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ABSTRACT This paper deals with a multi-objective optimization of a screw-top
beverage bottle for hot vending. The bottle body has temperate touch feeling, and can
be embossed easily by axially imposing a cylindrical tube die with rib-shaped inner
surface on the outer surface of the bottle body. Initially a contact nonlinear analysis of
fingers grasping the bottle is carried out, and the amount of heat transmitted from the
hot bottle to the flesh of the finger is then calculated to evaluate the hot touch feeling.
Meanwhile, the simulation of the rib-shape embossing process of the bottle body is

performed to evaluate the embossing formability of different rib shape designs. Finally,



using Response Surface Approximation method and Weighted Sum Approach, a

multi-objective optimization on the shape of the rib is performed to obtain temperate

touch feeling as well as better embossing formability. The amount of heat transmitted

from the optimized rib-shape embossed bottle decreased at least 30% as compared

with that of the regular bottle.

Key Word: Embossing Process Simulations, Tactile Sensation of Heat, Response

Surface Approximation, Multi-objective / Multidisciplinary Optimization, Finite

Element Analyses

1. Introduction

A two-piece (2-Pc) screw-top aluminum beverage bottle is produced by adding

necking and screw forming processes to the front end of 2-Pc regular can body that is

produced by the usual can body making method. Since the 2-Pc screw-top aluminum

beverage bottles have advantages of resealabilty, high recyclability, wider billboard as

well as good productivity, they have been attracted more consumers in Japan and are

being set to take on international markets (Nishiyama 2002; Ueno 2003). In winter,



beverages are expected being offered hot. However, when aluminum bottles are
warmed up to about 60°C in vending machines, they are too hot to be held by hand due
to the high thermal conductivity of aluminum. Therefore, in developing the aluminum
beverage bottles for hot vending, it is also necessary to take the tactile sensation of heat
into consideration. In order to make aluminum bottles adaptable to hot vending market,
two ways are developed. As shown in Fig.1, one way is to wrap bottle bodies with a
printed PET label to reduce the thermal conductivity, and the other one isto add ribsto
the bottle wall by an embossing process. The ribs can reduce the amount of heat
transmitted to the finger and the air gap between the embossed body and the PET label
can weaken further the heat transfer. On the other hand, finite element analyses have
been performed to predict surface deformations of the fingertip (Srinivasan and
Dandekar 1996), and geometry and a structural model of the fingertip pulp supported
by experimental data have been developed to predict the force-displacement and
force-contact area responses of the human fingertip during contact with a flat, rigid
surface (Serina et a.1998). Moreover, the surface shape design method that took the
tactile sensation into consideration has been proposed and the surface temperature has
been used to present warmness of the surface (Suzuki and Nishihara 2004). However,

we cannot find any works on trying to apply the finite element method to simulate the



configuration change of the human fingertip when grasping an object and then to

evaluate the tactile sensation of heat numerically.

Regarding embossing process, there are two methods to produce the rib-shape

embossed bottles. The first method, rotary embossing method, is to emboss the bottle

body by rotating a pair of male and female dies against each other with the bottle body

being located over the female die. This embossing method can provide better quality,

however poor productivity. The second method, axial embossing method, is to emboss

the bottle by axially imposing a cylindrical tube die with the rib-shaped inner surface

on the outer surface of the bottles. This method can assure good productivity because

the necking, screw forming and embossing processes can be finished by only one

horizontal-axis rotary machine, however, the quality is dependent on the shape of ribs

and the forming condition. In the sheet forming area, structural optimization

technigues have been applied to optimize the process parameters in order to obtain

better formability or better quality (Hoon and Kim 2001; Ohata et al.2004).

Recently, the Response Surface Approximation (RSA) method is widely used to

carry out nonlinear optimization based on the finite element analysis. As the absorber

component of cars, cylindrical shells have been optimized to absorb more crushing

energy during car crashing (Yamazaki and Han 1998). As crushable beverage cans,



cylindrical shells have also been triangulated and optimized for recycling after

drinking (Han et al. 2004). In order to optimize effectively a design problem with

many design variables in complex geometrical relations, the Design Variable

Progressive Optimization method based on RSA is proposed and applied to optimize

the bottom of 2-Pc aluminum beverage bottles (Han et al. 2005). Since practical

optimization in engineering design problems usually have more than one objective and

disciplinary, multi-objective / multidisciplinary optimization techniques have been

developed at a rapidly increasing pace (Kim and Weck 2004; Yun et al. 2001;

McAllister and Simpson 2003; Manning 2004). However, no attempts in

multi-objective and multidisciplinary optimum designs are tried to improve the

beverage cans / bottles considering simultaneously the human feeling and sheet-metal

formability.

