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ARTICLE INFO ABSTRACT

Article history: A study is carried out on investigation on pattern costs, identification of 

geometric parameters for the cost, and development of cost estimation models for 

casting patterns. Pattern costs for machine tool structures are collected and 

analyzed to identify the important geometric parameters that affect the costs. The 

parameters are used for the development of the costing models. It is found that the 

geometric parameters can be easily obtained from a CAD system and then the 

costing models estimate a pattern cost in a minimum time. The models are 

verified with the structures whose pattern cost was used for this study. It is 

expected that this costing models can evaluate the cost of casting structures of 

machine tools in search of a near-optimal design based on manufacturing cost 

and, for example, weight at the design stage.
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1. Introduction 

Cast iron is widely used for structures of machine tools 

because of the material property of damping. Steel, steel 

castings, and cast iron are used for frames or frame 

components of a machine tool
[1]

. They have different physical 

properties such as elastic modulus, coefficient of thermal 

expansion, and damping. Damping is an important factor to 

determine the dynamic performance of the structures. High 

damping ratio has enabled grey cast irons such as GC250 to 

be often used for the materials of machine tool structures such 

as beds and columns. 

Wooden patterns used for machine tool structures need to 

have sufficient strength and accuracy to form a firm cavity 

of a desired shape in sand. A structure of a grey cast iron, 

for example, GC250, is manufactured by pouring liquid iron 

into a hollow cavity of a mold and solidifying it. The mold 

containing the desired cavity in sand is made with patterns 

which have the same shape of the cavity. They are often made 

of wood rather than metals especially for machine tool 

structures due to its much lower density leading to its low 

weight.

The cost for patterns takes a great portion of the total cost 

of a machine tool. The price of a pattern greatly depends on 

the size, complexity, and accuracy
[2]

. The wooden pattern for 

a head frame of a machine tool cost $7,469
[3]

 in 2013. It had 

the size of 1,600 mm, 460 mm, and 315 mm in length, width, 

and depth, respectively, and therefore, the nominal volume of 

231.8 cm
3
. However, the casting of the head frame cost $723 

based on its mass of 467 kg if casting of 1 kg iron cost $1.47 
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Fig. 1 Structural frame and its casting patterns

(≒1,650 Won)
[4]

 in 2013. The pattern of the head frame cost 

approximately 10 times higher than its casting does. A 

reduction in pattern costs would lead to a considerable 

reduction in the total manufacturing cost of a machine tool 

as its production volume is usually low, for example, under 

20 machine tools.

It is necessary to identify influential factors on pattern cost. 

If the factors are related to design parameters, especially, 

geometric parameters such as height and volume of a 

structure, it is possible to reduce its pattern cost with making 

changes in its design parameters. An optimal design can be 

identified based on manufacturing cost including pattern cost 

and design criteria of, for example, weight
[5]

 and installation 

size. 

It is necessary to develop a cost estimation model for the 

pattern cost of machine tool structures while many researches 

have been carried out on structural analysis of machine tool 

designs
[6-8]

. If a costing model uses the geometric parameters, 

design engineers can apply it to designing of machine tool 

structures. They can easily extract the geometric parameters 

of a structure such as wet surface from a CAD 

(Computer-Aided Design) system, put them in the costing 

model, and then evaluate the design of the structure based on 

the pattern cost predicted. The costing model can help to 

identify an optimal design of the structure. Accordingly, this 

study focuses on identification of influential design parameters 

and development of a costing model based on the parameters.

2. Development of estimation methods 

for pattern cost

2.1 Construction of casting patterns

Figures 1(a) and (b) show a structural frame and its casting 

molds. The molds are constructed of the upper and lower 

molds made with the external pattern in Fig. 1(c) and the core 

made with the core pattern in Fig. 1(d)
[9]

. A flask is placed 

on the external pattern and sand is poured into the flask. The 

sand is compressed into a firm sand mold and the pattern is 

removed of the mold. The same process is repeated to make 

the core with the core pattern. One important property of the 

patterns is strength to maintain their shape against the 

compression.

A wooden pattern is manufactured from combination of 

wooden plates and bars with nails
[10]

. A broad plate is cut into 

the bottom, the side walls, the cover of, for example, the 

external pattern in Fig. 1(c). Bars are used to make steps of 

the core pattern in Fig. 1(d). After these plates and bars are 

combined into a pattern with nails, it is sandpapered and 

varnished. The making of a pattern is composed of many 

manual processes such as sawing, nailing, and rubbing.

