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ABSTRACT 
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69 pages, 29 figures, 7 tables, 3 appendices 

Examiners:      Leonid Chechurin,  

                   Kalle Elfvengren 

 

Keywords: conceptual design; product development; efficiency, lifetime and wear 

evaluation. 

 

The thesis is dedicated to enhancement and development of a Mechanism in Company X 

in order to increase its key parameters and approve its workability. Current Mechanism model 

is described in details. The basis of various analysis, models and theories that are reflecting 

the working process of the Mechanism are included in the thesis. According to these three 

directions of enhancements are chosen: from mechanical, tribological and conceptual points 

of view.  

As the result the list of improvements is presented. The new models of Mechanism are 

built. The efficiency and lifetime value are obtained in accordance with corresponding 

estimations. The comparative analysis confirms the necessity of conducted changes. 

Recommendations for the Company X specialists are represented in the thesis. Proposals for 

deeper research are also suggested. 
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1 INTRODUCTION 

Nowadays the machine and mechanism industry is widely developed business offering 

the significant range of products and solutions for lifting. The modern market requires 

different types of equipment. The industry became highly technological customer oriented 

business. The difference in weights, sizes of the product, conditions of its use and placement 

dictate new standards for mechanism production. The large amount of types and even larger 

amount of product models is being suggested to the market. 

However, the main principles of certain mechanisms remain the same since ancient 

times, and being actual for centuries. The utilization of the shaft, the cable and the moving 

force are the basis of the Mechanism. The variety of Mechanism types changes its design but 

does not usually change its principle. The industrial revolution of 19th century brought the 

application of the Mechanism to a new level. They were utilized in plenty of spheres making 

the product universal. Comparing to the past times the 21st century market requires ready 

solutions for businesses. Therefore the mass production goes further to the second plane and 

business is changing to be more customer-oriented. From one perspective it brings benefits 

due to product embedment installation and future service. From the other hand the problem 

of strong accordance to customer’s wishes and requirements forces mechanism companies 

to expand model range increasing the quantity of possible products.  

The raised model series quantity triggers multiplicity of the components. Consequently 

the company is forced to invest more in element development, and the cost of one element 

growth due to the lowering of the quantity of similar components. The problem is complex and 

ubiquitous. In other words market is pulling mechanism companies to aim on product 

customization making it more complicated and expensive.  

Company X is one of the one of the global leaders in mechanism production. By constant 

growth and development the Company X gained sufficient revenues in 2014. Company X is 

the largest supplier of mechanisms and a strong supplier of services based on the 

mechanism maintenance. The customer oriented business of Company X is approved by its 

mission and goals.  

The leading positions on the world mechanism market force the company to be flexible 

and invest significant amounts of money on new solutions, research and innovations (Cohen 

1989). The fact that company is in front of others in world’s market defines its strategy for 
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innovation. And industrial report of Company X stay the Research and development is one of 

the main means for Company X in order to secure constant growth. Management of 

technology is the timely creation and improvement of the products and productive capability 

of the corporation. The problem of managing technology divides into two parts: encouraging 

invention and managing successful innovation (Betz, 1987, pp.6-7). 

Modern competitive business environment pushes enterprises to focus on their core 

activities influencing on the enhancement on current products and development new 

innovative concepts. Every idea has an opportunity not only to enhance existing product but 

to open new market. ‘… an ability to recognize the value of new information, assimilate it, and 

apply it to commercial ends’ (Cohen 1990) is essential. It is complicated to predict the 

potential of new idea and goes even more difficult when the question of its investment 

appears. Therefore the Company X attracts specialists for consultancy, invites professors for 

increasing the level of employee’s competence and distributes research works for fresh open 

minded students. The complex solution is beneficial in solving complicated problems. The 

R&D management regards research, development and technology as strategic instruments 

for long-term competitiveness and innovations (e.g. Edler et al. 2002). 

According to Industry report Company X invested sufficient amounts for Research and 

Development activities in 2014. And that is about 30% of company’s profit. Furthermore, 

company motivates its employees to present new ideas and substitutes its development. The 

evaluation of those ideas relies on experienced specialists and the best ideas are taken into 

deep consideration.  

Therefore the innovative concept that pushes away classical cable-shaft scheme which 

forms the basis of a Mechanism has a particular growing potential. Contemporary 

customization of products triggers high variety of different Mechanism elements. The 

shortage and catholicity of particular elements contributes to lower production costs. In 

details, the certain parameters influences on the size of the shaft which influences on the 

width of the corresponding elements around the shaft, making significant difference in 

production cost. 

In order to come up with solution to the problem of excessively high cost of mechanism 

customization and introducing a new innovative concept with large potential the new 

Mechanism was presented. The concept has important advantages comparing to the original 

shaft model but however it has significant drawbacks too. As soon as the new Mechanism is 
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on early stage of development there are a plenty of questions such as efficiency of the 

system, wearing, material selection, production costs, applicability etc. Initial evaluations 

brought disputable result and did not answer the question of wearing. 

To sum up, there is a need on research on new concept called the new Mechanism in 

order to evaluate its potential. The potential develops from mechanical characteristics, 

marketing attractiveness, production costs and permutability of the product elements. This 

study aims to evaluate and substantiate main mechanical attributes, optimize system design 

and parameters, and to create a framework for future production issues. 

1.1 Research Questions 

The generic research question is formulated as “How the new Mechanism concept could 

be improved?” 

The main research question is split into three sub questions, which are reviewed in detail 

in following chapter. 

Research question 1. How the friction of the system can be evaluated? 

Research question 2. How the lifetime of the system can be estimated?  

Research question 3. What are the possible conceptual improvements that could be 

implemented into the system? 

1.2 Objectives of the study 

The objective of the study is to bring clear statements to answer the question of concept 

workability and potential. On the first stage the evaluation of new Mechanism concept idea is 

being conducted. Analysis and efficiency evaluations basic modelling take place at the first 

part of research project.  

The next objective is to make an attempt to approve the workability and predict the 

lifetime of the product. The efficiency estimations from previous stage ought to be evaluated 

in wearing estimations. Also wearing estimations will answer the question of lifetime of the 

concept which strongly influences on attractiveness of the product. 

The final objective is to find out what design features and system parameters could be 

changed or implemented in order to enhance concept. The idea is new to the market and 

nobody applied it yet consequently the probability of initial design faults existence is 
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significant. Therefore the design revision and parameter optimization should be taken into 

account. 

