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Article Info Abstract 

In this study, drilling of two kinds of  Inconel 718 superalloys (aged and annealed) were 

simulated with FEM based Deform 3D V.11 software, and the effects of feed rate and cutting 

speed on thrust force and drilling torque have been investigated. A 5 mm diameter uncoated 

carbide twist drill with a web thickness of  0.75 mm was modelled, and drilling operations were 

simulated for two feed rates (0.05 and 0.1 mm/rev) and two cutting speeds (10 and 20 m/min). 

The workpieces were modelled by using Johnson-Cook (J-C) material model whose parameters 

acquired from the published literature. Thrust forces and drilling torques of aged Inconel 718 

were found to be considerably larger than that of annealed Inconel 718 under the same cutting 

conditions. 
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1. INTRODUCTION

Drilling process is one of the most significant machining processes that constitute about 22% of all 

machining processes in terms of the number of operations. It is often performed as one of the last 

operations in production of parts. On the other hand, drilling process is more complex than other 

machining operations, i.e. turning and milling, in terms of the kinematics and dynamics of the process, the 

process control, the chip removal and cutting heat dissipation. The drill tool properties and the process 

parameters should be properly determined by considering the specific drilling requirements and 

workpiece material. In this regard, drilling, and naturally other metal cutting operations, have been 

studied extensively in the published literature. Although experimental-empirical method for investigation 

of right parameters for metal cutting operations is often the main reference in the industry, it is valid for 

the ranges of the experiments conducted, and furthermore, it is costly and time consuming. Therefore, 

considerable progresses have been seen in the development of other industry-driven predictive models for 

machining operations in the last few decades. They may be categorized as analytical, numerical, Artificial 

intelligence (AI) based, and hybrid modelling techniques. Among them, numerical methods implemented 

to commercial codes, providing opportunities to connect to industry-relevant parameters, have been 

extensively used by the researchers [1-3]. 

Inconel 718 is a nickel-chromium based high strength superalloy. It is resistant to the variety of corrosive 

conditions, pitting and crevice corrosion. It provides outstanding mechanical properties like high tensile, 

fatigue and creep-rupture strength at elevated temperatures. It is used at cryogenic (-252 
0
C) to high 

(704 
0
C) temperatures. The alloy is preferred for use in aeronautics and land based gas turbines, marine 

engineering, nuclear power plants, etc. [4,5]. 
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Inconel 718, like many other superalloys, is known as difficult-to-cut alloy. Work hardening, high 

temperature strength, poor thermal conductivity, abrasive and adhesive mechanism due to high amount of 

carbides in the alloy, adhesive tendency of the nickel, high heat generation are the prevalent reasons for 

the difficulty in machining Inconel 718 [6,7]. 

 

Although numerous research works have been carried out on turning and milling of Inconel 718, research 

on drilling of Inconel 718 is relatively limited in the published literature [7,8]. Likewise, less number of 

studies on drilling of different superalloys can be found in the literature. 

 

Since cutting forces affect cutting temperatures, tool wear, surface integrity, power consumption, etc. 

considerably, they have been investigated substantially. As it is well known that the feed rate and the 

cutting speed are the primary machining parameters that determine the cutting forces. In the studies 

investigating the effects of cutting conditions on cutting forces, apart from dry cutting, various cooling 

methods have been also used to improve machinability. A few researches on the subject are given below. 

 

Uçak et al. analysed experimentally and numerically the drilling operation on annealed Inconel 718 at dry 

cutting conditions, to investigate thrust force, torque and temperature [8]. They used Deform 2D and 3D 

to simulate the drilling operation and observed a good agreement between the numerical and experimental 

results. 

 

Jian and Rongdi studied the drilling of Inconel 718 in terms of drilling deformation and drilling forces 

distribution. They obtained the drilling chip specimens by using self-made drilling quick-stop device. An 

empirical formula of shear angle was derived from the results of dry drilling tests. Thrust and torque 

values according to various cutting speeds and feed rates were recorded, and the ratio of thrust and torque 

on the lead cutting edge were determined. They compared all the results of Inconel 718 with that of AISI 

1045 steel [9]. 

 

Rahim and Sasahara investigated experimentally the effect of high speed drilling under minimum quantity 

of lubrication conditions on drilling performance and surface integrity of Inconel 718. It was observed 

that, the thrust force and torque values decreased linearly with increasing cutting speed, and the values 

increased significantly with increasing feed rate. The cutting speed also influenced the distribution of the 

surface roughness significantly. Moreover, findings about tool wear, workpiece temperature, surface 

roughness and hardness variations beneath the machined surface were noted [7]. 

 

Nagaraj et al. simulated drilling operation of Nimonic C-263 superalloy to investigate the thrust force, 

temperature generation, effective stress and strain by varying the spindle speed, feed rate and point angle. 

They compared the simulated thrust force and drill bit cutting edge temperature with the experimental 

results and observed 10% of error [10].   

 

Using a 3D FEM, Parida studied drilling operation of Ti-6Al-4V, to simulate thrust force, torque, 

effective stress, effective strain, drill bit temperature, surface roughness and circularity by changing 

cutting speed and feed rates. Among the simulated results, Parida compared thrust, torque and circularity 

with the experimental results and observed a good agreement with few errors [11]. 

