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Abstract

Manipulative operations of rheological objects can
be found in many industrial fields such as food industry
and medical product industry. Automatic operations of
rheological objects are eagerly required in these fields.
In this paper, we will realize a vision-based automatic
forming of rheological objects using deformation tran-
sition graphs.

First, we will develop forming machine of rheologi-
cal objects with multi degrees of freedom. Secondly, we
will analyze the forming processes of rheological object-
s. Thirdly, we will introduce a deformation transition
graph so that the forming processes can be described in
a systematic manner. Finally, we will propose a form-
ing control method of a rheological object based on the
deformation transition graph.

1 Introduction

In food industry, we can find many manipulative
operations that deal with deformable rheological ma-
terials such as dough, paste, jelly, and meat. Most
these operations are done by humans. Especially, op-
erations with large deformation of rheologic objects
depend upon humans. For example, forming of pizza
dough to a thin circular shape is performed by hu-
mans while extension of the dough can be done by
mechanical stretchers. Thus, automatic operations by
machines are strongly required for the purpose of cost
reduction and cleanness of food.

Object deformation has been investigated in vari-
ous research fields. Modeling of viscoelastic objects
has been studied in computer graphics [1, 2] and vir-
tual reality [3]. These researches focus on the defor-
mation modeling of viscoelastic objects and forming
operations of viscoelastic objects are out of consid-
eration. Thus, we have no method to determine a
forming strategy based on the object model. Material
nature of rheologic objects is investigated extensively
in rheology [4]. Unfortunately, deformation of rheo-
logic objects in 3D space is not studied in rheology.
Handling operations of deformable objects have been
studied recently. Automatic handling of deformable
parts in garment industry and shoe industry has been
experimentally studied [5, 6]. Zheng and Chen have
proposed a strategy to insert a deformable beam into
a hole [7]. Wada et al. have proposed a control law
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for the positioning operation of extensible clothes [8].
These researches focus on handling of elastic objects
and forming operations of rheologic objects are out of
focus.

In this paper, we will focus on the automatic form-
ing operation of rheologic objects. First, we will devel-
op forming machine of rheological objects with mul-
ti degrees of freedom. Secondly, we will analyze the
forming processes of rheological objects. Thirdly, we
will introduce a deformation transition graph so that
the forming processes can be described in a systemat-
ic manner. Finally, we will propose a forming control
method of a rheological object based on the deforma-
tion transition graph.

2 Development of Forming Machine
with Multi Degrees-of-Freedom

In this section, we will develop forming machine of
rheological objects with multi degrees of freedom.

Figure 1 shows the configuration between a cylin-
drical roller and a planar table. The roller has six de-
grees of freedom relative to the table; three for trans-
lation and three for rotation. Traditional stretchers
have two degrees of freedom; The five freedoms can
be assigned to either a roller or a table. Note that
feed motion 77 is assigned to a table in stretchers.
Translational freedom 7T} is thus assigned to a table.
Rotation around a vertical axis is involved in planar
motion in the table plane. Rotational freedom R, is
thus assigned to the table. The other freedoms T5
and R;, R3 are not planar motion in the table plane.
Freedoms T5 and R;, R3 are thus assigned to a roller.
Consequently, a table should have three degrees of mo-
tion, 77 and R,, while a roller should have the other
degrees of freedom, 7> and Ry, R3.

Based on the above investigation, we will develop a
forming machine illustrated in Figure 2, where the five
freedoms can be controlled to change the configuration
between a roller and a table. A roller is supported by
a link mechanism with rotational joints a;, a2, and as
and prismatic joints b; and by. All rotational joints are
passive while two prismatic joints are driven by actua-
tors. The distance between the roller and the table as
well as the angle from the horizon of the roller can be
changed by controlling the two actuators, which drive
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Figure 1: Motion freedoms of forming machine
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Figure 2: Mechanism of proposed forming machine

prismatic joints by and by. As a result, translation
T> and rotation R, are controllable in the proposed
mechanism. A circular table can rotate around its ax-
is and can translate reciprocally along the table plane.
Namely, rotation R, and translation 73 are control-
lable in the mechanism. These four effective freedoms
are driven by DC servo motors, which are controlled
from a PC through a D/A converter. Rotation R;
and translation 77 are synchronized by a driving belt.
Thus, the tangential speed at the surface of the roller
coincides with the translational speed of the table.

The developed forming system is shown in Figure
3. A CCD camera is installed in the system to cap-
ture the deformed shape of a rheological object. The
captured image is sent to a PC and the motion of
mechanism is determined based on the captured im-
age.

3 Analysis of forming processes of rhe-
ological objects

In this section, we will investigate the forming pro-
cess of rheological objects. Let us introduce an outline
function to describe the deformed shape and develop
a method to compute the outline function. Figure 4-
(a) shows an example of grayscale images captured by
the CCD camera. Note that the table surface is black
and that the location of the table in a captured image
is constant. Thus, we can easily extract the deformed
shape of a rheological object, as shown in Figure 4-(b).

