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Abstract - This study was conducted to select the 
optimal materials for manufacturing the 
components of worm gearbox. The three 
components of worm gearbox addressed in this 
study are worm wheel, worm shaft, and gearbox 
body. Ranking of materials using Multi-Criteria 
Decision Making (MCDM) methods was 
performed to select the optimal material. The 
number of materials provided for selection for 
worm wheel is six, for worm shaft is ten, and for 
gearbox body is fourteen. Three MCDM methods 
were employed including RAM, SAW, and 
TOPSIS. In each case, weighting of criteria was 
performed using three different methods 
including Equal weighting, Entropy weighting, 
and LOPCOW weighting. This means each 
material type was chosen by nine different 
scenarios. The results indicate that the optimal 
material type found for each application shows 
relatively high consensus when using different 
scenarios. Further tasks for refining the material 
selection process have also been addressed in 
the final part of this article. 

Keywords - worm gearbox materials, RAM method, 
SAW method, TOPSIS method, weighting method 

1. INTRODUCTION 

Material selection for a specific application is 
crucial as it directly affects the performance and 
durability of the product. Each type of material 

possesses unique properties such as hardness, 
flexibility, heat resistance, uniform strength, etc. 
Choosing a suitable material ensures efficient and 
durable operation of the product in its intended 
environment [1]. 

Worm gearboxes are important and diverse 
components in many industrial and modern 
mechanical applications. They are used to transform 
speed and torque in applications requiring high 
efficiency [2-4]. These gearboxes utilize a worm gear 
mechanism to transmit rotational motion from one 
shaft to another [5]. Additionally, worm gearboxes are 
employed in medical and scientific applications 
where precision and accurate motion control are vital. 
For instance, in MRI machines or medical diagnostic 
devices, worm gearboxes ensure smooth and reliable 
motion [6, 7]. 

Worm wheel, worm shaft, and gearbox body are 
indispensable components in worm gearbox. They 
play crucial roles in various industrial and mechanical 
applications, ensuring performance, accuracy, and 
reliability of the motion process, with particular 
significance in medical, automation, and precision 
manufacturing sectors [8]. The accuracy and 
reliability of the worm wheel are critical factors to 
ensure system performance. In automation and 
precision manufacturing applications, worm wheels 
are used to control the position and accuracy of 
mechanisms and tools [8, 9]. The worm shaft is the 
heart of the worm gearbox [9]. The gearbox body is 
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responsible for protecting and housing its internal 
components, ensuring smooth operation and 
shielding them from the external environment. 
Besides protecting internal components, the gearbox 
body also plays a role in reducing noise and 
vibration, improving system performance and safety 
[8, 9]. In summary, worm wheel, worm shaft, and 
gearbox body are essential components in worm 
gearbox, contributing significantly to the 
performance, accuracy, and reliability of industrial 
and mechanical applications. They make systems 
more efficient and accurate while ensuring safety and 
reliability in operation. To fulfill these crucial tasks as 
mentioned above, material selection for 
manufacturing these three types of components is 
paramount. 

Material selection is a highly complex task, as 
there are many different types of materials that can 
be used for a specific application, but it is necessary 
to choose the best material among the available 
options [10]. The properties of each type of material 
often vary significantly, sometimes even contradicting 
each other, making material selection a challenge not 
only for end-users but also for design engineers [10]. 
The application of Multi-Criteria Decision Making 
(MCDM) methods for material selection has attracted 
considerable attention from scientists [11-14]. 
However, if only one specific MCDM method is used 
for material selection, the reliability of the selected 
material may not be high. This is because the ranking 
of materials may significantly change when ranked by 
different methods [15, 16]. Therefore, for each 
material selection task, multiple different MCDM 
methods need to be applied. In this study, material 
selection for the components of worm gearbox will be 
conducted using three methods simultaneously: 
RAM, SAW, and TOPSIS. RAM is chosen because it 
is one of the newest methods, newly discovered in 
2023 [17]. SAW is selected for use because it is 
known to be the oldest method among MCDM 
methods and is considered the foundation for the 
development of subsequent methods [18]. 
Meanwhile, TOPSIS is used because it is known to 
be the most widely applied method [19, 20]. When 
using most MCDM methods in general, and RAM, 
SAW, TOPSIS methods in particular, weighting 
criteria is an indispensable task. However, the 
weights of criteria significantly change when 
calculated by different methods. In this study, three 
different methods were also used to calculate the 
weights for criteria including Equal method, Entropy 
method, and LOPCOW method. The Equal method is 
used because it is the simplest and oldest method. 
The Entropy method is used because it is known to 
be the most widely applied method [21]. Meanwhile, 
the LOPCOW method is used because it is a newly 
emerged method in 2022 [22]. By using the three 
methods RAM, SAW, TOPSIS along with three 
weighting methods including Equal, Entropy, and 
LOPCOW, the objective is to make the most 
objective decision regarding the material type. 