The objective of this study is to develop a rib-shape embossed bottle body for hot

vending. The bottle body conducts less heat, hence better touch feeling is expected,

and can also be embossed easily using the axial embossing method, hence better

productivity and quality are expected. A contact analysis of fingers grasping the bottle

body is carried out first, and the amount of heat transmitted from the hot bottle to the

flesh of the finger is then calculated to evaluate the touch feeling. Meanwhile, the



simulation of the rib-shape embossing process of the bottle body is performed to

evaluate the embossing formability of different rib shape designs. Finally, on the basis

of the numerical evaluations on the touch feeling and embossing formability, RSA

method and Weighted Sum approach in structural optimization techniques are applied

to perform a multi-objective optimization on the shape of the rib to obtain better touch

feeling as well as better embossing formability.

2. Numerical Analysis of the Tactile Sensation of Heat

In order to evaluate numerically the touch feeling of the finger when holding the hot

beverage bottle, finite element analyses of the tactile sensation of heat are performed.

Numerical analyses of the tactile sensation of heat include contact deformation

analyses and heat transfer analyses between the finger and rib-shape embossed bottle

body, as shown in Fig.2. In the contact analyses, the fingertip is contacted with the

mountain of the rib, and a distributed load p toward the bottle is applied to the upper

surface of the finger model. The deformed configuration of the finger obtained in the

contact analysis is then used in the heat transfer analyses. Figure 3 shows the cross

sections of the fingertip and rib-shape embossed bottle body. The complex structure of



the inside of the finger is neglected and the cross section of the finger model is
simplified by taking 25 mm from the fingertip and 8 mm from the contact point. The
embossed body of sixteen ribs is considered in this paper, i.e., A; = 22.5°. The values
of radii used for the analysis of the tactile sensation of heat are R, = 32 mm, R, = 33.15
mm. The material constants of the finger are assumed as: Young's modulus E = 100
MPa, Poisson’s ratio v = 0.45, specific heat ¢ =3400 J(kg[K), thermal conductivity
A=05W/(mIK) . The finger model is descritized into four-node quadrilateral
elements, and the embossed bottle is assumed as a rigid body of 60°C. The initial
temperature of the finger is set as 35°C and the temperature of the nodes on the upper
surface of the finger model are fixed as 37°C. The finite el ement code, MSC.MARC, is
used to simulate the configuration change of the finger and to calculate the amount of
heat transmitted from the hot bottle to the flesh of the finger when grasping the
embossed bottle body. In order to identify the contact heat transfer coefficient between
the finger and the bottle body, the temperature change in fingertip when grasping the
hot bottle was calculated using several different values of the contact heat transfer
coefficient to fit the experimental measurements of time and temperature. The contact
heat transfer coefficient between the finger and the bottle body was finally identified as

46 W/(m? [K) .



In order to gain a deeper understanding of the influence of rib dimensions A, Asand
A, to the tactile sensation of heat, Model MO with no embossing process and nine
embossed body Models listed in Table 1 are analyzed. The value of A4 was calculated
using Eq.(1),
Ar=n-p+A12 (1)

where,

B =arcsin(R, sina/yR,2 + R,2 —2R,R, cosa)  anda = (A, - A, —2A,) /2.
It is clear that with the angle A, or Ag increasing, A4 increases and the slope of the

mountain and valley of the rib becomes steeper.

Table 1. Dimensions of embossed body models

Model | A2(°) | As(®) | A(9)
MO -- -- --
M1 15 15 17.89
M2 15 35 20.35
M3 15 55 25.26
M4 35 15 19.92
M5 35 35 23.36
M6 35 55 30.57
M7 55 15 22.35
M8 55 35 27.26
M9 55 55 38.23




Since the force required for holding the bottle body is dependent on the weight of
the bottle filled with beverage as well as the friction coefficient between the finger and
printed bottle body, contact simulations are performed when five levels of the load, p =
15, 25, 35, 45 and 5.5MPa, are applied to the finger model, respectively. The
amount of heat transmitted from the bottle in aunit timeis calculated using Eq.(2),