 

As known, heat treatment processes are applied to metals widely in order to change the physical and 

mechanical properties in a desirable way. Objectives of heat treatment process are; to increase strength, 

hardness, ductility, toughness, etc., and to improve formability, machinability, etc., for engineering 

applications of metals.  Accordingly, differently heat treated, namely aged and annealed types of Nickel 

based superalloy Inconel 718 exhibit different physical and mechanical, especially strength and thermo-

visco plastic, properties. Machinability properties of these materials naturally vary considerably. In this 

respect, the aim of this paper is to investigate numerically the effects of cutting conditions (feed rate and 

cutting speed) on the machining performance (thrust force and drilling torque), in drilling of aged and 

annealed types of Inconel 718.  
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2. METHODS 

 

In this paper, drilling simulations were performed using SFTC DEFORM 3D V.11. In the simulations, a 5 

mm diameter uncoated carbide twist drill with a web thickness of 0.75 mm was modelled to drill two 

different types of Inconel 718 (aged and annealed) superalloy. Drilling operations were simulated at two 

feed rates (0.05, 0.1 mm/rev) and two cutting speeds (10, 20 m/min). The limited material chemical 

composition for Inconel 718 is given in Table 1. 

  

Table 1. Limiting chemical compositions of Inconel 718 [4] 

 
 

2.1.  Twist Drill Model 

 

For drilling of Inconel 718 at dry cutting conditions, using of uncoated carbide tools with lower feed rates 

was recommended for better hole quality [12]. A 3D twist drill model was created and meshed in the 

Deform 3D software and assumed to be rigid, shown in Figure 1. 15% Cobalt uncoated carbide was 

selected as tool material. Geometric parameters are as follows: drill diameter of 5 mm, web thickness of 

0.75 mm, helix angle of 30
0
 and point angle of 140

0
. 

 

 
 

Figure 1. Meshed twist drill model 

 

Twist drill mesh properties and other related assumptions made in the FEM analysis are given in Table 2. 
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Table 2. Twist drill mesh properties 

 
 

2.2. Workpiece Model 

 

The workpiece was modelled as a disc having a diameter of 7 mm and a height of 2.5 mm. To start the 

cutting process immediately at full load, a pre-machined conical hole was generated on the workpiece to a 

specific depth. As a function of the Deform 3D, the conical hole is created exactly from the imprint of 

drill bit as shown in Figure 2.  

 

 
 

Figure 2. Meshed workpiece model with pre-machined conical hole 

 

By following this method, the simulation time is dramatically reduced, because the space between the 

cutting edges of the twist drill and the workpiece is minimized so that the machining process starts 

immediately at full load [13]. For achieving accepted results of thrust force and torque, the conical part of 

the twist drill must be completely entered into the workpiece. So that preparing a pre-machined hole 

decreases the computation time considerably to reach at this point. In each case, the depth of the pre-

machined conical hole measured on the axis is adjusted to be a bit smaller than the height of the conical 

end of the drill bit, so that after a specific number of rotation which is related to the feed rate, drill’s 

conical end completely enters into the workpiece.  

 

The workpiece has been modelled as a plastic deformable with a mesh size of 80,000. For the 

simulations, different mesh sizes were tried from 35 thousand to 135 thousand. Although no significant 

differences were observed in thrust force and torque results, the lower mesh sizes led to bad chip 

geometry, the higher mesh sizes increased the computation time and caused extremely large amount of 

result files in hard disc. So 80 thousand mesh size was used as the optimum mesh size for the simulations 

in terms of good chip geometry and reasonable computation time. Workpiece mesh properties and other 

related assumptions made in the FEM analysis are given in Table 3. 
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Table 3. Workpiece mesh properties and other related assumptions in the FEM analysis 

 
 

The thermal properties of the Inconel 718 were taken from the Deform’s material database. 

 

A realistic material model describing the material flow curves adequately should be used for an accurate 

finite element analysis of a machining operation. Semi-empirical Johnson-Cook constitutive model is 

widely used material model due to its simplicity and availability of the parameters for significant 

materials. Thus, in this study, J-C model given below was employed [14, 15]. 

 

�̅� = [𝐴 + 𝐵𝜀̅𝑛] [1 + 𝐶 ln (
�̇̅�

𝜀0̅̅ ̅̇
)] [1 − (

𝑇−𝑇𝑟𝑜𝑜𝑚

𝑇𝑚−𝑇𝑟𝑜𝑜𝑚
)

𝑚
]                           

 

where  σ̅ is the equivalent stress (MPa),  �̅� is the equivalent plastic strain,  𝜀 ̅̇  is the equivalent plastic strain 

rate  (s
-1

),  𝜀₀̇̅  is the reference equivalent plastic strain rate (s
-1

),  𝑇 is the temperature (°C),  𝑇𝑚 is the 

material melting temperature (1500°C - Deform value) and 𝑇𝑟𝑜𝑜𝑚 is the room temperature (20°C - 

Deform value). J-C model constants are A, the initial yield strength of the material at room temperature, 

B, the strain hardening coefficient, C, the strain rate hardening coefficient, n, the strain hardening 

exponent, and m, the thermal softening exponent. J-C model constants are determined by fitting the data 

acquired from material tests carried out at several strain rates and temperatures. In the J-C model, the 

expression in the first set of brackets is the strain hardening effect. The expressions in the second and 

third set of brackets are strain rate hardening and thermal softening effects, relatively. 

