiroflex company may be applied as axial 

expansion joints within pipeline systems, which balance the axial movements of 

mating components via bellows extension or compression. In the case of lateral and 

angular deformations, the bellows systems are designed as restrained expansion 

joints, for example, within the “L” or “U” shape pipelines. Moreover, the Spiroflex 

company offers solutions for the pressure balanced expansion joints. Bellows used 

for pressure compensation are designed with twice bigger effective area as shown 

in the right picture below, where the balancing bellow is situated in the centre of the 

compensation assembly and the flow bellows are neighbouring on both sides. The 

axial thrust forces caused by pressure changes are absorbed by the slender struts 

mounted to the bellows end flanges. The size of the bellow pressure forces is directly 

influenced by the spring rates of each bellows within the compensation unit. [37] 

[40] 
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Fig. 13: Application of pressure balanced expansion joints at turbine pipeline (left) and as 
an axial in-line compensator (right) (Spiroflex) [37] 

2.3. Edge-welded bellows 

Taking into account special applications, related low material budget, high 

number of lifecycles, huge strokes and precise dimension requirements, the edge 

welding bellows represent the ideal choice, even if it is considered to be one of the 

most expensive solutions. The reason of higher costs of an edge-welded bellow 

piece is more technology as well as time-demanding manufacturing, which includes 

stamping with the following edge-welding. Therefore, this type of bellows is not 

produced in high volumes, but it is rather used in non-standard technical areas such 

as aircraft engines, semiconductor devices or medical and high-vacuum 

technologies. [18] 

The edge-welded bellows have got a very specific profile. It consists of welded 

pairs of pressed diaphragm rings. The shape of metal rings reminds of spline curves 

as depicted in the schematic picture with added detail of a metallographic profile cut 

below. [15] 

 

Fig. 14: Diaphragm profile of an edge-welded bellow (Witzenmann catalogue) [15] 

The shape of the punched convolutions as well as the edge-welded joints 

represent the crucial factors of the bellows properties and performance. The number 

of convolutions and their material attributes might be adopted to required spring 
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rates and expected strokes. The ductility of the bellow material has a great impact 

on both the allowed number of convolutions and shape of its corrugation. The quality 

and precision of diaphragm manufacturing and its welding is reflected in the lifespan 

of a bellow. [20] [41] 

 

Fig. 15: Edge welded bellow with end flanges, detail of welded joints (Bellowstech) [20] 

The transformation of the initial product into the final products starts with 

automatized stamping process. The metal strips are cut and punched on presses 

with proper patterns in dies. There are patterns for both the female and male types 

of diaphragms, which are then prepared as convolution pairs for welding procedure. 

Due to the stamping technology, it is possible to achieve very precious the 

dimensions of the bellows diameters and preserve tight tolerances of the diaphragm 

shapes. For example, the company Comvat produces stamped edge-welded 

bellows in the range of minimal inner diameter of 2,7 mm to maximal outer diameter 

of 810 mm. Before shifting to welding operations, the metal stamped rings are 

cleaned and degreased. [18] [20] [42] 

 

Fig. 16: Stamping tools mounted on the machine (Comvat AG) [42] 
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The subsequent operations are related to edge-welding. The diaphragms are 

welded along their inner and outer diameter. First of all, the diaphragms are 

prepared on special round-shape stands in pairs of one male and one female type 

of a diaphragm. [18] 

 

Fig. 17: Stamped metal diaphragm on a stand prepared for welding (Mewasa AG) [43] 

Then can be performed welds on the inner diameter of the pair of metal rings. The 

result of this step are the single convolutions, which are finally welded on their outer 

diameter with each other to create the hole piece of bellow. At the same time, the 

convolutions are supported by chill rings in order to ensure smooth welding 

procedure and to enable joining of multiple pieces together. Another contribution of 

these chill rings is related to the part cooling, what helps to put clean and precise 

weld seams. After installation of chill rings, the convolutions are accumulated on an 

arbour, which serves for rings alignment before outer welding. Except for common 

fuse welding methods such as TIG welding, other technologies like arc welding, 

plasma welding, electron beam welding or laser fusion are used as well. The 

automatized laser welding technology is rather determined for higher volume 

production. On the other hand, the manual microplasma or laser welding is suitable 

for single piece production. [17] [20] [42] [44] 
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Fig. 18: Edge-welding of inner diameter of two diaphragms (Mewasa AG) [43] 

After making welds on outer diameters, a bellow is ready for final procedure, 

during which are welded end pieces on outer bellows diameter (OD) such as 

standard end rings or end rings with a prolongated neck. Eventually may be 

implemented ISO K as well as ISO KF flanges or any flanges, that are similar to 

them, especially in terms of the thickness when considering vacuum technique. In 

such a case, the flanges could be equipped with a groove for vacuum sealing. [20] 

 

Fig. 19: Standard end pieces for bellows (Mewasa AG) [45] 

2.3.1. Pros and cons 

There are many advantages of edge-welded bellows, especially regarding the 

application in vacuum technologies such as a tilting mechanism of this thesis. The 

best benefits lie in huge stroke possibilities, fine flexibility and relatively small 

material budget considering the wall-thickness of convolutions. For example, it is 

stated, that the maximal stroke might achieve up to 80% of the bellow free length in 

compression and approximately 25% in extension. Taking into account the material 

thickness, the MW Components company offers the smallest bellows with the 

thickness of 0,051 mm or the Mewasa company produces edge-welded bellows with 
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small diameter in the thickness value of 0,076 mm. [45] Compared with hydroformed 

bellows, the edge-welded type may be offered in wider range of materials as the 

welding technology allows to operate with different metals. [15] [30] [41] 

Back to the flexibility. Even if the spring rate, which has a direct impact on the 

sensitivity of a bellow, is influenced by the type of bellows material, wall-thickness 

as well as the size and number of convolutions, by edge welding can be achieved 

really low values of this physical parameter firstly due to the possibility of optimal 

stamped plate design, and so the edge-welded bellows might belong to one of the 

best deformable types of such flexible compensators. Furthermore, the shape of 

bellows ripples with three sweeps is developed enough to minimize the notch 

stresses in critical areas such as weld seams. [19] [30] 

Another point of view are the costs for manufacturing. The tooling costs of 

edge-welded bellows are considered to be the highest among the production 

methods. According to MW Components company catalogue, the tooling costs for 

a new set of bellows may range between $ 4 500 to $ 8 000, what reflects the final 

price for a customer. Nevertheless, the advantages might be worth it as, for 

example, the edge-welding bellows are widely used within vacuum technique, 

because the welded convolutions can withstand considerable pressure differences. 

The bellows could resist aggressive acidic environments and they can be operated 

in pretty wide range of temperatures between -250°C to 815°C as well depending 

on the material properties and its corrosion resistance. [30] [19] 

2.3.2. Materials 

The range of applicable materials for edge-welded bellows machining is 

considered to be wider than the range for other manufacturing methods. First of all, 

the choice of material is determined by its weldability, mechanical attributes such as 

tensile strength, elastic modulus etc and last but not least the field of application of 

a bellow. [41] 

Beginning with the most significant group, which are stainless steels. The 

single types of steel are the same as introduced by hydroformed bellows added for 

example by AM 350 or Titanium Gr 2. Furthermore, edge-welded bellows are 

produced with the material of nickel alloys, which are listed in the chapter 2.1.3. 

Aluminium alloys play its role within the edge-welded bellows production as well. 

[30] 
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2.3.3. Producers 

This chapter will briefly introduce several producers of edge-welded metal 

bellows. 

To begin with already named the Swiss Mewasa company, which is highly 

specialized in production just of edge-welded bellows in round-shape as well as non-

circular shape and further complex devices such as manipulators, accumulators, 

pillow seals or ultra high vacuum chambers. [45] 

 

Fig. 20: Edge-welded bellow with flanges in deflected position (Mewasa AG) [46] 

The next representant is the German Vacom company, which is involved 

primarily in vacuum technology including vacuum optics, pressure measurement, 

valves etc. The edge-welded bellows are designed as feedthroughs from vacuum 

chambers, compensators of thermal changes and mounting strokes or vibration 

absorbers. [47] 

Other producers are the Witzenmann company and the MW Components 

company. The both are focused on different manufacturing methods including 

forming, welding or even electrodeposition, which is described shortly in the chapter 

2.4. [15] [30] 

2.3.4. Application 

Edge-welded bellows find very wide field of applications and one of the most 

significant areas is the sealing technology and compensation devices. Such an 

element plays a big role within the oil, gas and chemical industries due to the fact, 

that it serves as a good compensator of length as well as angular deflection caused 

by high temperatures or pressures. Then the bellows can serve as flexible coupling 

and form a part of gas lines, valves, leak detectors etc. The bellows have the similar 

purpose in semiconductor technology within beam lines. [19] [41] 



 
DIPLOMA THESIS 

DEPARTMENT OF 
DESIGNING 

AND MACHINE ELEMENTS 
 

DESIGN OF A TILTING MECHANISM OF CBM EXPERIMENT BEAM PIPE - 27 - 

The next important group is the aerospace, where the edge-welded bellows 

can find its use within reservoirs for fluid processing or cooling systems, hydraulic 

accumulators, seals for pumps, fuel drain pipelines, damper assemblies etc. [41] 

Necessary to mention are the medical technologies, where are edge-welded 

bellows often installed to blood pumps, control devices, endoscopes, vacuum 

pumps, oxygen pumps etc. [41] 

To be more concrete, the following figure shows the assembly of a “port 

aligner” with pivot mounts offered by the Ferrovac GmbH company It consists of an 

edge-welded bellow joined through neck-type end fittings to DN40CF flanges and 

three hexagonal slender struts fixed by left-hand and right-hand threaded hexagonal 

nuts. The vertical screws are fixed to the flanges on one end and on the other side, 

the screws are bolted to the flange just through pivot mounts, that are formed by 

radial spherical plain bearings inserted in rod ends. Its material is the stainless steel 

1.4404 (AISI 316L). The assembly allows an alignment: ± 5 mm in both the lateral 

and the axial direction as well as the angle deflection of ± 5°. [48] 

 

Fig. 21: Edge welded bellow with pivot mounts as an aligner [48] 

2.4. Electro-formed bellows 

Electroforming represents very specific way of bellows production. The main 

process of electrodeposition is based either on putting thin metal layers onto a 

manufactured mandrel and following elimination of this mandrel via chemical 

reactions, if it is not possible to separate the new electroform from the mandrel 

mechanically. The final electroformed product remains after mandrel dissolving. As 

the most common material for electrochemical deposition are used nickel alloys, 

which are laid on aluminium mandrel. [17] [18] [49] [50] 
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The process of bellows manufacturing via electrochemical deposition could be 

divided into a few technological procedures. 