1.3 The scope of the study 

The study is limited in several areas. Firstly, the time limitations are preventing the 

researcher to get deeper into topic in specific subjects. For instance, the efficiency and 

wearing estimations could be done on the other level of involvement.  

Secondly, the requirements of the researcher skills are broad and specific at the same 

time. The work presents the design modifications, efficiency and wearing estimations, theory 

analysis. Consequently the need to improve overall concept naturally triggers the limitations.  

Finally, the confidentiality of the idea created the limitations in terms of consultations with 

experienced specialists. To put it into another words there was not possibility to explain the 

essence of the problem to certain experts without presenting the whole concept to them. 

1.4 Structure of the study 

The text is organized as follows. The theoretical research is combined with practical 

confirmation in throughout the thesis. That keeps the readers eye on the research 

development. Chapter 1 is basically the introduction part. Chapter 2 describes the given 

concept, its particularities parameters and features. It bring the exact figures and 

commentaries. It defines the certain aims and propositions of the research. 

Chapters 3-5 are the core of the research work. The goal is to answer the research 

questions. The answer ought to be in correspondence with the theory and research 

instruments such as evaluation and visualization.  The initial directions for the chapter came 

out from previous chapter 2.  

Chapters 6 shows the result of conducted work on the concept. It includes direct answers 

on the research questions, explains the optimal solutions and the essence of the thesis. In 

other words it advices what to do and how to do the future work on the new Mechanism 

concept. It also considers the directions on future research, bringing new aims and 

perspectives.  

Chapter 6 is dedicated for detailed evaluations, visualizations analysis and other staff that 

is related to the work for excited readers.  

The interaction between chapters and the structure of the report in the figure below: 
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Figure 1. Structure of the report 

 

1.5 The problem set up 

In order to get the embedded representation of the research question there are concept 

description and analysis of initial model presented below. 

The original idea of the mechanism belongs to Company X. The idea offers to change 

traditional cable-shaft scheme into the new shaft – cable. The main physical statement is that 

only 5 loops of the cable carries the load. To explain this the Capstan equation exists 

(Attaway, 1999). 

Tload=Thold*eμΘ     

1. Introduction 

2. Problem set up 

3 - 5 Empirical part 

RQ of friction. RQ of conceptual improvement RQ of lifetime 

Appendices 

6. Conclusions and perspectives 

(1) 
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Figure 2. The capstan equation for the belt friction. Modified from (Attaway, 1999) 

From the formula above there could be easily seen that the tension of the cable 

decreases exponentially.  

Experimentally the figure of 5 loops between shaft and metal cable is defined. 

Consequently original shaft carries 2 functions, holding the load and storing the cable. The 

longer cable is used the longer shaft is needed just to store the cable. There is no interaction 

between length of the cable and the function of holding the load. In this way if the functions 

could be separated the new device occurs. The main benefit here is that separation of these 

2 functions reduces snowball effect since different cable length require different shaft length, 

and other different corresponding elements.  

The model of the new Mechanism concept was presented by Company X in 2014. The 

principle is that the cable goes through the new shaft and then to the store shaft. The picture 

of the Mechanism was removed due to confidentiality reasons. 

Main components of the new shaft system is a guide, a chain, a shaft and a reversal loop. 

The chain links are attached to the shaft and moving sideways through the guide. After 

several loops the chain goes backwards to the first loop in virtue of the reversal loop. 

 



13 
 

 

Figure 3. The initial Shaft (courtesy of company X) 

New shaft consists of several components that are presented below. The shaft transfers 

the lifting torque to the chain.  

The guide has helical form which allows to direct chain axially. The guide is pushing chain 

links from the side in order to remain the entrance of the cable in one place.  

 

 

 

 

 

 

Figure 4. The initial Guide (courtesy of company X) 
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Figure 5. The initial Chain Guide (courtesy of company X) 

Reverse loop plays function of return channel for the chain, moving it from one extreme 

loop around the shaft. The size is bigger than the shaft.  

 

 

Figure 6. The initial Chain Link (courtesy of company X) 

The chain link transforms torque and tension between the shaft and the cable. It has 

helical form as well. There are holes in order to attach chain links together into chain. From 

the top side chain link catches the cable by V-groove, from the bottom side a round shaped 

“tooth” attaches the chain link to the shaft.  

The typical parameters and sizes of the concept are presented below: 

M=10kg   (the mass) 

D=30mm (shaft diameter) 

V = 5m/min (speed of a motor) 
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μ=0.08 (friction coefficient between cable and cable groove) 

μ2=0.08 (friction coefficient between chain link and shaft groove) 

μ3=0.17 (friction coefficient between chain link and chain guide) 

β=π/8 (angle width of chain link) 

κ=2 (type of the cable groove) 

γ=3deg (incline of spiral)  

z=5 (falls, quantity of loops) 

m=2/β*π*z=80 (quantity of chain links on the shaft) 

f=κ*μ=0.16 (friction coefficient of the cable in a groove) 

The estimated efficiency of that system is 93.5% . 

It was expected that the concept has problems with friction and wearing. The specialists’ 

prediction states that the chain links will wear extremely soon and the whole system’s lifetime 

is unacceptably short. The goal to improve the whole concept was set to the researcher. 

The decomposition of the goal led to three main directions of the work also reflected in 

the Research Questions (p.9 of the text): 

- The first one is the evaluation of friction. Actually the friction as a force is measured in 

Newtons and the exact figure does not bring any visible result. In order to understand 

the extent of friction in the system the concept of system’s efficiency is taken into 

consideration. 

- The second research question concerns lifetime of the Mechanism concept as a 

machine. In other words how long it will work before it brake down. In order to 

evaluate the length of the period there should be wear taken into account. The 

tribological theory is aimed to give answers on such questions. 

- The last question covers the design improvements. What can be done to the concept 

in order to simplify or enhance it? How the previous estimations result in the 

conceptual design? What is the theory which contributes to find questions concerning 

inventive redesigning? 
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The expressed part is the departure point of the research. In this way the problem setting 

is completed. 
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2 MECHANISM’s FRICTION ESTIMATION 

For the friction estimation there were several instruments applied: 

- Literature review: Mechanics and Tribologic textbooks. 