 

The J-C model parameters used in this study for both aged and annealed Inconel 718 were taken from the 

study of  Ozel et al. [15], and are shown in Table 4. They have referred the J-C parameters for aged 

Inconel 718 to Lorentzon et al. (2009) [16], and referred the J-C parameters for annealed Inconel 718 to 

Uhlmann et al. (2007) [17]. The yield strength values of aged and annealed Inconel 718 are 1241 MPa 

and 450 Mpa respectively.  

 

Table 4. Johnson-Cook model parameters for Inconel 718  [15] 

 
 

2.3. Simulations 

 

According to the simulation plan shown in Table 5, four drilling simulations were performed on Deform-

3D software, for each of aged and annealed Inconel 718 superalloy.  
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Table 5. Simulation plan for drilling of aged and annealed Inconel 718 

 
 

The simulations were performed on two different computers, one having Core i7 processor with an 8 GB 

of RAM and the other having Core i5 processor with a 6 GB of RAM. The computation time on each 

computer for each simulation was approximately 10 to 12 hours to complete one single revolution of the 

twist drill, which was sufficient in most cases to get the mean steady-state values of thrust forces and 

torques. 

 

 

3. RESULTS AND DISCUSSION 

 

In drilling operation, after entry phase, the steady-state phase is reached when the fluctuations and the 

variations of thrust forces/torques take place almost about an approximate value (typical entry and steady-

state phases of torques with fluctuations when drilling Inconel 718 can indeed be identified from Figure 

3). The mean steady-state value is determined by transferring the data in the steady-state interval to MS 

Excel and calculating the mean value. All drilling simulation results for aged and annealed Inconel 718 

are given in Table 6. 

 

 
 

Figure 3. Typical entry and steady-state phase of torques 

 

Table 6. Drilling simulation results for aged and annealed Inconel 718 

 
 

In drilling of both aged and annealed Inconel 718, the thrust force increases with increase in the feed 

rates, for both of the cutting speeds, see Figure 4. This result agrees with the experimental [7, 10, 11, 18, 

19] and simulated results [10, 11, 18] found in the literature. When the cutting speed variation is 

considered, a decrease is observed in thrust force values of both aged and annealed Inconel 718 with 



 Mohammed B. HUSSEIN, Yavuz ZÜMRÜT/ GU J Sci, Part A, 7(1):1-10(2020) 7 

  

increase in the cutting speeds, see Figure 5. This result agrees with the experimental [7, 11, 19, 20] and 

simulated results [11] found in the literature.  

 

 
 

Figure 4. Thrust force results for drilling of aged and annealed Inconel 718 with varying feed rates at 

each cutting speed. 

 

 
 

Figure 5. Thrust force results for drilling of aged and annealed Inconel 718 with varying cutting speeds 

at each feed rate. 

 

In drilling of both aged and annealed Inconel 718, the drilling torque increases with increase in the feed 

rates, for both of the cutting speeds, see Figure 6. This result agrees with the experimental [7, 11, 19] and 

simulated results [11] found in the literature. When the cutting speed variation is considered, there is a 

decrease in torque values of both aged and annealed Inconel 718 with increase in the cutting speeds, see 

Figure 7. This result agrees with the experimental [7, 11, 19, 20] and simulated results [11] found in the 

literature. 

 

As pointed out above, in drilling of both aged and annealed Inconel 718, thrust force and torque values 

increase with increasing feed rates. This can be explained by cutting mechanics theory; as the feed rate 

increases, instantaneous cutting area increases leading to larger cutting forces, thereby thrust force, and 

torque [21]. On the other hand, thrust force and torque values of both aged and annealed Inconel 718 

decrease with increasing cutting speeds. This behaviour can be attributed to reduction of strength due to 

thermal softening effect within the considered cutting speed range for dry cutting conditions [22]. 
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Figure 6. Torque results for drilling of aged and annealed Inconel 718 with varying feed rates at each 

cutting speed. 

 

 
 

Figure 7. Torque results for drilling of aged and annealed Inconel 718 with varying cutting speeds at 

each feed rate. 

 

 

4. CONCLUSIONS 

 

In this paper, the effects of feed rate and cutting speed were examined numerically in drilling of both aged 

and annealed Inconel 718 superalloys. 

 

The following conclusions can be drawn from this study: 

 

 Both materials have shown similar thrust force and drilling torque trends depending on feed rates and 

cutting speeds: the thrust forces and drilling torques for both materials increase with increasing feed 

rates and decrease with increasing cutting speeds. 
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 Thrust force and drilling torque values of aged Inconel 718 were remarkably larger than that of 

annealed Inconel 718, in all cases. This is already an expected trend because aged Inconel 718 has 

higher strength than does annealed Inconel 718 in plastic deformation. 

 The smallest thrust forces and drilling torques for both materials were obtained at minimum feed rate 

(0.05 mm/rev) and at maximum cutting speed (20 m/min). On the other hand, the largest thrust forces 

and drilling torques for both materials were obtained at maximum feed rate (0.1 mm/rev) and at 

minimum cutting speed (10 m/min).  

