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which will be embedded on signposts or certain points of road surface. Thus the RFID tags 

are sometimes referred as “signpost tags” in the remainder of our paper. When a vehicle 

passes such a signpost tag, a reader installed in the vehicle can retrieve the information from 

it. Such information could then be indicated on an in-car display, or be used for assistant 

system. As RFID provides us a non-contact data transfer between the tag and the 

interrogator without the need of line-of-sight data gathering, the speed limit or signpost 

readings of our system would be reliable in all weather conditions. Without the need to listen 

to satellites or base stations, the system will be suitable for all areas including tunnels and 

downtown areas. New road plan and temporary speed limit can be easily introduced by 

changing or implementing new tags. Because the in-car devices do not rely on any pre-

loaded map or database, it will be simpler, cheaper and easier to maintain. In our study we 

investigate three application scenarios with different implementation scales, which are the 

permanent deployment scenario with a massive implementation scale to address speed limit 

and signpost reading and the temporary deployment scenario to address temporary speed 

limit and road sign reading as well as vehicle status sharing. We now investigate the 

possibility of adopting of both active and passive RFID technologies for data reading in the 

scenarios we identified, with RFID type chosen based mainly on the cost of the 

implementation and the data transmission requirements in each scenario. 

 

Permanent deployment scenario for fixed speed limit and signpost reading: A permanent 

deployment scenario means deploying signpost tags as an addition or even as a 

replacement of the existing road signs for everyday use. Signpost tags should be deployed 

wherever a speed limit sign or any other signpost has been installed. The automatic signpost 

reading system could be operating as a standalone system with the ability to cover 

theoretically all the roads. In this case the system may lead to a massive implementation of 

signpost tags in a very large scale even the implementation is only limited to motorways, and 

will be even larger if it is to cover all the build-up roads. Therefore the cost of manufacture 

and maintenance of the signpost tags are vital for the system to be practical. As passive 

RFID technology was originally designed for large scale logistics applications, in which tag 

cost was also a vital criterion, passive RFID tag is so far the most cost efficient solution for 

massive deployment of the signpost tags. According to the RFID tag pricing guide published 

by ODIN (2010), the lowest priced UHF passive tags cost approximately 11 cents apiece. As 

manufacturers are still increasing production levels because of the stable market demand, 

tag price is expected to drop even further in the near future. Considering a normal sign post 

cost around $150 the deployment of passive tags should be very feasible even taken into 

consideration of casing and deployment costs. For maintenance the battery powered tags 
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shows even more drawback, as replacing batteries regularly in all the signposts is hardly 

practical. The passive tags are maintenance-free devices as long as they are deployed with 

appropriate casing. Information changes can also be performed by remote tag writing using a 

reader device. In this case, we consider the passive tags as the better choice. 

 

Temporary deployment scenario: means deploying signpost tags as supplement to existing 

ones. This can be useful for road work sites or congestion zones where a temporary speed 

limit or signpost that is different to the original one is introduced. In this case, because only a 

limited number of signpost tags are required, the acceptable tag cost can be much higher 

than the massive scale deployment.  Passive technologies’ low tag cost is achieved at the 

price of complicated and expensive reader devices, which can cost hundreds of USD each. 

This reader cost can be acceptable in the permanent deployment scenario as the automatic 

speed limit reading technology can provide a complete solution for speed limit reading at a 

national wide scale. However, as the automatic speed limit reading systems in temporary 

deployment scenario is only concerned about the temporary speed limit changing, they are 

more likely to operate as an integrant part in existing in-vehicle systems or navigation 

systems. Adopting the passive RFID readers with such a high price can hardly be acceptable 

for both the drivers and the car manufacturers. Active RFID readers, which can cost as little 

as 50 USD, are much cheaper because their hardware is in principle very similar to the 

active tags, which just use normal RF transceivers. In addition, the signpost tags deployed at 

the temporary speed limit introducing points, such as a road work site, can be expected to 

receive maintenance on a regular basis, thus the battery powered tags can now be a 

practical option. As a result, while the regular maintenance and increased tag cost become 

acceptable for introduction of temporary speed limits, the much cheaper reader cost makes 

the active RFID technologies a more appropriate choice in such scenario. 

 

5 PASSIVE RFID BASED SYSTEM FOR PERMANENT DEPLOYMENT SCENARIO 

5.1 Location for passive signpost tag deployment 

In the adoption of passive RFID for the automatic speed limit reading system, the focus is on 

the location of the signpost tag deployment. Signpost tags may be placed on the existing 

signposts directly, mounted on overhead stands or on the road surface. While at the same 

time, the reader antenna may be placed on top of a vehicle pointing to various directions or 

underneath the vehicle pointing straight down. 

Implementing passive tags on existing signposts: The idea of placing the passive tags 

on existing signposts might look straightforward. It seems simple and requires no further road 
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sign planning. But such an implementation has several issues, such as reading direction, 

reading range and on-road obstacles. (a). Reading direction: passive RFID reader antennas 

are highly directional. This means tag can be read only when reader antenna is directly 

facing it. This makes tagging existing signpost difficult, which have been deployed at various 

places on road. A RFID reader, even with sufficient read range, needs to point its antenna 

right towards the signposts, which is not always possible as such direction is not predictable 

and can change quickly when the vehicle moves. (b). Read range: we have tested passive 

UHF RFID, which have the longest reading range, and the furthest tag reading distance 

observed is 6m, which is insufficient for practical on road applications. According to UK 

Highway Agency documentation (2010) the standard lane width for motorway and dual 

carriage way in UK is 3.65m. The ability to read passive tag at up to 6 meters is not sufficient 

because only the vehicles using lane 1 is possible to have a reasonable tag reading 

performance. (c). On road obstacle: For multi-lane carriageways the reader can be blocked 

by other vehicles on a slower lane. The situation becomes even worse when we take into 

account the fact that that the slower lanes are often used by large vehicles such as the 

HGVs. As the UHF passive RFID reading operation is very sensitive to obstacles between 

the tag and antenna, it is very unlikely that the signpost tag reading will be successful when 

obstacle vehicle are present. Implementing passive tags overhead: Placing tags overhead 

is one of the two solutions that avoid both reading confusion and on-road obstacles that we 

encountered in the previous section. A system that uses a similar approach and that has 

been implemented in Florida, USA for highway tolling and traffic control. Comparing to our 

approach, the difference is that the readers are implemented overhead and tags are 

deployed in vehicle under the windshield. And although the system is advertised as a UHF 

passive RFID system, the tag actually has batteries installed inside to enable it to interact 

with the driver when their prepaid account does not contain enough fund for paying the toll. 

The problem with this solution is the implementation cost, especially if considering a system 

that can potentially be implemented on all roads. As most of the roads do not have overhead 

sign stand, building such stands for all current roads can be very costly. Implementing 

passive tags on road surface: Placing passive tags on road surface is the last option. 

Similar to the overhead deployment there’s no obstacle problem. In addition, the read range 

required is shorter and more controllable. Moreover, by pointing reader antennas downwards 

and properly controlling the readers’ transmission power, the reader interference issue is 

controllable. It is therefore the only practical approach for passive RFID. However, the 

deployment in such approach is still not straightforward, especially on multi-lane roads due to 

tag reading speed and transmission collisions. 
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5.2 Road surface deployment – reading speed and crossover tag deployment pattern 

Vehicles on road can travel at a speed of up to 70-80 mph, this means vehicles have a very 

short time to read tags as they pass by. This time is particularly short with road surface 

deployment, as reader antenna will be very close to the tags meaning that a tag will present 

in the antenna’s RF range for a much shorter time than a tag a few meters. In this case, the 

application requires a lightning fast reading speed. In our experiments, we have found that 

passive RFID readers can achieve such reading speed but only when the reader keeps 

performing tag reading procedure without any anti-collision protocols. Anti-collision protocols 

are useful when multiple tags present in the reading area at the same time as it provides a 

mechanism for multiple tags to transmit their information one by one. In order to achieve 

satisfactory reading speed we cannot use those protocols, therefore we need to address the 

tag collision issue in a different way, which is by avoiding multi-tag appearance with carefully 

designed tag deployment pattern. In order to achieve this design objective, the tag 

deployment pattern has to satisfy: 1). At any on road speed limit read point, a RFID reader 

antenna installed under a moving vehicle is sure to pass through at least one of the tags 

deployed on the road surface; 2). The reader antenna has only one tag presented in its RF 

field at any time, or in other words avoiding the presents of multiple tags within reader field. 

 

(a) (b)  

(c)  

Figure 1. (a) Landscape tag deployment pattern (b) gradient tag deployment pattern 

 

As shown in Figure 1(a), the most straightforward way is to place the tags in a landscape 

pattern. To ensure that the passing antenna goes over at least one tag, the distance between 

adjacent tags must be shorter than the antenna width. On the other hand, to ensure that only 

one tag presents in the antenna RF field at any time, the distance between adjacent tags 
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must be larger than the antenna width. Having got totally contrary conditions to satisfy, the 

landscape deployment pattern is obvious not practical for our application. Figure 1(b) shows 

a possible improved gradient pattern that has staggered tags. In this case, the antenna width 

needs to be larger than the horizontal distance and smaller than the vertical distance of the 

two adjacent tags. Those two conditions are practical in real implementation. However, for 

vehicles that are not moving straight, such as a vehicle that is quickly changing lane at the 

read point, the antenna may still miss the tags if its movement follows a track with direction α 

as shown in figure. And with the two essential conditions to be satisfied, the direct distance 

between two adjacent tags cannot be less than the length of the reader antenna. This means 

that the reader may miss the tags. We call such reading situation a Cut-in Miss. 

 

As the cut-in miss only happens from one direction vertical to the tag line, we add another 

line of tags in gradient pattern to make it a crossover pattern, so that no matter what the 

vehicle moving direction is, it will always follow one of the two gradient tag lines that forms 

the crossover pattern. As shown in Figure 1(c), our design objective in this pattern is to 

choose appropriate value d for the horizontal distance between adjacent tags and h for their 

vertical distance based on the antenna length l, so that the passing antenna will go over at 

least one tag, but not more than one at the same time. In this case, when the width of a 

passive RFID tag can be left out of account, the parameters in the crossover pattern can be 

determined by the following criteria:1). To ensure that the passing antenna will go over at 

least one tag, the distance between adjacent tags d must satisfy d<l; 2). To ensure that only 

one tag can present within the antenna RF field at any time, the distance between adjacent 

tags d must satisfy h>l. In our tests the crossover deployment pattern very well satisfied the 

two requirements we identified in the beginning of this section, and completes the design for 

adopting passive RFID technology for in-vehicle automatic speed limit reading. 

 

6 ACTIVE RFID BASED SYSTEM FOR TEMPORARY/IN-CAR DEPLOYMENT 

Passive RFID technology shows great potential in large-scale applications where massive 

signposts tag implementation is required. On the other hand, for temporary and in-car 

deployment, passive RFID Readers cannot provide a flexible, long-range and non-directional 

reading performance. For temporary deployment scenarios like introducing temporary speed 

limit and reading status information from other vehicles, a simpler system that acts as an 

add-on to existing systems could be more practical. Active RFID is considered to be suitable 

in this case. With slightly higher tag cost and a limited but acceptable battery life, it allows the 

reader devices to be much simpler, cheaper and smaller, and therefore easier to for 

230



The 16th International Conference on Machine Design and Production 

June 30 – July 03 2014, Izmir, Turkiye 

 

integration with existing systems. In addition, active RFID systems have longer read range 

and more reliable tag reading to facilitate the tag implementation. Instead of putting tags on 

road surface, road workers could simply put the signpost tags on the temporary traffic signs, 

and vehicles can carry a tag that easily transmit its ID and status information, such as speed, 

direction etc. so that the vehicles adjacent could receive those information in a timely basis 

and use it to quickly find out whether the vehicle is in a potentially dangerous situation. 