- MathcadTM for friction and efficiency numerical evaluations. 

- Coreldrawtm for sketch drawing. 

The question of friction evaluation is not obvious. When a surface is in contact motion 

relatively to another surface, there is a conversion of kinetic energy into heat. The result of 

this conversion may damage the surfaces (Den Hartog, 1961).  Furthermore the friction 

estimations are quite unclear also due to the fact that the friction coefficient changes under 

different working temperatures and other external conditions (Vityaz’, 2011). 

Basic evaluations such as friction, pressure and force analysis should be conducted in 

order to make initial conclusions about system’s efficiency and possible difficulties. 

For the friction estimations the first chain piece should be considered. The scheme is on 

the picture below. It is assumed that the load is on the right side of the scheme. 

 

Figure 7. The free body diagram of chain link 

Ft – tension of the cable 

Fr – reaction force 

φ – angle, defines the size of the chain link.  

μ – friction coefficient between the cable and the chain link 

Accordingly to Capstan equation (1):   

 Ft=F0*e μ*φ (2) 
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There are two movements and consequently two created frictions from the chain link 

perspective. The first one is the movement in axial direction and the friction is created 

between chain link and shaft groove. The second one is created by interaction between chain 

link and chain guide with helical movement. The illustration of the free body diagrams is 

schemed below: 

 

. 

 

 

 

 

Figure 8. The friction of 1st type (courtesy of company X) 

Type 1. The friction between the shaft and the chain link is created by reaction force from 

the cable and axial movement on the shaft’s surface. The arrows on the figure are 

representing the directions of reaction and friction forces. 

 

 

Figure 9. The friction of 2nd type (courtesy of company X) 

Type 2. The friction between the chain guide and the chain link is created by helical 

movement along the chain guide and the friction force between the chain link and the shaft. 

The arrows on the figure are representing the directions of reaction and friction forces. 
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According to the conducted efficiency estimations the friction forces are 26N and 

2.08N respectively. 

As known, the efficiency can be evaluated by the following basic equation 

 

 

For the efficiency evaluations there is a need to find out the amount of power losses 

due to the frictions in system:  

  

 

 

Furthermore those losses should be added to the losses of the cable going through 

the shaft. After that there final efficiency could be estimated. 

 

The equations (4), (5) and (6) were evaluated by MathCad™ software. These and 

other calculations are presented in Appendix 1 and Appendix 2 to keep the structure of 

the work clear for the reader. 

The difference between the estimated figure of efficiency and the given one is 

significant (93.5% and 84%). Nevertheless there is a logical argument stated that the 

efficiency of classical shaft design is 93.7% and that figure is very close to the given 

information. Consequently researcher considers 84% much more realistic. 

The question of system evaluation is very complex and the solution is being 

developed and presented by small interactions from different sides. There are 

dependencies between efficiency, lifetime, selected material and conceptual design. 

However there is a need to underline obtained figures after provided improvements in the 

corresponding chapter.  

Thanking to the conducted design changes and material selection (that are presented 

in further sections of the research) the efficiency increased up to 93%. 
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More detailed information about friction estimations and MathcadTM screenshots are 

presented in Appendix 1. 

The obtained figure represents the influence of the friction on the operation of the 

system. 84% out of 93.7% means that the losses of the new Mechanism concept are 

about 10% comparing to the original one. There is no direct answer is that friction is 

catastrophic or acceptable until further research be conducted. And that is actual 

limitation on the answer of the first research question. There are different types of friction 

which bring the range of possible consequences.  

The answer for the first research question is that the estimated friction losses of 

the initial version of the new Mechanism concept amounts of 10% of the ideal system 

without friction. However the improved system loses only 1% comparing to the original 

shaft design.  
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3 EVALUATION OF THE MECHANISM’S LIFETIME 

For the lifetime estimations there were several instruments applied 

- Literature review of tribology. 

- Microsoft Excel for diagrams and tables. 

- MathCad™ for friction and wearing numerical evaluations. 

Lifetime estimations is not the simple task as well as friction estimation. The main 

determinant of the lifetime of the system is the wear. The nature of wear is rather complicated 

process. A plenty of factors influence the parameters of wear. Some materials under certain 

conditions are called wearproof, and under other conditions its wear become catastrophic 

(Garkunov 2001). 

Tribology is the section of physics which studies the friction and wearing processes. The 

specificity of the question forced the researcher to search among the scientific literature in 

Russian. Wear is the result of rubbing bodies interaction. Wearing is the continuous process 

of changing shape of material by friction showed as the separation of the material from the 

rubbing surface. The following paragraphs are the interpretation of the approach given in 

(Pronikov, 1978). 

Wearing is the complicated physics-chemistry process. There is a mechanical and 

molecular interactions in the contact between two conjugated surfaces during its relative 

movement. They tend to small molecular destructions consequently trigger wear. 

 

Figure 10. The process of transformation of surface from technological to operational 

(reproduced from (Pronikov, 1978) 

There are most common processes and phenomenon in wearing: 

- Emergence of high local temperatures, which in points of strong local pressures could 

trigger miniature welding areas and phase transitions. 
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- Emergence of oxidized layers or other chemical combinations, dissolution of one of 

the rubbing bodies. 

- The influence of the grease which mostly defines the wearing intensity 

Passing of the processes of transferring one material onto another.  

The wearing could be divided into three groups: 

 

 

 

 

 

 

 

Figure 11. Classification of wearing types 

Mechanical wearing occurs in case when there is only mechanical interaction between 

rubbing surfaces. Molecular-mechanical wearing is also contributed by molecular and 

monatomic forces. Corrosive-mechanical wearing happens in case when the rubbing 

materials are interacting with environment (Pronikov, 1978). 

Different types of wearing are characterized by different wearing intensity. The prediction 

of wearing type is the complicated and not obvious task. 

In accordance with methodological approach the wearing indicators are: 

- Linear wear U (micron) – size change in normal direction. 

- Wearing speed γ=dU/dt (micron/hour) - ratio of linear wear to the time it occurred. 

- Wearing intensity i=dU/ds (non-dimensional or micron/meter) – ratio of linear wear to 

the friction pass. 

Wearing 

Mechanical Molecular-mechanical Corrosive-mechanical 

Fatigue Transfer Abrasive Adhesive Oxidative Fretting-corrosion 
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U or γ depends on following factors: 

- Pressure on the rubbing surface. 