 Simulation results could be compared with experimental ones quantitatively for validation. 
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Since the industrial revolution, the use of energy has become indispensable in our lives. Besides 

the increasing world population increases the need for energy, our need for petroleum-derived 

fuels, which are mostly obtained from underground sources in transportation vehicles, has 

increased. Limited, expensive, non-recyclable and insensitive to the environment, these fuels 

harm humanity for various reasons. Nowadays, besides the efforts to find alternative fuels for 

these fuels, the ways of using these fuels in the most economical way are being investigated. 

One branch of this research and development is aerodynamic design. In this study, in vehicle 

design, aerodynamic rim wing design is discussed. The aerodynamic structure of the wings 

minimized the swept air resistance. Thus, energy saving and wheel surface quality is improved. 
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1. INTRODUCTION

The Industrial Revolution is a major and radical change in the production structure and economy that has 

been achieved through the use of new power sources such as steam and mechanization. It is also referred 

to as Industrial Reform. Started in England in the second half of the 18th century [1].  

In the early stages of the industrial revolution, steam-powered machines and vehicles (trains, ships, etc.) 

emerged. Later, electric, gasoline machines and vehicles began to be used. When energy is obtained from 

fossil fuels, combustion products (gases such as CO2, NOx and SO2) are dispersed in the atmosphere as 

flue gas. The flue gases also contain fly ash and hydrocarbons. Toxic metals such as nickel, cadmium, 

lead, arsenic are other substances that are thrown into the atmosphere as a result of burning of fossil fuels. 

CO2 plays an active role in greenhouse effect formation. The increasing amount of CO2 causes the 

temperature of the earth to rise, which leads to deterioration of the climate balance. SO2 and NOx, 

combined with water vapor in the atmosphere, mainly lead to acid rain, which leads to deterioration of the 

ecological balance of the world. All fossil fuel residues cause air pollution that affects many of our cities 

during the winter months. Forests, agricultural lands and similar natural resources cause destruction [2]. 

As can be seen in Table 1, fossil fuels have been increasingly used since the industrial revolution. In 

These fossil fuels, the highest increase was seen in petroleum and its derivatives. With recent studies, it is 

still the most used energy source in the world, even if the rate of increase has declined. Table 2 envisages 

the use of energy sources that we will consume from 1990 to 2040. According to this study, fossil fuels 

are still at the peak. This is proof that savings in fossil fuel use need to be further increased. 
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Table 1. Global fossil carbon emissions graph [3] 

 
 

 

Table 2. Global energy consumption [4] 

 
 

 

2. BIOMIMETICS 

 

Developing vehicle designs with the invention of transportation vehicles began to give importance to 

aerodynamic structure. Many of today's designs have been made by adapting to the design thanks to the 

research of nature and alive. This branch of study is called Biomimetic.  

 

Today, birds, fish inspired by aircraft, aircraft wings, wind turbine wings, cars and different types of 

designs are made. In our study, we will try to design the rim wing with these observations. 

 

3. WING DESIGN 

 

Besides there are rims of different structures as visual, these rims may be used for different purposes. One 

of them, in order to save fuel against wind resistance, it is desirable to optimize aerodynamics in vehicles. 

For this purpose, the rim design affects the aerodynamic structure. The wheel consists of body and wings. 

In this area, the rim design affects the aerodynamic structure to a small extent. The rim body is connected 
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to the axles and the rim blades are connected to the tire. Since the wheel rotates with the body axis, there 

is no volume of air swept by the body. However, because of the gap between the rim blades, there is air 

inlet and outlet and this air forms resistance to the blades in motion. This resistance can be minimized by 

a suitable blade design. At the same time, the heat between the lining and the brake disc can be reduced 

with the imported air at a suitable angle. Thus brake performance can improve. In addition to being a 

uniform design, these blades can also be movable. During braking, the blades can be automatically angled 

and adjusted to sweep the air in and braking performance can be improved. Such studies can be increased 

and optimized. In this study, it is aimed to minimize the resistance forces acting on the aerodynamic 

structure and caused by the rim only. 

 

In the study, commonly the most used in the market 5-wing model was selected as the number of rim 

wings. We were inspired by bird wings as wing structure and raindrop having the most perfect structure 

as wing cross section structure. Raindrop in Wing Design; Minimum Friction, Maximum Acceleration, 

Maximum Energy Saving, Minimum Energy Consumption, Maximum Power Production. For such 

reasons, the raindrop profile is the most important profile used in aerodynamic designs. A designer who 

cares about these factors must use the raindrop profile. Designing wings makes it possible to stay true to 

all of these factors. Therefore, our wing section must be in the raindrop profile. 

 

In 1933, NACA published a publication about wing profile studies. In this publication, NACA described 

the 4-digit wing profile. These four steps according to this definition define the general shape of the wing 

profile. There are raindrop profiles that NASA has created as a result of its experiments for aircraft. These 

profiles were named by NACA, whose previous name is NASA. NACA 4415 who has minimum cw (air 

friction coefficient) is also used in the wing profile. 

 

We have chosen design the wing section based on the raindrop shape which has the most appropriate 

aerodynamic structure. 