Let mae be the width of the obtained image and
Ymaz D€ its height. Let p(i,j) be the grayscale at a
lattice point (i,7). Then, the gravity center of the
deformed shape (X,,Y,) is given by
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Figure 3: Prototype of forming system

(b)

Figure 4: Images of rheological object :(a) Original
image, (b) Extracted object image

where

Tmaz Ymaz

W= > pli,j)

i=0 j=0

Let f(0) be the distance from the gravity center to
the contour of the deformed shape at angle 6 from
z-axis, as illustrated in Fig. 5. The deformed shape
of a rheological object is then described by a function
f(6)(0° <60 < 360°), which is referred to as an outline
function of the deformed shape. Figure 6 shows an
example of the outline function of a deformed shape.
Figure 6-(a) is the deformed shape image and Figure
6-(b) is the outline function of that.

Let us investigate the forming processes of rheologi-
cal objects. In the forming process, a cylindrical roller
extend a rheological object, as illustrated in figure 7.
Note that the location of the gravity center changes
during a forming process, as illustrated in Figure 7.
Thus, the distance between a point on the contour


ralph
813


(Koo Yina)

(7))

A Center of gravity

Y

0.0) X

Figure 5: Outline function of deformed shape
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Figure 6: Example of outline function

and the gravity center may change during a forming
process even if the point does not move. Thus, when a
roller extends an object in one direction, the value of
an outline function will increase at the roller angle as
well as the value at the opposite roller direction after
the forming.

(a) Initial shape

(b) Deformed shape

Figure 7: Extentional forming of rheological objects

Figure 8 shows a forming process of a circular rhe-
ological object of radius 47 mm. Figure 8-(a) is an
initial shape and Figure 8-(b) is a deformed shape.
The roller direction is given by 90°. Outline functions
corresponding to the initial shape and the deformed
shape are plotted in Figure 8-(c). As shown in the
figure, the distance increases at angle 90° as well as
at angle 270°. Consequently, we find that the value
of an outline function increases at the roller direction
and at the opposite direction.

Next, we will investigate the forming process of sim-
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Figure 8: Forming of circular object of radius 47 mm

ilar initial shapes. Figure 9 shows a forming process
of a circular rheological object of radius 57mm. Fig-
ure 9-(a) is an initial shape and Figure 9-(b) is a de-
formed shape. The roller direction is given by 90°.
Outline functions corresponding to the initial shape
and the deformed shape are plotted in Figure 9-(c).
Initial shape given Figure 9-(a) is 1.2 times as large
as the shape in Figure 8-(a). Let us normalize outline
functions plotted in Figure 8-(c) by multiplying 1.2 so
that they can be compared with the functions plotted
in Figure 9-(c).

Normalized outline functions are plotted in Figure
10. Solid lines describe the forming process of a cir-
cular object with radius 47 mm. Broken lines de-
scribe the forming process of a circular object with
radius 57 mm. From the figure, we find that the de-
formed shapes are similar each other when the initial
shapes are similar. Consequently, it turns out that the
forming processes preserve the similarity of deformed
shapes.

4 Deformation Transition Graphs

4.1 Descriptiom of Forming Processes

In this section, we will introduce a deformation
transition graph to describe the forming process of
rheological objects. Since the proposed forming ma-
chine has multi degrees-of-freedom, it is required to
determine a series of actions of the forming machine
to perform a given forming operation of rheological ob-
jects successfully. Deformation transition graphs are
useful to determine a series of actions for the forming
machine.

One action of the forming machine yields a tran-
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Figure 9: Forming of circular object of radius 57 mm
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Figure 10: Normalized outline functions correspond-
ing to forming processes of similar objects

sition from one shape to another of a rheological ob-
ject. This implies that an action of the forming ma-
chine corresponds to a transition between one shape
to another. Let us investigate whether an appropriate
action of the forming machine yields a transition from
one shape to another or not. For example, forming of
a rheological object from the shape S; shown in Fig-
ure 11-(a) into the shape Sy shown in Figure 11-(d)
can be performed by moving the roller horizontally.
On the other side, forming from the shape S; into the
shape S5 shown in Figure 11-(e) cannot be performed
by any action of the forming machine. Namely, some
transitions among shapes can be performed by actions
of a forming machine and the other transitions are not
possible.

Let us classify all actions of a forming machine into
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Figure 11: Examples of different shapes of rheological
object

Figure 12: Deformation transition graph

a finite number of categories. Each category is repre-
sented by one action involved in the category. Then,
one shape of a rheological object can be formed into a
finite number of shapes by representative actions. Let
us describe the relationship between the representative
forming actions and deformation of a rheological ob-
ject using a graph, as illustrated in Figure 12. A node
of the graph describes a shape of a rheological object
and an arc between two nodes denotes a representa-
tive forming action, where the object deforms from
one shape corresponding to the starting node into the
other corresponding to the end node. This graph is
referred to as a deformation transition graph. Deter-
mination of a series of actions from the initial shape to
the goal shape results in path finding from one node
of the graph corresponding to the initial shape into
another node corresponding to the goal shape. Con-
sequently, deformation transition graphs are useful to
plan the forming operations of rheological objects.