- Speed of the relative movement of rubbing surfaces. 

- Parameters which characterize consist, structure, and mechanical attributes of the 

materials (hardness H, flowability limit, elasticity). 

- Attributes of superficial layer (roughness, stiffness). 

- Type of grease and type of friction. 

- External conditions (temperature, vibrations, atmosphere pressure). 

- Time. 

The dependency of wearing is seen to be not simple and clear. Therefore, the most 

common solutions for wear estimations are based on the empirical data obtained from a large 

quantity of similar experiments.  

Lubricating is an important condition in terms of wearing. The picture of rubbing surfaces 

interaction is depicted in the Fig.12. 

 

Figure 12. Pressure fluctuation with and without lubricating (reproduced from (Pronikov, 

1978) 

Lubricating prevents from direct contact between rubbing materials that in its order 

prevents from local pressure increases, which can trigger welding or prehension. Also 

lubricant acts as cooler and softener. 
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“It is been always tried to avoid dry friction while the machinery parts working” (Pronikov, 

p.247). 

There are certain requirements for the rubbing materials. For instance, easy transfer to 

operational surface, high wearing resistance in usual working conditions, low friction 

coefficient in usual working conditions, which is not changing significantly under different 

speed and time of the contact. Also materials should be capable to move in low speeds or 

with stops without molecular interaction and prehension under low grease conditions. That 

attribute is usually ensured by the hardness difference between materials (more than 10 units 

of Brinnel scale). 

Therefore the study advices utilizing some industry tested materials and tribological 

conjugation in order to get the result of working system. If there is new experimental material 

applied into the inventive system, which was not tested it could lead to mixed result 

concealing the actual reason of short lifetime. Consequently the advice is to utilize steel with 

different Brinnel hardness for the chain link and the shaft. 

The empirical research came up with dependency for wearing intensity of rubbing 

materials (Chichinadze, 2001). 

i(1)=A(1)*p(b1)  for the first material. 

i(2)=A(2)*p(b2)  for the second material. 

Those formulas could be explained as the certain material in a rubbing pair with specific 

material under specific grease depends on pressure of material interaction with multiplier and 

extent parameters. Parameter A associates with wearing coefficient and parameter b is 

indicating how pressure effects on wearing intensity. The dependence is developed for low 

speed movements (Grib, 1968). 

The result of wearing estimations between rubbing chain link and shaft is presented in the 

table below: 

 

 

 

 

(7) 

(8) 
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Table 1. The wearing estimations of the chain link – shaft tribological conjunction 

Material 1 Material 2 Lubricant A1 B1 A2 B2 Wearing 

intensity 1 

I1*10-9 

Wearing 

intensity 2 

I2*10-9 

Km of going 

with 0,1mm 

of wear 

Steel 45 Steel 20 1 3*10^-13 2,0 3*10^-13 1,7 0,04 0,019 2 500 

  2 5*10^-15 2,3 2*10^-13 1,5 0,0014 0,008 12 660 

  3 8*10^-16 3,0 4*10^-16 3,1 0,0013 0,0008 80 000 

  4 3*10^-16 2,8 3*10^-17 3,2 0,0003 0,00008 350 000 

  5 6*10^-20 4,8 3*10^-18 4,1 0,000008 0,00007 1 400 000 

  6 9*10^-13 1,6 1*10^-12 1,6 0,045 0,05 2 000 

  7 6*10^-16 2,7 4*10^-15 2,4 0,00045 0,0014 7 000 

 

The wear estimations highlights the importance of lubricating. In that particular case the 

lubricant is ductile and all the seven options has close appearance and density but the 

estimated result differs from 2 000km to more than a million. The most efficient grease is 

Ciatim-203 ductile antifriction low temperature lubricant (GOST 8773-73). 

The meaning of those figures in mechanism industry is that the cable is being replaced 

once in about 700km of work. Consequently in every replacement the chain links should be 

inspected or replaced if necessary. 

The answer on the research question 2 concerning lifetime of the system is that with 

certain materials such as steel 20 and steel 45 and with application of certain grease the 

system is estimated to be extremely hardwearing. Although the thoughtless utilization of 

specific materials instead the appropriate will wedge the system or lead to inacceptable 

amount of wear. 
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As a limitations the tribology does not include direct dependencies for wear and cannot 

guarantee the estimated result at least from superficial level of researching. The time 

boundaries and impossibility of interviewing the tribological specialists can lead to inequality 

result of the estimations. Also the time limitations did not allow to find more information about 

wearing of equal materials with different grease.  
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4 CONCEPTUAL IMPROVEMENTS 

For the conceptual improvements there were several instruments applied 

- Literature review: TRIZ theory, Function Oriented Search, Functional Analysis. 

- Solidworks™ CAD/CAM software. 

- MathCad™ for friction and efficiency numerical estimations. 

- Microsoft Excel for diagrams. 

- CorelDraw™ for sketch drawing. 

All the sketches in the chapter are original and developed by the author unless otherwise 

specified. In order to keep the thread of the text more clear and not to be lost in the details, all 

the CAD models are presented in Appendix 3. 

4.1 Problem of uneven wear 

One of the demands of the current research on the new Mechanism concept was the 

disbelief about its workability associated with friction and its consequences. It was expected 

that the friction will wear the system elements extremely fast or the whole system will stuck. 

There is a description below concerning friction and its particularities in the new Mechanism 

concept. 

For the friction analysis there is a chain piece taken. The cable goes through the groove 

of the chain piece transforming the forces and the chain piece is staying on the shaft groove, 

attached by its “tooth”.  

The force picture of the chain link in the interaction is formed by reaction force from the 

cable; the cable is pushing the chain link to the shaft and the difference between tensions on 

different sides of the chain link that is force F1. In other words the cable pushes down the 

chain link and tries to move it. The force picture is below. 
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Figure 13. The force picture of the chain link 

The application of those two forces creates the torque which direction is on the figure 

above. The torque aims to rotate the chain link which is ruinously for the concept elements.  

For further explanation there will be two cases taken. The first one is when the tooth of 

the chain link is in the contact with shaft groove (see Fig. 14). 
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Figure 14. The friction points in case 1 

In this case, the torque defines the contact areas which are located in the bottom of the 

tooth and on its side. The tribological problem is that there is no contact areas on rubbing 

surfaces. The system tries to concentrate all the friction on just two points. It goes without 

explaining that this type of friction is ruinous and not acceptable in terms of industry. 