Q=CcI}A T, ~To). @
where, n is the number of elements, A is the area of the element i, andT, and T are
the initial mean temperature and the mean temperature at a unit time of element i,
respectively. The ratio of the amount of heat transmitted from the hot bottle is
calculated as 6=Q/Q,, where Q,is the amount of heat transmitted from the bottle
model M7 when p = 2.5 MPais applied to the finger model. The heat transfer analysis
results at 0.03 second are compared in Fig.4 for all models. It is obvious that all
embossed bottle body models transfer less heat to the finger than the un-embossed
cylindrical body Model MO does, when the same load p is applied to the finger. For
example, the amount of heat transmitted from Model M7 is 26.7% smaller than that of
Model MO when load p = 2.5 MPaiis applied. The range of the ratios in Fig.4 tells us
that the influence of the level of load p decreases with the value of Ay As, A4

increasing.
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Figure 5 shows the temperature distribution of the finger model at 0.03 second

when grasping hot bottle models. It is found that the temperature of the finger grasping

embossed bottle body is lower than that of un-embossed bottle body. We observed that

with the load p increasing, the configuration of the flesh of the finger grasping

embossed bodies changes in three steps: (1) covering the top of the mountain of the rib

as shown in Fig. 5(a); (2) climbing downward along the side wall of the rib as shown

in Fig. 5(b); and (3) arriving the valley of the rib as shown in Fig.5(c). In the first step,

with A, decreasing or A4 increasing, the contact area S between the finger and bottle

body decreases. In the second step, A4 influences the contact area more. As well known,

the amount of heat transmitted increases with the contact area increasing. Hence, if the

load p is not large enough to enable the flesh of the finger cover down from the top of

the mountain, the amount of heat Q transmitted to the finger decreases with A,

decreasing. If the load p is large enough to enable the flesh of the finger to climb

downward the mountain, Q decreases with A, increasing. This is why the amount of

heat Q of Model M3 is smaller than that of Model M6 when p = 2.5 MPa, and larger

than that of Model M6 when p is increased to 4.5 MPa. In the third step, the contact

area increases rapidly. This is the reason why Q of Model M3 increases much when

load p becomes 5.5 MPa.

11



From the comparison of the amount of heat transmitted from the hot bottle body, it

is clear that the sharper the mountain of therib is, the smaller the contact area becomes

and then the less the heat is transmitted. It is concluded that the rib-shape of the

embossed bottle of relatively small value of A; as well as large value of A4 has better

touch feeling.

3. Simulations of the Rib-Shape Embossing Process

Figure 6(a) shows the analysis model of the axial embossing process. Nonlinear

finite element code, MSC.MARC, is used to simulate the cylindrical tube die with

rib-shaped inner surface imposing axially on the outer surface of the bottle body. To

grasp the influence of the internal pressure q of bottles to the embossing process,

simulations with and without the internal pressure are performed. The dimensions of

the bottle body and die are illustrated in Fig. 6(b), (c), respectively. The length of the

die model is 35 mm. Since the bottle body is axisymmetric, a 1/4 model is descritized

into 4-node quadrilateral shell elements. The sidewall thickness of the bottle body is

0.13 mm. The material model used is an elasto-plastic von Mises material with

isotropic hardening. Young's modulus E = 70 GPa, Poisson’s ratio v = 0.33 and

12



yielding stress 0 = 260 MPa are assumed for the bottle body. The die is treated as a
rigid body, and R; = 32 mm, Ry = 33.15 mm. The number of ribsis specified as 16, i.e.,
A =225°

The embossing process simulations are performed using four kinds of die models,
Model N1 (A = 1.5%, Ag = 5.5%, N2 (A, = 5.5°, Ag = 1.5%), Model N3 (A, = 3.5°% Ag =
5.5°) and Model N4 (A; = 1.5°, A = 2.5°). Figure 7 shows the embossed bottle body
models, and Fig.8 shows the radial positions of nodes at a section with an original axial
distance |, = 20.5 mm from the shoulder side. It is observed that if there is no internal
pressure g applied to the bottle during the axial embossing process, the embossed
bottle body dented much when using dies like Model N1 and N3 with arelatively large
value of As. And the smaller the value of A; is, the more the embossed body dented and
the worse the embossing formability becomes. However, by applying the interna
pressure g to the bottle during the axial embossing process, the embossed shape can be
improved much even though the shape of ribsis not good for axially embossing.