 

(a)

(b)  

Figure 2. Active tag confusions and Design with bearing measurement module 

 

However, there is also an issue when applying active RFID. That is to avoid tag confusion. 

Tag confusion happens because the RF coverage of active transmitter cannot be accurately 

controlled. The RF range of different active signpost tags overlap and will confuse in vehicle 

assistant system when multiple tags are read at the same time. Tag overlapping can happen 

on all roads because the two carriageways in opposite directions can have different speed 

limits and signposts. As shown in Figure 2a, overlapping will also happen at crossroads 

where the two or more roads merge or crossover. This issue is particularly important for 

temporary speed limit or signpost reading, while inter-vehicle information reading is probably 
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less affected as vehicles will be interested in others’ status as long as they in a potential 

conflict range, regardless of the road and direction they are moving in. 

 

In our study we propose a method of using bearing measurement to address the tag 

confusion issue. The idea is to let vehicle and the signpost tags identifies the traffic direction 

by integrating an electronic module to measure the bearing of both tag and reader devices. 

These modules are solid-state electronic devices built out of two or three magnetic field 

sensors and provide data for an on-board microprocessor. The correct bearing relative to the 

device is calculated using trigonometry. The bearing measurement modules are integrated 

with both active signpost tags and receivers. As shown in Figure 2b, by placing the signpost 

tags with the module board pointing in the direction of the corresponding carriageway, the 

module provides the tag processor with the carriage way bearing (CB). The CB is sent 

together with the signpost information via tag broadcasting. A receiver in the vehicles 

retrieves both the signpost information and the CB, and determines from its own bearing 

measurement module the vehicle heading (VH). It then compares the value of CB and VH to 

determine whether the received information is valid for the vehicle. This directional 

identification solution avoids the tag confusion with simple implementation, which can be 

done by placing the signpost tags at the roadside, with their pre-marked direction matching 

the traffic flow direction on the carriageway that the speed limit is to be broadcasted to. 

 

7 DEMONSTRATION SYSTEM 

 

 

Figure 3. Demonstration system structure 

 

We developed a test system with CAEN A528 UHF passive RFID reader, Texas Instrument 

CC2530 wireless system-on-chip (SOC) module as both in-vehicle active reader and active 
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tags and a bearing measurement module connected to the active modules to demonstrate 

the concept of our design. The structure of the demonstration system is shown in Figure 3, in 

which the arrows showing the direction that the bearing measurement modules were pointing 

at. The CC2530-based in-vehicle active modules queries and reads measurement modules 

via a standard I2C bus. In our test system the tags transmits a 20 mph speed limit. The 

condition for judging the validity of received speed limit is (VH-20)<TB<(VH+20), where VH 

represents the vehicle heading that is measured by the reader and TB represents the tag 

bearing received together with the speed limit information, and the value 20 is the sweet 

point that we found out by experiments where opposite carriage ways and cross roads can 

be well identified. On the screen of the in-vehicle receiver we can consistently display the 

received speed limit and its TB value. The receiver then uses above judge condition to 

compare the TB value with its own VH value and determine whether the speed limit received 

is valid. The in-vehicle active module also transmit its own status, such as speed and 

direction, constantly via the active RF interface and the other vehicle’s module receives it in 

the same way it receives the signpost information. For simulation purpose the system of the 

receiver also retrieves the vehicle’s actual speed from a separate GPS module so that it 

could decide whether the vehicle is speeding or not. It also uses the location and both 

vehicles’ status to find out whether the two cars are on a conflict course. 

   

8 DISCUSSION AND CONCLUSION  

In this paper we investigated the feasibility of adopting various RFID technologies as the 

underlying technology for data transmission/reading for in-vehicle driver assistant systems. 

By studying historical accident records we first identified the primary contributing factors to 

road accidents and retrieved the type of data transmission required to tackle them. We then 

show that RFID technologies can be used to address those requirements and are potentially 

better than the existing solutions. We then design the RFID solution that focuses on three 

application scenarios with different implementation scales, which are the permanent 

deployment scenario with a massive implementation scale to address speed limit and 

signpost reading and the temporary/in-car deployment scenario to address temporary speed 

limit reading and vehicle status reading. We proposed a hybrid passive and active RFID 

system, which uses UHF passive RFID technology with cross-over tag deployment for fixed 

speed limit and signpost reading, active RFID technology for inter-vehicle information sharing 

and active RFID with bearing measurement for temporary road sign reading. A 

demonstration is developed at the end as a prove-of-concept system to show the feasibility 

of our design. In the future we plan to extend the study to cover more sophisticated in-vehicle 
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parameters as well as attempt to understand more about drive control errors, which has not 

been tackled comprehensively in this study. 
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ABSTRACT 

The objective of this study is to design rubber bushing at desired level of stiffness 

characteristics in order to achieve the structural stability. A differential evolution algorithm 

based approach is developed to optimize the rubber bushing through integrating a finite 

element code running in batch mode to compute the objective function values for each 

generation. Two case studies were given to illustrate the application of proposed approach. 

Optimum shape parameters of 2D bushing model are determined by shape optimization 

using differential evolution algorithm.   

Keywords: Shape optimization, differential evolution, rubber bushing, static stiffness curve 

 

1. INTRODUCTION 

Bushings are used in automotive industry for vibration isolation and comfort requirements. 

They are produced from rubber materials and their main functions are to join the elements 

between rigid structures, isolate vibrations through to the chassis and avoid the transmission 

of noise in the vehicles. Due to the increasing interest of multibody simulations of complete 

vehicles or subsystems, it is important to develop and effective models to represent the static 

stiffness of these rubber products in vehicles. During the vehicle development process, 

shape optimization of rubber products is also need to have target stiffness curves. Therefore 

trial and error method which is time consuming process must be eliminated. Many bushing 

manufacturers use trial and error method to meet these requirements, but optimization 

algorithms are the solution to this type of design problems. This research presents a 

simulation-based approach to optimize two dimensional rubber bushing model to meet target 

radial static stiffness without the need for physical prototypes.  

Rubber bushings are used mostly in vehicle suspensions. The primary role of the bushings in 

a suspension system is to improve the ride quality of the vehicle. Their stiffness curve has 
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been primarily research subjects for many researchers. Blundell [1] concluded that 

suspension designs depend on the behavior of rubber bushings. He described the influence 

of rubber bushing compliance on changes in suspension geometry during vertical movement 

relative to the vehicle body. An experimental investigation was conducted on elastomeric 

bushings, which was presented by Kadlowec et al. [2,3]. The experiment reveals that the 

relationship between the forces and moments and their corresponding displacements and 

rotations is nonlinear and viscoelastic due to the nature of the elastomeric material. 

Recently, the use of non-deterministic algorithms has attracted the researchers to find global 

optimums. Among the non-deterministic methods, the differential evolution (DE) algorithm 

produced good results in the literature for different applications in science and engineering.  

The determination of shape parameters of a rubber product to have desired stiffness curve is 

an optimization problem. In this work, shape optimization is used to design a two dimensional 

rubber bushing model using DE algorithm to meet target stiffness curve. A Pascal (Delphi) 

code based DE is developed for shape optimization. Stiffness curve is obtained with the 

nonlinear finite element method using Abaqus software. 

 

2. DIFFERENTIAL EVOLUTION ALGORITHM 

One of the main shortcoming of classical optimization methods is to stuck into local optimum 

instead of global optimum. Genetic Algorithm (GA) and Differential Evolution (DE) algorithms 

are evolutionary optimization algorithms, they were developed for finding the global optimum 

of the optimization problems. DE is a relatively new evolutionary optimization algorithm. It is 

a population-based optimization method introduced by Storn and Price. The DE algorithm’s 

main strategy is to generate new individuals by calculating vector differences between other 

individuals of the population. The DE algorithm includes three important operators: mutation, 

crossover and selection. In the DE, a population vectors are randomly created at the start of 

iteration. This population is successfully improved by applying mutation, crossover and 

selection operators, respectively. Mutation and crossover are used to generate new vectors 

(trial vectors), and selection then are used to determine whether or not the new generated 

vectors can survive the next iteration.  

Unlike simple GA that uses binary coding for representing problem parameters, DE uses real 

coding of floating point numbers. Among the DE’s advantages are its simple structure, ease 

of use, speed and robustness. The key parameters of control in DE are:  

NP: the population size, 

CR: the crossover constant (0.0 -1.0), 

 F: scaling factor that controls the amplification of differential variations (0.0 – 2.0). 
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Several constraint handling techniques have been proposed to be used with DE algorithm. In 

this study, any individual which is not satisfied the constraints is removed from the 

population. Therefore, every individual in the population satisfies the constraints. Among the 

strategies in DE algorithm, DE/rand/1/bin DE strategy was used. The details of the DE 

algorithm can be found in literature [4].  

 A Pascal based DE algorithm software was developed and validated using two test cases. 

After validation of the developed DE optimization software, optimum shape parameters of 2D 

rubber model were determined using differential evolution optimization algorithm.  

 

3. OPTIMIZATION OF TEST FUNCTIONS WITH DE 

The developed DE software was validated using two test functions. The first test function is 

an unconstrained function called Rosenbrock’s saddle [4]. It is a non-convex function used 

as a performance test problem for optimization algorithms introduced by Howard H. 

Rosenbrock in 1960. It is also known as Rosenbrock's valley or Rosenbrock's banana 

function. The global minimum is inside a long, narrow, parabolic shaped flat valley. To find 

the valley is trivial. To converge to the global minimum, however, is difficult with classical 

optimization algorithms.  

The function and bound values of parameters are given as; 

 

    (1) 

 
 

 
It has a global minimum at (x1, x2) = (1, 1) where f(x1, x2) = 0 [4]. Population size of 20, 

generation number of 100 and the crossover constant and scaling factor of 0.85 and 0.75 

were selected. User interface of the software for test function is shown in Figure 1. 

 

Figure 1. Optimization user interface and results for test function 1 
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Results were obtained as x1=1 and x2=1, exactly. It can be seen that the DE successfully 

converged to the global minimum easily. It is clear from the generation history that 

generation number as a 40 is enough, because it converged at the 40th iteration.  

After validated the first unconstrained test function, DE software was also validated using 

second test function. Second test function is constrained type and it is taken from reference 

[5]. The objective function and constraints are given as follows: 

     (2) 

subject to 
 

 

 

where 13 ≤ x1 ≤ 100 and 0 ≤ x2 ≤ 100 

 

This optimization problem has a global minimum at (x1, x2)=(14.095, 0.84296) where 

f(x1,x2)=-6961.8 [5]. The DE software is also validated with the second test function, because 

the same results were obtained as in the literature. It is concluded that developed DE 

software can be used for subsequent shape optimization studies. 

 

4. FINITE ELEMENT MODELING OF RUBBER BUSHING 

Rubber bushings in a vehicle suspension system can affect the stability of the vehicle. Thus, 

the stiffness characteristic of a rubber bushing in each direction is achieved by analyzing the 

vehicle performance during the design process. To design a particular rubber bushing, the 

stiffness in certain direction needs to meet the requirements. The purpose of this paper is to 

make the radial stiffness characteristic of the given 2D rubber bushing model meet the target 

stiffness curve by using the optimization method presented in this paper. In order to 

determine the stiffness curve of the bushing, nonlinear finite model were defined using 

Abaqus software. 