2. MATERIALS AND METHODS 

2.1. MCDM Methods Used 

To apply the MCDM methods, firstly a decision 
matrix needs to be established. The decision matrix 
has the number of rows equal to the number of 
alternatives to be ranked and the number of columns 
equal to the number of criteria for each alternative. 
Let m and n be the number of rows and columns of 
the matrix, respectively, and xij be the value of 
criterion j for alternative i, with i ranging from 1 to m 
and j ranging from 1 to n. Criteria of the "the larger, 
the better" type (profit criteria) are denoted by the 
letter B, while criteria of the "the smaller, the better" 
type (cost criteria) are denoted by the letter C. Let wj 
be the weight of the j

th
 criterion. 

The RAM method uses formulas from (1) to (5) to 
rank the alternatives. The alternative with the highest 
RIi is ranked 1, while the alternative with the lowest 
RIi is ranked m [17]. 

𝑟𝑖𝑗 =
𝑥𝑖𝑗

∑ 𝑥𝑖𝑗
𝑚
𝑖=1

 (1) 

𝑦𝑖𝑗 = 𝑤𝑗 ∙ 𝑟𝑖𝑗 (2) 

𝑆+𝑖 = ∑ 𝑦+𝑖𝑗
𝑛
𝑗=1      𝑖𝑓   𝑗 ∈ 𝐵      (3) 

𝑆−𝑖 = ∑ 𝑦−𝑖𝑗
𝑛
𝑗=1     𝑖𝑓   𝑗 ∈ 𝐶      (4) 

𝑅𝐼𝑖 = √2 + 𝑆+𝑖

2+𝑆−𝑖
 (5) 

The SAW method uses three formulas (6), (7), 
and (8) to rank the alternatives. The alternative with 
the highest Vi is considered the best, and vice versa 
[18]. 

𝑛ij =
𝑥𝑖𝑗

max(𝑥𝑖𝑗)
, if j  B (6) 

𝑛ij =
min(𝑥𝑖𝑗)

𝑥𝑖𝑗
, if j  C (7) 

𝑉i = ∑ 𝑤𝑗 ∙ 𝑛𝑖𝑗

𝑛

𝑗=1

 (8) 

The TOPSIS method uses formulas from (9) to 
(15) to rank the alternatives. The alternative with the 
highest Ci is ranked 1, while the alternative with the 
lowest Ci is ranked m [19, 20]. 

𝑛𝑖𝑗 =  
𝑦𝑖𝑗

√∑ 𝑦𝑖𝑗
2𝑛

𝑖=1

 
(9) 

𝑌 =  𝑤𝑗 . 𝑛𝑖𝑗 (10) 

𝐴+ =  {𝑦1
+, 𝑦2

+, … , 𝑦𝑗
+, … , 𝑦𝑛

+} (11) 
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𝐴− =  {𝑦1
−, 𝑦2

−, … , 𝑦𝑗
−, … , 𝑦𝑛

−} (12) 

𝑺𝒊
+ =  √∑ (𝒚𝒊𝒋 − 𝒚𝒋

+)
𝟐𝒏

𝒋=𝟏    (13) 

𝑺𝒊
− =  √∑(𝒚𝒊𝒋 − 𝒚𝒋

−)
𝟐

𝒏

𝒋=𝟏

 (14) 

𝐶𝑖 =  
𝑺𝒊

−

𝑺𝒊
+ + 𝑺𝒊

− (15) 

2.2. Weighting Methods Used 

The weights of criteria are all equal if calculated 
using the Equal method [23]. 

To calculate the weights for criteria using the 
Entropy method, the formulas (16), (17), and (18) are 
sequentially applied [21]. 