The similar situation occurs in the second case, where the length of the tooth is a little 

shorter than the shaft groove depth and the contact is aimed to happen on the side of the 

chain link (Fig. 15). 
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Figure 15. The friction points in case 2 

The torque tries to lay the chain link on the side consequently only one side of the chain 

link is under contact. Like in previous case there is no contact square created but only friction 

points exist. 

Furthermore the figure of maximal pressure that was calculated p1=4.4MPa is not actual 

anymore. As it was stated the friction area disappears and that creates certain pressure 

points where the maximal pressure could be larger by several exponents than the calculated 

pressure.  

In controversy the material of chain link is polyurethane and it is somehow elastic, 

consequently the pressure will be distributed by larger square. However that could not solve 

the problem of bunches of pressures allocated in certain points that will definitely lead to 

uneven and high wear of concept elements. 

4.2 Improvement 1 

In order to eliminate the uneven wear and convert the friction points into friction area 

there is a need to arrange the contact area perpendicular to the resulting force, which creates 

that friction. 

Since the application of additional forces in order to cease the torque seems complicated, 

there is a need to change some parameters of the system, more precisely the angle of the 

bottom of shaft groove could be changed. The picture of the idea is given below. 
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Figure 16. The application of friction area 

Tilting the plane of the bottom of the shaft groove and attaching the plane of the chain link 

“tooth” to that angle gives the friction area which is normal to resultant force on the chain link. 

The application of this design transforms all the critical points into working rubbing surfaces. 

For the exact figures there is a need to estimate the angle of plane incline. 

Let us assume that α is the required angle. The free body diagram of the chain link/shaft 

groove interaction is given in Fig. 17. 

 

 

 

 

 

Figure 17. The free body diagram of friction area between chain link and shaft grove 

Accordingly to the right triangle the angle could be defined as: α = arctg(F1/ Fr). 

Since those forces are undefined and not constant the equations don’t look helpful. 

However from the other perspective ratio between F1 and Fr is the friction coefficient 

between chain link groove and the cable. The coefficient f depends on the type of chain link 

groove and on the friction coefficient μ between materials of chain link and cable. 

f= k*μ . 

Friction coefficient of the cable in the groove, consequently:  

α = arctg(k*μ);   

α 

α 

Fr 

F1 

(9) 

(10) 
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And this equation is constant.  

Coefficient k varies from 1 to 3 (Janovsky 1999). 

4.3 Improvement 2 

Due to the decrease of pressure, which has direct influence on wear of the concept 

elements, the following idea appears. Since the resultant force is somehow stable and the 

rubbing occurs on the plane, the friction area could be enlarged by changing the parameters 

of the chain link. 

The idea is given below (Fig. 18). 

F /21
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F /21
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Figure 18. The enlargement of friction area of the chain link  

It could be judged from the sketch that the increase is about two times. But the exact 

figures will be shown further. 

The “tooth” enlargement improves wear parameters, but the question still arises: could 

something be done to the whole chain link in order to remove the wearing? There is a need to 

invent a better design of the chain link. 

“An inventive problem is a problem that contains a technical contradiction, which cannot 

be solved using familiar knowledge and common technical means. The conditions of the 

problem do not allow a compromising solution” (Salamatov, 1999). 

According to the theory of inventive problem solving (Altshuller, 1956) every creative of 

new technical task independently from the area includes three main points: 

- Set the task and define the contradiction which prevents the system from working by 

standard ways, 

- Elimination of the cause of the contradiction in order to reach new better technical 

effect, 
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- Adduction other elements of the modified system in accordance with redesigned 

element. 

Thus, the contradiction of chain link is that the “tooth” is attaching the chain link to the 

shaft and it helps to reduce the cable tension, but the “tooth” is creating excessive 

friction and wearing, which renders the poor effect on the workability. 

 In order to improve the system the functional model of chain link is taken into research: 

 

 

 

 

Figure 19. Functional model of the chain link 

By application of basic TRIZ instruments the following result could be achieved: 

 In order to improve the system the functional model of chain link is taken into research: 

 

 

 

 

 

Figure 20. Trimming of functional model of the chain link 

Therefore the 3rd improvement flows out. 

4.4 Improvement 3 

The function of the tooth is performed by chain link’s bottom plane. That allows to simplify 

the system and use more rubbing area in order to decrease pressure and wearing. 

According to the modified functional model of the chain link there is a visual model below: 

Chain link 
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Shaft Guide 
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Another Chain link 

holds

includes

attaches

attaches
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pushes

pushes

Chain link 
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Figure 21. The model of chain link without “tooth” on the shaft 

As it is seen from the model above, the simplicity and the rubbing area are key 

parameters of the modification. The shaft grooves transformed to the form of discontinuous 

ladder. However the possible problem with that design is the probability of wrong placement 

of the initial chain link. In other words, chain link could possibly fell out of its place. 

Consequently that concept also should be redesigned.  

4.5 Improvement 4 

Another consequence from the improved functional model of the chain link is the idea of 

the chain guide substitution. The space that is being used by chain guide is the distance 

between loops of chain links. The increased width of chain link could be implemented instead 

of chain guide. Therefore the chain link is not pushed by chain guide, but pushes and being 

pushed by another chain link. This way the function of chain positioning is being performed by 

itself. The model below illustrates the essence of the idea (Fig. 22) 
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 Figure 22. The model of “wide” chain on the shaft 

The advantage of application of the method is the simplified chain guide, which 

transforms from one complicated helical form into two helical pieces which are attaching the 

chain from the side. The sideways pushing is now being applied only on the first loop and 

then being transformed to others by side contact between chain links. Furthermore the 

increased width of the chain directly increases contact area which lowers the pressure and 

prolongs components lifetime. 

Possible disadvantage is linked to the fact that only one round of chain links is receiving 

all the load from chain guide and it increases wear for chain and chain guide. However there 

is a controversial point of this that the main load is concentrated on early several chain links 

and then, accordingly to the Capstan equation it decreases exponentially. The estimations in 

chapter two stated that the tension of the cable dropped 2.5 times after first loop. 
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4.6 Improvement 5 

The origins of that idea goes partly from personal experience of the researcher and partly 

from industrial thinking inertia. Friction is the reason of material wear and influences on 

component’s lifetime. There are time-tested solutions for moving parts in mechanism. They 

are bearings.  