 

4.1. CAD-based design parameterization 

The parametric 2D CAD model is used for design optimization. Dimensions are geometric 

parameters that can be varied permitting design change while preserving the basic shape or 

design intent of the part. Automatic model regeneration is an essential feature of dimension-

driven systems. If a dimension is changed, the model should be regenerated automatically 
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while preserving geometric constraints and relationships. Design intent will be captured by 

establishing and preserving these relationships [6]. 

Three parameters were selected as design variables for 2D bushing model as shown in 

Figure 2. The guiding principle to select these design variables is to choose those 

parameters which influence the rubber bushing stiffness characteristics the most. Also limits 

and constraints were defined in order to preserve the shape. In order to undergo further 

parametric optimization, Python programming language was used to build the model in 

Abaqus software in terms of parameters such as R1, R2 and Ө as shown in Figure 2. 

 

 

Figure 2. 2D rubber parametric model and shape parameters 

4.2. Material Model 

The natural rubber can be considered as a hyperelastic material, showing highly nonlinear 

elastic isotropic behavior with incompressibility. A relationship between stress and strain in 

the hyperelastic material, generally characterized by strain energy potentials, is essential for 

the FEA of rubber components. In order to define the hyperelastic material behavior, i.e., the 

constitutive relation, experimental test data are required to determine material parameters in 

the strain energy potential. In this study, uniaxial and planar tension tests were performed at 

a local rubber company. Among the hyperelastic materials models, the Ogden N=5 model 

produces a better fit for test data. The Ogden material model appears to best capture the 

bushing response in the finite element study.  

 

4.3. FE Analysis of 2D rubber model 

The proper element type and reasonable meshing strategy were used to model the two 

dimensional rubber model. The central and lower parts of the rubber component will come in 

contact when the slot is closed under vertical load is applied to the center of the rubber. 

Therefore contact interaction were defined on the finite element model. Thus, this becomes a 

Parameters limits: 
30 ≤ R1 ≤ 65 
 5 ≤ R2 ≤ 15 

10
o
 ≤ Ө ≤ 140

 o
 

R1 + R2 ≤ 70 
R1 - R2 ≥ 25 
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nonlinear large displacement contact analysis. As a whole, the initial model has about 1200 

hybrid 2D elements (CPE4H) and 1340 nodes. 

 

   

 

Figure 3. Boundary condition and finite element model of bushing 

 

As shown in Figure 3, the displacement of 25 mm was applied from the center of the inner 

circle using rigid connection and deformed model includes self-contact. During the 

deformation, reaction force is stored. Outer circle is constrained with all degrees of freedom.  

Deformed model and radial stiffness curve are given in Figure 4.  

 

  

Figure 4. Deformed model and radial stiffness curve 

 

5. DIFFERENTIAL EVOLUTION BASED SHAPE OPTIMIZATION 

In this study, the difference between the calculated data point (Fcalc) and the target (Ftarget) 

data point for each point in a stiffness curve is measured by a statistical term called chi-

square. Fitness value (objective function) were selected as chi-square is given as follows: 

contact 
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     (3) 

Chi-square is a measure of the prediction error of the model, it must be as small as possible. 

Therefore the shape optimization problem is defined as: 

objective: min chi-square 

subject to 

30 ≤ R1 ≤ 65,  5 ≤ R2 ≤ 15,  10o ≤ Ө ≤ 140o 

 R1 + R2 ≤ 70,  R1 - R2 ≥ 25 

Shape optimization of two dimensional bushing was implemented using software written in 

Pascal programming language. Displacement and forces which are required to obtain the 

radial static stiffness curve are calculated in Abaqus finite element analysis software. Abaqus 

finite element model is able to perform batch jobs when giving a parameter vector, the 

complete simulation, including geometric modeling, meshing and post processing of the 

simulation results is performed in a fully automatic manner using Python programming 

language. Developed software sends shape parameters to Abaqus to analysis and generate 

stiffness curve. After the solution is obtained, displacements and forces at the circle center 

are written to a text file. DE algorithm reads this file and computes the objective function. The 

flowchart of the proposed approach is given in Figure 5. 

 

Figure 5. The flowchart of the proposed methodology and Abaqus interface 
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Shape optimization of the rubber bushing using proposed methodology as shown in Figure 5, 

two case studies were given below. In these case studies, target stiffness curves which are 

expected form rubber design have been defined as a polynomial form. Chi-square value was 

calculated using actual and target stiffness curves for objective function. 

Case Study 1: Before setting a target stiffness curve, it should be known of limits the 

stiffness curves as shown in Figure 7. Target stiffness curves should remain between 

maximum and minimum stiffness curves. For this case study, target stiffness curve is given 

in Figure 6.  

 

Figure 6. Optimization results for target curve 1 

 

This optimization problem was solved by DE optimization algorithm. DE parameters were 

selected as; population size: 20, number of generation: 40, scale factor: 0.75, crossover rate: 

0.85. After the solution phase completed, optimum shape parameters were found as R1=50, 

R2=12, Ө=27. As seen in Figure 6, optimum curve is very close to target curve. DE algorithm 

were successfully applied to shape optimization problem in this case study. Iteration history 

for this case study is given in Figure 7. 

 

Figure 7. Iteration history for case study 1 
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Case study 2: In the second case study, stiffer rubber bushing design compared to case 

study 1 is expected. Target stiffness curve is shown in Figure 8. 

 

 

Figure 8. Optimization results for target curve 2  

 

DE parameters are selected same as for case study 1. After solving the optimization problem 

with DE algorithm, optimum shape parameters were found as R1=44, R2=5.5, Ө=29. As seen 

in Figure 8, optimum curve is close to target curve 2 again. In this case study, optimum curve 

is the best one that matches the target curve. Thus, proposed methodology was successfully 

applied to shape optimization problem.   

 

6. CONCLUSION 

In this study, a differential evolution algorithm based shape optimization is presented. A 

Pascal code based on DE algorithm was developed to solve shape optimization problems. 

DE algorithm was successfully applied to shape optimization of 2D rubber bushing to obtain 

target stiffness curves.  Abaqus software was used for the FE calculation of objective 

function. It is seen that the combined DE algorithm and FE method approach seems to be 

powerful for finding a global optimum. The DE method is particularly suited to problems 

where there is no well-defined mathematical relationship between the objective function and 

the design variables.  
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ABSTRACT 

This study describes design and optimization of turbine blade-disc attachment known as 

firtree attachment. Objective of the optimization is to minimize total mass of blade-disc firtree 

region while keeping attachment stresses below the material strength limits. Meta modeling 

techniques are used to identify the relations between geometrical parameters and stresses. 

Three different metamodeling techniques are employed in this study: polynomial response 

surface approximations (PRS), radial basis functions (RBF) and Kriging (KRG). Optimization 

of the firtree attachment is performed using these three metamodels, and three different 

optimum candidates are obtained for each metamodeling technique. Finally, numerical 

validations of optimum candidates are performed using finite element analysis. 

Keywords: Blade-disk firtree attachment, Structural design, Optimization, Meta model 

 

1. INTRODUCTION 

Design of complex engineering systems (jet engines, aircrafts, automotive components etc.) 

are performed using high precision analysis models. Venkataraman and Haftka (2004) stated 

in their study that despite the significant increase in computational capacity, analysis with 

acceptable accuracy still takes 6-8 hours to perform. The reason is that the expectation of 

designers from analysis model has become more complex and accurate. It is computationally 

unacceptable to use these analysis models directly in optimization cycle because of 

excessive computational time. Besides, if a gradient based optimization method is used, 

convergence problems will arise because of numerical noise for calculating objective and 

constraint functions. Hence, substituting these slow and noisy analysis models with fast and 
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precise mathematical models, so called metamodels or surrogate models, have recently 

become a common practice.  

In literature, there are several metamodeling techniques. Amongst these techniques, most 

popular ones are response surfaces (Myers and Montgomery 2002), radial basis functions 

(Buhmann 2003), Kriging (Sacks et al. 1989), neural networks (Smith 1993), support vector 

regression (Gunn 1997).  There is no proper approach to determine which technique is 

suitable for a specific problem. The most popular application is to generate various types of 

metamodels and crosscheck their accuracy or measure test point error and determine which 

one is the best for the application of interest. 

Metamodels are suitable for optimization studies because of their fast and accurate response 

prediction. In metamodel based optimization studies, it is better to perform optimization for all 

available metamodels if possible. If not, for a few of suitable models and obtain “candidate” 

optimum designs. Because the optimum obtained from the most accurate metamodel is not 

always guaranteed to be better than the optimums obtained from other metamodels (Acar et 

al., 2012). 

Optimization of turbine discs and firtree attachments using metamodels in literature are as 

follows: Song and Keana (2005) implemented Kriging (KRG) model to a genetic algorithm 

optimization and performed firtree local profile optimization. Likewise, Huang et al. (2011) 

implemented KRG model to differential evolution program and performed turbine disc shape 

optimization. Lee et al. (2011) used KRG model in JPM program and performed turbine 

blade optimization. These studies are clear evidence that KRG models are suitable for 

optimization of turbine parts. The reason for this may be that KRG models are more accurate 

than the other mentioned modeling techniques. As mentioned before, optimum candidate 

obtained using most accurate metamodels may not give best optimum candidate comparing 

the other metamodels. Consequently in this study, besides the KRG model, PRS and RBF 

models are also employed. Three different optimum candidates are obtained for three 

different models and after validation of all three models, the candidate with the best 

performance is declared as optimum. 

Rest of this document is structured as follows. Section 2 defines the problem of firtree 

attachment and formulation. Section 3 describes the details of Finite element method (FEM) 

analysis performed for optimization. Section 4 gives metamodeling details and accuracies of 

models. In section 5 optimization procedure of this study is explained. Section 6 contains 

further studies of firtree attachment such as additional optimization parameters and 

enhancement studies. Results and discussions are provided in section 7. 
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2. PROBLEM DEFINITION 

Blade-disc firtree attachment is an important element, affecting the structural integrity of a jet 

engine. Main loadings acting on firtree attachment are 

rotation of blade, the bending and torsion caused by aero dynamical gas loads and 

thermal loads. Stresses at firtree attachment caused by 

considering blade and disc contact can be calculated using 

attachment should keep the stresses below 

factors should be applied).  

Objective of firtree design is to minimiz

stresses in a desired level. Structural design can be performed based on experiences and 

intuitions or can be performed modern optimization techniques. In this study, metamodel 

based optimization is employed.

Standard formulation of an optimization problem is given in equation (1):

  

Design vector x contains the 

constraints and gk are the inequality constraints. 

are the design variables: (i) shank width, (i

contact length 1, (vi) contact length 2, (

Figure 1: Blade

International Conference on Machine Design and Production 
, Turkiye 

disc firtree attachment is an important element, affecting the structural integrity of a jet 

engine. Main loadings acting on firtree attachment are the centrifugal forces caused by 

bending and torsion caused by aero dynamical gas loads and 

thermal loads. Stresses at firtree attachment caused by the above

considering blade and disc contact can be calculated using FEM. Design of firtree 

attachment should keep the stresses below the material strength limits (proper 

Objective of firtree design is to minimize the mass of the attachment while

. Structural design can be performed based on experiences and 

intuitions or can be performed modern optimization techniques. In this study, metamodel 

is employed. 