𝑟ij =
𝑦ij

𝑚 + ∑ 𝑦ij
2

𝑚

𝑖=1

 
(16) 

   
j ij ij1

ij ij1 1

ln(r )

1 ln 1

m

i

m m

i i

e r

r r



 

    

  



 
 (17) 

𝑤𝑗 =
1 − 𝑒𝑗

∑ (1 − 𝑒𝑗)𝑚
𝑗=1

 (18) 

To calculate the weights for criteria using the 
LOPCOW method, the formulas from (19) to (22) are 
sequentially applied. In formula (21), σ represents the 
standard deviation [22]. 

𝑟𝑖𝑗 =  
𝑥𝑖𝑗−𝑚𝑖𝑛(𝑥𝑖𝑗)

𝑚𝑎𝑥(𝑥𝑖𝑗)−𝑚𝑖𝑛(𝑥𝑖𝑗)
 , if j  B (19) 

𝑟𝑖𝑗 =  
𝑚𝑎𝑥(𝑥𝑖𝑗)− 𝑥𝑖𝑗

𝑚𝑎𝑥(𝑥𝑖𝑗)−𝑚𝑖𝑛(𝑥𝑖𝑗)
, if j  C (20) 

𝑃𝑉𝑖𝑗 =  
|

|
𝑙𝑛

√
∑ 𝑟𝑖𝑗

2𝑚
𝑖=1

𝑚

𝜎
|

|
∙ 100 (21) 

𝑤𝑗 =  
𝑃𝑉𝑖𝑗

∑ 𝑃𝑉𝑖𝑗
𝑛
𝑗=1

 (22) 

2.3. Types of Materials 

Table 1 summarizes data on six types of materials 
commonly used for manufacturing worm wheels, 
including CuAl10Ni5Fe3, CuSn10, CuZn4Pb4Zn4, 
CuAl11Fe6Ni6, CuAl9Ni3Fe2, and CuSn6 [24]. Each 
type of material is characterized by five criteria 
including hardness, strength, yield strength, 
elongation, and modulus of elasticity. These five 
criteria are denoted as C1, C2, C3, C4, and C5, 
respectively. Among them, C1, C2, and C5 are three 
B criteria, while C3 and C4 are two C criteria. 

Table 1. Types of worm wheel materials [24] 

Material 

C1 C2 C3 C4 C5 

Hardness Strength Yield strength Ductility Elastic modulus 

HB kg/mm
2
 kg/mm

2
 % Gpa 

CuAl10Ni5Fe3 175 60.5 33.4 10 110 

CuSn10 159 49.5 37.3 16 116 

CuZn4Pb4Zn4 150 45 35 6 118 

CuAl11Fe6Ni6 210 75 41 6 115 

CuAl9Ni3Fe2 130 60 29 20 120 

CuSn6 120 40 30 45 102 

In Table 1, it is shown that CuAl11Fe6Ni6 has the 
best values for C1 and C2 compared to the other 
materials, CuAl9Ni3Fe2 has the best values for C3 
and C5 compared to the other materials, and C4 has 
the best value of 6% for both CuZn4Pb4Zn4 and 
CuAl11Fe6Ni6. This indicates that there is no 
material that simultaneously ensures all three 
parameters C1, C2, and C5 are the largest and 
simultaneously ensures C3 and C4 are the smallest. 
This means that only one type of material can be 
identified where all three criteria C1, C2, and C5 are 
considered "largest" and both criteria C3 and C4 are 
considered "smallest". And it is obvious that to 
determine this best material type, each material must 
be evaluated based on all five criteria C1, C2, C3, 

C4, and C5. This means that determining the best 
material type is a multi-criteria decision-making 
action. 

In Table 2, information on ten commonly used 
materials for manufacturing worm shafts is 
summarized, including materials such as 40Cr, 
20CrMnSi, C35CrMo, 40CrNi, 20Cr, 12CrNi2, 15Cr, 
18CrMnTi, 20CrV, and 30CrMnTi [24]. In this case, 
each type of steel is characterized by six criteria 
including hardness, strength, yield strength, 
elongation, relative reduction in area, and impact 
toughness. These six criteria are denoted as C1, C2, 
C3, C4, C5, and C6, respectively. Among them, C4 
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and C5 are two C criteria, while the remaining four criteria are B criteria. 