The first one is related to the mandrel preparation. Bellows-shaped mandrels 

can be either permanent, respectively reusable, or expendable, which are dissolved 

after finishing the metal deposition of an electroform. The permanent mandrels are 

usually made from stainless steel, nickel alloys brass or copper. The expendable 

mandrels are often manufactured from aluminium alloys. Actually, mandrels form a 

model of a geometrical pattern of electroformed bellows, what leads to very precise 

following of inner dimensional tolerances. Mandrels can be machined in larger 

lengths than defined length of bellows, because the material may be trimmed after 

electrodeposition. [50] [51] [52] 

 

Fig. 22: Metallic mandrels for electroforming (NiCoForm) [51] 

The next step is the own bellows machining. It can be realized on CNC 

machines, what contributes to develop the automatized process of electroform 

creation. Due to numerical control systems can be produced bellows of very small 

sizes, for example the diameter less than 0,5 mm and wall thickness 0,008 mm as 

the Servometer company presents in its catalogue. [51] 

The leading procedure of the hole manufacturing is plating, which is based on 

chemical electrolysis. Actually, electroforming is just similar as electroplating, which 

is considered as “ionic relocation.” The process involves electrolyte deposition of 

metallic ions extracted from anode, for example positive ions of nickel, onto the 

cathode, which is formed by the mandrel. Such a phenomenon occurs under the 

operation of the electric current between both electrodes through conductive 

electrolyte containing metallic salts, e.g. the nickel sulphate solution. The 

composition of electrolyte may strongly influence the properties of the final product. 

During the electrolysis, the scattered metallic ions are converted into atoms on the 
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surface of cathode and they create step by step new layers, which represent an 

electroform. The metal deposit copies the shape of the mandrel. The time for 

chemical deposition as well as the current density influence the wall-thickness of an 

electroform. The whole process might be monitored to get a precise product. [50] 

[51] [53] 

 

Fig. 23: Scheme of electroforming [54] 

After accomplishing the electrodeposition procedure, the ends of an 

electroform, which stick out, are trimmed and the mandrel is either dissolved in a 

caustic soda or mechanically removed. It is possible to perform surface finishing 

procedures on a new bellow to develop corrosion resistance of the product. [17] [50] 

2.4.1. Pros and cons 

One of the most significant advantages of electroformed bellows is the fact, 

that their geometry is not limited and that by using this method may be achieved 

precise dimensions in terms of tolerances including managing thin wall-thicknesses 

as well as control over ripple shape. For example, the smallest wall-thickness may 

achieve 5 µm. Moreover, electroformed bellows are manufactured with very low 

material budget and they are able to perform large deformations and react with a 

small force response as edge-welded bellows do. [17] [18] [52] 

Electrodeposited bellows do not allow as high strokes as edge welded bellows, 

but they are less expensive, even if not as cheap as hydroformed bellows. It is the 

reason, why electroformed bellows are produced in lower volumes and they are 

applicated in performance-demanding areas, e. g. aerospace. One more time 

compared with edge-welded bellows, the electroformed bellows have lower tensile 

strength and rather narrow temperature range of their operation. Nevertheless, the 

quality of material is still a matter of development and for example, the NiCoForm 

company introduces high strength nickel – cobalt alloy called NiColoy, which is 
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comparable with the properties of a better steel. Electrodeposited bellows are 

usually not expected to be welded or brazed. [18] [30] [52] 

2.4.2. Materials 

The most spread materials for electroforming are used nickel and copper 

alloys, silver, gold or a combination of these metallic elements. For instance, the 

cobalt-nickel alloys, such as FlexNickel of the Servometer company or already 

mentioned NiColoy of the NiCoForm company, nowadays belong to the most 

convenient materials for its high tensile strength, elasticity and purity. It can be 

superficially treated by silver, gold, copper etc. [17] [49] [52] 

2.4.3. Producers 

The American NiCoForm company is deeply focused on diverse production via 

electroforming technology. Except for seamless electrodeposited bellows based on 

nickel-cobalt alloys, it produces different structural electroforms and optical 

components. [52] 

The next U.S. electroformed bellows producer is the Servometer company. It 

offers bellows of different shapes and it is focused on the production of edge-welded 

bellows, shaft couplings and electrical contacts as well. [49] 

Other producers, e.g. the Sigma-Netics company, have been already 

introduced. 

2.4.4. Application 

Electroformed bellows are due to their good developed properties often used 

within aerospace and medicine industry. For instance, they can be implemented in 

oxygen systems, aneroids for fuel mixing chambers or other sensing devices such 

as temperature or pressure sensing. In the case of medicine, electroforms could be 

applied as a part of implants or other special devices. [55] 
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2.5. Other applications 

The intention of this chapter is to highlight some interesting ideas, which could 

serve as an inspiration for the design of a tilting mechanism. The following 

assemblies may be theoretically equipped with any kind of bellows. Therefore, these 

products are introduced separately. 

The first one is the single hinged expansion joint. This assembly includes one 

metal bellow with welded end flanges, of which shape is adopted to hinge 

connection. Due to flat hinges joined with a pin might be the bellow deformed just 

angularly in the horizontal plane. [56] 

On the other hand, the same company has developed pretty smart solution for 

multi plane angular deflection of a bellow. The gimbal expansion joint including four 

hinges is presented on the right side of the picture below. [57] 

 

Fig. 24: From left: Single hinged and gimbal expansion joints (ArcFlex) [56] Chyba! N
enalezen zdroj odkazů. 

2.6. Tip for design of tilting mechanism of CBM experiment beam 

pipe 

Summing up all of the remarks concerning advantages of different types of 

bellows, the choice for the application in CBM experiment beam pipe may fall on 

edge-welded bellows as they represent the most suitable solution in relation to the 

material budget as well as mechanical properties. Between the most important pros 

belongs their deformation flexibility, which allows them to adopt to high 

displacements of mating components. Of course, it goes around verified product in 

vacuum technologies, what meets the experimental demands. Further information 

was introduced within the chapter 2.3.1. 
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3. Design of tilting mechanism 

The tilting joint for the infrastructure of the CBM experiment is specific for its 

geometrical as well as physical conditions. The flexible connection is expected to 

set any required position in the range of ±2,5° in the horizontal plane with the centre 

of rotation in area of the dipole magnet, which is 3 700 mm distant upstream from 

the end of the RICH / MUCH. The equipment of the tilting joint must fit to the 

rectangular hole between parts of detectors and absorbers. So, the width is about 

1 010 mm and the hight should not exceed 570 mm. The experiment expects high 

intensity of radiation. The measurements of the experiment will be operated under 

ultra-high vacuum conditions. The matter of the research is supposed to be heavy 

accelerated ions at high energy levels. 

During the design development occurred two crucial ideas, how to ensure the 

tilting joint of the beam pipe. The first one is based on the mutual sliding of two 

opposite spherical surfaces. The other variant operates with metal bellows. Both of 

these ways have been worked out. Each of them includes more design options, of 

which STEP files with CAD models are attached to the thesis. 

3.1. Design of mechanism with metal spheric workpieces 

In the early phase of this project the focus was on the development of the tilting 

joint based on the mutual sliding movement of two parts with spheric surfaces. The 

key element of the assembly is a deflective weldment, which consists of a milled 

workpiece, a tube connected to the kinematic mechanism and a flange fixed to the 

downstream section of the beam pipe. This weldment with a concave spheric 

surface fits tightly to the intermediate workpiece with a convex surface. Such a 

middle part is then joined to the end flange from the RICH / MUCH section. The 

upper and lower linear bended pieces of bars serve for manual fixation of the sliding 

elements in required setting due to a linear row of screws. 

 

Fig. 25: Design of tilting mechanism with spheric-shaped workpieces 
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The weldment of the tilting element (brown) is joined through screws the a long 

vertical shaft, that already forms a part of the kinematic mechnanism described in 

the chapter with the design of the drive. The displacement of moving parts is limited 

by the arc-shape groove in the uppwer and bottom bar. The value of its radius is 

corresponding with the distance from the target, where is the middle of the rotation.  

  

Fig. 26: Different views of the design of spheric connection 

The figure bellow highlights the clearance between the arc groove in the bar 

and the outer spheric surface of the welded workpiece. Such a mutual positioning 

allows the movement of the weldment, when the tightening screws are loosed. 
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Fig. 27: Cut view of spheric tilting joint with highlighted clearance 

The intermediate spheric flange is manufactured primarily by milling and 

drilling. The workpiece includes spherical sliding surface for the contact with the 

opposite weldment. On the surface is machined a groove for O-ring, which might 

ensure the sealing of inner vacuum. It means, that the roughness and geometrical 

tolerances of the sealing surface are expected to be designed and fabricated at the 

corresponding quality to meet those sealing requirements. The cutting of the 

workpiece sketch is presented as an example in the figure bellow. The functional 

elements of the part are tolerated to ensure the right assembly. The highest 

emphasis is laid on the machining of the spheric sealing surface with the profile 

tolerances of shape and orientation, which is related to the base E. Further 

information is contained in the attachment 14. 

 

Fig. 28: Example of drawing views of spheric workpiece (attachment 14) 

clearance 
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The materials of the components of the tilting joint are in this case supposed 

to be stainless steels, for instance the steel 1.4301 or any stainless material, that 

could propose the customer. Considering the physical requirements of the ion 

research, the aluminium alloys might be suitable for such an application as well.  

The picture below introduces some drawing cuttings from the attachment 13, 

which includes the information about welds that connect the single parts of the tilting 

weldment. 

 

Fig. 29: Views of drawing with welds (attachment 13) 

3.1.1. O-ring sealing 

The O-ring from Viton1 material represents ideal solution for sealing the 

components of the tilting joint of any metallic material and keep inner vacuum. The 

choice of each O-ring for the designs of this thesis follows the recommendations of 

the Dimer company, that are specified in its catalogue. Here is an example of the 

O-ring dimension calculation and the product classification. [58] 

The flange from the conical section of the beam pipe has got a groove for O-

ring with the smaller diameter 𝑑3 = 330 𝑚𝑚 According to the Dimer catalogue the 

inner diameter 𝑑1 of the O-ring should range between 098% and 0,99% of the 

diameter 𝑑3. It is valid just for inner vacuum sealing. So, the diameter 𝑑1 might range: 

𝑑1𝑚𝑖𝑛 = 𝑑3 ∙ 0,98 = 330 ∙ 0,98 = 323,4 𝑚𝑚 (4)  

𝑑1𝑚𝑎𝑥 = 𝑑3 ∙ 0,99 = 330 ∙ 0,99 = 326,7 𝑚𝑚 (5)  

I choose the O-ring with 𝑑1 = 325 𝑚𝑚 and 𝑑2 = 7 𝑚𝑚 from the catalogue. [58] 

 
1 Viton is a fluoroelastomer material often used for sealing production such as O-rings. It is 
outstanding for its chemical fluid and heat resistance. [59] 
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Fig. 30: Characteristic diameters of O-ring and groove dimensions (Dimer catalogue) [58] 

It is recommended to choose as big diameter 𝑑2 as possible to fill the flange 

groove as much as possible and to provide better vacuum sealing properties of the 

assembly. Other dimensions correspond with the catalogue values. After pumping 

of the gas from the inner areas of the vacuum sealed assembly, the O-ring shrinks 

to the smaller diameter of the groove and fills the gap between flanges. The sealing 

surface of the part must meet the roughness requirements. FPM is the Viton 

material. The ring hardness is 80 Shore. [58] 

The final indication of the Dimer O-ring is: OK FPM 80 325x7. 

All of the O-rings within this thesis are chosen in the same way. 