It is necessary to identify influential geometric factors for 

the labor time of the manual processes. The manual processes 

take labor time depending on the size of the pattern. For 

example, length is important for the sawing process and 

surface area has a great influence on rubbing. Geometric 

properties such as surface area of a pattern can be easily 

estimated with its casting part and, therefore, be appropriate 

to be used as parameters of a pattern costing model. The 

costing model using geometric parameters can be applied to 

designing of machine tool structures at the design stage.

Patterns have different properties depending on their casting 

products. Valves, engines, and machine tool structures may 

have a different level of strength, accuracy, and complexity
[2]

. 

Cheap products may have patterns of low complexity and 

strength to reduce the pattern cost. However, the casting 

structures of machine tools may require patterns of high 

strength and accuracy to produce uniform thickness of ribs, 

for example, for symmetrical thermal deformation. It is 

necessary to develop costing models for patterns of casting 

structures in similar applications. 
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Item Detail Unit cost Quantity Cost

Material

Wood $3.81/kg 94 kg $358

Nail $0.06/kg 250 EA $15

Filler $9.52/kg 5 kg $48

Labor Labor time $21.90/hr 300 hr $6,571

Indirect
Machine $1.62/hr 100 hr $162

Electricity $0.10/kW 3,300 kW $314

Total $7,469

Table 1 Engineering method for a set of wooden patterns

Fig. 2 Structural assembly of a vertical machining center 

No  Structure name
Pattern cost 

(US $)

Size 

(L×W×H)

V, 

Nominal 

No., 

Cores

V, 

Cores

SA, 

Cores

V, Ext.

shape

SA, Ext.

shape

V,

Total

SA,

Total

a Column 6,111 1990×400×898 714.8 7 179.9 4,997 295.1 4,641 475.0 9,638 

b Stay, Right 5,917 1706×365×665 414.1 14 88.1 3,485 132.7 2,584 220.8 6,069 

c Stay, Left 2,716 570×605×150 51.7 3 8.4 365 19.4 892 27.8 1,257 

d Head 7,469 1600×460×315 231.8 3 104.1 2,580 163.7 2,734 267.8 5,314 

e Tilt table support 2,425 485×280×395 53.6 1 23.9 539 40.6 754 64.6 1,294 

f Table support 2,716 500×362×605 109.5 2 38.5 1,299 65.2 1,189 103.8 2,488 

g Table base 4,365 850×500×700 297.5 1 79.7 2,300 128.1 1,998 207.8 4,298 

h Table gear box 1,810 500×500×215 53.8 1 8.7 263 36.5 882 45.2 1,145 

i Motor Bracket 1,597 325×184×115 6.9 1 3.1 147 6.1 226 9.2 373 

j Feed bracket 1,997 302×185×290 16.2 1 3.2 145 8.9 341 12.1 486 

k Saddle 9,150 1083×600×428 278.1 12 74.9 2,704 152.7 2,567 227.6 5,271 

l Tool change box 4,365 285×395×217 24.4 1 22.1 639 29.3 633 51.4 1,271 

m Magazine 5,335 1407×290×538 219.5 4 75.9 2,202 108.3 1,947 184.2 4,149 

Table 2 Structures and their pattern cost (Units: 10
3
 cm

3
 for volume, 10

3
 mm

2
 for area)

[3-4]

2.2 Conventional costing methods

There are some methods for cost estimation for casting 

patterns for machine tool structures. One is engineering 

method
[11]

 which classifies the total manufacturing cost into 

costing items from an administrative point of view. Table 1 

presents the detail costs for making a set of wooden patterns, 

for instance, for the head frame. The total cost breaks down 

into detail costs such as labor cost. Another one is analogical 

method
[11]

 using the size of a structure. If the pattern of the 

head frame of 231 cm
3
 in volume costs $7,469, that of a 

similar structure of 462 cm
3
 will cost twice. This method is 

based on volume.

The methods are not suitable to be used for pattern cost 

estimation at design of a machine tool structure. The 

engineering method requires manufacturing details such as 

the quantity of, for example, the materials but design 

engineers do not have much knowledge on the manufacturing 

details. The analogical method uses comparison of structures 

in a similar shape. It is limited to similar structures in shape. 

Patterns for new structures may not be cost-estimated. 

2.3 Structures and their pattern cost

Figure 2 shows the structural assembly of a vertical 

machining center with a tilting table and Table 2 presents the 

pattern cost for the structures of the machining center. The 

cost data was obtained in 2013
[3]

. Figure 3 shows the 

structures in three dimensions and Fig. 4 shows the cores of 

each structure. Figure 5 shows the external shape of the tilting 

table support shown in Fig. 3(f). It is used to make the 

external pattern as shown in Fig. 1(c). Combination of the 

external shape and the core can make their parent part, the 
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Fig. 3 Structural parts of the vertical machining center

tilting table support. A CAD tool enables cores and external 

patterns to be constructed from their parent frame and their 

geometric properties to be obtained with ease.