Standard formulation of an optimization problem is given in equation (1): 

      

the design variables, f is the objective function, 

inequality constraints. The geometric dimensions sh

(i) shank width, (ii) contact angle, (iii) face angle, (

contact length 1, (vi) contact length 2, (vii) lobe 1 radius, (viii) groove radius, (

Figure 1: Blade-disc firtree attachment geometric dimensions

disc firtree attachment is an important element, affecting the structural integrity of a jet 

centrifugal forces caused by 

bending and torsion caused by aero dynamical gas loads and the 

the above-mentioned loads 

FEM. Design of firtree 

(proper knockdown 

e the mass of the attachment while keeping the 

. Structural design can be performed based on experiences and 

intuitions or can be performed modern optimization techniques. In this study, metamodel 

         (1) 

objective function, hj are the equality 

geometric dimensions shown in Fig. 1 

) face angle, (iv) flank angle, (v) 

) groove radius, (ix)lobe 2 radius.  

 

disc firtree attachment geometric dimensions 
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Objective of this study is to minimize firtree attachment mass, hence attachment mass of 

firtree is used for f(x) objective function in equation (1). As in many of the structural 

optimization applications, equality constraints are not employed in this study. Inequality 

constraints used in this study are determined considering the stresses in critical areas (see 

Fig. 2). These stresses are meant to be kept below the materials strength by using proper 

knockdown factor. (a) Net section average stresses should be lower than the 50% of the 

yield strength. (b) Peak stresses in stress concentration locations should be lower than 95% 

of the yield strength of material. (c) Contact stresses at contact faces of blade root and disc 

should be lower than 95% of the yield strength of the blade material. (d) In any case of 

failure, it is desired to make sure that rupture occurs at blade shank, hence Section 1 

stresses should be higher than Section 2 stresses. (e) Section 4 stresses should be higher 

than Section 3 stresses. 

 

Figure 2: Firtree attachment critical stress areas 

Optimization problem of blade-disc firtree structural optimization described above is 

formulated as follows (Eqs. (2-4)). 
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Section1 & ;������2 �� ����� ≤ 0.5�@���� ;� ����ℎSection3 & ;������4 �� ����� ≤ 0.5�@���� ;� ����ℎUpper & ����  ������� �� ����� ≤ 0.95�@���� ;� ����ℎPeak Groove Stresses ≤ 0.95xYield Strength

Peak disc +upper&���� , ≤ 0.95xYield Strength
1.05 ≤ TUVWXYZ[

TUVWXYZ\ ≤ 1.22
0.53 ≤ TUVWXYZ]

TUVWXYZ^ ≤ 0.95

  

 

3. STRESS ANALYSIS 

Ansys Workbench 14.0 software is used to obtain stresses at the firtree attachment. FEM 

model is prepared to be basic enough to allow large number of simulations and sufficient 

enough to capture peak stresses at stress concentration locations. In literature there are 

models for firtree attachment. As mentioned before, loading on firtree region is caused by 

centrifugal forces, gas loads and temperature loads. Broaching angle of firtree sloths on 

turbine disc causes extra stress concentrations because of geometrical conditions. Witek 

(2006) conducted that most critical loading of firtree region is centrifugal forces. Rao (2006) 

made a 3D model and inspected stress concentrations in the curvatures.  

Turbine blade is excluded from the FEM model and equivalent centrifugal force is applied 

uniformly to shank instead. Below the live rim of the disc is out of the interest of this study, 

hence it is excluded. Subject firtree design does not have any broaching angle, hence there 

is no stress concentration caused by broaching angle and every section along the thickness 

is the same. Because of these properties of attachment, 2D stress analysis is determined to 

be sufficient enough for accurate use for optimization. Since the firtree attachment is 

symmetrical and we aim to reduce the computational time, a half model of attachment is 

generated. There are similar examples of half 2D analysis of firtree attachments in literature 

(Abdul-Aziz et al. 1993, Meguid et al. 2000, Song et al. 2002, Keane et al Nair 2005, Maharaj 

et al. 2012). As depicted in Fig. 3 symmetry condition is applied both disc and blade root. 

Contact faces of blade root and disc are modeled as frictionless support, hence relative 

motion between disc and blade root is permitted. Disc is fixed from the lower end of model. 

Centrifugal force of blade is applied on shank uniformly. Rotation of disc and blade is 

simulated as rotational velocity, hence centrifugal forces due to the attachment components 

are modeled. Mesh sizes of elements used in the finite element model is shown in Fig. 4. 

Static structural analysis is performed. Centrifugal forces and rotational velocities are applied 

as ramp and one second is used as analysis time step. Single solution of a model is 

approximately 45 seconds and it takes total 90 seconds to complete an analysis of a design 

point with updating model parameters and remeshing. On pre-processing phase as shown in 

Fig. 5 average section stresses of section 1 to 4 and peak stresses are observed. 

(4) 
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Contact stresses are also observed, Fig.

4 and contact faces, we are 

minimum stresses.  

International Conference on Machine Design and Production 
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Figure3. 2D finite element model 

 

Figure 4. Mesh sizes of elements 

ct stresses are also observed, Fig. 6 shows contact stress distribution. On sections 1 to 

we are interested with the average stresses, not maximum and 

 

6 shows contact stress distribution. On sections 1 to 

not maximum and 
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Figure 5: Stress distribution of firtree attachment 

 

 

Figure 6: stress distributions on contact faces 

 

Instead of integrating FEM model in the optimization loop directly, analysis are conducted on 

pre defined design of experiment (DOE) points and results are used to built metamodels. To 

construct metamodels, FEM analysis and evaluation of result should be performed several 

times. These operations are not performed manually. Ansys Workbench’s parameterize 

properties are used. Parameters used in CAD model are introduced to Ansys and with using 

DOE points Ansys Workbench communicates with UG NX6 and automatically updates 

design according to corresponding DOE point then remeshes and solves the model. With the 
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help of this feature of Ansys, large numbers of analyses are performed in a short time and 

with less effort. DOE points and results of analysis are used to construct metamodels. Details 

of this procedure are provided in section 4. After obtaining optimum candidates, the 

performance of the candidate is easily evaluated with same method mentioned above.  

 

4. METAMODEL CONSTRUCTION 

Metamodels are mathematical models that give fast responses and employed instead of time 

consuming analysis models, hence shorten the time of optimization procedure as noted 

earlier. Steps of constructing metamodels can be summarized as follows: 

Step 1: Determination of input and output of metamodels. In our case, inputs of metamodels 

are design parameters of firtree attachment (see Fig. 1). Outputs of metamodels are stresses 

at critical locations of firtree attachment and mass of the attachment. Note that for each 

stress value, separate metamodels are constructed. 

Step2: Selection of a suitable design of experiment point set according to the nature of the 

problem. At this point in our case physical experiments are not conducted and FEM analysis 

are performed. Design of experiment defines metamodel inputs, where each point is used to 

evaluate stress and mass individually. In our case, the combinations of geometric 

parameters of the firtree attachment forms the DOE, where the DOE points are determined 

by using Latin hypercube sampling method. 

Step 3: Evaluation of every single point of DOE. In our case, performing FEM analysis for 

predetermined DOE points and evaluating mass and stress results. Details of analysis are 

given in section 4.3 

Step 4: Construction of metamodels to identify relations of input and outputs. In our case 

PRS, KRG and RBF metamodels are employed. 

Step 5: Validation of metamodels. In our case cross validation method is used. In this 

method, first every DOE point is temporarily erased and metamodels are constructed. Then, 

prediction of metamodel is calculated at the temporarily erased point and error is estimated. 

For every point this procedure is repeated and root mean square error is calculated for cross 

validation errors.  

A simple illustration of a metamodel is shown in Fig. 7. Metamodel’s inputs are shank width 

and contact angle and output is stress. It is not possible to graphically depict metamodel 

when inputs are more than two. In this case, there are 9 input parameters and 9 stress 

outputs. Including attachment mass, 10 metamodels are constructed for our problem. 
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Figure 7: Example DOE and metamodel for stress prediction 

If the input of the problem is 9, approximately 110 simulations are sufficient enough for 

metamodels. In our case 180 simulations are conducted. First 110 simulation points are used 

to construct metamodel and last 70 simulation is used as performance test points. With first 

data set, metamodels are constructed and their accuracies are determined using cross 

validation method (see Table 1). Then, performance of metamodels are measured using last 

70 data set (see Table 2). Cross validation errors at Table 1 and test point errors at Table 2 

are consistent; hence suitability of cross validation method for measuring performance is 

confirmed. Finally, using complete data set of 180 points is used to construct metamodels 

and accuracy of metamodels is measured using cross validation method (see Table 3). 

Cross validation errors in Table 3  are lower than cross validation errors in table 1, which 

means that accuracy of metamodels are increased with the increase of input points.  

PRS model is the most accurate model amongst the constructed three models and has the 

lowest errors for all 10 problem response. It is observed that RBF error values are higher 

than the others. For all model types, section 2 average stress predictions have the highest 

error values and mass have the lowest error values. It has seen that PRS model, constructed 

using all 180 DOE points, has error values are mostly smaller than 5% which is sufficient 

enough for engineering problems. 

 

Table 1: Cross validation errors of the metamodels constructed using first data set (110 
simulations) 

# Problem Response PRS RBF KRG 

1 Section 1 stress 0.5 5.0 1.6 

2 Section 2 stress 8.1 16.8 10.8 

3 Section 3 stress 2.1 8.2 4.3 

4 Section 4 stress 1.2 5.4 2.7 

5 Upper Contact 1.8 6.4 2.5 

6 Lower Contact 0.8 6.2 1.7 

7 Peak Groove 3.7 7.6 4.3 

Shank Width 

Stress 

Contact Angle 
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8 Peak Disc Up 0.8 4.5 2.2 

9 Peak Disc Down 0.6 4.7 2.0 

10 Mass 0.1 4.6 0.4 

 
Table 2: Test errors of metamodels constructed using first data set (110 simulations) and 

tested on last data set (70 simulation) 

# Problem Response PRS RBF KRG 

1 Section 1 stress 0.4 4.5 1.3 

2 Section 2 stress 7.3 17.8 9.5 

3 Section 3 stress 1.9 8.8 4.4 

4 Section 4 stress 1.1 5.3 3.0 

5 Upper Contact 1.4 6.2 2.0 

6 Lower Contact 1.0 7.5 1.8 

7 Peak Groove 3.6 9.1 4.5 

8 Peak Disc Up 0.9 4.5 2.1 

9 Peak Disc Down 0.6 3.8 1.7 

10 Mass 0.1 5.0 0.4 

 
Table 3: Cross validation errors of the metamodels constructed using all data set (180 

simulations) 

# Problem Response PRS RBF KRG 

1 Section 1 stress 0.4 3.8 1.2 

2 Section 2 stress 5.5 15.4 9.2 

3 Section 3 stress 1.5 6.4 4.1 

4 Section 4 stress 1.0 4.0 2.7 

5 Upper Contact 1.4 4.6 2.0 

6 Lower Contact 0.8 4.7 1.5 

7 Peak Groove 2.6 6.9 3.9 

8 Peak Disc Up 0.7 3.4 1.6 

9 Peak Disc Down 0.5 3.2 1.8 

10 Mass 0.0 3.2 0.4 

 

5. OPTIMIZATION PROCESS 

Constructed metamodels are used to solve the optimization problem stated in Eqs. (2-4), 

where fmincon function of MATLAB® software is used to solve optimization. fmincon function 

of MATLAB uses “sequential quadratic programming”. Sequential quadratic programming 

can stuck in local optimums. This problem can be overcome with using multistart method. In 

this method, multiple points in design space is randomly selected and every selected point is 

used as optimization start point. Best result of the multiple optimizations is declared as 

optimum. In our case, 100 starting point is used. 