The two pictures below show the deflection of 2,5° in the extreme position of 

the tilting weldment, that joins the downstream beam pipe. The right picture 

demonstrates the reason, why must be the intermediate flange so wide. The sealing 

is supposed to work in every position ranging ±2,5°. Therefore, the sealing groove 

of the O-ring might be wide enough in order to ensure its function. 

 

Fig. 31: Position of 2,5° of the tilting weldment 
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3.2. Design of the mechanism with composite spheric workpieces 

Another option looks like very similar to the previous solution. Nevertheless, 

all of the parts are adapted with their shapes for the application of carbon-fibre 

composite materials. The fabrication of the parts might include hand lamination and 

vacuum hardening. The parts are finally glued together to substitute the weldments 

of the previous solution. For example, the Loctite company develops the chemical 

epoxide glues for different applications regarding carbon composite joints. [60] 

 

Fig. 32: Composite version of the tilting mechanism with spherical parts 

The thread inserts for screws are inspired by the product Trisert-3® of the 

Tappex Thread Inserts company. They are manufactured with female threads and 

they are glued to the hole in the carbon-fibre composite. The thread inserts are 

applied in the connection of the flange from the conical section and in the linear row 

of tightening screws, that push on the outer surface of the tilting spherical part. 

Furthermore, the inserts of Tappex are designed with male threads to fit better with 

the composite hole. [61] 

The cut view bellow shows all of the carbon fibre components. Except for the 

screw inserts, the difference between steel and composite solution is joining of the 

tilting spherical element. The glued joints are equipped with the grooves for sealing 

O-rings to keep the inner vacuum and avoid unrequested leaks. 
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Fig. 33: Cut view of composite tilting joint 

The machining of the intermediate composite spherical part consists of 

lamination process, milling and hole drilling as well. 

Proper organisation of the laminate fabrication will impact on the final required 

mechanical properties of the part. The layers with the same mechanical properties 

are put in different angles one on each other in regular defined order. Such a method 

may result in elimination of some unwanted additive stresses of the material under 

load conditions because it is related to the overall stiffness of the part. [62] 

The design of this carbon-fibre workpiece was confirmed by the CompoTech 

company. [63] 
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Fig. 34: Intermediate composite spherical part 

3.3. Design of weldment with two bellows and intermediate tube 

The recherche of the metal bellows and their comparison resulted in the choice 

of the most suitable type for the application within the infrastructure of the CBM 

experiment. Due to the wide range of advantages the edge-welded bellows have 

been selected for the implementation to the design of the tilting mechanism (see the 

chapter 2.3.2). All of the issues regarding metal bellow were discussed with the 

Mewasa company. The design of the bellows weldment involves two options. The 

main difference between these solutions is the element absorbing the axial force 

and, eventually, the reaction moment, if the bellow assembly is deflected from the 

0° position. In case if the first design it goes around tube slender struts, that must 

be operated manually. The second one is adapted to passive tilting due to double 

rolling system, that can be driven by an electric engine. Both possibilities work with 

the same weldment NS-335-360-0.20-1.4404-136. The weldment comprises two 

bellow with the inner diameter of 335 mm, the outer diameter 360 mm and the wall-

thickness of 0,2 mm. The material is the stainless steel 1.4404 (AISI 316L). The total 

number of convolutions of both bellows is 136. The working pressure difference is 

1 bar with inner vacuum. The working temperature is 20°C. 

3.3.1. Bellows weldment with slender struts 

The assembly of the bellows weldment is connected through flanges to the 

conical part of the beam pipe. The flange in the middle is mounted radially in a metal 

ring, which is joined through welded fixtures and screws to a pair of carbon-fibre 
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composite tubes. Such tubes are expected to transmit just axial forces because the 

flange may be able to slide in axial direction within the surrounding ring. The tubes 

are connected through fixture weldments to the ground. In this section of the 

infrastructure, the beam pipe is situated in the height of 1 m above the ground, 

further behind the tilting joint it might be approximately 5 m. The bellows weldment 

is bended due to a kinematic mechanism, which is described in the chapter 4.3. 

 

Fig. 35: Bellows weldment with slender struts 

Of course, before tilting the assembly with bellow and the beam pipe may be 

loosened the safety hex thin nuts M30, which enables telescopic sliding of slender 

struts. After setting any required position of the bellow and the beam pipe in the 

range of ±2,5° the safety nuts are manually tightened again to prevent reverse 

deformation of the bellow caused by the spring rate reactions as well as vacuum 

reactions. The assembly and its connection to the flanges is described below. 
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Fig. 36: Cut view through bellows weldment and kinematic mechanism 

The weldment of two bellows and intermediate tube includes ring end pieces 

welded to the last diaphragm on both sides of bellows, that may be welded to edge 

flanges. The welds are performed on the inner diameter of the flange and on the 

same diameter of the end ring. Moreover, the weldments of flanges are equipped 

with triangle-shaped fixtures, which are joined through welds on the milled oblique 

planes of the flanges. Each of these fixtures contains bored hole with female thread 

for fixation of the plain bearing inserted in the rod end with a male thread SAKAC 

12 M through the socket head shoulder screw. [64] 

The male thread is joined to a workpiece that can slide in a tube due to a small 

clearance between the inner surface of this tube and outer cylindric surface of the 

workpiece. If the safety nuts are tightened, the workpiece cannot move in any 

direction because the bellow assembly produces compressive forces that are 

transmitted to the slender struts. Therefore, it is not necessary to limit the movement 

of the workpiece in other direction, which would be caused by tensile load. The 

bigger safety nut determines the mutual position of the workpiece and another part 

with male tube thread and outer hexagon for a spanner. Such a workpiece is 

tightened though tube thread to the slender strut tube all the time and it serves for 
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the contact with the safety nut M30. The smaller safety nut M12 can set the position 

of the sliding workpiece in relation to the rod end with plain bearing. 

 

Fig. 37: Cut view through slender strut tube with telescopic workpieces 

Finally, the pictures below demonstrate the deflected beam pipe position of 

2,5° with adjusted slender struts. 

 

Fig. 38: Upper view of deflected bellows weldment with slender struts 

The following figure highlights the limitation of the bellows weldment deflection, 

which is determined by the arc groove in the red bottom plate. 
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Fig. 39: Deflected bellows weldment with slender struts in extreme position 

3.3.2. Bellows weldment with rolling system 

The variant of bellows weldment assembly with rolling system avoids manual 

handling with fixation elements such as nuts etc. This represents the main 

advantage of such a solution. The rolling system consists of the pair of carriages, 

which are joined through the socket head shoulder screw to the pins welded to the 

metallic bellows end flange. Each of the carriages of the type AD420M comprises a 

board, in which are mounted 4 wheels that can roll on the specific rolling arc profile 

following the radius of 4 350 mm with the centre in the target of the CBM experiment. 

The rolling carriages were selected from the T.E.A. Technik catalogue and their 

provided CAD models have been modified to meet our application. The arc of the 

rolling profile of aluminium alloy is not offered within catalogues, and so it is 

expected to be manufactured independently. [65] [66] 
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The arc-shaped profiles are then connected to the rectangular profiles of the 

aluminium or stainless frame. [67] [68] 

The frame is fixed to the bellow flange, which is connected to the RICH / MUCH 

section. There are 3 flanges and the intermediate one is supported by the radial 

mounting described in the previous chapters. It means, that the frame represents a 

rigid connection of the conical part of the beam pipe and the downstream beam pipe 

section. The frame absorbs certain reactions of the bellows assembly, especially 

those in axial direction as well as the reaction moment after deflection from 0° 

position. 

 

Fig. 40: Bellows weldment with rolling system in 0° position 

The weldment of two edge-welded bellows and the intermediate tube is the 

same as in the previous chapter 3.3.1. 

The figure below shows the scheme of axial dimensions and the position of 

the tilting mechanism as well as its length. The bellow assembly is deflected by the 

kinematic assembly, which is located 4 416 mm downstream the target. 
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Fig. 41: Scheme of tilting joint placement and kinematic mechanism position 

The kinematic assembly is joined through a pair of rod ends with female thread 

and clamping bolts to the holes in the end flange of the bellows weldment, which 

connects the downstream beam pipe. The flange involves either female threaded 

holes or female threaded inserts that may be glued in the holes depending on the 

material of the flange. If the flange is not from aluminium or stainless steel but 

carbon-fibre composite material, the inserts might be applied similarly as described 

in the chapter 3.2. The kinematic mechanism is further solved in the chapter 4.2. 

 

Fig. 42: Front view of bellows weldment and kinematic mechanism with highlighted 
dimension of maximal width occupation 
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The tilting joint with its frame is supposed to fit in the space that is limited by 

the position of surrounding detectors and absorbers. So, the maximal allowed width 

is 1 010 mm and the maximal hight is 570 mm. Therefore, the dimension of the 

assembly may not exceed 505 mm. The figure above confirms this condition. The 

total width is then captured in the following picture. Evidently, the total hight meets 

the requirements as well. 

 

Fig. 43: Front view of bellows weldment and kinematic mechanism with highlighted 
dimensions of total hight and width of assembly 

The next figures represent the tilting joint with bellows weldment in deflected 

extreme position of both polarities. 

 

Fig. 44: Deflected bellows weldment assembly in extreme position 
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Fig. 45: Deflected bellows weldment assembly in extreme position of other polarity 

Furthermore, the centre of ion beam has been sketched in both the 0° and the 

2,5° position to demonstrate the functionality of the tilting joint, which is designed to 

keep the ion beam in the centre of the downstream beam pipe in any deflection. 

 

Fig. 46: Scheme of ion beam in 0°position 
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Fig. 47: Scheme of ion beam in 2,5°position 

3.4. Design of the weldment with one bellow (and eccentric flange) 

The design of a small eccentric mounted bellow was created primarily with the 

intension to tilt the mechanism passively by the movement of the hole downstream 

beam pipe, that would be driven by an actuator in area of the PSD detector. The 

passive solution of bellow assembly deformation is further solved in the chapter 4.4. 

The key element is formed by a weldment again. In this case, it comprises two 

flanges and the bellow NS-200-235-0.20-316L-22 welded through a pair of the end 

rings 200/235x8 to the end flanges. The operating conditions are the same as in the 

previous case. 

The axial reaction forces of the bellow are captured by a pair of upper and 

lower slender struts. Each of them consists of one stainless angled ball joint with 

left-handed female thread and another stainless angled ball joint with right-handed 

female thread. The supplier of both the left-handed type DIN 71802-16-M12L-CSN 
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and the right-handed type and DIN 71802-16-M12-CSN is the Elesa Ganter 

company. [69] 

 

Fig. 48: Tilting joint with single eccentric bellow 

The slender strut assembly serves just for angular tilting, which is such an 

eccentric bellow supposed to perform. Therefore, it is not necessary to handle with 

the clamping element formed by left-handed thread on one side and right-handed 

thread on the other side manually during the operation of the beam pipe positioning. 

It seems like a great advantage of this solution. Nevertheless, taking into 

account the need to deflect the beam pipe in both directions or polarities, then it is 

not as practical as supposed because the huge flange with an eccentric hole that is 

connected to the RICH / MUCH section must be turned by 180° manually every time 

the polarity change is desired. 