For the idea implementation the chain guide component is taken into consideration. Since 

the previous improvement it does not have specific complicated form anymore and was 

divided into two parts. They aimed to push the chain sideways in order to perform the endless 

function of the shaft. As it was estimated previously there is friction and energy losses in this 

movement. The essence of the idea is an application of system of simple rolling bearings on 

the edge of the guide. Those bearings are located helically and are pushing the chain 

sideways. The idea is visualized in the model below: 
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Figure 23. The modified chain guide 

In the model above the ball bearings are given in green. The quantity of ball bearings is 

three times higher than the quantity of chain links per one loop. This could be explained by 

need of smooth movement of the chain along the chain guide. The main advantage is the 

decrease of the friction coefficient μ3 between the chain guide and chain links more than 10 

times. This prolongs system components lifecycle. From the other hand the implementation of 

system of ball bearings located helically somehow complicates the chain guide element and 

makes it more expensive in production. 



37 
 

4.7 Other Improvements 

Further idea for system enhancement is the utilization of industry experienced materials. 

As it was initially offered the polyurethane application in chain link and chain guide elements. 

That could be reasonable in terms of efficiency but somehow problematical in terms of wear 

of materials. The researcher’s advice is the utilization of steel in all parts of the new 

Mechanism concept. 

It is known from industry that rubbing steel parts are interacting with grease, in other case 

the wear is catastrophic. With dry friction there is the biggest wearing speed because it 

creates special conditions for molecular interaction, and phenomenon like rising temperature, 

pressure concentration, which is intensifying the process of destroying cover layers.  

In that case the anointing component could be performed by the return channel: 

More precisely the idea will be analyzed in chapter 5. 

 

 

 

 

 

 

 

 

Figure 24. Return channel with lubricant inside (courtesy of company X) 

Another enhancement is the optimization of several parameters. For instance the 

quantity of loops of chain could be decreased in order to improve efficiency and reduce 

length of the shaft. For same reason the angle of spiral incline could be also changed to 

smaller one. Smaller angle constricts the width of chain and length of the shaft reduces. 

Furthermore, there is not much sense in application of high number of chain links per one 

loop. The quantity of eight seems reasonable.   

Grease 

inside  
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4.7.1 System optimization 

For the system optimization there are following parameters chosen after improvement: 

M=10kg   (the mass) 

D=30mm (shaft diameter) 

V1 = 5m/min (speed of a motor) 

μ=0.09 (friction coefficient between cable and cable groove) 

μ2=0.09 (friction coefficient between chain link and shaft groove) 

μ3=0.09 (friction coefficient between chain link and chain guide) 

β=π/4 (angle width of chain link) 

κ=2 (type of the cable groove) 

γ=1deg (incline of spiral)  

z=3 (falls, quantity of loops) 

m=2/β*π*z=24 (quantity of chain links on the shaft) 

f=κ*μ=0.18 (friction coefficient of the cable in a groove) 

α=arctan(f)=10.204deg (incline angle of the chain link bottom plane to the shaft) 

The influence of certain parameters on main system indicators should be studied in 

comparison with some default parameters. In assumption the default parameters are: 

- Incline of spiral γ=1deg. 

- Type of the cable groove κ=2. 

- Size of the chain link β=π/4. 

- Quantity of loops z=3. 

- Component material – lubricated metal. 

The system indicators are: 

- Efficiency. 

- Maximal sliding pressure. 
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- Cable tension loss. 

Firstly the influence of incline of spiral was studied through MathcadTM estimations. The 

range was taken from 1 to 5 degrees. The result is in the table below: 

Table 2. The influence of incline of the spiral 

ϒ, deg Efficiency Maximal sliding pressure, Mpa Tension loss 

1 0,894 1,147 0,966 

2 0,889 0,574 0,966 

3 0,884 0,382 0,966 

4 0,879 0,287 0,966 

5 0,874 0,23 0,966 
 

The result as well is presented in a chart below. 

 

Figure 25. Dependency of the incline of spiral on key parameters 

The picture highlights the dependency between incline of the spiral and maximal 

pressure. However the bigger incline angle is taken the more space is required for the shaft 

due to the increased length and the more wear goes to the cable. Therefore the parameter 

have to be chosen from the compromise or significant requirements on sliding pressure. 

Noticeably that the influence on other parameters is quite low. 
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The next parameter is the sharpness of the cable groove on the face of the chain. 

According to (Janovsky, 1999) the range of the parameter is from 1 to 3. Data is presented 

below. 

Table 3. The influence of type of the cable groove 

κ Efficiency Maximal sliding pressure, Mpa Tension loss 

1 0,868 1,173 0,817 

1,4 0,881 1,162 0,907 

1,8 0,89 1,151 0,953 

2 0,894 1,147 0,966 

2,5 0,901 1,137 0,986 

3 0,907 1,13 0,994 
 

 

 Figure 26. Dependency of type of the cable groove on key parameters 

The particularity of that parameter is its influence on the cable tension loss. The sharper 

the angle is taken the less loops is required in order to extinguish the tension. From one 

perspective the system could be more compact with sharper angle, from the other hand the 

cable is going to wear significantly faster. Also the efficiency increases slowly and the 

pressure is decreasing insignificantly. The recommendation for the parameter is to keep it as 

big as possible but without significant wear for cable.  

Another parameter is the size of chain link. The size is associated with the angle, which 

the chain link occupies on the shaft. It is impossible to apply angles up to 180 deg 

consequently the data range is from 15 to 60 deg. The information is presented below. 
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Table 4. The influence of size of the chain link 

β, deg Efficiency Maximal sliding pressure, Mpa Tension loss 

15 0,893 1,229 0,966 

30 0,894 1,191 0,966 

45 0,894 1,147 0,966 

60 0,895 1,098 0,966 
 

 

Figure 27. Dependency of size of the chain link on key parameters 

Obviously that size of the chain link has absolutely no influence on tension loss if the 

chain pieces are touching each other. Also efficiency is almost not changing. The only 

changes is associated with maximal sliding pressure, the bigger size of chain link the lower 

pressure occurs. That is connected with design of the chain link. However it still changes 

insufficiently. The recommendation for the parameter is to evaluate production costs of shaft 

and chain links with different sizes and it will define the selection. 

