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DESIGN CONSTRAINTS AND ROBUST DESIGN AS THE MODERN APPROACH TO MECHANICAL STRUCTURE DEVELOPMENT   
Milosav Ognjanović

Summary: Actual approaches in technical systems design understand horizontal integration of various scientific and technological knowledge and various market and user needs in harmony with human environment. Robust design provides high level of design results in the first attempt and design structures insensitive of service conditions variation. Axiomatic method in connection with robust design gives possibility for design parameters definition using various design constraints. The article has intention to present and analysed relations between these methods and approaches. The case study of power transmission (PT) components is carried out in order to present efficiency of the new approaches in design parameters selection and calculation. Reliability, vibrations and noise as design constraints in the stage of the Embodiment design of PT components make conditions for axiomatic method application and robustness provision. Reliability as the design constraint is defined and modelled in a specific way suitable for this purpose and application. Also, the model of gear vibrations and gear units noise generation is presented in a new way suitable for applying as the design constraint. Those design constraints provide design parameters definition in an efficient way, with high-level service quality indicators. The presented models are based on a great volume of experimental data about service conditions probability, gear and bearing failure probability, gear units vibration and modal behaviour etc. Theoretical knowledge and models are insufficient yet to provide the necessary data. The article contains presentation of testing methods and data processing oriented to provide data necessary for the application in the suggested approach. 

1. INTRODUCTION

        Tendency to achieve better design performance imposes necessity for a Holistic approach that also considers integration in product development. Recent research on integrated design includes system integration, requirements integration, knowledge integration, and method and process integration [1]. System integration has a motivation to support the concept of “whole system” design, as opposed to its separate components design. Requirements integration considers „vertical“ and „horizontal“ integration. Vertical integration considers development of product requirements through different design stages similar to simultaneous (concurrent) engineering principle. Actual trend of integration is horizontal one which considers different areas of product development because products are becoming more multi-disciplinary and their boundaries are expanding especially in the sense of the numerous new requirements. In Fig.1 some of the possible fields of product development are presented in the form of horizontal integration. Except from robustness, the product needs to satisfy aesthetic, ergonomic, eco and other requirements. Holistic approach can provide effective results. Also, separate design of multidisciplinary products is not acceptable, and therefore mechanical and electronic design has to be integrated. Biomimetric design [2] has an important role in searching for new principles and solutions in the area of biological systems, in order to apply in technical systems, but integrated in a holistic design. 
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Fig. 1. Horizontal integration of product development and design areas

2. ROBUST DESIGN OF PT COMPONENTS 

      Robust design means the technical products insensitive to variation of operating conditions and also products which are successfully designed in the first attempt. Power transmission components operate in extremely random conditions. Operating regimes (loads, speeds, etc), production conditions and failure processes are random. It is known that random processes are possible to identify, present and analyze only using the experimental approach supported by statistical indicators. Power transmission operating regime for a certain machine system (vehicle, dredge, etc.) is possible to identify by systematic measurement in service conditions. Possibility of power transmission components (gears, bearings, sealing sets, etc.) failure can be identified by failure probability which needs extensive laboratory tests of the listed components. The relation between service regime and failure probability leads to component reliability. Using these elementary reliabilities as design limitations (constraints) for design parameters definition, the robustness of power transmission unit is fulfilled. Similar situation occurs with the vibration and noise of power transmission components. The level and frequency structure of vibration and noise produced by these components can be used as design constraints for design parameters definition and harmonization of their interaction. The relations between operating conditions and component parameters and dynamic responses have to be harmonized using experimental approach. 
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Fig. 2.  Power Transmission Systems Design – PTSD model