 

Fig. 49: Pair of angled ball joints with clamping element 

The following figures depict the eccentric positioning of the bellow weldment 

and its location in relation to the target of the experiment, which is 3 700 mm in the 

upstream axial direction. The bellow design was consulted with the Mewasa 

company. 
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Fig. 50: Eccentric bellow weldment positioning 

The next pictures just demonstrate the extreme deflection of the downstream 

beam pipe assembly. As the centre of the bellows rotation is situated in middle of 

the angled ball joint, which is near the flange with the eccentric hole, the beam of 

ions is not preserved in the centre of the pipe anymore. Of course, the ion beam is 

expected to maintain its parallel direction with the downstream beam pipe in every 

position. 

  

Fig. 51: Deflected tilting joint with single eccentric bellow 

The following schemes demonstrate the geometry of the tilting joint with 

respect to the centre of the ion beam that flows through the beam pipe. In the 0° 

position the centre of the ion beam is just 7 mm distant from the inner surface of the 

beam pipe. 
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Fig. 52: Scheme of ion beam in 0° position with eccentric bellow 

The distance between the centre of the ion beam and the inner surface of the 

beam pipe is 7,6 mm within the maximal deflected position of 2,5°. The figure below 

captures such an extreme case. 

 

Fig. 53: Scheme of ion beam in extreme 2,5° position with eccentric bellow 
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4. Design of the drive for the tilting mechanism 

Actually, there occurred three attitudes of the drive design and of its kinematic 

mechanism. One passive solution for the bellow bending or tilting the spheric plate 

assembly had been considered as well, but such a way has been left because of 

the big deformations of the beam pipe as further described. 

4.1. Handle drive (wheel) 

The following system is based on the handle-operated wheel with a kinematic 

mechanism, that in total transforms the rotational movement of the wheel and a 

leadscrew into translational motion of a cuboid due to two parallel pins The mounting 

of the holes for these pins are manufactured with a small clearance to enable sliding 

of the pins in their axial direction. The axial sliding is caused by the limited movement 

of the cube, which is set by the arc-shape of the groove in the tilting assembly above. 

The cut through the cube is further described in the following chapter because the 

electric drive handles with the same mechanism. 

 

Fig. 54: Kinematic mechanism with handle-operated wheel 

When focusing on the trapezoidal leadscrew, there is visible the way of its 

mounting within the housing in the cut view in the figure bellow. Such a mechanical 

mounting system with a pair of radial ball bearings [70] and a pair of axial double-

row thrust ball bearings [71] represents a static indefinite system, which is commonly 

used for this purpose considering the movement of the lead-nut in both directions in 

the same speed. The mentioned lead nut holds the both sliding pins and prevent 

them from unwanted rotation due to the tongue and groove connection. 

 

Fig. 55: Cut view through leadscrew assembly 
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4.2. Electric drive 

The electric drive transforms the supplied electric energy into the mechanical 

energy in the form of a torque occurring on the output shaft. There are a few 

possibilities, how to design electric powered drive with a kinematic mechanism for 

tilting the bellow and the pipe as well in synchronous movement with the drive of 

PSD detector. 

The first design counts with a servo engine with an implemented helical-worm 

gear unit. The transmission is connected to the trapezoidal leadscrew, of which nut 

moves with two parallel pins leading through holes in a cuboid as above described. 

The centre of this block is provided with holes for placement of a pair of tapered 

roller bearings in “O” composition. [72] These bearings ensure the rotational motion 

of the vertical shaft towards the shifting cuboid. Such a combination of translational 

as well as rotational movements provide the required displacement of the tilting 

mechanism e.g. with the spheric workpieces but it could serve for the tilting bellows 

weldment as well. 

The longitudinal cut through the leadscrew looks like the same as in the 

previous chapter. The drive has been selected from the catalogue of the SEW 

Eurodrive company. The design includes a helical-worm servo gearmotor. [73] 

Moreover, a scale indicating the angle of displacement has been designed on 

the top plate of the cast housing. The indicator is a pin screwed into the lead-nut. 

 

Fig. 56: Helical-worm servo gearmotor with kinematic mechanism 

Above presented solutions serve just as a general design without any 

performance or safety calculations. With the necessity to develop the kinematic 

mechanism powered with a small engine unit for the bellow weldment bending has 
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been designed and calculated the following system with leadscrew and a stepping 

engine. 

The position of the PSD detector ranges between 8 meters and 15 meters 

downstream the target. The speed of lead-nut translation is approximately 3 mm/s. 

The position of the leadscrew (LS) of the bellows kinematic mechanism is 4 416 

mm. 

𝑡𝑔 2,5° =
𝑠𝑃𝑆𝐷

15 000
 (6)  

𝑠𝑃𝑆𝐷 = 𝑡𝑔 2,5° ⋅ 15 000 (7)  

𝑠𝑃𝑆𝐷 = 654,9 𝑚𝑚 (8)  

𝑡𝑔 2,5° =
𝑠𝐿𝑆

4 507
 (9)  

𝑠𝐿𝑆 = 𝑡𝑔 2,5° ⋅ 4 416 (10)  

𝑠𝐿𝑆 = 192,8 𝑚𝑚 (11)  

 

Fig. 57: Scheme of the synchronous movement of the bellows kinematic mechanism and 
the PSD detector 

The synchronous movement of the both the bellows leadscrew and the PSD 

detector must fulfil the equality of the time for the tilting by certain angle, in this case 

it is 2,5°, which is the extreme position: 

𝑡𝐿𝑆 = 𝑡𝑃𝑆𝐷 (12)  
𝑠𝐿𝑆

𝑣𝐿𝑆
=

𝑠𝑃𝑆𝐷

𝑣𝑃𝑆𝐷
 

(13)  

𝑣𝐿𝑆 =
𝑠𝐿𝑆 ⋅ 𝑣𝑃𝑆𝐷

𝑠𝑃𝑆𝐷
 

(14)  

𝑣𝐿𝑆 =
192,8 ⋅ 3

654,9
 (15)  

𝑣𝐿𝑆 = 0,883 𝑚𝑚/𝑠 (16)  

So, the translational velocity of the bellow lead-nut is 𝑣𝐿𝑆 = 0,883 𝑚𝑚. Further 

will be calculated the torque needed for bellows bending. It was consulted with the 
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Mewasa company and the lateral reaction force might be  𝑄 = 3 500 𝑁 as the 

response to the pressure difference and bellows deformation, which causes the 

reaction according to the value of its spring rate. The value of the reaction force is 

related to the double bellows weldment with the middle tube NS-335/360. 

The engine performance will be submitted to the analytical strength analysis 

of the slender strut load of the leadscrew. The scheme below depicts the dimensions 

of the leadscrew as well as the lead-nut. The maximal operating screw length is 

be 𝐿 = 514 𝑚𝑚. The number of thread starts is 𝑖 = 1 𝑚𝑚. 

 

Fig. 58: Scheme of kinematic assembly with leadscrew 

First of all, the preliminary middle diameter of the lead screw 𝑑2
′ will be 

calculated on the basis of the maximal allowed stress in the threads. The mean 

pressure 𝑝 in the threads is expected to be either equal or smaller than the allowed 

stress value 𝑝𝐷 = 7 𝑀𝑃𝑎, which is the value set by the contact of steel materials of 

the screw and nut threads. The coefficient of the screw hight is Ψ𝐻 = 0,5 for a 

trapezoidal screw. The coefficient of the nut hight might range Ψℎ = 1,5 − 2,5. I 

choose Ψℎ = 0,5. [74] 

𝑝 =
𝑄

𝜋. 𝑧. 𝑑2. 𝐻1
≤ 𝑝𝐷  (17)  

𝑑2
′ = √

𝑄

𝜋 ⋅ Ψ𝐻 ⋅ Ψℎ ⋅ 𝑝𝐷
 (18)  

𝑑2
′ = √

3 500

𝜋 ⋅ 0.5 ⋅ 1,5 ⋅ 7
 (19)  

𝑑2
′ = 14,57 𝑚𝑚 (20)  

According to the Bornemann catalogue [75], I choose the pitch diameter for 

the first array of standardised screw dimensions: 

𝑑2 = 18 𝑚𝑚 (21)  
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And the nominal diameter is 𝑑 = 20 𝑚𝑚 with the pitch 𝑃 = 4 𝑚𝑚. [75] The area 

of the core cross-section is 𝑆3 = 189 𝑚𝑚2. The operating hight is 𝐻1 = 2 𝑚𝑚. [74] 

The other parameters are presented in the Bornemann catalogue. [75] 

The reason, why I missed the second array of screws is the fact, that many 

additional components are offered mostly for the first array of trapezoidal screws by 

its producers. Furthermore, there are calculated other thread parameters below. 

The angle of the thread lead 𝛾: 

𝑡𝑔𝛾 =
𝑖 ⋅ 𝑃

𝜋 ⋅ 𝑑2
=

1 ⋅ 4

𝜋 ⋅ 18
= 0,071 → 𝛾 = 4,046° (22)  

The angle of the thread side 𝛽𝑛: 

𝑡𝑔𝛽𝑛 = 𝑡𝑔𝛽 ⋅  𝑐𝑜𝑠𝛾 (23)  

𝑡𝑔𝛽𝑛 = 𝑡𝑔15° ⋅ 𝑐𝑜𝑠 4,046° (24)  

𝑡𝑔𝛽𝑛 = 0,267 → 𝛽𝑛 = 14,963° (25)  

Friction angle of the thread 𝜙 ′: 

𝑡𝑔𝜙 ′ = 𝑓´ =
𝑓

𝑐𝑜𝑠 𝛽𝑛
=

0,13

𝑐𝑜𝑠 14,963°
= 0,135 → 𝜙´ = 7,664° (26)  

The minimal hight of the lead-nut ℎ: 

ℎ = 𝜓ℎ ⋅ 𝑑2 = 1,5 ⋅ 18 = 27 𝑚𝑚 (27)  

I choose according to the Matis catalogue the nut length of 44 mm. [76] The 

second flange nut has got grooves instead of holes and it does not follow the 

catalogue standards, it has been just inspired in dimensions of the first flange nut. 

The number of threads: 

𝑧 =
ℎ

𝑃
=

88 

4
= 22 (28)  

On the basis of high number of threads, further will be used the number of 

active threads 𝑧 = 8. 

The strength control of the active threads: 

𝑝 =
𝑄

𝑧 ⋅ 𝜋 ⋅ 𝑑2 ⋅ 𝐻1
≤ 𝑝𝐷 (29)  

𝑝 =
3 500

8 ⋅ 𝜋 ⋅ 18 ⋅ 2
≤ 7 𝑀𝑃𝑎 (30)  

𝑝 = 3,868 𝑀𝑃𝑎 ≤ 7 𝑀𝑃𝑎 (31)  

The requirement is fulfilled. 