Table 2. Types of Worm Shaft Materials [24] 

Material 

C1 C2 C3 C4 C5 C6 

Hardness Strength 
Yield 

strength 
Ductility Toughness 

Impact 
resistance 

HB kg/mm
2
 kg/mm

2
 % % J 

40Cr 207 98 78.5 9 45 47 

20CrMnSi 331 57.6 41.3 23 24 43 

C35CrMo 229 98.5 83.5 12 45 63 

40CrNi 242 49.5 24.2 32 31 32 

20Cr 179 85 54 10 40 47 

12CrNi2 333 65.3 26.1 13 14 43 

15Cr 221 92.5 68.9 23 33 24 

18CrMnTi 243 89.6 21.8 43 14 32 

20CrV 197 85 60 12 45 55 

30CrMnTi 141 85.6 53.3 23 33 33 

In Table 2, it is shown that 12CrNi2 material has the 
best C1, C35CrMo material has the best C2 and C3, 
40Cr material has the best C4, 12CrNi2 and 18CrMnTi 
materials have the best C5, and C35CrMo material has 
the best C6. This also means that there is no material 
that excels in all criteria compared to other materials. 
Therefore, a multi-criteria decision-making action must be 
conducted to determine the best material type. 

Table 3 summarizes information about fourteen 
commonly used materials for manufacturing gearbox 

bodies, including 15Cr, 20Cr, 30Cr, 35Cr, 40Cr, 
C30Mn, C40Mn, 30CrMnTi, 40CrMnTiB, 33CrSi, 
40CrSi, 30CrMo, 35CrMo, and 40CrNi [24]. In this 
case, each type of material is also characterized by 
five criteria including yield strength, tensile strength, 
elongation, relative reduction in area, and impact 
toughness. These five criteria are denoted as C1, C2, 
C3, C4, and C5, respectively. Among them, C3 and 
C4 are two C criteria, while C1, C2, and C5 are three 
B criteria. 

Table 3. Types of Gearbox Body Materials [24] 

Material 

C1 C2 C3 C4 C5 

Yield strength 
Tensile 
strength 

Elongation 
Relative 
reduction 

Impact 
toughness 

kG/mm
2
 kG/mm

2
 % % kGm/cm

2
 

15Cr 50 70 12 45 7 

20Cr 65 80 11 40 6 

30Cr 70 90 12 45 7 

35Cr 75 93 11 45 7 

40Cr 80 100 10 45 6 

C30Mn 32 55 20 45 8 

C40Mn 36 60 17 45 6 

30CrMnTi 130 150 9 50 6 

40CrMnTiB 80 100 11 45 8 

33CrSi 70 90 13 50 8 

40CrSi 110 125 12 40 3.5 

30CrMo 75 95 11 45 8 

35CrMo 85 98 12 45 8 

40CrNi 80 100 11 45 7 

Observing Table 3 reveals that the best values for 
all three criteria C1, C2, and C3 belong to the 
material 30CrMnTi. The best value for C4 is shared 
by two materials, 20Cr and 40CrSi. Meanwhile, the 
materials C30Mn, 40CrMnTiB, 33CrSi, 30CrMo, and 
35CrMo all have the best values for C5. Once again, 
we see that there is no material that excels in all five 
criteria compared to other materials. To determine 
the best material type, a multi-criteria decision-
making action is required. 

As analyzed above, to determine the best material 
type in all three cases for manufacturing worm 
wheels, worm shafts, and gearbox bodies, a multi-
criteria decision-making action must be undertaken. 
This content will be discussed in the following section 
of this article. 

3. RESULTS AND DISCUSSION 

Regarding the materials for manufacturing worm 
wheels, the weighting of criteria using three methods: 
Equal, Entropy, and LOPCOW, was conducted by 

http://www.jmest.org/
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applying the formulas outlined in section 2.2, 
resulting in Table 4. The weights of criteria vary 
significantly when calculated using different methods. 

Specifically, the change for C1 is 2.11 times, for C2 is 
1.16 times, for C3 is 2.07 times, for C5 is 1.06 times, 
and the largest change is for C4, up to 3.85 times. 

Table 4. Weighting of criteria for worm wheel materials. 