          For the purpose of power transmission system design the specific procedure is established and presented in Fig.2 in the form of the design model. The PTSD (Power Transmission Systems Design) model consists of four modules which respect general design procedure of technical systems and specific needs for the design of PT systems. The first is Solution Module which is oriented to the creation of conceptual solutions for certain service conditions. Power transmission systems in conceptual sense are a variation structure i.e. conceptual solutions are the result of various combinations of gear pairs, shafts, bearings etc. In interactive communication the module offers all possible combinations and stores in the Conceptual Base. The next LAHP-module has the task to adapt limitations and constraints to every conceptual solution and to every design component. Limitation Analytic Hierarchy Processing – LAHP module divides the conceptual design in sub-conceptions or function carriers, and for that structure the processing limitations and constraints in hierarchy order. General transmission ratio of the system is decomposed to the level of every transmission stage. General value of the system reliability (chosen in advance) is hierarchically decomposed to the level of possible failure. The LAHP-module is the key part of that approach which supports reverse calculation in order to fulfilled one of the features of design robustness i.e. to design the system with a chosen general level of reliability. The next is Design Parameters Definition – DPD module based on the calculation of design parameters, especially dimensions, using axiomatic approach. By observing the axiomatic rules and by inclusion of design constrains this module fulfils the features of robustness. The last module is Priority Module whose task is to check which design solution satisfies service limitations, such as volume, weight, efficiency, cost etc. in a better way. The calculation of priority indicators is interactive and gives possibility for additional corrections and adoptions.

      The main feature of design robustness contains DPD module based on axiomatic rules. These are the two axioms, the axiom of independency and the axiom of information minimum. In Fig.3 the principle of DPD module based on axiomatic rules is presented. Functional Requirements FR of every design component are defined by service conditions, where the system operates. This FR is necessary to transform into Design Parameters – DP of design component. Transformation matrix [A] established by Suh [3] for the relation in Fig.3 is inverse matrix [A]-1. Numeric values of matrix members define the relations in design component, which are constrained by numerous limitations, such as safety or reliability, stiffness, standards, rules, etc. These limitations and constraints are the result of service conditions, which is deducted by LAHP module to the level of design component. For the purpose to present this relation more clearly, the following example is processed.  
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Fig. 3.  Relations in DPD module

       In Fig. 4 the example is presented. The assembly of the gear, shaft and bearing is defined by a great collection of design parameters, especially dimensions. The calculation of dimensions is reduced to the three dimensions, gear diameter d, gear width b and shaft diameter dsh. In this way, the axiom of information minimum is fulfilled. Other dimensions are in relation with those calculated. Matrix [G] (Fig.4) is the shape vector which defines transformation of parameters in the all shape dimensions. This is the shape parameterization where varying of the shape parameters varies the complete shape and dimensions. In Fig.4 are presented the two shapes of the same assembly obtained in this way. Similar approach is incorporated in CAD tools for the shape modelling.
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Fig. 4.  Example of DP minimization and variation 

     The structure of the matrix [A] according to Suh can be uncoupled, coupled and decoupled. The ideal situation is with uncoupled matrix where one DP is responsible for one FR. Real situation is more complex. In order to obtain the decoupled matrix of transformation, the matrix [A]-1 is presented in the form of matrix [C] in the following form.   
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                     ….(1)

       The axiom of independency is conditionally fulfilled. The members of matrix [C] and design parameters d, dsh, carrying capacity of the bearings C and seal type indicator SE have to be calculated successively. The member c11 is in relation with elementary reliability R1 against wear failure of gear pair, 
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. After the calculation of gear diameter d, it is possible to calculate the shaft diameter because the shaft loads depend of the gear diameter, i.e. 
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, and also of the shaft reliability R2. The next step is calculation of bearing carrying capacity using matrix member c33 which is in relation with the both diameters d and dsh, the total number of bearing revolutions along the service life nand of bearing reliability R3, i.e. 
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. At the end, the matrix member c44 is in relation to the shaft diameter dsh, to the total number of the shaft revolutions nand to seal reliability R4, i.e. 
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. The main feature of robustness is covered by reliability. The values of calculated parameters have to be insensitive to service conditions varying. For example, gear diameter calculation is in the form of  
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Design available gear teeth flank stress 
[image: image6.wmf]Hdes

s

is in direct relation to reliability against teeth flank failure R1. Unreliability Fp=1-R1 is the complex function of service conditions probability p and of failure probability PF under these service conditions, i.e. Fp=p PF. If in the service life the gear pair is exposed to the flank stress H1 with n1 cycles and to stress H2 with n2 cycles and to H3 with n3 cycles (Fig. 5), gear wear unreliability can be calculated as
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Teeth wear (failure) probability PFi is presented by Weibull’s functions, where the parameters of those functions i and i are defined for every Hi and ni (see Fig.5). For this purpose, it is necessary to have the area of failure probability for a certain gear pair, which can be obtained by extensive gear wear testing. If calculated unreliability is close to unreliability which is defined as design constraint, the maximal stress can be chosen as design available stress, i.e.  Hdes=H1. If it is not, it is necessary to change the relations in Fig. 5 and to repeat the calculation. However, that definition of Hdes includes in this way all randomness and variations of service conditions, the calculated design parameters are insensitive to service conditions varying [4]. 