The size of length (L), width (W), and height (H) in Table 

2 represents the nominal volume to box a structure. ‘V’, 

‘SA’, and ‘Ext.’ indicate volume, wet surface area, and 

external, respectively. Accordingly, cores volume (V, Cores) 

is the total volume of the cores for a structure and cores 

surface area (SA, Cores) is the total wet surface area of the 

cores. The volume of the external shape (V, Ext. shape) in 

Table 2 is the volume of the solid shape, shown in Fig. 5, 

which is the shape to make the external pattern as shown in 

Fig. 1(c). The surface area of the external shape (SA, Ext. 

shape) is its wet surface area. The total volume (V, Total) 

is the sum of the volume of the external shape and that of 

the cores and, likewise, the total surface area (SA, Total) is 
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Fig. 4 Cores of the structures 

Fig. 5 External shape of the tilt table support in Fig. 3(e)

the sum of the wet surface area of the external shape and that 

of the cores.

2.4 Analysis of the pattern cost for the structures

Figure 6 shows the pattern cost and the geometric 

parameters presented in Table 2 and a trend curve generated 

for regression analysis to estimate their relationship. It can be 

seen from Fig. 6(a) that pattern cost is increased as the number 

of cores is increased. This is because an increase in core 

counts leads to an increase in the number of core patterns and 

therefore, in the total pattern cost. The pattern cost is 

dramatically increased for a low core count but slowly 

increased for a high core count. A structure like the column 

in Fig. 6(a) needs many cores of the identical or similar 

shapes. This similarity in core shapes leads to a reduction in 

design and manufacturing time of core patterns and, therefore, 

in labor cost.

Figure 6(b) indicates that increase of the nominal volume 

leads to increase of pattern cost. The nominal volume is 

highly related to the size of the external pattern and therefore, 

to the cost of the external pattern. The pattern costs over the 
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Fig. 6 Pattern cost and geometric parameters

nominal volumes in Fig. 6(b) are broadly distributed over the 

trend curve. The nominal volume may not be a proper 

geometric parameter for development of a costing model for 

pattern cost. 

Figure 6(c) presents the relationship between the pattern 

cost and the total volume (V, Total) in Table 2. It is possible 

to predict that the total volume is proportional to the pattern 

cost because an increase in the total volume results from an 

increase in the volume of the cores, that of the external shape, 

or both. The increase in the cores volume may lead to an 

increase in the cost of core patterns.

Figure 6(d) presents the relationship between the pattern 

cost and the total wet surface area. Increase of the total surface 

area yields increase of the pattern cost. The wet surface area 

is considered to be highly related to the cut surface of woods. 

As shown in Fig. 1(d), the core pattern is constructed with 

combination of small cut woods with nails.

In summary, the pattern costs for machine tool structures 

are highly related to the number of cores, the nominal volume, 

the total volume, and the total wet surface area. The trend 

curve for each relationship, presented in Fig. 6, would be 

useful to develop a simple cost estimation model for the 

patterns of machine tool structures. It also can be seen from 

Fig. 6(d) that the cost for the patterns with only one core is 

highly related to the total wet surface area rather than the 

other geometric parameters. 

2.5 Development of a cost estimation model for patterns

A cost estimation model for patterns of costing structures 

for machine tools can be developed based on geometric 

properties. It can be seen from Fig. 6 that pattern costs are 

related to geometric properties, especially, the total volume 

and the total wet surface area. These properties can be easily 

extracted from the geometric model of a structure designed 

in a CAD system. A costing model, using the geometric 

properties, can be applied to pattern cost estimation at the 

design stage. 

The simple costing models, Eqs. (1) to (3), are developed 

based on the most influential geometric properties which are 

considered to be the total volume and the total surface area. 