The mean radii of the mountain and valley of the rib-shape embossed bottle body,
R; and R, are used to evaluate the axia embossing formability. The larger the radius
difference AR=R; - Ry is, the higher the rib is and the better the embossing property

is evaluated. Moreover, R; and R, are not expected to be too small.

13



4. Multi-Objective Optimization of the Rib Shape

On the bases of the numerical analyses of the tactile sensation of heat and the axial

embossing process simulations, the hot touch feeling and embossing formability of the

bottle with ribs can be evaluated quantitatively. Since the dimensions of ribs influence

the touch feeling as well as the embossing formability, it is necessary to perform a

multi-objective optimization subject to the rib dimension constraints. The problem is

then posed as:

Designvariables: X ={x}, i=1..,n (n:thenumber of design variables)

Minimize:  f, = QX) , ©)
Qo
AR,

f, = , 4

27T R(X) - Ry(X) @

Subjectto: g =1-R(X)/Rypin <0, (5)
g, =1- Rz(x)/Rzmin <0, (6)
XiLSXiSXiU, i=1...n @)

where, f; is for evaluating the hot touch feeling and f,is for evaluating the embossing

formability. Rimin, Romin a@re the allowable minimum values of the mean radii (R, Ry)

of the mountain and valley of the rib-shape embossed bottle body; Qo and AR, are

14



Y and xiL are the upper and lower bounds on design variable i,

scalars. X
respectively.

Figure 9 shows the flowchart of the multi-objective optimization of a beverage
bottle considering tactile sensation of heat and embossing formability. The RSA
method is applied to approximate response surfaces and an appropriate approach is
selected to solve the multi-objective optimization problem. At first, design variables
and levels are defined and design points are assigned by an orthogonal array in the
design-of-experiment technique. The numerical analyses of the tactile sensation of heat
and embossing process simulations are then carried out for all design points. On the
basis of the numerical results, approximate functions of the amount of heat (Q), the
mean radii (R, Rz) of mountains and valleys of the embossed bottle are constructed by
orthogonal polynomials in terms of design variables. According to the property of
objective function space, an appropriate approach of the multi-objective optimization
is then selected to minimize the objective function subjected to the constraints. This
optimization process is repeated until the given convergence condition is satisfied.

As a numerical example, dimensions A, and Az of the rib are selected as design

variables, and the initial design space of design cycle 1 is defined as listed in Table 2.

The optimization problem is considered when the distributed load p = 2.5 MPa and

15



internal pressure g = 0 MPa. The amount of heat Q transmitted from Model M7 is
adopted as Qo, and the radius difference AR of the bottle embossed by using Model
N2 isadopted as AR,. Figure 10 shows the embossing process simulation results. It is
found that at design points with Az = 5.5°, the bottle body dented much, so the
response surface is not necessary to be constructed. In order to get more accurate
response surfaces in the second design cycle, the upper bound of design variable Az is
reduced to 3.5°as tabulated in Table 2. On the basis of numerical analysis results of the
tactile sensation of heat and the axia embossing process, the response surfaces are
approximated as shown in Fig.11. If the constraints are given as Riyin = 33.05 mm,
Romin = 31.91 mm, the objective function space can be calculated by gradually
changing the value of design variables in equal intervals (AA, = AA; =0.1°) within
the design space, as illustrated in Fig.12. It is obvious that the Pareto front is a convex
curve. Therefore, the Weighted Sum approach of the multi-objective optimization
techniques is applied to optimize the embossed bottle considering both of the touch
feeling and the embossing formability. The multi-objective optimization problem of the
bottle is then formulated as
Minimize: f=w O, +w, [F,, (8)

subject to the constraints. The weight coefficients wi; and w, are defined as

16



w, +w, =1, 0<w,w, <1. The series of Pareto points obtained with the weight
increment Aw, =Aw, =0.2 are identified towards the lower |eft corner of the Fig.12
and are listed in Table 3. According to the embossing method employed as well as the
use of the beverage bottles, designers may decide the weight coefficients, w; and ws.
For example, if the bottle is for hot vending, the touch feeling is then important, give
wi a larger value. While, if the embossing formability is necessary to be taken into
account more, give w; a larger value. The optimum for wy = 1 is upper left point F,
while the optimum for wy = 0 is lower right point A in the graph. Embossing simulation
results of Pareto Point A (w1= 0, wp= 1), Point C (w1 = 0.4, w>= 0.6) and Point F (w; =
1, wo= 0) are compared in Fig.13. The amount of heat transmitted from the optimized
bottle model decreased about 30% to 35% as compared with that of the regular bottle.
Therefore, it can be concluded that the optimum model has better touch feeling and

better embossing formability.