Fig.5. Relation between service stress varying and gear wear probability

3. RELIABILITY AS DESIGN CONSTRAINT

       The presented approach in the design of power transmission components towards the new approaches as axiomatic and robust design can be successful with a great volume of experimental data only. The new methods can succeed in the design process [5] but remain to be carried out towards experimental data. However, the data have to be oriented and adapted to be suitable for application in a new way. Reliability is the term with a very wide area of applications. For the purpose of applying the new methods and approaches, the reliability is defined in a specific way (equ.3). The main features of reliability as design constraint are the following. Firstly, elementary reliability is connected to possible failure, not to the component of the system. In one possible failure a few components can participate or one component can be exposed to more than one failure. Secondly, this elementary reliability is composed of cause probabilities which produce failure in order to avoid possible failures by design activities (Design Parameters Definition). In this regard, the elementary reliability is complex probability composed of operating stress probability and failure probability under that operating stress. Both of these probabilities are the result of extensive experimental research. For the purpose of power transmission components design, the experiments and the data processing contains a few sub-fields: failure probability testing of power transmission components; then measurement and statistical analysis of service loads and load (stress) spectrum creation which can represent the whole service life of every component; reliability testing of gear transmission units or the entire power transmission system.

[image: image10] 
Fig. 6. Gear failure probability testing: a) back-to-back testing rig,
b) the range of gear failure probability distribution 
        Testing of failure probability of gear transmission components is an extremely extensive process of laboratory testing.  It is necessary to make numerous tests and then apply statistical data processing in order to obtain the range of failure probability distribution. In Figure 6a back-to-back testing rig for gear wear testing is presented. In order to obtain the field of wear probability distribution (Fig.6b), it is necessary to test the three sets of gear pairs and define the three Weibull’s distribution functions. Using these functions and logarithmic scale, the range of failure probability distribution is defined. This range is an important source of failure probability data for every stress level or for every stress cycles number (see Fig.5).
Testing of gear train transmission reliability can be carried out with the kind of objectives and tasks. Complete reliability test of this system can be extremely extensive and it is very difficult to accelerate this test. In order to accelerate and to make efficient experimental approach, a combination of calculation and experiments can provide good results in a shorter time. Reliability model of gear drives based on the results of failure probabilities and load spectrums of gear drive components provides possibility to calculate reliability for any of service conditions. Reliability tests in this sense are directed to the check of calculated results for chosen conditions. In Fig.7 the testing of car gearboxes reliabilities is presented. For this purpose back-to-back system is used, which provides a long-time testing under full load and speed of rotation with a small consumption of energy. Testing is carried out according to load spectrum obtained by service conditions analysis
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Fig. 7. Reliability testing of car gearboxes in back-to-back system
4. VIBRATION AND NOISE AS DESIGN CONSTRAINTS
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In mechanical systems (especially in gear transmission systems), there exist vibrations caused by fluctuating forces (forced vibrations) and natural vibrations which are the result of relation between design parameters and disturbance processes in the system. Besides, in these systems there is one specific kind of vibrations caused by successive teeth impacts. The vibration caused by impact becomes free damped after that impact, and attenuates (disappears) in a short time by internal damping. The gear meshing process is a very good example in this sense (Fig. 8a). Elastic deformations of previous teeth in mesh replace position of first teeth contact point from position A into position A’. Besides that, the position A’ is out of contact line, the teeth begin to mesh with impact.  Every impact generates free vibration with the natural frequency of the system fn. This vibration attenuates in a short time by internal damping of the material and by friction. The next impacts which are repeated with the frequency f (Fig. 8b) restore free natural vibrations again and again. These vibrations can be called restorable free vibrations. Figure 8b shows the measured results of these vibrations for the gear speed of rotation 250 rpm, the teeth number z=41, i.e. the teeth mesh (impact) frequency f=nz/60=170Hz, and the time between the impacts 1/f=0.006 seconds. The natural frequency of the gear system is fn=2200Hz and the time period of natural vibration is 1/fn=0.00045 seconds. The maximal amplitude level for this example is R1
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4g (g-earth acceleration). The impact force, Fc=vc(cme)0.5, is proportional to the collision velocity vc, the teeth stiffness c and the mass me which is equivalent to the reduced rotating masses mr.
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Fig. 8. Restorable angular free vibrations: a) individual teeth impact and free vibrations, 