Common practice in metamodel based optimization is to construct many metamodels and 

use the most accurate model in optimization. Previous studies shows that optimum acquired 
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with most accurate model may not be the best solution, comparing to metamodels with less 

accurate ones (Acar et al., 2012). In our case, PRS, RBF and KRG metamodels are used in 

optimization and three candidate optimums are declared. It should be noted that these 

metamodels are used to predict stress values and only PRS model is used to predict mass 

values. Optimum candidates are validated using FEM analysis and best ones are 

determined.  Results of optimization are shown in table 4, 5 and 6, in terms of NS 

(Normalized Stress, Allowable stress / Actual stress). 

Table4: Performance of PRS metamodel’s optimum candidate 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 2,652 2,658 -0,2% 

2 Section 2 stress (NS) 2,785 2,631 5,5% 

3 Section 3 stress (NS) 3,296 3,315 -0,6% 

4 Section 4 stress (NS) 2,226 2,230 -0,2% 

5 Upper Contact (NS) 1,398 1,378 1,4% 

6 Lower Contact (NS) 1,000 0,994 0,6% 

7 Peak Groove (NS) 1,000 0,967 3,3% 

8 Peak Disc Up (NS) 1,000 1,006 -0,6% 

9 Peak Disc Down (NS) 1,096 1,092 0,3% 

10 Mass (g) 22,1 22,1 0,0% 

 Section 1/ Section 2 1,05 0,99 -6,1% 

 Section 3/ Section 4 0,68 0,67 -1,5% 

 

Table 5: Performance of RBF metamodel’s optimum candidate 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 3,601 3,323 7,7% 

2 Section 2 stress (NS) 3,781 2,819 25,4% 

3 Section 3 stress (NS) 3,597 3,542 1,5% 

4 Section 4 stress (NS) 1,996 2,058 -3,1% 

5 Upper Contact (NS) 1,100 1,087 1,2% 

6 Lower Contact (NS) 1,000 0,971 2,9% 

7 Peak Groove (NS) 1,000 0,932 6,8% 

8 Peak Disc Up (NS) 1,000 0,959 4,1% 

9 Peak Disc Down (NS) 1,001 1,021 -1,9% 

10 Mass (g) 20,5 20,5 0,0% 

 Section 1/ Section 2 1,05 0,85 -23,5% 
 Section 3/ Section 4 0,55 0,58 5,2% 

 

Table 6: Performance of KRG metamodel’s optimum candidate 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 3,135 3,146 -0,4% 

2 Section 2 stress (NS) 3,292 2,989 9,2% 

3 Section 3 stress (NS) 3,506 3,462 1,2% 
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4 Section 4 stress (NS) 1,950 2,001 -2,6% 

5 Upper Contact (NS) 1,180 1,131 4,2% 

6 Lower Contact (NS) 1,000 0,981 1,9% 

7 Peak Groove (NS) 1,000 0,988 1,2% 

8 Peak Disc Up (NS) 1,000 0,972 2,8% 

9 Peak Disc Down (NS) 1,000 1,016 -1,6% 

10 Mass (g) 21,3 21,3 0,0% 

 Section 1/ Section 2 1,05 0,95 -10,5% 

 Section 3/ Section 4 0,56 0,58 3,4% 

 

6. ADDITIONAL PARAMETERS AND IMPROVEMENT STUDIES 

In this section, two additional parameters are introduced to metamodels and for further 

improvement of optimization results, stress concentrations reduction studies are performed. 

Shank height and disc height are taken as fixed values at the beginning of the study, but later 

on these parameters are introduce for better results. Figure 8 shows geometric parameters 

with two additional parameters included.  

 

Figure 8: Blade-disc firtree attachment updated geometric dimensions 

To improve low cycle fatigue life of firtree attachment, peak stresses at stress concentration 

locations shown in Fig. 2 are reduced using spline curves instead of using single fillet radii. 

Similar studies are presented in literature by Song et.al. (2002, 2005). 

6.1 Disc Upper Stress Concentration Reduction 

In this section, it is aimed to reduce stress concentrations on disc upper curvature. Spline 

curves are used instead of single fillet radius. Spline curvatures are applied to the optimum 

designs obtained with single fillet radius. Control points of spline are used as optimization 
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parameters. Bspline method is used to generate spline curves and Figure 

of curvatures with splines. 

Figure 9

Points shown in Fig. 9 are control points of bspline. Number 0

and end points of the radius, obtained from previous optimization studies. There is no 

change in the attachment geometry except single fillet disc upper curvature here. Control 

points 1 and 2 are on the same line with the up

and reduced parameters for optimization. Control points 4 and 5 has similar situation. As 

optimization parameters; 0-1 distance, 0

distance, 5-6 distance and 4-6 distances are used.

Modeling and optimization procedures

Table 7, 8 and 9 shows performance of 

optimization. 

Table 7: Performance of PRS metamodel’s

# Problem Response 

1 Section 1 stress (NS) 

2 Section 2 stress (NS) 

3 Section 3 stress (NS) 

4 Section 4 stress (NS) 

5 Upper Contact (NS) 

6 Lower Contact (NS) 

7 Peak Groove (NS) 

8 Peak Disc Up (NS) 

9 Peak Disc Down (NS) 

10 Mass (g) 

 Section 1/ Section 2 

 Section 3/ Section 4 
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parameters. Bspline method is used to generate spline curves and Figure 

 

9: Spline modeling of disc upper curvature 

are control points of bspline. Number 0 and 6 control points are start 

and end points of the radius, obtained from previous optimization studies. There is no 

change in the attachment geometry except single fillet disc upper curvature here. Control 

points 1 and 2 are on the same line with the upper contact face to obtain smoother transition 

and reduced parameters for optimization. Control points 4 and 5 has similar situation. As 

1 distance, 0-2 distance, 0-3 horizontal distance, 0

6 distances are used. 

Modeling and optimization procedures mentioned in section 3 and 4 are 

shows performance of disc upper stress concentration reduction 

: Performance of PRS metamodel’s optimum candidate for disc upper stress 
concentration reduction 

Metamodel Prediction FEM Results 

2,221 2,221 

2,332 2,333 

3,404 3,399 

2,223 2,223 

1,272 1,272 

1,191 1,191 

1,101 1,102 

1,267 1,244 

1,123 1,123 

23,7 23,7 

1,05 1,05 

0,65 0,65 

parameters. Bspline method is used to generate spline curves and Figure 9 shows modeling 

and 6 control points are start 

and end points of the radius, obtained from previous optimization studies. There is no 

change in the attachment geometry except single fillet disc upper curvature here. Control 

per contact face to obtain smoother transition 

and reduced parameters for optimization. Control points 4 and 5 has similar situation. As 

3 horizontal distance, 0-3 vertical 

are performed again. 

disc upper stress concentration reduction 

optimum candidate for disc upper stress 

% Error 

0,0% 

0,0% 

0,2% 

0,0% 

0,0% 

0,0% 

0,0% 

1,8% 

0,0% 

0,0% 

0,0% 

0,0% 
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Table 8: Performance of RTF metamodel’s optimum candidate for disc upper stress 
concentration reduction 

 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 2,637 2,221 15,8% 

2 Section 2 stress (NS) 2,964 2,301 22,4% 

3 Section 3 stress (NS) 4,707 3,346 28,9% 

4 Section 4 stress (NS) 2,630 2,224 15,4% 

5 Upper Contact (NS) 1,458 1,283 12,0% 

6 Lower Contact (NS) 1,483 1,179 20,5% 

7 Peak Groove (NS) 1,389 1,088 21,7% 

8 Peak Disc Up (NS) 1,583 1,111 29,8% 

9 Peak Disc Down (NS) 1,325 1,122 15,3% 

10 Mass [g] 23,7 23,7 0,0% 

 Section 1/ Section 2 1,0 1,1 9,1% 

 Section 3/ Section 4 0,7 0,6 -16,7% 

 

Table 9: Performance of KRG metamodel’s optimum candidate for disc upper stress 
concentration reduction 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 2,221 2,221 0,0% 

2 Section 2 stress (NS) 2,343 2,340 0,1% 

3 Section 3 stress (NS) 3,454 3,407 1,4% 

4 Section 4 stress (NS) 2,223 2,223 0,0% 

5 Upper Contact (NS) 1,268 1,269 -0,1% 

6 Lower Contact (NS) 1,194 1,194 0,0% 

7 Peak Groove (NS) 1,106 1,105 0,1% 

8 Peak Disc Up (NS) 1,267 1,249 1,4% 

9 Peak Disc Down (NS) 1,123 1,124 0,0% 

10 Mass (g) 23,7 23,7 0,0% 

 Section 1/ Section 2 1,1 1,1 0,0% 

 Section 3/ Section 4 0,7 0,6 -16,7% 

 

6.2 Disc Lower Stress Concentration Reduction 

In this section, it is aimed to reduce stress concentrations on disc lower curvature similar to 

section 5.1. Spline curves are used instead of single fillet radius. Control points of spline are 

used as optimization parameters. Bspline method is used to generate spline curves and 

Figure 10 shows modeling of curvatures with splines. 

Points shown in Figure 10 are control points of bspline. Number 0 and 6 control points are 

start and end points of the radius, obtained from previous optimization studies. There is no 

change in the attachment geometry except single fillet disc lower curvature here. Control 
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points 1 and 2 are on the same line with the lower contact face in order to obtain smoother 

transition and reduced parameters for optimization.

Figure 10

Control points 4 and 5 has similar situation. As optimization parameters; 0

distance, 0-3 horizontal distance, 0

used. 

Modeling and optimization pro

Table 10,11 and 12 shows the performance of disc lower stress concentration reduction 

optimization study. 

Table 10: Performance of PRS metamodel’s

# Problem Response 

1 Section 1 stress (NS) 

2 Section 2 stress (NS) 

3 Section 3 stress (NS) 

4 Section 4 stress (NS) 

5 Upper Contact (NS) 

6 Lower Contact (NS) 

7 Peak Groove (NS) 

8 Peak Disc Up (NS) 

9 Peak Disc Down (NS) 

10 Mass (g) 

 Section 1/ Section 2 

 Section 3/ Section 4 
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points 1 and 2 are on the same line with the lower contact face in order to obtain smoother 

transition and reduced parameters for optimization. 

 

10: Spline modeling of disc lower curvature 

Control points 4 and 5 has similar situation. As optimization parameters; 0

3 horizontal distance, 0-3 vertical distance, 5-6 distance and 4

Modeling and optimization procedures mentioned in section 3 and 4 are 

Table 10,11 and 12 shows the performance of disc lower stress concentration reduction 

: Performance of PRS metamodel’s optimum candidate for disc lower stress 
concentration reduction 

Metamodel Prediction FEM Results 

2,221 2,221 

2,349 2,349 

3,374 3,376 

2,244 2,257 

1,266 1,266 

1,135 1,132 

1,106 1,106 

1,245 1,246 

1,301 1,303 

23,7 23,7 

1,1 1,1 

0,7 0,7 

points 1 and 2 are on the same line with the lower contact face in order to obtain smoother 

Control points 4 and 5 has similar situation. As optimization parameters; 0-1 distance, 0-2 

6 distance and 4-6 distances are 

cedures mentioned in section 3 and 4 are perfomed again. 