The stress in the screw core caused by axial load: 
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𝜎𝑑 =
𝑄

𝑆3
=

𝑄

𝜋. 𝑑3
2

4  (32)  

𝜎𝑑 =
3 500

𝜋. 15,52

4

= 18,519 𝑁/𝑚𝑚2

 
(33)  

The torsion stress calculations: 

Torque on the leadscrew: 

𝑀𝐾 = 𝑄 ⋅
𝑑2

2
⋅ 𝑡𝑔(𝛾 + 𝜙 ′) (34)  

𝑀𝐾 = 3 500 ⋅
18

2
⋅ 𝑡𝑔(4,046° + 7,664°) = 6 529,031 𝑁𝑚𝑚 (35)  

Torsion stress: 

𝜏 =
𝑀𝐾

𝑊𝐾
=

𝑀𝐾

𝜋 ⋅ 𝑑3
3

16

 
(36)  

𝜏 =
6 529,031

𝜋 ⋅ 15,53

16

= 8,929 𝑁/𝑚𝑚2

 

(37)  

Reduced stress (compressive + torsion): for 𝜏𝑚𝑎𝑥 hypothesis is 𝛼 = 2 

𝜎𝑅𝐸𝐷 = √𝜎𝑑
2 + 𝛼2 ⋅ 𝜏2 (38)  

𝜎𝑅𝐸𝐷 = √18,519 2 + 4 ⋅ 8,9292 = 25,727 𝑁/𝑚𝑚2 (39)  

Safety factor: 

The material of the leadscrew is steel ČSN 12 050 (1.0503, C45) with the yield 

strength in compression 𝜎𝐾𝑑 = 345 𝑁/𝑚𝑚2 [77] 

𝑘 =
𝜎𝐾𝑑

𝜎𝑅𝐸𝐷
 

(40)  

𝑘 =
345

25,727 
= 13,41 (41)  

𝑘𝑚𝑖𝑛 = 1,75 (42)  

𝑘 > 𝑘𝑚𝑖𝑛 (43)  

The requirement is fulfilled. 

Evaluation of the slender strut: 

The following table includes different types of strut mountings. 
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Tab: 3 Values of reduced (effective) length coefficients [78] 

All of the indications of mounting types and modes of the strut deformation are 

depicted in the picture below. 

 

Fig. 59: Types of strut mounting [78] 

In this case, it goes around the slenderness ratio for the „D“ mode of buckling 

(𝜇 = 1): 

𝜆 =
𝑙𝑉

𝑖𝑋
=

𝜇 ⋅ 𝐿

𝑑3

4

 
(44)  

𝜆 =
1 ⋅ 514

15,5
4

= 132,645 
(45)  

𝜆 > 40 (46)  

If the slenderness ratio is bigger than 40, it is necessary to control the slender 

strut load. For steels of higher strength, the limit slenderness ratio is 𝜆𝑚 = 90. [74] 

132,645 > 90 (47)  

𝜆 > 𝜆𝑚 (48)  

If the slenderness ratio was lower than 90, the calculations would be made in 

Tetmajer’s area. But the slenderness ratio is higher than 90, so there will be used 

the Euler’s formulas. Further, the calculations will be related to the area of elastic 

slender strut according the Euler’s formula: [74] 

The critical stress according Euler 𝜎𝐸: 
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𝜎𝐸 =
𝜋2  ⋅ 𝐸

𝜆2
 (49)  

𝜎𝐸 =
𝜋2  ⋅ 2,06 ⋅ 105

132,6452
= 115,554 𝑁/𝑚𝑚2 (50)  

Safety coefficient for slender strut 𝑘𝑣: 

 𝑘𝑣 =
𝜎𝐸

𝜎𝑑
 

(51)  

𝑘𝑣 =
115,554

18,519 
= 6,24 (52)  

The minimal safety coefficient might be 𝑘𝑣𝑚𝑖𝑛 = 3,5. [74] 

6,24 > 3,5 (53)  

𝑘𝑣 > 𝑘𝑣𝑚𝑖𝑛 (54)  

The requirement is fulfilled. 

The next step tackles some kinematic parameters. 

Screw revolutions 𝑛𝐿𝑆: 

𝑛𝐿𝑆 =
𝑣𝐿𝑆 ⋅ 60

𝑖 ⋅ 𝑃
 (55)  

𝑛𝐿𝑆 =
0,883 ⋅ 60

1 ⋅ 4
= 13,245 𝑚𝑖𝑛−1 (56)  

Parameter of the leadscrew thread 𝐷: 

𝐷 =
𝑣1

𝜔𝑠
=

𝑖 ⋅ 𝑃 ⋅ 𝑛𝑠

60
𝜋 ⋅ 𝑛𝑠

30

=
𝑖 ⋅ 𝑃

2𝜋
 (57)  

𝐷 =
1 ⋅ 4

2𝜋
= 0,637 𝑚𝑚 ⋅ 𝑟𝑎𝑑−1

 (58)  

And last but not least, the energetical relations will be considered in order to 

get the final result, which could be the preliminary value of the minimal output torque 

of the engine. 

Efficiency of the thread transmission of the leadscrew and lead-nut 𝜂𝑍: [74] 

𝜂𝑍 =
𝑃𝑠𝑜𝑢𝑡

𝑃𝑠𝑖𝑛

=
𝑄 ⋅ 𝑣1

𝑀𝐾 ⋅ 𝜔𝑠
=

𝑄 ⋅ 𝑣1

𝑄 ⋅
𝑑2

2
⋅ 𝑡𝑔(𝛾 + 𝜙 ′) ⋅ 𝜔𝑠

=
𝑡𝑔𝛾

𝑡𝑔(𝛾 + 𝜙 ′)
 

(59)  

𝜂𝑍 =
𝑡𝑔(4,046°)

𝑡𝑔(4,046° + 7,664°)
= 0,341 (60)  

Efficiency of the threaded mechanism 𝜂𝑍𝑚: [74] 

𝜂𝑍𝑚 = 𝜂𝑍 ⋅ 𝜂𝑙𝑣 (61)  

𝜂𝑍𝑚 = 0,341 ⋅ 0,97 = 0,331 (62)  

Efficiency of the shaft couplings is guessed up to 𝜂𝑐𝑜 = 0,96. Total efficiency of 

the transmission mechanism 𝜂𝐶: [74] 
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𝜂𝐶 = 𝜂𝑍𝑚 ⋅ 𝜂𝑐𝑜 (63)  

𝜂𝐶 = 0,331 ⋅ 0,96 = 0,318 = 31,8 % (64)  

The output performance of the mechanism: 

𝑃𝑜𝑢𝑡 = 𝑄 ⋅ 𝑣𝐿𝑆 (65)  

𝑃𝑜𝑢𝑡 = 3 500 ⋅ 0,883 ⋅ 10−3 = 3,091 𝑊 (66)  

The minimal performance of the drive: 

𝑃𝑚𝑖𝑛 =
𝑃𝑜𝑢𝑡

𝜂𝐶
 (67)  

𝑃𝑚𝑖𝑛 =
3,091 

0,318
= 9,725 𝑊  (68)  

The revolutions of the drive: 

𝑛𝑚
′ = 𝑛𝑠  (69)  

𝑛𝑚
′ = 13,245 𝑚𝑖𝑛−1  (70)  

The minimal torsion torque of the drive: 

𝑀𝑘𝑚
′ =

𝑃𝑚𝑖𝑛

𝜔𝑀
=

𝑃𝑚𝑖𝑛 ⋅ 30

𝜋 ⋅ 𝑛𝑚
′

  
(71)  

𝑀𝑘𝑚
′ =

9,725  ⋅ 30

𝜋 ⋅ 13,245
= 7,011 𝑁𝑚  (72)  

From the catalogue of the MBM Technik company was chosen the stepping 

engine of the type: ST8918L4508-A – NEMA 34 with the nominal operating torque 

9,33 Nm. [79] 

 

Fig. 60: Stepping engine ST8918L4508-A of the MBM Technik 79]

 The transmission of the torque from the engine to the leadscrew will be 

ensured by the servo shaft couplings for the operating torque 10 Nm. It consists of 

two hubs, into which are inserted the mating shafts. The hubs serve as clamping 

joints, that are tightened after shaft insertion. In this case. The screws M4 are 

tightened by the torque of 3,4 Nm. [80] 
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Fig. 61: ServoClass single Flex Couplings (Zero-Max) [80] 

The figure below shows the final composition of the kinematic mechanism 

powered by the stepping engine. The rotation of the hole mechanism is performed 

due to the rotational mounting in the welded piece of tube on the frame profile under 

the support plate as depicted in the cut view above, where is situated a bronze 

bushing. This bushing located between the bearing housing and the engine provides 

a sliding mounting and enables to rotate the hole assembly with lead screw. [81] 

 

Fig. 62: Final composition of electric powered drive with leadscrew 

The rotation between the lead nut and the end bellow flange is performed by 

a pair of rod ends with female thread and inserted plain bearing. [82] 

Points of rotation 
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Fig. 63: Detail view of lead nuts 

The picture above further shows the design of the grooves for fixing screws of 

the compensating nut, as described before. It contributes to disposal of the trapezoid 

thread clearance. 

The figure 58 (Scheme of kinematic assembly with leadscrew) depicts also the 

mounting of the leadscrew. It consists of the radial ball bearing on the side of the 

engine and the opposite site is supported by the angular ball bearings, which can 

capture the radial as well as axial forces. The composition of this mounting follows 

the Matis catalogue design setup. [83] 

4.3. Hydraulic cylinder 

Another option, how to move with the tilting assembly, is represented by a 

double rod hydraulic cylinder. [84] Such a device transforms the hydraulic pressure 

energy into the mechanical energy. In this case, it goes around a linear movement, 

that could be performed in both directions at the same speed due to the adapted 

hydraulic circuit. The linear motion of the piston from the cylinder further transmitted 

within the kinematic mechanism, which is connected to the flange through a pin 

welded on the bottom of this flange and fixed in the hole of the vertical shaft placed 

in the centre of the kinematic cube. 

 

Fig. 64: Kinematic mechanism of tilting joint powered hydraulically 
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The cube is mounted by a pair of tapered roller bearings in “O” composition as 

shown in the figure below. [85] 

The motion of the vertical shaft is limited by the arc-shape groove in the bottom 

plate fixed to the frame. The cube is provided with two parallel holes, in which can 

slide the pins, that connect the surrounding tube weldment of rectangular shape. 

The mounting of this hole is machined with a clearance to ensure smooth sliding of 

the pins. 