Weight method C1 C2 C3 C4 C5 

Equal 0.2 0.2 0.2 0.2 0.2 

Entropy 0.1907 0.1995 0.2071 0.2097 0.1930 

LOPCOW 0.0949 0.2320 0.4142 0.0544 0.2045 

Max/Min 2.11 1.16 2.07 3.85 1.06 

Ranking the types of materials using three 
methods: RAM, SAW, and TOPSIS, was conducted 
by applying the formulas outlined in section 2.1, 
resulting in Figure 1. In Figure 1, the symbol "&" is 
used to describe the combination of multi-criteria 
decision-making methods with weighting methods. 
For example, the symbol "RAM & Equal weight" 
means ranking the types of materials using the RAM 

method when the criteria weights are determined 
using the Equal weighting method. Thus, with the 
three multi-criteria decision-making methods RAM, 
SAW, and TOPSIS, along with the three weighting 
methods: Equal, Entropy, and LOPCOW, the ranking 
of materials has been carried out according to nine 
different scenarios. 

 

Figure 1. Ranking of worm wheel materials. 

Observing Figure 1, in the first seven scenarios 
comprising RAM & Equal weight, SAW & Equal 
weight, TOPSIS & Equal weight, RAM & Entropy 
weight, SAW & Entropy weight, TOPSIS & Entropy 
weight, and RAM & LOPCOW weight, all indicate that 
CuAl11Fe6Ni6 is the best material for worm wheel 
fabrication, while CuSn6 is the least suitable. The 
remaining two scenarios, SAW & LOPCOW weight 
and TOPSIS & LOPCOW weight, point to 
CuAl9Ni3Fe2 as the best material. The variation in 
rankings of options when ranked by different 
methods is understandable, as many studies have 
addressed this issue. Another observation is that 
although the weights of criteria vary significantly 
when calculated by different methods, the best option 
found when applying the RAM method remains 
unchanged. This further reinforces the advantage 
highlighted by proponents of the RAM method, which 

is the balance between beneficial and non-beneficial 
criteria. The significant change in rankings of options 
when ranked by the SAW and TOPSIS methods is 
also a recommendation mentioned in some previous 
studies. With all the analyses conducted, we 
conclude that among the six types of materials 
CuAl10Ni5Fe3, CuSn10, CuZn4Pb4Zn4, 
CuAl11Fe6Ni6, CuAl9Ni3Fe2, and CuSn6, 
CuAl11Fe6Ni6 is identified as the best for worm 
wheel fabrication, while CuSn6 is determined to be 
the worst. 

For the material used in worm shaft fabrication, 
the weighting of criteria using three different methods 
has also been conducted, yielding results as shown 
in Table 5. The weights of the criteria also vary 
significantly when calculated using three different 
methods, with the most notable being the weight of 
C1, which changed by a factor of 3.62. 

Table 5. Weights of criteria for worm shaft materials 

Weight method C1 C2 C3 C4 C5 C6 

Equal 0.1667 0.1667 0.1667 0.1667 0.1667 0.1667 

Entropy 0.1556 0.1617 0.1648 0.1777 0.1716 0.1685 

LOPCOW 0.0460 0.1404 0.1219 0.2125 0.2382 0.2410 

Max/Min 3.62 1.19 1.37 1.27 1.43 1.45 

http://www.jmest.org/


Journal of Multidisciplinary Engineering Science and Technology (JMEST) 

ISSN: 2458-9403 

Vol. 11 Issue 3, March - 2024  

www.jmest.org 

JMESTN42354347 16686 

The combination of the three methods RAM, 
SAW, and TOPSIS along with the three weighting 
methods Equal, Entropy, and LOPCOW has also 

been applied to rank the types of materials using nine 
different scenarios, resulting in the outcomes 
depicted in Figure 2. 

 

Figure 2. Ranking of worm shaft materials 

In all nine scenarios conducted, 40CrNi 
consistently emerged as the least suitable material. 
This unequivocally confirms that 40CrNi is the least 
appropriate material for manufacturing worm shafts. 
In the first eight scenarios, C35CrMo was 
consistently ranked as the best material. However, in 
the final scenario, C35CrMo was ranked second. 
These results instill confidence that C35CrMo is the 
best material for manufacturing worm shafts. Once 
again, in this case, we observe that the best material 
found using the RAM method remains unaffected by 
changes in the weighting of criteria. This reaffirms the 
advantage of the RAM method. Also, in this case, the 
best material found using the TOPSIS method is 
altered when the weights of the criteria change. This 

also implies that the RAM method outperforms 
TOPSIS in this scenario. Finally, we conclude that 
among the ten materials including 40Cr, 20CrMnSi, 
C35CrMo, 40CrNi, 20Cr, 12CrNi2, 15Cr, 18CrMnTi, 
20CrV, and 30CrMnTi, C35CrMo is the best material 
for manufacturing worm shafts, while 40CrNi is the 
least suitable. 