Table 10,11 and 12 shows the performance of disc lower stress concentration reduction 

optimum candidate for disc lower stress 

% Error 

0,0% 

0,0% 

0,0% 

-0,6% 

0,0% 

0,2% 

0,0% 

0,0% 

-0,1% 

0,0% 

0,0% 

0,0% 
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Table 11: Performance of RBF metamodel’s optimum candidate for disc lower stress 
concentration reduction 

 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 4,970 2,221 55,3% 

2 Section 2 stress (NS) 5,644 2,392 57,6% 

3 Section 3 stress (NS) 7,297 3,348 54,1% 

4 Section 4 stress (NS) 3,868 2,079 46,2% 

5 Upper Contact (NS) 2,716 1,252 53,9% 

6 Lower Contact (NS) 2,556 1,129 55,8% 

7 Peak Groove (NS) 2,600 1,125 56,7% 

8 Peak Disc Up (NS) 2,644 1,228 53,5% 

9 Peak Disc Down (NS) 2,440 1,098 55,0% 

10 Mass (g) 23,5 23,5 0,0% 

 Section 1/ Section 2 1,1 1,1 0,0% 

 Section 3/ Section 4 0,6 0,5 -20,0% 

 

Table 12: Performance of KRG metamodel’s optimum candidate for disc lower stress 
concentration reduction 

# Problem Response Metamodel Prediction FEM Results % Error 

1 Section 1 stress (NS) 2,221 2,221 0,0% 

2 Section 2 stress (NS) 2,350 2,265 3,6% 

3 Section 3 stress (NS) 3,374 3,415 -1,2% 

4 Section 4 stress (NS) 2,226 2,138 3,9% 

5 Upper Contact (NS) 1,266 1,292 -2,1% 

6 Lower Contact (NS) 1,123 1,427 -27,1% 

7 Peak Groove (NS) 1,107 1,048 5,3% 

8 Peak Disc Up (NS) 1,245 1,272 -2,1% 

9 Peak Disc Down (NS) 1,357 1,034 23,8% 

10 Mass (g) 23,7 23,7 0,0% 

 Section 1/ Section 2 1,1 1,0 -10,0% 

 Section 3/ Section 4 0,6 0,7 14,3% 

 

7. RESULTS AND DISCUSSIONS 

In this study, design of blade-disc firtree attachment of an aero-engine is optimized. 

Objective of the optimization is minimization of attachment mass while stress values and 

stress ratios are used as constraints. Stresses are evaluated using ANSYS workbench 

software. Design parameters of firtree attachment are used as input, stress values and mass 

value of attachment are used as output for metamodeling. PRS, RBF and KRG metamodels 

are employed for predicting of stress values and PRS metamodel is used for predicting mass 

values. Considering metamodel’s accuracies following results are obtained: 
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• PRS metamodel shows best performance modeling firtree attachment’s stress values 

and RBF has maximum error values. 

• Predicting of section 2 stresses has maximum error in metamodels and mass 

prediction has minimum prediction error.  

• PRS metamodels cross validation errors for all problem responses are within 0.0% 

and 5.5 %. Errors at these levels are acceptable for engineering problems. 

For each metamodel an optimum candidate is obtained. Validation of these optimum 

candidate designs are performed using FEM analysis. Results of the validation are as 

follows: 

• Amongst the 3 metamodels PRS shows the best performance and RBF shows worst 

performance. 

• Optimum candidates do not violate any of the constraints. 

• At peak stresses at stress concentration locations, stress reduction is achieved up to 

%25 

• Distribution of section stresses are managed in a desired manner. 

• Mass of the attachment is increased but considering stress reductions it is an 

acceptable increase 

• Stress values are kept lower than the material’s acceptable limits considering 2D 

FEM analysis in this study and there may be differences in 3D due to non-uniform 

distribution of centrifugal load. 

Table 13 shows comparison of initial geometry and final optimization results with additional 

parameters and improvement studies. 

 

Table 13: Firtree optimization results 

  Initial Geometry Final Geometry Final vs Original 
Section 1 stress (NS) 2,775 2,219 20,1% 

Section 2 stress (NS) 2,186 2,345 -7,3% 

Section 3 stress (NS) 3,667 3,370 8,1% 

Section 4 stress (NS) 2,197 2,257 -2,7% 

Upper Contact (NS) 1,411 1,267 10,3% 

Lower Contact (NS) 1,267 1,133 10,6% 

Peak Groove (NS) 0,840 1,106 -31,6% 

Peak Disc Up (NS) 0,931 1,245 -33,7% 

Peak Disc Down (NS) 0,999 1,302 -30,3% 

Mass (g) 20,3 23,7 14,4% 

Section 1/ Section 2 0,79 1,06 Improved 

Section 3/ Section 4 0,60 0,67 Improved 
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APPENDIX 

DESCRIPTION OF  SELECTED METAMODELING TECHNIQUES 
Polynomial Response Surface (PRS) 
The most commonly used PRS model is the second-order model in the form of a second-
degree algebraic polynomial function as  

  (E1.1) 

where fˆ is the response surface approximation of the actual response function, f , L is the 
number of variables in the input vector x, and b0, bi , bii , bi j are the unknown coefficients to 
be determined by the least squares technique. 
 
Radial Basis Function (RBF) 
RBF methods were originally developed to approximate multivariate functions based on 
scattered data. For a dataset consisting of the values of input variables and response values 
at n sampling points, the true function y (x) can be approximated as 

 1

ˆ( ) ( )
n

i i
i

y x x xλϕ
=

= −∑  (E1.2) 

Where ŷ (x) is the prediction of RBF of response function y(x), λi interpolation coefficients, n 

sampling point number and φ is defining the radial basis function. Euclidian norm used in 

radial basis function, 
i

x x− , represents the radial distance, r from design point x to the 

sampling point or center xi.  

 
( ) ( )T

i i ir x x x x x x= − = − −  (E1.3) 

Unknown interpolation coefficients (λi) are found by minimizing the residual or the sum of the 
squares of the deviations. In matrix form: 

 [ ]{ } { }=A λ y  (E1.4) 

Where, [ ] j iA x xφ = −  , , 1, ,i j n= ⋯ , λλλλ{ }T = λ1,λ 2 ,...λ n{ }T  and { } { }1 2( ), ( ),..., ( )
T T

ny x y x y x=y . 

Unknown coefficients λλλλ can be found by solving Equation (E1.4). 
Some of the most commonly used RBF formulations include: thin-plate-spline, Gaussian and 
multi-quadratic equations. In this study, multi-quadratic equation (Equation 1.5) is used. 
Where c is a constant. Where, sampling points are normalized between 0 and 1 than c 
becomes 0 < c ≤ 1. The choice of c = 1 is found to be suitable for most function 
approximations.  
 

 
2 2( )r r cϕ = +  (E1.5) 

Kriging (KRG) 
Kriging model combines trend of the data used and probabilistic distributions. Response 

function y(x) can be expressed as follows: 

 ( ) ( ) ( )ŷ p Z= +x x x  (E1.6) 

Where ŷ (x) is the prediction of RBF of response function y(x), p(x) is a known polynomial 

that globally approximates the response,  Z(x) is the stochastic component that generates 
deviations such that the Kriging model interpolates the sampled response data. Figure E1 
shows an example of kriging model, trend, stochastic deviations and sample points for single 
dimension function. 
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Figure E1: Response approximation via Kriging metamodel 

The stochastic component has a mean value of zero and covariance of ; 
 

 ( ) ( )[ ] ( )[ ]jiji xxRxZxZCOV ,, 2
Rσ=  (E1.7) 

where R is N × N correlation matrix if N is the number of data points, R(xi , x j ) is correlation 
function between the two data points xi and x j . Mostly, the correlation function is chosen as 
Gaussian, that is, 

 ( ) ( )∏
=

−=
L

k

kk dR
1

2exp θθ  (E1.8) 

where L is the number of variables, k
j

k
i

k xxd −= is the distance between the kth 

components of the two data  points xi and xj  and θk are the unknown parameters to be 
determined. Besides Gaussian correlation function, exponential and linear correlation 
functions can also be used. 
Once the correlation function has been selected, the response f is predicted as; 

 ( ) ( ) ( )ˆ ˆŷ β β−= + −T 1
x r x R f p  (E1.9) 

where rT(x) is the correlation vector between prediction point x and sampling points. f 
represents the responses at sampling points and p is an L vector of ones. The vector r and 

scalar β̂  are given as follows: 

 ( ) ( ) ( ) ( )1 2, , , , , ,
T

nx R x x R x x R x x =  
T

r ⋯ ,   ( ) fRppRp 1T11T −−−=β̂  (E1.10) 

Variance of the metamodel can be estimated as; 

 
( ) ( )2

ˆ ˆ
ˆ

T

n

β β
σ

−− −
=

1
f p R f p

 (E1.11) 

The unknown parameters θk can be estimated by solving the following constrained 
maximization problem (Simpson et al. 2001) 

 
( )

( )[ ]

0..
2

lnˆln 2

>Θ

+−
=ΘΦ

ts

N
Max

Rσ
 (E1.12) 

Where, Θ is the vector of unknown parameters θk and both R and σ̂ are functions of Θ  . 
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ABSTRACT 

Nowadays, a lot of research works have been conducted in the field of crashworthiness in 

order to define crash performance of vehicles and crash boxes. In this study, new crash box 

designs are developed for frontal impact of vehicles. Numerical studies include determination 

of energy absorption characteristics of different geometries of crash boxes. In addition, these 

studies include making changes in existing profiles with wall thickness of crash boxes, 

changing the positions of some of the profiles and adding new profiles. 

Keywords: Crash box, Frontal Impact, Vehicle design 

 

1. INTRODUCTION 

The design of new vehicles is driven by many competing criteria, such as improved safety, 

energy efficiency, lower cost, and increased style flexibility. Especially vehicle 

crashworthiness, lightweight design, energy economy and environmental protection are vital 

tasks need to be solved urgently in the automotive industry all over the world in the twenty-

first century. Vehicle weight reduction is an important way to realize energy savings and oil 

economy [1,2]. To make vehicles lighter with a good rating in crashworthiness give an 

automaker a strong argument for sales. Increased traffic intensity and growing concern of the 

public  have made vehicle safety one of the major research areas in automotive engineering. 

In vehicle safety, crash boxes have important tasks.Energy absorption capabilities of the 

crash boxes has been subject of different research works in the literature [3-7]. Crash boxes 

have been commonly used as energy absorber for their efficient energy absorption capacity 

in automotive industry. The main aim in crash box design is to control the kinetic energy of 

the car during impact while preventing the peak force. The spesific issue of this research is to 

design a new crash box structure that substitutes the conventional energy absorber in a 

frontal vehicle structure. 
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2.  NEW CRASH BOX DESIGNS 

The crash boxesareused to convert the kinetic energy to plastic deformation in automotive 

industry. Other purpose of the crash boxes is to reduce the peak force to protect occupants 

from serious damages while subjected to impact load. 

In this work, firstly, an initial crash box is developed. In order to increase energy absorption 

amount and to reduce peak force of the initial design, new designs are developed as surface. 

In design works, the geometry of the initial design is changed and triggers are used in new 

designs. Additionally, the components of the energy absorber and thickness values are 

modified. In new designs, number of the spot welds and locations are changed. In figure 2.1, 

and in figure 2.2, initial design and alternative crash box designs are shown. 

 

Figure 2.1  Initial design 

                          

D1     D 2 

                            

   D 3     D 4 

                           

   D 5     D 6 

Figure 2.2  New crash box designs 
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2.1  FE model and material properties 

The developed crash box geometries are imported into Hypermesh. Meshing of the 

components of the crash boxesis carried out using shell elements of size 3mm x 3mm. In this 

research work, SPC 400 stell is used as material. Material model card selected for SPC 400 

is MAT 24 is in ls-dyna, known as Piecewise linear isotropic plasticity. Material properties are 

given as below. 