The following parameter is the quantity of loops of chain on the shaft. It goes without 

saying that the more loops is utilized the less tension is left and the longer shaft is required. 

But the curiosity in particular case is in certain figures and in the efficiency of the concept. 

The numbers are given below. 
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Table 5. The influence of the quantity of loops 

z Efficiency Maximal sliding pressure, Mpa Tension loss 

2 0,899 1,147 0,896 

3 0,894 1,147 0,966 

4 0,891 1,147 0,989 

5 0,889 1,147 0,996 
 

 

Figure 28. Dependency of the quantity of loops on key parameters 

From the received data the influence of the number of loops on efficiency and on sliding 

pressure could be neglected. However the tension loss changes dramatically from 89.6% with 

two loops to 99.6% with five loops. The selection of the parameter depends on the 

requirements for the tension before the storage shaft. If it is 10% left than the “2-loop” 

concept is satisfactory in theory. But the complicated dynamics of the cable should be kept in 

mind. In other words, the cable gets slipped on the groove sometimes and the tension could 

increase significantly. The researcher recommendation for the case is the utilization of three 

loops. 

Finally the material of the components and application of friction killers makes significant 

change on key system parameters. The following analysis is provided for five different cases: 

- Components made from metal and greased. 

- Components made from metal, greased and the bearings for friction type2 is applied. 

- Components made from polyurethane. 
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- Components made from polyurethane and the bearings for friction type2 is applied. 

- Components made from metal and not greased. 

Table 6. The influence of material, grease and bearings 

Material for chain and 
guide Efficiency Maximal sliding pressure, Mpa Tension loss 

metal 0,894 1,147 0,966 

metal+bearing 0,93 1,147 0,966 

polyurethane 0,865 1,152 0,951 

polyurethane+bearing 0,93 1,152 0,951 

not lubricated metal 0,632 1,147 0,966 
 

 

Figure 29. Dependency of material, grease and bearings on key parameters 

The obtained data highlights the necessity of grease utilization in rubbing of metal 

constructions. The efficiency of the system with not greased metal components is significantly 

low. That will destroy the system with wear, overheating and probably prehension. Unlike 

metal polyurethane does not require lubricant so vitally. The efficiency of polyurethane and 

greased metal is comparatively same. Another noticeable feature is that the application of 

bearings for 2nd type of friction brings the system efficiency to the values ultimately close to 

maximum possible. All the listed options does not have any sufficient influence on maximal 

sliding pressure. 

As an outcome for the system optimization is the utilization of same system parameters 

as default until new requirements appear. For instance there could be certain ranges for 
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sliding pressure or chain link sizes. Furthermore the intention to apply industry approved 

solutions for parameter selection could influence on the end result positively. 

Thus, the analysis and synthesis above provide the answer on the 3rd research 

question. The system enhancement consists of clipped chain guide and widened chain, 

application of the specific α angle of the rubbing plane, making the friction area exactly 

perpendicular to the summary force, although simplified chain link, which lost its “tooth” and 

utilization of grease inside the return channel.  Although the optimization of the system 

presents the actuality of the recommended parameters. 

The research limitations are the bounded time that is vital for inventive development and 

designing, and the confidentiality of the topic. The time was required also for modelling 

additional ideas, discussions with Company X specialists about its potential and time to 

estimate them. The protection of the topic against third parties prevented the researcher to 

take consultations from experienced specialists from other fields and companies in order to 

get new ideas and advices. 
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5 CONCLUSIONS 

The performed work is related to the area of product improvement by the research and 

technology-based innovations. The main outcome of the research proposal is that the 

research question and sub questions related to the improvement of real commercial machine 

were revealed, studied and answered. The replications required different researching 

instruments such as literature review, models construction, and estimations. 

Friction evaluations identified two main frictions that are occur in the system. The 

corresponding friction forces were found and estimated. In order to estimate the friction, there 

was a concept of efficiency applied. As the result of those estimations the figure of 10% 

losses comparing to ideal system was obtained. The empirical meaning of that figure is quite 

obscure and cannot bring perspectives for answering future research questions. 

However the method of evaluation was later applied onto the improved concept and the 

friction losses amount only 1% comparing to the ideal system. The actual efficiency of the 

enhanced Mechanism concept became 93%. That means that the whole concept is the 

system with comparably low frictions.  

The next question was about concept lifetime evaluations. The main parameter which 

defines the lifetime of components is the wearing intensity. The estimations of wearing 

intensity is rather indistinct and there is no precise formula to define it. Furthermore the range 

of the figure can change to more than 10 extents depending on the type of wear. There was a 

way to estimate the wearing intensity based on empirical findings offered in the 

corresponding literature. 

Nevertheless the conclusion about the lifetime is that the system with certain materials 

such as steel 20 and steel 45 and with application of certain grease is estimated to be 

extremely hardwearing. Although the thoughtless utilization of specific materials instead the 

appropriate will wedge the system or lead to inacceptable amount of wear. 

Also the utilization of grease is essential in order to reach an appropriate type of friction 

which is somehow predictable and stable. It was evaluated that the best solution for this is 

Ciatim -203 ductile antifriction low temperature lubricant. 

Finally the conceptual design was improved by several iterations. The demonstrative 

result is represented in the table below: 
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Table 7. Summary of suggested changes 

Before After 

  

- The problem of uneven wear was solved by simplifying the chain link. 

- The maximal sliding pressure lowered by several times without enlarging the chain. 

  

- The shaft was redesigned and the quantity of grooves was lowered. 

 

 

- The chain guide was decomposed into two bearing covers and the complex helix form 

was partly removed. 

- The return channel obtained the function of lubricating. 