The final task of this study is to select the material 
for manufacturing the gearbox housing. The weights 
of the criteria were calculated using three different 
methods and resulted in the outcomes presented in 
Table 6. The weights of the criteria also changed 
significantly when calculated using different methods, 
with C5 changing up to 6.28 times. 

Table 6. Weights of criteria for gearbox housing materials 

Weight method C1 C2 C3 C4 C5 

Equal 0.2 0.2 0.2 0.2 0.2 

Entropy 0.1761 0.1744 0.2175 0.1840 0.2479 

LOPCOW 0.3514 0.3515 0.1180 0.1396 0.0395 

Max/Min 2.00 2.02 1.84 1.43 6.28 

Nine different scenarios combining decision-
making methods with weighting methods were also 

conducted to rank the materials, resulting in the 
outcomes shown in Figure 3. 

 

Figure 3. Ranking of gearbox housing materials 

 

http://www.jmest.org/


Journal of Multidisciplinary Engineering Science and Technology (JMEST) 

ISSN: 2458-9403 

Vol. 11 Issue 3, March - 2024  

www.jmest.org 

JMESTN42354347 16687 

 

In this case, all scenarios used indicated that 
30CrMnTi is the best material for manufacturing 
gearbox housings, even though the weights of the 
criteria changed up to 6.28 times in different 
scenarios. Therefore, we conclusively determine that 
among the fourteen materials including 15Cr, 20Cr, 
30Cr, 35Cr, 40Cr, C30Mn, C40Mn, 30CrMnTi, 
40CrMnTiB, 33CrSi, 40CrSi, 30CrMo, 35CrMo, and 
40CrNi, 30CrMnTi is identified as the best for 
manufacturing gearbox housings. 

In all cases surveyed, the results of selecting 
materials for manufacturing worm gears, worm 
shafts, and gearbox housings showed high 
consistency across scenarios. Despite changes in 
the weights of the criteria, the best solution found 
using the RAM method remained unchanged. 
Meanwhile, slight variations occurred when using the 
SAW or TOPSIS method. This suggests that using 
the RAM method to find the best solution appears to 
be more stable than the other two methods. 

4. CONCLUSION 

Three different methods, namely RAM, SAW, and 
TOPSIS, were employed to select materials for some 
components of the worm gear gearbox. The weights 
of the criteria were calculated using three different 
methods: Equal, Entropy, and LOPCOW. Several 
conclusions can be drawn as follows: 

 The weights of the criteria vary significantly when 
calculated using different methods. 

 The best material for manufacturing each product 
was found using the RAM method, regardless of 
changes in the weights of the criteria. This implies 
that the RAM method provides more stable 
ranking results compared to the SAW and 
TOPSIS methods. 

 Among the six materials including CuAl10Ni5Fe3, 
CuSn10, CuZn4Pb4Zn4, CuAl11Fe6Ni6, 
CuAl9Ni3Fe2, and CuSn6, CuAl11Fe6Ni6 was 
identified as the best for manufacturing worm 
gears. 

 Among the ten materials including 40Cr, 
20CrMnSi, C35CrMo, 40CrNi, 20Cr, 12CrNi2, 
15Cr, 18CrMnTi, 20CrV, and 30CrMnTi, C35CrMo 
was determined to be the best for manufacturing 
worm shafts. 

 Among the fourteen materials including 15Cr, 
20Cr, 30Cr, 35Cr, 40Cr, C30Mn, C40Mn, 
30CrMnTi, 40CrMnTiB, 33CrSi, 40CrSi, 30CrMo, 
35CrMo, and 40CrNi, 30CrMnTi was identified as 
the best for manufacturing gearbox housings. 

 This study only ranked materials based on some 
technical criteria and did not consider criteria 
related to economic factors. Adding criteria related 
to economic factors (price, availability, 
environmental cost, etc.) would enhance the 
effectiveness of material selection. Additionally, 

the compatibility between materials for the three 
types of products—worm gears, worm shafts, and 
gearbox housings—has not been experimentally 
investigated. These issues need to be addressed 
in future work. 
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