b) time function of restorable free vibrations for low rotation speeds

       Figure 9a presents the results of measured gear vibrations. The total level of vibrations increases until the resonance is (9000rpm-Fig.9a). In the supercritical teeth mesh frequency range, the vibration level slightly increases or fluctuates close to the same level. In the case of forced vibrations the level of vibrations decreases (line 3 Fig. 9b). It can be explained by the domination of restorable free vibrations (Fig. 8).
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Fig. 9. Restorable free vibrations caused by gear meshing: a) measured results, 

b) comparing of response curves of forced (3) and restorable (2) vibrations,

c) frequency spectrum for critical mesh-frequency, 

d) frequency spectrum in supercritical mesh-frequency range [6]
       Evidence for the specific nature of gear vibrations is frequency spectrums obtained by the FFT analyses (Fig 9c and d). The first one (Fig.9c) shows resonant vibrations, when the teeth mesh frequency f is equal to the natural frequency of the gear pair, fn. This natural frequency responds with a natural vibration level close to 60g. For a higher mesh frequency f>>fn  (supercritical mesh frequency range) (Fig.9d), the frequency spectrum is dominated by a set of natural frequencies fni with significantly lower responses (less than 9g). One can notice that there is no response for the tested mesh frequency f=17066Hz, but only for natural frequencies. With the variation of mesh frequency f, the set of responding natural frequencies fni varies, and their response levels change. This shows that the modal structure of the system is not stable and that the dissipation of disturbance energy in this domain is significantly higher. That is the reason why the total vibration level for f>>fn (Fig. 9a) varies.
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Fig. 10. Testing rigs for gear vibration measurement and analysis: a) driving sub-system with speed and load varying, b) measurement of angular vibration until to 6000 rpm, c) measurement of linear vibration until to 40000 rpm. 
In Figure 10 are presented testing rigs with close power circulation (back-to-back system) used for gear vibration testing. Testing rigs are prepared for variation of gear design parameters, load (torque), speed of rotation until it is 40,000 rpm, and gear vibration (linear and angular) and noise measurement and frequency analysis. 
Vibrations of the system are the result of interaction between disturbance in the system and sensitivity (response) of the system to disturbance. The interaction is a complex process and the results cannot be predictable with the exact value. Numeric analysis using the FEM and modal testing provides results for the purpose of the mentioned relation prediction. In Fig.11 an example of gear drive housing analysis is presented. Vibration energy and noise emitted by housing walls are a part of disturbance energy caused by teeth impacts, load and stiffness fluctuation etc. Energy absorbed into the elastic structure of machine parts (for example, gears) is transmitted through the structure and a small part is emitted into the surroundings in the form of vibration energy and noise. The process of absorbing and transmitting this energy through the elastic structure of a machine system is interesting to be treated on the presented example of gear transmission covers (housings). The mechanisms of transmission, attenuation, amplifying, frequency modulation etc of elastic waves and emission into the surroundings are analyzed using numerical and experimental methods. The cover of the system (gear transmission housing) is the most effective in this process. This approach contains the analysis of disturbance energy transmission through machine parts, attenuation in the contacts, losing inside the parts or amplifying by excitation of natural vibrations. Modal analysis and modal testing of the gear transmission housing have enabled identification and proving of these processes. Numerical and experimental impact energy transmission through housing enabled to identify the conditions for a certain modal shape excitation. Also, these results enabled to define mechanism of frequency modulation of emitted noise and vibrations in the surroundings. The measurement of the noise emitted in the surroundings was also carried out to prove the starting hypothesis and developed mechanism of disturbance transmission, and to define the value of energy transmission ratio.
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Fig. 11. Example of sensitivity analysis of gear unit housing: 

a) modal analysis using FEM, b) modal testing [7]
Analytic hierarchy processing (LAHP module –Fig.2) in the case of vibration and noise limitations (constraints) is the deduction of the total vibration and noise level of the system to the vibration levels of the system components. The process of deduction can be characterised by a number of the following vibration features. 