 

 

 
Figure 1. Aerodynamic behavior of different geometries 
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Figure 2. NACA 4415 Raindrop profile [5] 

 

 

 
 

Figure 3. Designed wing section structure 

 

As seen in the figure, when birds want to fly fast and they glide, slightly bend their wings in a V-shape. 

This reduces the contact surface of the flowing air to the wings and provides the most economical flight 

while increasing the air flow velocity from the body to the wing tips. 

 

 
Figure 4. The world's fastest flying bird Hen harrier 
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Figure 5. Eagle                                                  Figure 6. Swallow 

 

 
Figure 7. Hawk 

 

In fact, migratory birds fly together in a V-shape to achieve optimal aerodynamic movement. The 

researchers showed that birds used the airflow in the most efficient way by adjusting the wing movements 

to the nearest bird in the flock during the flight. During the ‘V-shape’ flight, it was understood that the 

birds' wing movements were compatible with each other, thus making the most of the upward airflow, 

when a bird was flying just behind the other, the harmony between the wing movements was lost and the 

effect of the downward airflow was minimized [6]. 

 

 
Figure 8. Migratory birds 

 

With this observation, we were inspired by birds' wing design. The design was created in the form of 

raindrop wing section. 205/55 R16 wheel dimensions are used in our design. Design works were carried 

out in Solidworks program. 
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Figure 9. Design with biomimetic approach 

 

4. FLOW ANALYSIS AND RESULTS 

 

In 1999, researchers developed a software system called Hyperroad. They tested the Ferrari F550 and 

achieved consistent results. CFD software analysis data down to 1.8% error with updates [7]. This 

application can help improve an automobile’s fuel economy and lower its emissions, reduce the 

environmental noise of aircraft, and increase the efficiency of wind turbines for power generation [8]. 

 

The analysis was performed in the Fluent Simulation command of the Solidworks program. Together 

with the rim we designed for analysis, we designed a standard rim model with the same dimensions. By 

comparing the analysis of these two rim models, we had the opportunity to observe the advantages of our 

design. 

 

 
Figure 10. Wing model designed for the analysis results 

 

The analysis parameters were 1 atm environmental pressure, 20 ° C temperature, wind speed of 33 m / s 

which affects to the wind speed of 120 km / h while the vehicle is going at 120 km / h. The wheel speed 

of 110 rad / sec, which corresponds to the vehicle's speed of 120 km / h, was used. 



 Muhammet Tahir DEMİR/ GU J Sci, Part A, 7(1):11-20(2020) 17 

  

 
Figure 11. Analysis parameters 

 

Our analysis results are shown in the following figures. 

 

 
Figure 12. Change of air in the analysis applied to the standard rim with the designed rim 
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As shown in Figure 12, the air acting on the designed rim tends outwardly perpendicular to the whell. The 

amount of air entering is minimized relative to the other. In the other design, the air is filled into the rim. 

 

     
Figure 13. Pressure force affecting on wheels 

 

In Figure 13, the regions shown in blue in our design on the left side are the regions where the pressure is 

the lowest. The pressure is highest in the wheel surface and in the rim hub, is the lowest on the rim wing 

tips. The pressure force in the right side on standard wheel is shown to be almost the same level 

everywhere. 

 

5. CONCLUSION AND DISCUSSION 

 

Table 3. Friction force and graph of the standard rim in the analysis 
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Table 4. Friction force and graph of the designed rim in the analysis 

 

 
 

In Table 3, the average friction force of the standard rim in the analysis was calculated as 0,1066891 N. In 

Table 4, the average friction force of the designed rim in the analysis was calculated as 0,033711883 N. It 

is seen that there is 68,4% gain in the friction force of the rim designed by taking the wing shape from the 

birds and the cross-sectional surface of the raindrop, according to the analysis parameters compared to a 

standard rim designed. 

 

These analyzes show that the design inspired by birds' gliding wing movements reduces air resistance and 

has a positive effect on the aerodynamics of the wheel. Reducing this resistance force caused by air on the 

wheel will increase the fuel economy of the vehicle. Air entering the wheel will improve the braking 

performance by cooling the brake system during braking.  

 

This design resulting is possible adapting to automotive, aerospace, renewable energy sources and similar 

sectors. This design can be further improved and optimized. In this way a design can result the lowest air 

friction. 
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Article Info Abstract 

There are many studies discussing the issue of ergonomics in the context of sick leave and 

social expenditures. However, there are fewer studies linking production ergonomics with other 

factors such as quality and efficiency. It would be useful to discuss production ergonomics in a 

wider context. The study was carried out as a pilot study in a factory where a built-in oven was 

produced. The aim of the study is to show that there is a relationship between production 

ergonomics and the product quality produced in the factory. In the study, retrospective 20-week 

production line data were analyzed. As a result of the analysis, a series of quality errors were 

selected and the assembly tasks associated with these errors were determined. Aassembly tasks 

are classified by the company's Occupational Safety and Health Specialist as ergonomically 

appropriate or not ergonomically suitable for operators. When the difference between the 

number of errors related to the ergonomic categories is examined, it is found that there are three 

times more errors in ergonomically inappropriate tasks compared to ergonomically appropriate 

tasks. The work to be done to make the ergonomically inappropriate tasks suitable, the time 

plan and the responsible people were determined. The results of the study showed that there is a 

relationship between product quality and production ergonomics. The calculations in the study 

showed that the error rate would decrease by 90% in ergonomically optimized tasks; thus, 

business management has made a positive decision to invest in equipment to the relevant 

workstations. In return for the investment cost in the study, resources are used for value 

generating works and an increase in the number of correctly produced products is guaranteed. 
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1. INTRODUCTION