Density = 7850 kg/m3 

Elastisity modulus, E = 206 GPa 

Poisson ratio, PR=0.3 

Shear stress, SIGY= 318 MPa 

True stress-strain values for used material are given in Table 2.1. 

Table 2.1 True stress-strain values for SPC 400 steel 

� [MPa] 318,02 363,49 435,39 478,47 508,29 532,10 551,66 564,68 

� 0 0,0212 0,0506 0,0814 0,1134 0,1479 0,1841 0,2255 

 

In table 2.2, component number, thichness, number of the spot welds, mass values are given 

for new designs. 

Table 2.2. Properties of the crash boxes developed in this study 

 Thickness 

(mm) 

Number of 
Components 

 

Number of 
spot wleds 

Mass 

 

Mass 

(%) 

Initial design 1,2 6 23 1069,09 - 

D1 1,3 6 23 1014,8 -5,078 

D 2 1,2 6 23 1068,63 -0.043 

D3 1,25 5 23 1049,11 -1,869 

D 4 1,5 5 21 1003,05 -6,177 

D 5 1,6 5 20 1071,26 0,203 

D 6 1,2 5 21 1077,22 0,761 
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In this work, a rigid wall modeled as 80

conditions and other definitions are shown in Fig 

done in Ls dyna. 

Figure 2.3 Ri

3. CONCLUSIONS 

The amount of the energy absorption and peak force versus displacementfor all designs are 

shown in fig 3.1 and 3.2. 

Figure 3.1 Energy absorption

Rigid Wall 
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Izmir, Türkiye 

modeled as 80 kg and moved at a speed of 15.6 m/s. The boundary 

ditions and other definitions are shown in Fig 2.3 The crash analysis of the all design are 

 

Rigid wall, spot welds and boundary conditions

 

The amount of the energy absorption and peak force versus displacementfor all designs are 

Energy absorption-displacement graph for all designs

 

 

15.6 m/s. The boundary 

The crash analysis of the all design are 

gid wall, spot welds and boundary conditions 

The amount of the energy absorption and peak force versus displacementfor all designs are 

 

for all designs 

Boundary 
Conditions 

Spot welds 
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Figure 3.2 Force

The figures show that energy absorption and peak force

crash boxes, triggers and cross

all designs are given inTable3

Tabl

 
Energy absorption

Initial design 

D 1 

D 2 

D3 

D4 

D 5 

D 6 

As can be seen fromTable 2

design. Additionally, mass, number of the components 

presented in this work will be tested using Instron Drop 
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.2 Force- displacementgraph for all designs 

nergy absorption and peak force are related to the thickness of the 

cross-section. The energy absorption and peak force values of the 

3.1. 

Table 3.1 Results of the crash analysis 

Energy absorption 

(kJ) 

Peak force 

(kN) 

Force efficiency

(%)

6,66 107 62

4,57 113,86 40,14

6,83 125,33 54,50

6,7 106,80 62,71

5,84 125,81 46,42

4,76 84,15 56,57

6,87 155,45 44,19

 

2.2 ve Table 3.1, design 3 has better performance as initial 

number of the components and cost are reduced.The

will be tested using Instron Drop tower in Bursa Technical University.

 

are related to the thickness of the 

The energy absorption and peak force values of the 

Force efficiency 

(%) 

62 

40,14 

54,50 

62,71 

46,42 

56,57 

44,19 

3 has better performance as initial 

and cost are reduced.The all designs 

in Bursa Technical University. 
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ABSTRACT 

The life of a tool is affected by many factors such as cutting speed, depth of cut, chip 

thickness, tool geometry, workpiece material or the cutting fluid and rigidity of machine tool. 

In this paper, an innovative turning strategy, variable feed turning, was introduced and a 

thorough investigation has been carried out to study the effect of gradual feed rate on tool life 

at constant depth of cut and cutting speed with no cooling fluid. Turning experiments with 

both constant and variable feed rates were conducted and comparisons were made to show 

the significant influence of variable feed rate. Feed rate was increased twice gradually in 

every millimeter at the beginning of turning and kept constant for the rest of the cut. Apart 

from the reduction in initial wear, the new turning strategy produced very successful results 

regarding the tool wear in moderate wear zone and considerable increase of 42% in tool life 

was achieved. Besides, the new strategy provided a longer tool life (upto 47% increase) 

along the entire life of tool. 

Keywords: Tool life, Initial wear, variable feed rate 

1.  INTRODUCTION 

Among the metal cutting methods, turning is one of the widely used material removal method 

in industry. Chips removed from the material surface frictionally slide on the surface once 

they are deformed due to high normal stresses and shearing tensions. As a result, tool wear 

occurs [Xavior_2009, Kophac_1998].  

Tool wear is a time dependent  process and is a result of complicated physical, chemical, 

and thermo-mechanical phenomena. Because different “simple” mechanisms of wear 

(adhesion, abrasion, diffusion, oxidation, etc.) act simultaneously with predominant influence 

of one or more of them in different situations, identification of the dominant mechanism is far 
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from simple actions. As cutting proceeds and the cutting temperature increases, the amount 

of tool wear increases gradually. 

Tool wear is generally considered to be a result of mechanical (thermo-dynamic wear, mostly 

abrasion) and chemical (thermo-chemical wear, diffusion) interactions between the tool and 

workpiece [Dahu Z., Xiaoming Z., Han D._2013, Jianwen H., Chou K.Y._2007]. Primary tool 

wears are classified as flank wear, crater wear and nose wear, are important wears which 

will affect the smoothness of the product, cost of operation and performance (Figure 1). 

 

Figure 1. Types of Wear [Grzesik_2001] 

The correlation of VB versus cutting time (so-called wear curve) is shown in Figure 2. Wear 

curve that has a straight line in its central part, whereas the terminal fragments are presented 

by curved lines consists of three zones: initial wear, steady wear (so called moderate wear) 

and accelerated wear [Mehrban_2008, Grzymkowski and Kapinski_1972, Janecki and 

Hebda_1969, Dmochowski_1978]. Tool wear shows a rapid increase at the very beginning of 

the cut (initial wear). Following this rapid increase, wear rate slows down and keeps climbing 

up with a linear increase. As the tool life comes to an end, wear rate accelerates, and 

therefore, the tool life expires as the cutting operation continues [Özdemir_2003].  
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Various studies have been conducted about the representation of wear curve. Kaczmarek 

presented the wear curve in the form of three connected line segments (Fig. 3) showing the 

dependence of the wear land height (hp) on the cutting time t [Kaczmarek_1970]. 

Hyrniewicz and Pluta presented a model of the entire wear curve, covering all of its 

characteristic segments relating to the cutting process from the beginning to its end 

[Hyrniewicz T., Pluta Z._2012]. In their novel model they represented the wear curve in four 

periods of time (first, without any detectable wear; second, initial wear; third, moderate wear; 

fourth, accelerated wear). In their model they assumed that the first period of the curve has 

not always been determined univocally; due to the fact that the measurements of parameter 

of the tool edge wear begin after extended machining time, which does not allow 

characterization of geometric changes of the edge during the first period of its operation 

(Figure 4). 

        

      Figure 2. Wear curve [Mehrban_2008]      Figure 3. Linearized wear curve (Kaczmarek_1970] 

 

Figure 4. A novel model for the wear curve (Hyrniewicz T., Pluta Z._2012 

Özdemir et al. investigated the factors that affect initial wear and found out that the most 

important factor is the feed rate [Özdemir_2009]. Oral et al. indicated that an essential part of 
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initial wear zone is caused by extreme cutting forces generated on first contact between the 

tool and the workpiece [Oral_2010]. Suggesting that the initial wear increases due to the 

increase of cutting forces at the first contact, it is assumed that the initial wear will decrease if 

the forces are reduced [Oral_2013]. 

Sikdar and Chen presented the experimental results and discussed the use polynominal 

equations to express the relationship between cutting forces and flank wear areas in their 

studies [Sikdar S.K. and Chen M., 2002]. Yuefeng et al, performed a turning operation for a 

period of 2 minutes using different cutting inserts from various tool manufacturers and he 

suggested that it is possible to establish a correlation between initial wear and uniform wear 

[Yuefeng_2010].  

The most widely used tool life equation is the Taylor tool life equation [Taylor_1907], which 

relates the tool life to the cutting speed V through an empirical tool life constant, Ct: 

 VTn = Ct        (1) 

When T is specified in minutes, Ct is the cutting speed which yields one minute tool life. The 

exponent n determines the slope of the tool life curve.  Although Taylor’s equation reflects 

the dominant influence of the cutting speed on the tool life, it does not account for the smaller 

but the significant effects of the feed rate and depth of the cut. For this reason extended 

Taylor equation [Woldman and Gibbons_1951], is often used. 

 VTnfadb = Kt        (2) 

Values of Kt, n, a and b for specific tool grades and common work materials are sometimes 

tabulated in tooling catalogues. 

As can be observed from the literature, many research studies have been conducted on 

cutting parameters - tool life relations in turning operations. However, no study has been 

reported in the literature about the reduction of wear, especially initial wear by variable feed 

rate.  In this study, a group of machining test was conducted in order to evaluate the effects 

of variable feed onto the tool life in both initial and moderate wear zones. 

2. EXPERIMENTAL PROCEDURES 

AISI 1050 was the workpiece material and TiN coated KORLOY CNMG-120408 (NC3020) 

was the cutting insert used in the machining tests. The chemical composition of workpiece 

material is given in Table 1. Machining tests were conducted on cylindrical samples 

(Ø80x200) in dry conditions on Goodway-GS-200 CNC lathe (Figure 5). An Otto-Welpert DIA 
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TESTOR 2 RC S microscope with a sensitivity of 0.001 mm was used for wear 

measurements. In accordance with Standard ISO 3685, flank wear (VB) was used as a 

criterion for tool wear.  Cutting parameters used in experiments are given in Table 2 and 

Table 3. In this study, two groups of flank wear values were acquired, for constant feed and 

variable feed, respectively. The aim of the study was to investigate the effect of variable feed 

rate onto the tool life, therefore cutting speed and the depth of cut kept constant. 

Table 1. Chemical composition of AISI 1050 

C Mn Si P S 

0.52 0.80 0.25 0.035 0.035 

 

Figure 5. CNC lathe used in the experiments 

Table 2. Cutting parameters for constant feed turning operation  

Cutting speed   

(m/min) 
Feed (mm/rev) Depth of cut (mm) 

280 0.25 3 

Table 3. Cutting parameters for variable feed turning operation 

 

 

 

 

3.  RESULTS AND DISCUSSION 

In this study, influences of variable feed on initial and moderate wear zones have been 

investigated. Hence, flank wear was measured and evaluated first, in every 2 seconds of 

turning with a constant feed rate. 

Cutting speed (m/min) Feed (mm/rev) 
Depth of cut 

(mm) 

280 

f1=0.15 for the first 1 mm; 

f2=0.20 for the next 1 mm;  

f3=0.25 for the rest   

3 
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As the next step, same process was repeated for the variable feed that was increased from 

0.15 mm/rev to 0.20 mm/rev in every millimeter and kept constant at 0.25 mm/rev for the rest 

of the cut. Initial tool wear results for both constant and variable feed are listed in Table 4 and 

their comparison is illustrated in Figure 6. Brand new insert was used in each machining test. 