- The system parameters such as sizes, angles and quantities were optimized in order 

to get maximum simplicity, efficiency and reliability. 
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The conducted research also brings perspectives for future and deeper 

investigations. For instance, the new level of tribological analysis is able to bring more 

exact results and conclusions concerning wearing of specific elements. The behavior of 

the rubbing material under pressure is a complex process and the presumed parameters 

such as friction coefficient may differ under certain conditions that also influences on the 

system’s efficiency. Studying that topic appears to be beneficial for Mechanism’s 

modelling. 
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APPENDICES 

 

Appendix 1: Estimation of the efficiency of initial model 

Variables 

M=10kg   (the load mass) 

D=30mm (shaft diameter) 

V1 = 5m/min (speed of a motor) 

μ=0.08 (friction coefficient between cable and cable groove) 

μ2=0.08 (friction coefficient between chain link and shaft groove) 

μ3=0.17 (friction coefficient between chain link and chain guide) 

β=π/8 (angle width of chain link) 

κ=2 (type of the cable groove) 

γ=3deg (incline of spiral)  

z=5 (falls, quantity of loops) 

m=2/β*π*z=80 (quantity of chain links on the shaft) 

j=1..m (number of chain link on the shaft) 

f=κ*μ=0.16 (friction coefficient of the cable in a groove) 

 

Sizes of the chain link: 

l=0.8*D*β/2=4.712cm (width of the shaft groove plane) 

w=sin(γ)*π*D=2.466cm (chain width) 
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Calculation assumes that the load is lowered 4 times due to the physic dynamics of the 

motor. 

 

 

 

 

 

 

 

 

 

 

F1 is presumed to be the summary force between the near standing chain links, 

actually it forms the friction between the cable and its groove.  

 

 

 

 The difference between sum of the F1 forces and T0 is 0.7%. That means that the 

theoretical tension of the cable has decreased about 130 times. 

 

Tj - tension of the cable after going through "j" chain link  

 

Capstan Equation gives: 
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Figure. Free body diagram of chain link 

N2 is the force that creates the friction of type 1 between the shaft and the chain link. 

 

 

 

 

F2 is presumed to be the sliding friction between the chain link and the shaft groove. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

N2
j

T
j 1 

2
T

j 
2

 2 T
j 1

 T
j

 cos  ( )

N2
T 0 1 2 3 4 5 6 7

0 0 938.953 881.772 828.073 777.644 730.287 685.813 ...
N

F2
j

N2
j

2

F2
T 0 1 2 3 4 5 6

0 0 159.622 149.901 140.772 132.2 124.149 ...
N

N

1 

F

1 

N

2 

N1 is presumed to be the 

normal force against the tension of 

the cable. N2 is the result force 

between F1 and N1 

j

F2
j 26.039 N

j

F1( )
j

T
0

0.993



53 
 

 

Figure. The decrease of F2 depending on the chain 

link number.   

 

 

 

The force that prevents the chain links to slide along the guide is presumed to be F3 

force. That prevention is friction type 2. The normal force for the friction is F2. 

 

 

 

 

 

Figure. The decrease of F3 depending on the chain 

link number.   

 

 

 

 

 

The friction is calculated. The first type is 26 N and the second type is 2.08 N. There 

is not a significant meaning in those figures without applying it in terms of efficiency.  
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Efficiency can be calculated as follows: 

 

 

Poutout is the power needed for a work 

 

Pinput is Poutput + all losses. 

Those losses are in gear steps, shaft and sheaves and the cable bending around the 

shaft. There are the efficiencies below: 

ηstep = 0.99 ;          ηsheave= = 0.99 ;           ηShaft = 0.995 . 

The output power of the shaft is  

 

 

The input power of the new shaft is sum of three elements. The first one is the the 

output power of the shaft divided on its efficiency. The second and the third are powers of 

the friction force from friction type 1 and type 2. Actually those forces are equal F2 and F3 

respectively. 

In order to estimate the efficiency of the new mechanism there is a need to find out 

the value of F2 and F3 force power. 

L is presumed to be the length of one chain round. η is a shaft rotation frequency. 

 

 

 

 

Vgr is a speed of the sideways movement of the chain links through the shaft groove. 

Vguide is a speed of helical movement of chain link on the surface of the chain guide. 
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Therefore the power of those movements is: 

  

 

 

 

Consequently the input power of the shaft totals: 

 

 

There is an engineering assumption that the gear between the motor and the shaft is 

three stepped, therefore the input power of the motor is: 

 

 

 

The total efficiency of the mechanism is calculated as follows: 

 

 

Nevertheless the efficiency of the traditional cable motor is calculated as follows: 

 

 

Another significant parameter of the system analysis is pressure in friction points.  
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The sliding pressure defines the requirements for material or lubrication selection. 

The maximum of that value is on the first chain link where its “tooth” attaches to the shaft 

groove. Let’s assume that the whole square of the tooth is transmitting the pressure to the 

shaft groove. The pushing force of the pressure is N2 for the first chain link. Consequently 

the maximal pressure could be defined as follows: 
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Appendix 2: Estimation of the efficiency of improved model 

Variables 

M=10kg   (the mass) 

D=30mm (shaft diameter) 

V1 = 5m/min (speed of a motor) 

μ=0.09 (friction coefficient between cable and cable groove) 

μ2=0.09 (friction coefficient between chain link and shaft groove) 

μ3=0.003 (friction coefficient between chain link and chain guide) 

β=π/4 (angle width of chain link) 

κ=2 (type of the cable groove) 

γ=1deg (incline of spiral)  

z=3 (falls, quantity of loops) 

m=2/β*π*z=24 (quantity of chain links on the shaft) 

j=1..m (number of chain link on the shaft) 

f=κ*μ=0.18 (friction coefficient of the cable in a groove) 

α=arctan(f)=10.204deg (incline angle of the chain link bottom plane to the shaft) 

 

Sizes of the chain link: 

l=0.8*D*β/2=9.425cm (width of the shaft groove plane) 

w=sin(γ)*π*D=1.645cm (chain width) 
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Initial tension 

 

               Capstan Equation 

            Summary of tensions force between the near standing chain links 

 

 

 

              

 

The difference between sum of the F1 forces and T0 is 3.4%. That means that the 

theoretical tension of the cable has decreased about 30 times.
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Figure. The decrease of F2 and F3 depending on the chain link number 

 

 

 Shaft frequency 

 

Speed of chain sideways movement 

 Speed of guide sideways movement 

 

 Energy losses on sideways movement 

 Energy losses on helical movement 

 

 The input power of the shaft is: 

 

 

The input power of the motor is: 

 

Therefore the total efficiency after modifications is: 
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Appendix 3: CAD Models of the improved concept 

 

The Chain link 
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The Shaft 
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The Bearing cover  

(Instead of chain guide) 
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The Assembly 
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