While production ergonomics is often associated with staff health and social expenditure, other factors 

that may be affected by inadequate ergonomics are rarely considered. The cost of improvements in 

production ergonomics is often compared to increased efficiency and quality gains. This study aims to 

focus on other possible savings and improvements from improved production ergonomics. The results 

will lead to a broader focus on management's perspective and a focus on production ergonomics in the 

context of the generally unattributed ergonomics-error rate. The results of the study aim to show that 

production ergonomics should be included more in the daily work and strategic works of the companies.  

This pilot study focused on production ergonomics. The aim is to make production ergonomics an 

indicator that is continuously improved and monitored within the factory. In production ergonomics, there 

is a need to show what will be achieved after investments. As a result of the potential gains to be 

achieved, management's interest and participation in production ergonomics will increase; this will 

provide greater interest and funding for production ergonomics improvements. 

 The costs of product returns caused by quality defects because of the ergonomically impractical tasks of 

the assembly operators must be monitored by the factory management. In this way, a financial value can 

be obtained in order to compare the situation after improvement. These cost comparisons make it easier to 
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present the importance of production ergonomics to management. Since the design of the product forms 

the basis for the ergonomic situation in the manufacturing business, it is equally important to forward the 

message to the product development departments. 

 

In the start of this pilot study, the Company's objective is to facilitate communication on production 

ergonomics and to draw attention to the field of production ergonomics. After demonstrating the 

relationship between production ergonomics and quality results, the benefits of ergonomics can be 

defined as the reduction of costs caused by insufficient quality. The aim of the study is to convey the 

importance of production ergonomics to managers and product development department employees. It 

also provides additional data to confirm the link between production ergonomics and product quality. A 

deeper study is needed to clearly demonstrate the financial benefits of production ergonomics. The 

objectives of this study are as follows: 

 

1. To demonstrate the relationship between production ergonomics and product quality in the context of 

built-in oven assembly 

2. Convey the results of improvement and the importance of production ergonomics to managers and 

product development department employees 

 

This study is considered as a pilot; possible benefits and constraints that are expected to be followed by 

ergonomics improvement studies are mentioned. 

 

2. EFFECT OF PHYSICAL ERGONOMICS ON PRODUCT QUALITY 

 

With the increase in the number of products in the market, production companies must be competitive in 

order to survive. The success of company in a competitive industrial market depends on improving 

employee health, efficiency and quality (Törnström et al., 2008). In order to ensure the continuity of 

companies in the competitive market, production systems are established to maximize profit by increasing 

efficiency and quality. In the meantime, ergonomics is often ignored. Ergonomics have become important 

in the industry as ergonomic non-conformities affect quality, cost and efficiency (Akay et al., 2003). At 

the same time, it is necessary to make the working environment ergonomically suitable to prevent 

physical and mental illnesses and to reduce operating costs (Şahin et al., 2017). Ergonomics integrated 

into a lean manufacturing system installed in a Brazilian automobile factory (Vieira et al., 2012). While 

the system includes 5S, quality control, kaizen and standardization, researchers added ergonomics to the 

system. As a result of the study, it was found that the rate of vehicles leaving the production line without 

the need for re-maintenance increased from 48% to 78% after the addition of ergonomics to the system. 

(Vieira et al., 2012). The positive effects of ergonomic improvements on quality and costs have emerged 

as a result of the studies. In a study conducted by Yeow and Sen (2006) in an electronics factory, it was 

observed that the quality errors detected in production decreased by 30% as a result of improvements 

aimed at improving low-cost physical ergonomics. At the same time, the reduction in quality errors that 

occurred in the end user was 11%. On the other hand, productivity increased by 50% and the factory's 

annual profit increased by USD 950,000. 

 

A study by Falck (2009) at an automobile manufacturer has shown that an ergonomically inappropriate 

task causes more errors than an ergonomically suitable task. The study was started by mapping the 

ergonomic situation. The tasks are divided into three different classes according to their ergonomic status. 

These three classes are symbolized by traffic lights. Green light represents ergonomically good 

conditions; yellow light represents ergonomically neither good nor bad situations; red light represents 

poor ergonomically conditions. As many jobs as possible were received from each class, tasks were 

randomly selected. Then, the errors occurred during the tasks of this selected ergonomic classes were 

monitored. It was found that the time taken to complete each task was different between the classification 

levels. The longest tasks belong to the yellow class and the shortest tasks belong to the green class. The 

numbers are set so that a comparison can be made. As a result, it was found that there were fewer errors 

in green tasks compared to yellow and red tasks. A similar study was conducted by Almgren and 

Schauring (2012) at the Volvo Truck Manufacturing plant. Assembly tasks are divided into two 

categories as red and green tasks; yellow tasks were excluded from the analysis. As a result, the average 



 İsmail ŞAHİN, Aybegüm NUMANOĞLU, Cengiz ELDEM / GU J Sci, Part A, 7(1):21-32(2020) 23 

 

quality error occurrence time in the red category assembly tasks is 12.68 errors/minute; the average 

quality error occurring time for assembly tasks in the green category was calculated as 4.79 errors/minute. 