These costing models are developed from the regression 

analysis for the graphs of the pattern cost in Fig. 6. The trend 

curve developed for the regression analysis to estimate the 

relationship between the cost and the geometric properties in 
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No Structure name
Actual pattern

cost ($)

Estimation by Eq. (1) Estimation by Eq. (2) Estimation by Eq. (3)

Cost ($) Error (%) Cost ($) Error (%) Cost ($) Error (%)

a Column 6,111 7,372 17 7,700 21 8,163 25

b Stay, Right 5,917 5,437 -9 6,124 3 5,805 -2

c Stay, Left 2,716 2,387 -14 2,807 3 2,344 -16

d Head 7,469 5,871 -27 5,734 -30 6,367 -17

e Tilt table support 2,425 3,336 27 2,848 15 3,410 29

f Table support 2,716 4,027 33 3,937 31 4,308 37

g Table base 4,365 5,308 18 5,162 15 5,806 25

h Table gear box 1,810 2,894 37 2,681 32 2,915 38

i Motor Bracket 1,597 1,538 -4 1,538 -4 1,420 -12

j Feed bracket 1,997 1,714 -17 1,753 -14 1,607 -24

k Saddle 9,150 5,503 -66 5,711 -60 5,659 -62

l Tool change box 4,365 3,046 -43 2,823 -55 3,205 -36

m Magazine 5,335 5,060 -5 5,072 -5 5,464 2

Sum 55,973 53,494 -5 53,889 -4 56,474 1

Table 3 Estimation of pattern costs with the costing models

Fig. 6 is used for the development of Eqs. (1) to (3).

Cpattern = 636.59 × Vtotal
0.3974

(1)

Cpattern = 81.89 × SAtotal
0.4953

(2)

Cpattern = 0.16 × e
(1-1/Acore)

× 81.89 × SAtotal
0.4953

+ 0.25 × e
(1-1/Vcore)

×(636.59 × Vtotal
0.3974

) (3)

Here, SAtotal, Vtotal, Acore, and Vcore are the total wet surface 

area, the total volume, the unit core surface area, and the unit 

core volume, respectively. The unit core surface area is 

obtained from division of the cores surface area by the number 

of cores, and likewise, the unit core volume is from the cores 

volume. Eqs. (1) and (2) use only one geometric parameter 

but Eq. (3) uses four parameters to balance the effects of the 

total surface area and that of the total volume separately. 

One advantage of the costing models is to use the geometric 

parameters which can be obtained from a CAD system with 

ease in a minimum time and, therefore, they can estimate 

pattern costs in a minimum time at the design stage. 

2.6 Estimation of pattern costs with the costing models

Table 3 presents the pattern costs estimated by Eqs. (1) to 

(3) developed from the regression analysis for the structures 

in Fig. 3. The sign of the error indicates over-estimation or 

under-estimation. The costing models estimate the pattern cost 

for each of the structures by less than 30% except the table 

support, the table gear box, the saddle, and the tool change 

box shown in Figs. 3(f), (h), (k), and (l). Those exceptional 

have a relatively large volume or surface area. The table 

support in Fig. 3(f) has ribs to increase the wet surface area 

of the external shape and the cores as well. It is necessary 

to modify the simple costing models in order to increase their 

accuracy considering not only the volume and surface area but 

also other parameters such as the number of cores in Fig. 6(a). 

The sum of the pattern costs estimated by the simple cost 

models is very close to the actual one. The sum of the 

over-estimations and the under-estimations for the structures 

reduces the total error from obtained each estimation. Eqs. (1) 

and (2) yield the errors of -5% and -4%, respectively, and Eq. 

(3) yields only 1% error. It seems to be reasonable to use the 

total volume and the total surface area as the costing 

parameters. The simple cost models would be useful to 

estimate the total pattern cost of the structural assembly of a 

machine tool rather than that of each structure.

3. Conclusion

Simple cost estimation models are developed for patterns of 

casting structures of a machine tool in this paper. The data 

of pattern costs were collected and analyzed to evaluate the 

influence of the geometric parameters of the structures on 

their pattern cost. The parameters are the number of cores, the 

nominal volume, the total volume and the total wet surface 

area. The parameters of a structure are easily obtained from 
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the CAD system in which the geometric model of the 

structure is constructed. 

The simple costing models use the total volume, the total 

wet surface area, or both as the main costing parameters. The 

costing models yield a considerable error for the structures 

with a relatively large volume or surface area. However, when 

the pattern costs estimated for the whole structures are 

summed up, the error between the total estimated cost and the 

actual one is dramatically reduced into less than 5%. 

Accordingly, it is reasonable to use the two geometric 

parameters for the simple costing models. 

One great advantage of use of the costing models is their 

easy application to cost-evaluation of casting structures of 

machine tools at the design stage because they use the 

geometric parameters obtainable from a CAD tool. The 

pattern cost of a structure is considered to be an influential 

factor to determine its optimal design based on cost and other 

factors such as stiffness as the pattern cost takes a high portion 

of the total manufacturing cost of the structure. 

Another advantage is to evaluate the impact of a design 

change on pattern cost. If a rib is added to, for example, a 

column, the costing model can evaluate an increase in the 

pattern cost of the column from the rib added.
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