5. Conclusions

The hot touch feeling of beverage bottles is evaluated quantitatively by Tactile

Sensation of Heat analyses composing the contact deformation analysis and heat

17



transfer analysis between the finger and hot bottle body. The axial embossing

formability is also evaluated quantitatively by the finite element analysis. Moreover,

the effects of the dimension of rib-shape embossed bottles to the hot touch feeling and

the embossing formability are investigated. Finaly, the Response Surface

approximation method and Weighted Sum Approach in multi-objective optimization

techniques are applied to optimize the rib-shape embossed bottle in order to make it

have temperate touch feeling and good embossing property as expected by designers.
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Table 2 Design points assigned by orthogonal array Lo.

Design | Designcyclel | Designcycle2
Point | A2(0) | As() | A2() | As()
1 1.5 1.5 15 15
2 1.5 35 15 2.5
3 1.5 55 15 35
4 35 1.5 35 15
5 35 35 35 2.5
6 35 55 35 35
7 5.5 15 9.5 15
8 55 35 55 2.5
9 55 55 55 35

Table 3 Optimal solutions from Weighted Sum Approach.

Pareto A As

point | Wt | W2 o | e f1 fa f 01 02
A 0010|351 | 174 | 0969 | 0951 | 0.951 | -2.2E-03 -1.2E-04
B 0208|343 | 225 | 0.955 | 0953 | 0.953 | -2.1E-03 -1.1E-04
C 0406|322 | 252 | 0.939 | 0960 | 0.952 | -1.9E-03 0.0E+00
D 06 04| 259 | 278 | 0.925 | 0.975 | 0.945 | -1.4E-03 0.0E+00
E 0802|173 | 329 | 0916 | 0.998 | 0.932 | -6.1E-06 -6.3E-06
F 1.0/ 00| 150 | 3.23 | 0912 | 1.023 | 0.912 | 0.0E+00 -3.5E-04
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Fig. 1 Bottles with ribs and wrapped with shrink film.

l lpl i i i Fixed temp. 37°C

Initial temp. 35°C

Bottle body

Bottlebody  60°C

(b) Contact analysis model (c) Heat transfer analysis model
Fig. 2 Analysismodel of tactile sensation of heat.
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(a) Finger model (unit: mm). (b) Rib-shape embossed bottle body.
Fig. 3 Cross-sections of fingertip and embossed bottle body.
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Fig. 4 Heat transfer analysis results at 0.03 second.
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Fig. 5 Temperature distribution of the finger at 0.03 second.
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Bottle body Die

(a) Axial embossing model

40 10

R33.1

(b) Bottle body model (unit: mm) (c) Cross section of die
Fig. 6 Simulation model of embossing process.
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Fig. 7 Simulation results of the embossing process with and without internal pressure.



(c) Model N3 (A, = 3.5°, A;=5.5°) (d) Model N4 (A; = 1.5°, Ag =
Fig. 8 Rib-shape embossed bottle body (q = 0 MPa).

259)
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Select design variables X and define design space

v

Arrange analysis points by the Design-of-experiment technique

<

v

v

v

Perform analyses of tactile sensation of heart

Perform embossing simulations

v

v

Approximate function Q (X)

Approximate functions R 1(X) and R »(X)

v

v

Scale objective function 1: f; = Q(X)/ Q o

Scale objective function 2:  f,

" R(X)-R(X)

ARy

v

v

v

Calculate Pareto front and do optimization

Judge convergence condition

Improve Design space

Fig.9 Flowchart of the multi-objective optimization of a beverage bottle considering tactile sensation

of heat and embossing formability
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Fig. 10 Embossing process simulation results of design cycle 1.
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(c) (d)

Fig. 11 Approximate response surfacesin design cycle 2.
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Fig. 12 Objective space of design cycle 2.
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(a) Pareto Point A (A, = 3.51, A = 1.74°)

(b) Pareto Point C (A; = 3.22°, Ag = 2.52°) (c) Pareto Point F (A, = 1.50°, A; = 3.23°)

Fig. 13 Embossing simulation results of Pareto PointsA, C, F.
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