When the ergonomic difficulty increases, the frequency of quality errors increases. These findings show 

that ergonomics has a significant effect on quality outputs. 

 

The strong link between quality errors and high ergonomic risks has been demonstrated by other studies 

(Falck et al, 2010, Falck and Rosenqvist, 2014, Fritzsche et al., 2014). As a result of the studies carried 

out in Volvo car production plant in 2010, a strong relationship was found between inappropriate 

ergonomic conditions and quality defects. Of the 352 quality problems recorded in the production phase 

of three new car models, 23.5% were associated with ergonomic problems (Falck et al., 2010). In another 

study conducted in the automobile manufacturing plant, 47 assembly tasks were analyzed. As a result, the 

error rate was 55.1% for tasks with high ergonomic workload, 37.8% for tasks with medium ergonomic 

workload and 7.1% for tasks with low ergonomic workload (Falck and Rosenqvist, 2014).  

 

Most ergonomists are concerned that ergonomic assessments are not carried out at the design stage. 

Ergonomic assessments are usually made after strategic decisions have been made, at a point where any 

changes will significantly increase costs. As a result, ergonomic improvement remains only in the size of 

small adaptations; the entire ergonomics process is seen as time-consuming and cost-effective. Another 

problem is that feedback caused by improper ergonomics persists in the form of sick leave, injuries, even 

a few years after the design process is completed. The relevance of these results to design is not clear at 

the management level. In addition, these feedbacks often do not reach the design team at all and therefore 

do not provide in-house learning (Dul and Neumann, 2009). Adjusting the workplace measurements 

according to the human body measurements will provide an increase in productivity (Eldem et al., 2019; 

Eldem, Sahin and Top, 2019). 

 

According to a comparison by Auburn Engineers, an American consulting firm, the cost is 1% of the 

budget if ergonomics specialists are involved from the beginning; the inclusion of the system after the 

commissioning is a cost of 12% of the budget. If problems are addressed before the system is 

commissioned, changes are easier and less costly, making the total cost less (Hendrick, 2003).  

 

3. REBA (RAPID ENTIRE BODY ASSESMENT) METHOD 

 

REBA was proposed by Hignet and McAttamney (2000) as a requirement by observing the variable 

working positions of employees in the health care and other service industries in the UK. REBA is a 

quick and easy method to evaluate various work positions for work-related musculoskeletal disorders 

(Madani and Dabahneh, 2016). Divides the body into sections to be coded independently according to the 

motion planes and provides a scoring system for muscle activity throughout the body, in a stagnant, 

dynamic, fast changing or unstable manner and A handling score is used when manual handling occurs 

because the load is carried (Hignet and McAttamney, 2000). Only paper and pen are required when 

applying REBA (Madani and Dabahneh, 2016).  

 

Before the application with some practice and after training  REBA can be used by ergonomists and other 

practitioners (David, 2005). In Reba method, measurement of body posture joint angles is analyzed by 

observing force load and repetition of movements and frequency of posture change (Al Madani and 

Dababneh, 2016). Neck, trunk, upper and lower arms, leg and wrist positions are divided into certain 

value ranges. The score of each position corresponding to the evaluated anatomical areas increases as the 

segment moves away from the neutral position. 

 

Table A score is the sum of the posture scores for the trunk, neck and leg and the load / force score 

(Figure 3.1). Group A includes 60 posture combinations of body, neck and leg positions  (Table 3.1). The 

score obtained by adding the load / force score is between 1-9. 
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Table 3.1. Reba Form A Table (Hedge, 2000) 

 

 

Figure 3.1. Scores of the positions of the neck, trunk and legs (Hedge, 2000) 

 

Score B is the sum of the posture points for the upper arms, lower arms and wrists and the holding score 

for each hand (Figure 3.2). Group B has a total of 36 different posture combinations for the upper arms, 

lower arms and wrists (Table 3.2). The result score is obtained by obtaining the holding score.  
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Table 3.2. Reba Form B Table (Hedge, 2000) 

 

 

Figure 3.2. Scores of lower-upper arm and wrist positions (Hedge, 2000) 

The A and B scores are combined in Table C (Table 3.3) to achieve a total of 144 combinations and 

finally an activity intensity score is added to achieve the ultimate REBA score (Figure 3.3).  
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Table 3.3. Reba Form C Table (Hedge, 2000) 

 

 

Figure 3.3. Activity intensity score values (Hedge, 2000) 

 

Final score is evaluated in 4 different categories (Figure 3.4). Value [1-4] means low risk. Value [5-7] is 

considered as high risk; requires change in medium term. Value [8-10] means high risk.  It requires a 

detailed examination of the working position and the commissioning of improvements. When the score 

[11 and above] is calculated, the position involves a very high risk. The necessary changes must be put 

into emergency operation. 

 

 

Figure 3.4. Reba evaluation final score rating (Hedge, 2000) 
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4. METHODOLOGY 

 

The pilot study consists of two main parts: 

 

1. Data collection 

2. Data Analysis 

 

4.1. Data Collection 

 

One of the 12 production lines in which the built-in oven is produced is identified as pilot band. The 

layout of the production line is shown in Figure 4.1. 