Table 4. Initial tool wear results for the first 10 seconds 

a) Constant feed rate 

Time (s) 
Feed 

(mm/rev) 
Flank wear    
VB - (mm) 

2 

0.25 

0.0215 

4 0.0265 

6 0.0250 

8 0.0275 

10 0.0290 

b) Variable feed rate 

Time (s) Feed (mm/rev) 
Flank wear  
VB - (mm) 

2 

f1=0.15 for first 1 mm; 
f2=0.20 for next 1 mm;  

f3=0.25 for the rest 

0.013 

4 0.016 

6 0.016 

8 0.021 

10 0.019 

 

 

Figure 6: Variable vs constant feed rate  

Cutting forces measured in machining tests are illustrated in Figure 7. In Figure 7a, as a 

result of constant feed rate, cutting force was constant (0.25 mm/rev). However, gradual 

increase in cutting force was observed as the feed increased gradually from 0.15 to 0.25 

mm/rev with an increment of 0.05 mm/rev (Figure 7b). Cutting forces increased proportionally 

with the increase in feed rate and the initial wear was significantly altered based on the 

magnitude of these cutting forces. 
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   a- Constant feed rate   b- Variable feed rate 

Figure 7. Cutting forces for constant and variable feed turning. 

In the present work, in order to investigate the effects of variable feed in moderate wear 

zone, the tool wear was observed for 120 seconds of machining and comparisons between 

constant and variable feed rates were made. Thus, a volume of 436404.9 mm3 was turned at 

three cutting depths during this period with a constant feed rate first. The wear curve for 120 

seconds is given in Figure 8 and tool wear values in Table 5. Flank wear in variable feed was 

realized to be the half of the wear in constant feed. 

 

Figure 8.Wear curve for 120 seconds of machining 
 

Next, the same amount of material (436404.9 mm3) was machined using variable feed rate 

for each depth of cut (see Table 5).  This time, the machining process was completed in 

120.7 seconds which means although the wear was halved, there was 0.7 seconds of extra 

machining time that had to be eliminated. Thus, the feed at the last part of turning was 

increased to 0.26 mm/rev. Consequently, machining process was completed in 116.1 

seconds removing the same amount of material. Tool wear resulted from the increment in 

feed is given in Table 6. Wear values for the first 120 seconds are illustrated in Figure 9. 
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Table 5. Tool wear values for the first 120 seconds 

 Cutting speed 
(m/min) 

Depth of 
cut (mm) 

Feed (mm/rev) 
Flank wear    
VB - (mm) 

 
Constant feed 280 3 0.25 0.0845 

 
Variable feed 

  f1=0.15   first 1 mm  

280 3 f2=0.20   next 1 mm 0.0485 

  f3=0.25   for the rest  

Table 6.Tool wear after the feed was increased to 0.26 mm/rev (variable feed 2) 

Cutting speed 
(m/min) 

Depth of cut 
(mm) 

Feed   
(mm/rev) 

Flank wear    
VB - (mm) 

  f1=0.15  

280 3 f2=0.20 0.0573 

  f3=0.26  

 

Figure 9.Variations in tool wear for constant and variable feeds 

In the second group experiments for moderate wear zone, machining tests were carried on 

until the flank wear reached a maximum value of 0.20 mm which took 368.7 and 545.4 

seconds, for the constant feed and the variable feed, respectively. According to the test 

results, the difference between the cutting tool lives is 47%. Wear curves of these machining 

processes are given in Figure 10. 

 

Figure 10.Wear development for entire tool life 
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4. CONCLUSIONS 

In this paper, a new approach for turning operations, variable feed turning, was introduced. 

Machining tests were performed using variable feed in order to emphasize the difference in 

both initial and moderate wears from the values obtained at constant feed. In machining 

tests, cutting speed and depth of cut kept constant and only the effect of variable feed rate 

was taken into consideration. Consequently, it was concluded that gradual increase of feed 

rate had a substantial effect in both wear stages owing to the lower cutting forces due to 

lower feeds at the access of workpiece. 

Apart from the reduction in initial wear, the new turning strategy produced very successful 

results regarding the tool wear in moderate wear zone and considerable increase of 42% in 

tool life. In order to compensate the 0.58% of increase in machining time resulting from the 

variable feed, feed rate was increased by a small amount (4%) at the last part of machining.  

This results not only significant reduction in wear (32%), but reduction in machining time 

(%3) as well. Besides, the new strategy provided a longer tool life (upto 47% increase) along 

the entire life of tool.  

At last but not least, some more research is intended to be done in order to include the 

variable feed rate into CAM softwares.  
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ABSTRACT 

Carbon fiber reinforced plastics (CFRPs) possess desirable material properties that make 

them preferable for the aerospace industry such as high strength to weight ratio, high 

resistance to corrosion, and low thermal expansion. Drilling of CFRPs has been studied 

extensively in the literature in recent years, where the influence of process parameters and 

drill geometry on delamination and tool wear were considered. In this study, three different 

double point angle polycrystalline diamond (PCD) drills were investigated using a 

mechanistic approach where the goal is to reveal the influence of drill geometry on the 

drilling forces and torques and delamination. A generalized drilling force and torque model for 

double point angle PCD drills is proposed and validated with experiment data. It is shown 

that proposed model can be used in drill design optimization studies. 

 

Keywords: Machining, Drilling, Carbon fiber reinforced plastics, Polycrystalline Diamond 

 

1. INTRODUCTION 

CFRPs are difficult-to-cut materials due to the abrasive nature of carbon fibers and low 

thermal conductivity of the polymer matrix. Rapid tool wear is common while machining 

CFRPs which in turn increases drilling forces and high thrust forces at the hole exits lead to 

delamination. Many studies have shown that feed and tool geometry are the two most 

important drilling input parameters. In order to obtain delamination-free holes, it has been 

recommended to set feed low and rotational speed high [Rawat and Attia , 2009, Karpat et 

al. 2012].  

Polycrystalline diamond (PCD) is a commonly used tool material in drills used for drilling 

CFRPs due to their high abrasion resistance, thermal conductivity, hardness, and impact 

toughness. PCD drills usually have a double point angle geometry with various edge lengths  

and angles which are selected depending on the CFRP drilling operation in hand. It is known 

that, CFRP material properties change drastically depending on the carbon fiber diameter, 

length of carbon fibers, type of resin used in the laminate, etc. Therefore, it is not a 
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straightforward task to select a suitable PCD drill geometry for a given CFRP laminate. In 

addition, tool manufacturers introduce new drill geometries to the market.  The number of 

studies in the literature on drilling CFRPs with PCD drills are limited despite of their 

widespread use in industry [Park et al. ,2012, Karpat et al., 2014].  

 

Modeling of CFRP drilling operation is important in order to be able to understand the 

influence of drill geometry on drilling process outputs such as forces, torques, and hole exit 

quality [Schulze et al, 2011]. This paper investigates the drilling of CFRPs with double point 

angle PCD tools. A mechanistic modeling approach is used to understand the drilling 

characteristics of three PCD drills having different geometries. Experimental thrust force and 

torque measurements are used to identify cutting force and edge coefficients for each drill. 

Identified cutting force coefficients are then used to obtain a generalized formulation to 

predict drilling forces and torques for a given double point angle drill design.   

 

2. EXPERIMENTAL PROCEDURE 

All the experimental work in this study was conducted under industrial conditions using a 

five-axis machining center which is specifically designed for machining carbon fiber 

composites. Experiments were performed under wet conditions by using an emulsion type 

coolant. An aluminum plate with 8 mm diameter holes was placed under the CFRP laminate 

to support the hole exits. A Kistler 9123 rotating dynamometer was used to measure the 

drilling forces and torques. Intermediate modulus UD-CFRP laminates of 8 mm thickness, 

with equal fiber directions repeating in a sequence of 0/45/90/135 with two layers of 45 

and 135 laminates on the top and bottom surfaces, are produced for drilling tests. The 

intermediate modulus carbon fiber reinforce epoxy resin unidirectional tape used in this study 

has 59% fiber volume with 2690 MPa tensile strength. Figure 1 shows the CFRP plate and 

aluminum back plate used in the experiments. 

 

 

Figure 1. The CFRP plate used in drilling experiments and the aluminum back plate 
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The double point angle PCD geometries used in this study are shown in Figure 2a, 2b, and 

2c. Three different PCD drills with different edge lengths were custom fabricated by the tool 

manufacturer. Drills are named as D1, D2, and D3.  

  
(a) 

  
(b) 

  
(c) 

Figure 2. Double point angle drill geometries. (a) D1, b) D2, c) D3 

 

The PCD grade of 2 µm grain size were used in all of the drills. The drills are fabricated to 

have the same chisel edge length. The edge radius of all the drills are measured to be 10 

µm. Figure 3 shows the profile of the cutting edge measured by laser scanning microscope 

(Keyence VKX 110).   
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Figure 3. Edge radius of the PCD drills. 

 

3. GENERALIZED DOUBLE POINT ANGLE DRILL GEOMETRY 

Based on the drill designs shown in Figure 2, a generalized double point angle tool geometry 

can be developed as shown in Figure 4. In this figure; O'-O represents the chisel edge 

region, OA shows the primary drilling region, AB shows the secondary drilling region and BC 

shows the tertiary drilling region. The length and angle of the chisel edge are represented 

with L and , respectively.   
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Figure 4. Generalized double tip point angle PCD drill geometry. 

 

The tool tip angles corresponding to primary and secondary drilling regions are shown with α 

(60) and β (30). The drill has zero helix angle. Uncut chip thicknesses tAB and tOA are 

different due to double point angle design, and they can be calculated as a function of feed 

(f) per edge as shown in Equation 1. It is seen that uncut chip thickness in secondary drilling 

edge is less than the primary drilling edge. 

 

  sin2/ftOA                                             (1)
 

  sin2/ftOB   

 

Assuming that in hole diameters are standardized in aerospace industry and for known tool 

angles, primary edge length, and PCD tip height (H), the length of the secondary and tertiary 

drilling regions (LAB) and (LBC) an be calculated as dependent variables by using Equations 2 

and 3. 
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Table 1 summarizes the actual tool geometry measurements. The tool tip measurements 

were performed using Keyence VHX 1000 digital microscope. There are some slight 

discrepancies in the chisel edge length and angle which are related to drill fabrication 

process.  

 

Table 1. Tool geometry measurements. 

Drill OA (µm) AB (µm)  α  β  L (µm)    

D1  448  4407  58  30  1275  50  

D2  915  3883  61  30  1216  42  

D3 1455  2914  61  30  1345  42  

 

 

4. THRUST FORCE and TORQUE CHARACTERISTICS of DRILLING with DOUBLE 

POINT ANGLE PCD DRILLS 

Measurements of thrust force and torque during drilling reveal important information about 

the influence of tool geometry [Langella et al., 2005]. Figure 5 illustrates a drilling cycle with 

the double point angle PCD drill used in this study, and seven distinct drilling phases (I-VII) 

are identified above the figure. The point (I) and (II) corresponds to the chisel edge and the 

primary cutting edge (OA) entering the hole, respectively. The thrust force increases rapidly 

in this region but the increase in torque is small. When the secondary drilling zone enters the 

hole (AB), the rate of increase in thrust force is lower due to chip thinning as a result of lower 

drill angle (β). Peak thrust force (III) is reached at the end of the secondary drilling zone. The 

region BC does not carry any thrust force, but the torque reaches its peak value here. As the 

length of the tertiary drilling zone increases, the peak value of torque also increases due to 

rubbing of a larger area on the CFRP material. The thrust force decreases from III to IV due 

to decreasing stiffness of the material as drilling progresses. Thrust force decreases rapidly 

with a similar rate observed at the hole entry as soon as the chisel edge (IV-V) and primary 

drilling edge (V-VI) leave the cut. The torque stays almost the same between IV and VI since 

the secondary and tertiary cutting edges are still in contact with the material. The thrust force 

and torque decrease continuously between VI-VII until the drill completely leaves the cut. 
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