 

Fig. 65: Cut view of kinematic mechanism with hydraulic cylinder 

The operation of the hydraulic engine (1) is maintained by attached hydraulic 

circuit. The schematic design is introduced in the picture below. The hydraulic fluid 

is pumped by a hydraulic pump (10) from an open container (8) through a suction 

filter (11) under pressure to the circuit. If the pressure of the fluid exceeds the limit 

value, the fluid is let off. It is controlled by the safety valve (7), which can draw the 

fluid off back to the container. In case that the switchboard (6) is found in its middle 

position, the flow to the cylinder is stopped and the fluid can escape through the 

right switch, which is controlled electromagnetically (12). The one-way valve (9) 

prevents from the reverse leakage of fluid from the circuit. If the switchboard (6) is 

set to its edge position either left or right, the one-way valve allows to pump the fluid 

to the hydraulic cylinder (1) through the opened hydraulic lock (5) and the branch 

with another one-way valve (3). Meantime, the fluid from the other chamber of the 

cylinder (1) on the opposite side of the piston (14) is pressed to the drain branch 

through the reducing valve (4). Of course, the fluid leakage is allowed in both 

directions, and so the left branch looks like the same as the right branch and both 

consist of one-way valve (3) and the reducing valve (4). The reducing valve can 
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regulate the flow, what impacts on the speed of the piston rod (2) movement. Taking 

into account the continuous type of the piston rod (2), the speed of the movement 

might be the same in both directions. So, the fluid escapes from the hydraulic engine 

(1) through opened hydraulic lock (5) and the drain branch of the circuit with a drain 

filter (13). When the movement of the piston (14) is stopped, the position of the 

switchboard (6) is set in its middle position again and the hydraulic lock (5) is 

automatically activated. [86] 

 

Fig. 66: Scheme of hydraulic circuit 

4.4. Passive tilting of bellow joint 

Within the technical development of the infrastructure of the CBM experiment 

had been considered the solution of passive bending of the bellow joint. The 

analysis was performed for the design with the bellow weldment, that consist of two 
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pieces of bellow and the middle tube, under atmosphere conditions. Such a solution 

deals with capturing axial reactions as well as reaction moment. It means, that the 

actuator in the PSD detector would move with the hole downstream beam pipe and, 

moreover, absorb the lateral reaction force of the bellow. In case of the atmosphere 

conditions, the reaction force is caused just by the spring rate of the bellow. 

Nevertheless, under the vacuum conditions the reaction force of the bellow evoked 

by the pressure difference must be added to the total value. The following table 

compares the solutions of the design of the tilting joint with the bellow 335/360 and 

the smaller bellow 200/235 with their lateral reaction forces. The data were 

discussed with the Mewasa company. 

Type of bellow Vacuum conditions Atmosphere conditions 

NS-335-360-0.20-

1.4404-136 
3 500 N 163 N 

NS-200-235-0.20-

1.4404-22 
230 N 66 N 

Tab: 4 The values of lateral forces of two solutions with bellow in Newton 

The value of lateral reaction of 163 N for the bellow 335/360 had been found 

out from the FEM analysis of the bellow deformation without vacuum. The procedure 

is described in the chapter 7. The total reaction force of 3 500 N was calculated on 

the base reaction force from the spring rate, which is 163 N, and from the vacuum 

in lateral direction. To be sure, the total value has been finally enlarged. The angle 

of the bellow deflection is in this case approximately 18,5°. The lateral vacuum 

reaction force of the whole bellow weldment is 9 500 N. The lateral force might be 

corresponding to the axial force due to the tangent of 18,5°: 

𝐹 = 𝑡𝑔 18,5° ⋅ 𝐹𝑣𝑎𝑐𝑢𝑢𝑚𝑎𝑥𝑖𝑎𝑙
= 𝑡𝑔 18,5° ⋅ 9 500 = 3 179 𝑁 

(73)  

In the case of the bellow 200/235 under atmosphere conditions is possible to 

calculate the reaction force based on the spring rate properties of the bellow 

analytically. The axial spring rate is SRCz = 120 N/mm. The number of convolutions 

is NC = 22. [87] The axial spring rate SRCz(one) for one convolution is: 

SRCz(one_axial) =
SRCz

𝑁𝐶
=

120

22
= 5,5 𝑁/𝑚𝑚 (74)  

The lateral spring rate is by this type of bellow approximately three times bigger 

than the axial spring rate: 

SRCz(one_lateral) = 3 ⋅ SRCz(oneaxial) = 3 ⋅ 5,5 = 16,5 𝑁/𝑚𝑚 (75)  
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The lateral displacement of the bellow 200/235 in its extreme position is 4 mm, 

which means that the force from spring rate lateral for this bellow is: 

𝐹𝑠𝑝𝑟𝑖𝑛𝑔_𝑟𝑎𝑡𝑒 = 4 ⋅ SRCz(one_lateral) = 4 ⋅ 16,5 = 66 𝑁 
(76)  

The lateral vacuum reaction force of the bellow 200/235 corresponds with the 

tangent of 2,5°, what is of the deflected angle of this small bellow, of the total axial 

vacuum reaction force of 3723 N. 

𝐹𝑣𝑎𝑐𝑢𝑢𝑚 = 𝑡𝑔 2,5° ⋅ 3723 = 164 𝑁 (77)  

So, the total lateral reaction force of the bellow 200/235 under vacuum 

conditions is: 

𝐹 = 𝐹𝑠𝑝𝑟𝑖𝑛𝑔_𝑟𝑎𝑡𝑒 + 𝐹𝑣𝑎𝑐𝑢𝑢𝑚 = 66 + 164 = 230 𝑁 
(78)  

The FEM calculations of the carbon beam pipe deformations were made in 

terms of another diploma thesis (Martin Smetana: Design of a Composite Beam 

Pipe for CBM experiment) for the case of the bellow NS-335-360-0.20-1.4404-136 

under the atmosphere conditions and the results have been unacceptable because 

of the huge beam pipe deformations. The discovery led to the decision to use a 

small separate actuator for bellow bending as described in the previous chapters, 

especially focusing on the solution with the stepping engine. 

 

Fig. 67: Design of the passive bended bellow weldment 
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5. FEM analysis of bellows deformation 

The tilting joint designed with the bellows weldment requires a geometrical 

description and shape simulation in its limit position. Realization of the bellow shape 

deformation is supposed to be performed in the RFEM static program. 

The RFEM software serves for construction stability analysis via finite element 

method. It is possible to use it for civil as well as mechanical engineering. RFEM 

meets the task requirements, because the program can easily simulate huge non-

linear displacements in relatively short time. [88] 

The extreme position is characterised by the deflection of 2,5° and by the 

combination of huge axial and lateral displacements of the upper flange. The 

general attributes of the bellow limit position are introduced in the chapter 3.3. 

“Deflected bellows weldment assembly in extreme position” (fig. 44). 

The result of the simulation is expected to draw a deformed shape of the 

weldment with bellows in its specified extreme position. 

First of all, the bellow weldment has been sketched. The model for the FEM 

analysis fits the real design of the bellow 335/360 in the chapter 3.1, which consists 

of two welded bellows with end flanges and intermediate tube. The shape of 

convolutions strongly influences the analysis results. Therefore, the splines have 

been drawn properly in order to describe the real shape as precise as possible. 

Some simplifications of the spline-shape led to the easier program processing, 

especially considering the neglection of the rounded weld seams between the edge-

welded rings. 

 

Fig. 68: Sketch of the bellow for FEM analysis 
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The flanges have been assigned with the standard material type for bodies 

and the 1.4404 material has been selected from the database for these endpieces. 

The boundary planes of the body are assigned with the zero type, which means that 

they have got no thickness and they just form the boundary elements for body 

inserting. 

The convolutions are created from the pressed thin-wall rings, so the splines 

have been assigned with the standard type for planes of the thickness 0,2 mm and 

with the stainless material 1.4404. After forming the first convolution from the pair of 

rotational planes defined by the first and the second spline-shape curves, the other 

convolutions have been copied in a linear field. 

The tube in the middle has been sketched in the same way as the flanges. Its 

boundary surfaces are formed by the zero type planes and the inner volume has 

been assigned with the standard type of body with the material 1.4404. 

In the next step, the whole weldment has been meshed by the finite elements 

with the allowed shape of square and triangle. The length of these elements has 

been set on 10 mm. Smaller lengths have not been allowed by the program because 

of its number. 

 

Fig. 69: Bellows weldment with the meshed elements 
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As shown in the picture above, the boundary conditions have been set for the 

bottom flange. The edges of the front site of the flange have been encastered, so 

that the movement of the bottom body is restricted in all directions. 

The RFEM program is specific for the way of enforced displacements setting. 

The requirements for deflection determining are based on the direction restrictions. 

Such boundary conditions should limit the movement of the supported nodes or lines 

in the same directions as an intended displacement. In this case, the movement of 

the geometrical middle node of the front surface of the upper flange is restricted by 

the imaginary support in all „x, y, z“ axis in terms of the shift. The tilting motion of 

this node is ,restricted around the „y“ axis, because the intended displacement 

consists, except for the combination of lateral deflection of the value 187,13 mm („y“ 

axis) and axial compressive deflection of the value -56,58 mm („z“ axis), of the tilting 

motion of the upper flange, which reaches up to 2,5°. The motion of the reference 

node in the „x“ axis has been also restricted for any displacement in order to prevent 

the deflection from unwanted unsymmetric deformation. 

The given deformation is represented by the red line in the picture below. Its 

origin is situated in the middle, supported reference node. The reference point lies 

on the intersection of the geometrical lines with absolute rigid properties (2 black 

dashed lines), that are connecting the reference node with the inner edge of the 

front surface of the upper flange. 

 

Fig. 70: Upper mounted reference point for enforced deformation 
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The analysis setting for the bellow weldment includes direct method for the 

equation system or the Mindlins theory for the plate bending, which take into 

consideration the sliding deformation influence. [89] The limit number of iterations 

has been set on 100. Another important parameter introduces the number of 

increments of the load per a load state. Its value of 10 meets the expectations of the 

smooth analysis procedure. 

After the job submitting, the analysis took approximately 15 minutes under this 

program setting. The results are aimed at the stress distribution on surfaces and on 

bodies separately. The figures regarding the stress analysis are in the attachment 

1. But the most important outcome of the analysis represents the deformed shape 

of the bellow weldment as well as the force reactions that are introduced below. 

Going to the final shape of the bellow weldment after its deflection, we can 

compare both, the original state of the undeformed component and the geometrical 

shape after its deformation. According to the picture below, there is fairly well 

recognizable the combined axial, lateral and angular displacement. 

 

Fig. 71: Shape differences between undeformed and deformed bellow 

199.5 mm

Z

Y

Against X-directionLC1 : deformace_vlnovce

Max u:  - Min u:  -
Factor of deformations: 1.00
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The following figure depicts the deformed shape of the deflected bellow 

weldment apart from the starting position. This figure shows better drawn 

convolutions, which have been stretched on the one side and compressed on the 

other side of the upper or lower bellow. The intermediate steel tube helps to define 

the final shape of the bellows. The value chart informs about the total space 

displacement in millimetres. 

 

Fig. 72: Shape of bellow in its limit position 

Because of the need to calculate the power of the kinematic mechanism or to 

solve the case of passive bending of the bellow it is necessary to know the force 

reactions of the bellows assembly caused by the spring rate in its limit position of 

2,5°. The analysis took place under atmosphere conditions without any vacuum. 

The vacuum reaction forces were discussed with the producer of bellows the 

Mewasa company. So, the picture below captures the values of reactions in every 

direction at the end of the bellows weldment, where is the connection to the carbon-

fibre beam pipe. The force 1,2 N is caused by the inaccuracy of the model in RFEM 

for the simulation. The lateral force of 163,4 N in “y” direction is expected to be 

absorbed by a kinematic mechanism a by passive tilting of the beam pipe. The axial 

force in “Z” direction may be absorbed by the bellows frame. 