· Numerous disturbance sources and vibration and noise sources are in a very complex relation. The difference between the total vibration or noise level and an individual source with maximal effect can be small.  
· The level of vibration in the sub-critical frequency range is proportional to the ratio between disturbance frequency and natural frequency.

·  The level of vibrations in the resonant frequency range is proportional to damping characteristics of the system.

·  The level of vibrations in the supercritical frequency range is proportional to disturbance intensity and frequency.

According to the mentioned problem, the Limitation Analytic Hierarchy Processing - LAHP consists of disturbance frequency calculation and vibration level limits definition based on the type of the system. Vibration limits of the system sub-assemblies are possible to define by varying design parameters in the DPD module.
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The vibration level of design solutions can be reduced by a set of design parameters corrections which have to be harmonised and lead to vibration level minimisation. The Campbell’s diagram (Fig.12) shows the relation between the disturbance frequencies kf (teeth mesh frequency f) and the natural frequencies of the system fni. The high level of vibration is equality of these frequencies and is marked in Figure 12 by signed points. With the aim to minimise the level of vibration, two groups of design rules are possible to define. The first of them contains variations of design parameters which can vary the disturbance (service) frequencies kf and reduce disturbance forces intensity. The second group of design actions contains variations of design parameters which can vary the natural frequencies fni with the aim to avoid equality with the service frequencies. For both groups there exist numerous research results which are necessary to apply. When this passive approach to vibration and noise reduction is not enough, the active approach can be the next step. By generating opposite vibration and noise, absolutely steady and silent gear transmission units are possible to obtain. 

Fig. 12. Campbell’s diagram of relation

 between disturbance and natural frequencies in the system

5. NEW MATERIALS IN MODERN DESIGN

      Choice of material in design process is the top decision which is result of impact of material characteristics and necessary features of mechanical components. Designers experience and knowledge about traditional materials give the main support for these decisions. Contradictions and contradictory effects in choice of materials very often make them not fully successful. It is no material with characteristics which can cover necessary features of components. Additionally some of characteristics make negative effects. Creation of materials with certain necessary characteristics is the task of designers and material science. The common name for materials of this type of materials is composite materials. Development of these materials was started for extreme specific applications. Now it is relative wide area of various materials which covering many areas of traditional materials application. For example traditional material for gears is the group of various steels. These materials have good volume and surface strength and durability but support vibration and noise generation. Plastic gears have no enough level of strength and durability. Special way of gear production of composite material can satisfy of all necessary features. Special gear systems in automotive and similar areas for specific kind of motion (Fig. 13a) have to be very silent and reliable. The only good solution is special composite material.       
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Fig. 13. The new design and new kind of material production
      Technology of production of new (composite) materials is various, starting from casting similar to plastic until to very modern rapid prototyping (production) technologies. Materialisation of 3D CAD models using 3D printers (Fig.13b) is technology in expansion. This technology start with usage of plastic materials, continue by using various kinds of powder including metal powder and sintering, until to usage of malty material printing in order to produce composites. Rapid production of matrices for composite casting or similar production is good implementation of 3D printing in the trend of technical system components development with certain characteristics of material.
       Biomimetrics (Bionics) is the field of science oriented to transforming of biological systems into technical. In the area of materials (composites) this direction and methodology is very perspective in the future. Exist wide area of various kind of natural composites in flora as wood, bamboos etc., at animals, insects etc. 

6. CONCLUSION
Modern approach to mechanical structure development very often is the segment of horizontal integrated multidisciplinary work. Power transmission components in the future have to be of high quality integrated with electronic control systems, software and intelligent systems, etc. Design methodology has to be efficient and provide high level of quality indicators. Robust and axiomatic design using reliability, vibration and noise as design constraints are guaranty for success.
1.  The robust design can be provided by precise definition of constraints and by these constraints application in the design process. For this purpose, the design process is defined as a set of four modules: Solution module, LAHP module, DPD module and Priority Rating module. 

2.  Reliability is defined in a specific way as a complex probability of service stress probability and failure probability of machine parts exposed to this stress. The procedure of design parameters definition (DPD) using elementary reliability as a constraint is established. 

3. The design for vibration and noise offers an approach to design parameters harmonisation aiming at vibration and noise level reduction. For the purpose to vibration and noise reduction, the mechanism of vibration and noise generation in power transmission systems is presented.
4.   Tendencies of the new materials development are also presented. 
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