 

 

 
 

Figure 4.1. Built-in oven production line layout 

 

The production line consists of 18 main and 2 side stations. In the study, quality errors of the products 

produced in the assembly line in the past 20 weeks were collected. Errors were classified according to the 

station at which they occurred. The tasks performed at each station are classified as ergonomically 

suitable or ergonomically unsuitable for operators by the occupational safety and health specialist. 

 

4.2. Data Analysis  

 

Two stations with the highest number of error occurrences were detected. These are glasswool assembly 

and circulation motor grouping sheet assembly stations. At glasswool assembly station, operatör carries 

the glasswool-assemblied cavity on his shoulder and transport it to the sliding belt.  

 

While carrying the cavity over his shoulder, the operator cannot carry out the task of checking the quality 

of the enamel inside the cavity defined for this station. When the quality control results of the products 

are evaluated, a high rate of enamel defects in cavity is encountered. If the operator is allowed to visually 

check the inside of the cavity during transport, the defective cavities can be sorted out at this station. 

REBA evaluation of the station was completed (Figure 4.2). As a result of the evaluation, REBA score 

was calculated as 9. The station is not ergonomically suitable; detailed review and necessary 

improvements are needed. For this purpose, an arrangement has been designed to facilitate the operator to 

transport the cavity to the sliding belt. 
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Figure 4.2. REBA evaluation of glasswool assembly station 

 

Latched manipulator investment was made to the station for improvement (Figure 4.3). Cavity load was 

lifted from operator. 

 

  

 

Figure 4.3. Moving the cavity with the help of latched manipulator 
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As a result of the REBA Assessment after the improvement, the risk score was calculated as 3 (Figure 

4.4).  

  

 

Figure 4.4. REBA evaluation at the glasswool assembly station after improvement 

 

The cavity is held by the latch of the manipulator and the cavity is raised to the eye level of the operator 

by means of the handle. Since the operator can easily see inside of the cavity, it can easily detect enamel 

defects and defective cavities can be separated at this station. 

 

The second station with the highest quality errors in the study is circulation motor grouping sheet 

assembly station (Figure 4.5). In this station, the operator bends to group the enamel-coated rectangular 

sheet into the frame and throws 4 screws, one in each corner. During operation, the circulation motor 

grouping sheet cannot be grouped properly as the screw enters the target point mostly inclined. The 

improperly grouped circulation motor grouping sheet causes a disturbing noise during operation of the 

built-in oven. As a result of the first REBA evaluation at the relevant station, the REBA score was 

calculated as 7. 
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Figure 4.5. Circulation motor grouping sheet assembly operation 

 

A mechanism was used to raise the station to the level and angle at which the operator can easily screw 

(Figure 4.6).  The device is controlled by the foot pedal. The cavity is held up by the 2 suction cups in the 

mechanism. Then, with the help of servo motors connected to the device, it keeps the cavity up and 

inclined at an angle suitable for the operator's viewing angle. When the assembly is completed, the device 

is commanded again by using the foot pedal.The cavity is lowered and released by the mechanism to the 

assembly line. 

        

 

Figure 4.6. Circulation motor grouping sheet assembly at the right height and angle 

 

At the respective station, the device grips and lifts the cavity with the arms on both sides and inclines 

backwards. In this way, the operator clearly and easily sees the points to be screwed. REBA score of the 

station after improvement was calculated as 3; ergonomic risk ratio is low. The number of errors occurred 

after the improvements were examined. It has been observed that the number of errors occurring at the 

relevant station decreased by 90%. 
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5. RESULTS 

 

Analyzes in the study showed that the error rate decreased by 90% in ergonomically optimized tasks. By 

demonstrating the relationship between production ergonomics and quality results, the benefits of 

ergonomics can be defined as the reduced cost of poor quality for companies. This pilot study 

demonstrates the potential to improve production ergonomics in plants to manufacturing companies. It 

has also contributed to the diversity of studies demonstrating the link between production ergonomics and 

factors other than health and social spending. Only physical ergonomics was included in the study. The 

parts of cognitive ergonomics such as mental stress, information processing and autonomy were not 

included in the study. 

 

In summary, two objectives were aimed in this study: 

 

1. To demonstrate the relationship between production ergonomics and product quality in the context of 

built-in oven assembly 

2. Present the results of improvement and the importance of production ergonomics to managers and 

product development department employees. 

 

It has been shown that there is a relationship between production ergonomics and quality results since the 

error rate detected per product is reduced in ergonomically optimized stations. 

 

In order to achieve the second objective, the results of the study must be returned as financial gain. This 

gain is calculated by adding up the cost of man-hours spent on repairing the defects and the cost of the 

material used. The reduction in error rate associated with the improvement of ergonomically 

inappropriate tasks and reduction in repair costs are presented as post-improvement savings. The savings 

from the reduction in repair costs can be used to increase ergonomic improvements. 

 

Since no studies on cognitive ergonomics have been conducted in the factory so far, this field has been 

avoided. Further studies in the field of cognitive ergonomics are necessary. The ergonomic status in 

production has been scored by REBA method by experts in Production Engineering Management and 

Occupational Safety and Health; tasks completed in the assembly stations is divided into tasks and sub-

tasks.         
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