4.2 Feature extraction of outline function

In this section, we will classify deformed shapes of
a rheological objects to define the nodes of a deforma-
tion transition graph. In the extensional forming of a
rheological object, a roller approaches to the object to-
ward its concave regions or toward its convex regions,
as illustrated in Figure 13. This implies that concave
regions and convex regions of a deformed shape are
essential in the extensional forming. Thus, we will
classify deformed shapes by concavity and convexity
of the shapes.

Let us explain the classification using a simple out-
line function f(6) plotted in Figure 14-(a). Note that
a concave region of a deformed shape corresponds to
a local minimum of an outline function and its convex
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Figure 13: Possible directions of roller in extensional
forming

region corresponds to a local maximum of the func-
tion. Here, we will focus on two local minimums, say,
the smallest one and the second smallest one as well
as on two local maximums, say, the largest one and
the second largest one. Without losing the generality,
we assume that an outline function takes its maxi-
mum value at # = 0 Assume that the function takes
its minimum value at € = «. Let us examine the value
of the function at the two local minimums and at the
two local maximums. In order to describe the func-
tion qualitatively, let us divide the range of the outline
function as follows:

region 1 = [f(0) —d, f(0)+d],
region 2 = [f(a)+d, f(0) —d],
region 3 = [f(a) —d, f(a)+d]

where d = (f(0) — f(a))/4. We will examine which
region the value of the function is involved in at the
two local minimums and at the two local maximums.
For example, the value of an outline function given
in Figure 14-(a) involved in region 2 at the second
largest local maximum and at the second smallest lo-
cal minimum. The numbers of regions corresponding
to the four local extreme points are listed in order
to describe the function qualitatively. The function
plotted in Figure 14-(a) is then symbolized as [1322].
These symbols correspond to individual nodes of a de-
formation transition graph. Note that the maximum
of an outline function is always involved in region 1.
Consequently, we have 3> = 27 nodes in a deforma-
tion transition graph. Figure 14-(b) shows an outline
function, which is symbolized as [1223].

4.3 Determination of forming actions

In this section, we will determine forming action-
s, which represent arcs in a deformation transition
graph. Here, we will focus on the angle of the table of
a forming machine, 1, and the height of the roller, D.
As mentioned in the previous section, the direction of
a roller corresponds to four local extremes of an out-
line function. Thus, we will determine angle 1 so that
the direction of a roller satisfy this condition.

Next, let us investigate how to determine the height
of a roller, D. As mentioned in Section 3, a forming
action can preserve the similarity of deformed shapes.
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Forming actions that preserve this similarity are use-
ful in the determination of forming actions since we
do not have to deal with the absolute values of action
variables, say, ¢ and D. Thus, we will focus on form-
ing actions that preserve the similarity of deformed
shapes.

Let Dpresent be the present height of a roller and
D,cet be the height in the following action. Note
that D,,c.+ must be determined so that the similarity
is preserved. Thus, we will investigate an appropri-
ate value of Dy, corresponding to Dpresent in ad-
vance experimentally. Namely, we will obtain func-
tion Dpegt = Dpeat(Dpresent) through forming exper-
iments. Once the function is obtained, we can deter-
mine the height D,..; uniquely corresponding to the
present height D, csent-

5 Forming Control Using Deformation
Transition Graphs

In this section, we will propose a control method for
forming rheological object using a deformation transi-
tion graph.

Here, we will investigate a forming of pizza dough
into a circular shape. Goal node of a deformation
transition graph in this forming is denoted by [1111],
as illustrated in Figure 15. One action should be de-
termined at any node except the goal node so that
the deformed shape can be guided to the goal shape.
In this forming, an action where the roller approaches
toward the smallest local minimum is selected at any
node but the goal node.
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Figure 15: Outline function at goal node

Figure 16 shows an example of the forming. Fig-
ure 16-(a) through (f) describe the deformed shapes
of a rheological object at individual iterations during
the forming. The object consists of wheat flour and
water in weight ratio 1:3. Figure 17 provides the cor-
responding outline functions. From these figures, we
find that the rheological object can be formed into a
circular shape successfully.

(e) S5

(® Sé

Figure 16: Deformed shapes of dough at individual
iterations

6 Concluding Remarks

In this article, we have proposed a control method
in the vision-based forming of rheological objects.
First, we have developed forming machine of rheolog-
ical objects with multi degrees-of-freedom. Secondly,
we have analyzed the forming processes of rheological
objects. Thirdly, we have introduced a deformation
transition graph so that the forming processes can be
described in a systematic manner. Finally, we have
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Figure 17: Outline functions at individual iterations

proposed a forming control method of a rheological
object based on the deformation transition graph.

Future issues include (1) experimental evaluation
of the robustness of the proposed method against the
variation of object properties, (2) forming of rheolog-
ical objects into a shape except circle, and (3) opti-
mization of series of forming actions.
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