199.5 mm

Z

Y

Global Deformations

|u| [mm]

199.5

181.4

163.3

145.1

127.0

108.8

 90.7

 72.6

 54.4

 36.3

 18.1

  0.0

Max : 199.5
Min :   0.0

Against X-directionLC1 : deformace_vlnovce

Max u:  - Min u:  -
Factor of deformations: 1.00
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Fig. 73: Reaction forces of the bellow after its deflection by 2,5° 

Furthermore, a smaller bellow weldment might be analysed via RFEM to get 

the results for a comparison with a real experimental bellow. Such an experiment is 

expected to prove the program setting for bellow analysis in RFEM software. The 

following chapter is dedicated to the design of the experiment with bellow. 

  

Y

Z

X

57.7 Nm

1.2 N

163.4 N

122.5 N

IsometricLC1 : deformace_vlnovce
Support Reactions

Max M-Z': 0.0, Min M-Z': 0.0 Nm
Max M-Y': 0.0, Min M-Y': 0.0 Nm
Max M-X': -57.7, Min M-X': -57.7 Nm
Max P-Z': 122.5, Min P-Z': 122.5 N
Max P-Y': -163.4, Min P-Y': -163.4 N
Max P-X': -1.2, Min P-X': -1.2 N
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6. Experiment with bellow 

During the project an experiment for bellow testing have been designed. The 

aim of this experiment is to prove mechanical properties of a metal bellow. The 

experiment should serve for simulation of the bellow deformation in its required limit 

position and so the output will be the bellows shape after its deflection. Furthermore, 

there will be created an under-pressure inside of the assembly in order to check the 

vacuum connection and behaviour of all components under high vacuum. 

All of the attachments related to this experiment are marked with the prefix as 

“EX” within the list of attachments. 

6.1. Design of experiment 

The construction model for the deformation experiment seems to be quite 

similar to the real concept of the design of the weldment with two bellows. 

Nevertheless, there occur several significant differences in its design. The first one 

is related to the bellows size, which is much smaller in all dimensions. The 

construction of the slender struts has been also simplified to ensure easier 

fabrication. 

The choice of the bellow weldment was consulted with the Mewasa company 

and the types of NS-180-215-0.20-316L-26 on one side as well as NS-180-215-

0.20-316L-23 on the other side with an intermediate tube of the length 150 mm and 

flanges welded to the bellow end ring endpieces have been selected in order to 

connect the bellow weldment to the blind flange on the left side and to the composite 

tube on the right side. The dimension of the bellow is corresponding to the composite 

tube 180x1-300. The composite assembly including the tube, vacuum connection 

and flanges will be produced by the Compotech company and the design is being 

solved in another diploma thesis (Martin Smetana: Design of a Composite Beam 

Pipe for CBM experiment). The composite assembly may be joined directly behind 

the bellow through the flanges. 
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Fig. 74: Experiment with bellow - assembly design 

The bellow assembly contains 4 hexagonal slender struts, that absorb the 

force reactions in the corner flanges of the weldment caused by the bellow 

deformation and vacuum forces. The slender struts are mounted through clamping 

bolts with right-handed thread on one side and with left-handed thread on the other 

side to the angled ball joints. 

Stainless angled ball joints of the type DIN 71802-16-M12L-CSN supplied by 

the Elesa Ganter company in the number of 8 allow the position setting of the 

slender struts. [69] 

Angled ball joints are mounted to the bellow flanges through thread 

connections after the deflection of the assembly and the tightened slender struts 

can assure the properly fixed position of the assembly. 

 

Fig. 75: Slender struts for bellow 
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The weldment of the left blind flange (Attachment 23) contains a milled round 

shape part with drilled threaded holes and 4 blocks with holes for screws to fix the 

assembly to the frame. 

 

Fig. 76: Weldment of left blind flange 

The inside space might be sealed to preserve a vacuum, therefore has been 

chosen O-ring sealing, which is mounted on both flanges of the bellow weldment. 

There are the same O-rings on both sides placed in milled sealing grooves. 

According to the DIMER catalogue has been selected the O-ring OK FPM 90 192x7 

made from viton material. [58] 

 

Fig. 77: Longitudinal cut view of the experimental assembly 

There are drilled 3 threaded holes on the bottom side of the right flange of the 

bellow weldment. The middle one is intended for connection of a welded element 

that includes a hole for a string, which transmit tensile force of the hydraulic cylinder. 

The other 2 threaded holes serve for the fixation of a pair of round bars, that 

determine the track of bellow deflection through the arc groove in the bottom plate 
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mounted to the frame. The bottom plate with an angular scale is manufactured by 

laser cutting technology. [90] 

Frame will be assembled from the aluminium structural system of the company 

Alutec kk involving specific profiles enabling screw mounting due to adapted nuts. 

The profiles are fixed with polytopes together [67] 

6.2. Bellow struts 

Bellow slender struts should be fabricated from hexagonal semi-manufactured 

product of the stainless steel material 1.4301, which is commonly spread and 

available for example by the Matezex distribution company [68] It is convenient for 

the processing, because the semi-product must be just cut into the required length 

on a band-saw and right-hand threaded holes might be drilled on both front sides of 

the bar on a lathe. 

 

Fig. 78: Hexagonal slender strut of bellow 

6.2.1. Analytical calculations 

It is necessary to set characteristic dimension of the slender struts on the basis 

of strength calculation and stability analysis. 

Material characteristics of stainless steel and the geometrical attributes of the 

struts are presented in the following table: [91] [92] 

quantity sign value unit 

Poison’s ratio P 0,27 - 

Young’s modulus E 200 MPa 

Elastic limit 𝜎𝑢 190 MPa 

Yield strength 𝜎𝑘 205 MPa 

Compressive 

strength 

𝜎𝑝𝑑 210 MPa 

Tensile strength 𝜎𝑡 510 MPa 

Tab: 5 Material characteristics of 1.4301 
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The value of the compressive axial vacuum force 𝐹 = 9 500 𝑘𝑁 was calculated 

and provided by the Mewasa company. This force directly effects the strut 

construction in the way of its spreading to all of the hexagonal bars. The possibility 

of an uneven force distribution should be taken into account and compensated by a 

higher safety factor 𝑘 = 2. 

The following calculations are related to the stress analysis of the slender 

struts. The single steps of the calculations are inspired by the study material (J. 

Řezníček: Pružnost a pevnost II příklady). [93] 

First will be set the second moment of area 𝐽𝑦 (area moment of inertia) of a 

regular hexagon with a characteristic dimension of „a“: 

 

Fig. 79: Scheme of regular hexagon 

The second moments of area are of the same value in both axis directions: 

𝐽𝑦 = 𝐽𝑥 (79)  

The definition of the second moment of area related to the „y“ axis:  

𝐽𝑦 = ∬ 𝑥2 𝑑𝑦𝑑𝑥
 

𝑀

 (80)  

Formulation of needed geometrical relations: 

𝑡𝑔30° =  
𝑐
𝑎
2

=
√3

3
 (81)  

𝑐 =  
𝑎 ∙ √3

6
 (82)  

Formulation of „y“ of the triangle hypotenuse line related to „x“ axis: 

𝑎
2
𝑐

=
𝑦

2c − x
 

(83)  
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𝑦 = 𝑎 −
𝑎 ∙ 𝑥

2c
 (84)  

Substitution to the formula of the second moment of area: 

𝐽𝑦 = 4 ∙ (∫ ∫ 𝑥2𝑑𝑦𝑑𝑥

𝑎
2

0

𝑐

0

+ ∫ ∫ 𝑥2𝑑𝑦𝑑𝑥
𝑎−

𝑎∙𝑥
2𝑐

0

2𝑐

𝑐

) 
(85)  

𝐽𝑦 = 4 ∙ (∫ 𝑥2 ∙ [𝑦]
0

𝑎
2  𝑑𝑥

𝑐

0

+ ∫ 𝑥2 ∙ [𝑦]
0

𝑎−
𝑎∙𝑥
2𝑐  𝑑𝑥

2𝑐

𝑐

) (86)  

𝐽𝑦 = 4 ∙ (
𝑎

2
∙ ∫ 𝑥2 𝑑𝑥

𝑐

0

+ ∫ 𝑥2 ∙ (𝑎 −
𝑎 ∙ 𝑥

2𝑐
)  𝑑𝑥

2𝑐

𝑐

) (87)  

𝐽𝑦 = 4 ∙ (
𝑎

2
∙ [

𝑥3

3
]

0

𝑐

+ [
𝑎 ∙ 𝑥3

3
−

𝑎 ∙ 𝑥4

4 ∙ 2 ∙ 𝑐
]

𝑐

2𝑐

) (88)  

𝐽𝑦 = 4 ∙ (
𝑎

2
∙

𝑐3

3
+

𝑎 ∙ 8 ∙ c3

3
−

𝑎 ∙ 16 ∙ c4

4 ∙ 2 ∙ 𝑐
− (

𝑎 ∙ 𝑐3

3
−

𝑎 ∙ 𝑐4

4 ∙ 2 ∙ 𝑐
) ) (89)  

𝐽𝑦 = 4 ∙ (
𝑎𝑐3

6
+

8𝑎𝑐3

3
−

16𝑎c3

8
−

𝑎𝑐3

3
+

𝑎𝑐3

8
 ) (90)  

𝐽𝑦 = 4 ∙ (
𝑎𝑐3

6
+

7𝑎𝑐3

3
−

15𝑎c3

8
) (91)  

𝐽𝑦 =
15𝑎𝑐3

6
=  

15𝑎 ∙ 3√3 ∙ 𝑎3

6 ∙ 216
 (92)  

𝑱𝒚 =
𝟓√𝟑

 
∙ 𝒂𝟒

𝟏𝟒𝟒
 (93)  

Area of a hexagonal cross-section A: 

𝐴𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 =  
𝑎

2
∙ 𝑐 =

𝑎

2
∙

𝑎 ∙ √3

6
 (94)  

𝐴 = 6 ∙ 𝐴𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 =  6 ∙
𝑎2 ∙ √3

12
 (95)  

𝑨 =  
𝒂𝟐 ∙ √𝟑

 

𝟐
 (96)  

Quadratic radius of the cross-section: 𝑖𝑚𝑖𝑛 

𝐽𝑦 = 𝐽𝑧 = 𝐽𝑚𝑖𝑛 (97)  

𝑖𝑚𝑖𝑛 = √
𝐽𝑚𝑖𝑛

𝐴
= √

5√3
 

∙ 𝑎4

144
𝑎2 ∙ √3

 

2

= √
5 ∙ 𝑎2

72
=

1

6
∙ √

5

2
∙ 𝑎 (98)  

𝑖𝑚𝑖𝑛 =
√10 ∙ 𝑎

12
 (99)  

Slenderness ratio of a bar: 
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𝜆 =
𝑙

𝑖𝑚𝑖𝑛
 (100)  

𝜆 =
400

√10 ∙ 𝑎
12

=
480 ∙ √10

𝑎
 

(101)  

Furthermore, the limit slenderness ratio 𝜆𝑙𝑖𝑚
  for any mode of strut mounting will 

be expressed through the critical slender strut force: 

𝐹𝑘𝑟
 = 𝑛 ∙  

𝜋2 ∙ 𝐸 ∙ 𝐽𝑚𝑖𝑛

𝑙2
 (102)  

𝜎𝑘𝑟
 =

𝐹𝑘𝑟
 

𝐴
= 𝜇 ∙  

𝜋2 ∙ 𝐸 ∙ 𝐽𝑚𝑖𝑛

𝑙2 ∙ 𝐴
 (103)  

𝑖𝑚𝑖𝑛
2 =

𝐽𝑚𝑖𝑛

𝐴
=

𝑙2

𝜆𝑙𝑖𝑚
2  (104)  

𝜎𝑘𝑟
 =

𝐹𝑘𝑟
 

𝐴
= 𝜇 ∙  

𝜋2 ∙ 𝐸 ∙ 𝑙2

𝑙2 ∙ 𝜆𝑙𝑖𝑚
2  (105)  

𝜎𝑘𝑟
 =

𝐹𝑘𝑟
 

𝐴
= 𝜇 ∙  

𝜋2 ∙ 𝐸

𝜆𝑙𝑖𝑚
2  (106)  

For guaranteed elastic behaviour of the material must be the critical inertial 

stress of the bar 𝜎𝑘𝑟 smaller or equal then its elastic stress limit 𝜎𝑢. For calculation 

of the limit slenderness ratio will be used the equation: 

𝜎𝑘𝑟 = 𝜎𝑢 (107)  

𝜆𝑙𝑖𝑚
 = √𝜇 ∙

𝜋2 ∙ 𝐸

𝜎𝑢
 (108)  

Where „ 𝜇“ is the reduced length coefficient, which values are given in the table 

3 in the chapter 4.2. 

All of the indications of mounting types and modes of the strut deformation are 

depicted in the picture below. 

Limit slenderness ratio for the „A“ mode of buckling (𝜇 = 0,65) according to the 

figure 59 in the chapter 4.2 set by the equation (108): 

𝜆𝑙𝑖𝑚
𝐴 = √0,65 ∙

𝜋2 ∙ 2 ∙ 105

190

 

= 82.18 (109)  

1. Step – calculation of the characteristic dimension a of the hexagonal bar 

according to Euler’s formula for the „A“ mode of buckling: 

𝐹𝑘𝑟
𝐼𝐼 = 𝜇 ∙  

𝜋2 ∙ 𝐸 ∙ 𝐽𝑚𝑖𝑛

𝑙2
= 𝑘 ∙ 𝐹 (110)  
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𝐽𝑚𝑖𝑛 =  
𝑘 ∙ 𝐹 ∙ 𝑙2

𝜇 ∙ 𝜋2 ∙ 𝐸
=

5√3
 

∙ 𝑎𝐸
4

144
 (111)  

𝑎𝐸
 = √

144 ∙ 𝑘 ∙ 𝐹 ∙ 𝑙2

5√3
 

∙ 𝜇 ∙ 𝜋2 ∙ 𝐸

 4

 (112)  

𝑎𝐸
 = √

144 ∙ 2 ∙ 2375 ∙ 1502

5√3
 

∙ 1 ∙ 𝜋2 ∙ 2 ∙ 105

 4

 (113)  

𝑎𝐸
 = 6,1 𝑚𝑚 (114)  

2. Step – verifying of validity of the Euler’s formula: 

a) Primary check of applicability of Euler’s formula according to stress: 

𝜎𝑘𝑟 1
𝐸 =

𝑘 ∙ 𝐹

𝐴𝐸
=

𝑘 ∙ 𝐹

𝑎𝐸
2 ∙ √3

 

2

 
(115)  

𝜎𝑘𝑟 1
𝐸 =

2 ∙ 2375

6,1 
2 ∙ √3

 

2

 
(116)  

𝜎𝑘𝑟 1
𝐸 = 147,38 𝑁/𝑚𝑚 

2 (117)  

𝜎𝑘𝑟 1
𝐸 ≤ 𝜎𝑢 (118)  

147,38 𝑁/𝑚𝑚 
2 ≤ 190 𝑁/𝑚𝑚 

2 (119)  

b) Secondary check of applicability of Euler’s formula according to the 

slenderness ratio: 

𝜆𝐸
 =

𝑙

𝑖𝑚𝑖𝑛𝐸
=

190

√10 ∙ 𝑎𝐸
 

12

=
480 ∙ √10

 

𝑎𝐸
  

(120)  

𝜆𝐸
 =

480 ∙ √10
 

12,65
 (121)  

𝜆𝐸
 = 248,81 (122)  

𝜆𝐸
 ≥ 𝜆𝑙𝑖𝑚

𝐴  (123)  

248,81 ≥ 82.18 (124)  

The minimal dimension a is 6,1 mm. I have chosen 19 mm as the characteristic 

parameter 19 mm of the hexagonal strut for the experiment. According to the script 

in Matlab, the maximal permitted load on one slender strut was calculated. The 

maximal value of the load on the single slender strut is 16 kN with the total safety 

factor k=4. (attachment 2) 

6.2.2. Finite element method 

The slender strut has been checked via the finite element method in the 

Abaqus software. The analysis might give the information about the progress of 



 
DIPLOMA THESIS 

DEPARTMENT OF 
DESIGNING 

AND MACHINE ELEMENTS 
 

DESIGN OF A TILTING MECHANISM OF CBM EXPERIMENT BEAM PIPE - 81 - 

inner stress in the hexagonal bar caused by the compressive forces. The force, the 

material and geometry properties are of the same values as in the previous chapter. 

First of all, several cutting planes has been defined in order to enable precious 

meshing. The cutting planes have divided the bar into symmetric sections. The 

threaded holes have been simplified and just simple holes have been drawn. It is 

possible to neglect thread, because the force transmission is realized via the contact 

of the front planes of the bar with the tightening nuts. 

 

Fig. 80: Hexagonal bar divided into sections with cutting planes 

After assigning material characteristics, the mesh was created. Each of the 

sections has been assigned with the standard elements from 3D stress family with 

a linear geometric order. The „hex“ element shape has been applied for the meshing 

operation. 

 

Fig. 81: Mesh of hexagonal strut 



 
DIPLOMA THESIS 

DEPARTMENT OF 
DESIGNING 

AND MACHINE ELEMENTS 
 

DESIGN OF A TILTING MECHANISM OF CBM EXPERIMENT BEAM PIPE - 82 - 

The one front plane has been encastered to fix the position and to define the 

boundary conditions. The other front side is represented by the reference point in 

the middle of the round cross-section of the hole, which is being referred to the front 

plane divided into 6 sections. This reference point has been appointed as the point 

of application of the load, in which operates the axial force specified above. 

 

Fig. 82: Mounting and load simulation of slender strut 

The results of the linear analysis are shown in the picture below. The common 

value of the inner compressive stress fluctuates around 10 MPa. The peak of the 

stress 15 MPa occurs in the area of the cross-section change, which is actually the 

bottom of the hole. 

 

Fig. 83: FEM results of hexagonal strut for experiment assembly 

The analysis results confirm the stability of the slender struts because the 

value of the elastic limit 190 MPa of the material 1.4301 in terms of inner stress is 

much higher than the evaluated peak 15 MPa. 
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Fig. 84: FEM results of hexagonal struts with highlighted stress peaks 

6.2.3. RFEM analysis 

The real experimental bellow weldment can be compared with the RFEM 

simulation. The simulation setting and the sketch attributes are corresponding to the 

first bellow 335/360 upper described. This smaller bellow weldment 180/215 serves 

just for the confirmation of the functionality of the RFEM simulations. As the bellows 

behave non-linear and there are many factors influencing its mechanical properties, 

there are no characteristic numbers between the different types and sizes of metal 

bellows. The stress results are included in the attachment 1. 

 

Fig. 85: Shape of experimental bellow in its limit position 
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7. Conclusion 

The main goal of this diploma thesis was to provide a few mechanical concepts 

of the tilting joint for the infrastructure of the beam pipe within the CBM experiment. 

The secondary tasks have been fulfilled such as the recherche concerning the metal 

bellows, the simulation of deformed shape of the whole bellows weldment or the 

experiment with a similar bellows assembly for the verification of the software setting 

of such a finite element method analysis. The choice of a proper drive has been 

accomplished. The attached technical documentation was created with the help of 

some support materials for the rules of technical drawing. [94] [95] [96] 

Due to the discussions with technical deputies of the GSI institute, the design 

could be developed to meet the experimental requirements as much as possible. 

Hopefully, the results of this thesis may contribute to the future development and 

fabrication of the tilting joint and the beam pipe constructure. The favourite solution 

seems to be represented by the stainless bellows weldment of 2 edge-welded 

bellows and an intermediate tube with the aluminium rolling system. The movement 

might be performed by the kinematic mechanism with a leadscrew powered by a 

stepping engine. 

In the present time, the geometrical optimization of the tilting joint with the 

bellow setup is being solved. The design of the bellow weldment must be actualized 

after resolving the final geometrical conditions and this issue is necessary to consult 

with the producer of metal bellows the Mewasa company. Last but not least, the 

surrounding frame could be improved and transformed into the carbon-fibre 

composite material. After clarifying the material budget, the connecting end flanges 

might be finalized with regard to its manufacturing. 

Furthermore, within the university research may be tested an experimental 

piece of bellow weldment. The experimental assembly should be adapted to the 

actual needs and design changes of the CBM experiment infrastructure. Eventually, 

the experiment could be performed on the final bellows weldment of the tilting joint 

in the real form. In fact, the size would exactly correspond with the applied design 

of the tilting joint to the infrastructure of the CBM experiment. 

The future outlines and steps may lead through modifications to the final 

design of the tilting joint. Because of the persisting development of the CBM 

experiment, the design might be able to accept some dimensional changes as well 

as to adapt to the actual technical requirements. 
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𝜂𝑍𝑚  Efficiency of threaded mechanism 

𝜂𝑙𝑣  Efficiency of bearings of leadscrew 

𝜂𝑐𝑜  Efficiency of couplings 

𝑃𝑜𝑢𝑡  Output Performance of mechanism 

𝑃𝑚𝑖𝑛   Minimal Performance 

𝜂𝐶  Total Efficiency 

𝜔𝑀  engine angular velocity 

FEM  Finite Element Method 

F  Force 

SRCz  axial spring rate 

NC  Number of Convolutions 

P  Poison’s ratio 

𝜎𝑢  elastic limit 

𝜎𝑘  yield strength 

𝜎𝑝𝑑  compressive strength 

𝜎𝑡  tensile strength 

𝐽𝑦  area moment of inertia in “y” axis direction 

𝐽𝑥  area moment of inertia in “x” axis direction 

a  characteristic dimension 

c   geometrical parameter of regular hexagon 

A  Area of a hexagonal cross-section 

𝑖𝑚𝑖𝑛  minimal quadratic radius of cross-section 

𝑙   length of bar 

𝐹𝑘𝑟
   critical force 

𝜎𝑘𝑟
   critical stress 

𝐽𝑚𝑖𝑛  minimal area moment of inertia 

GG  Last squares association criterion 

GN  Minimum circumscribed association criterion 

GX  Maximum inscribed association criterion 

ACS  Any cross section 

ALS  Any longitudinal section 

CZ  Common zone 

CT  Common toleranced feature of size 

LS  Local size defined by a sphere 
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P  Projected tolerance zone 

M  Maximum material requirement 

 


