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An Optimum Design of Robotic Hand for Handling
a Visco-elastic Object Based on Maxwell Model

Naoki Sakamoto, Mitsuru Higashimori, Toshio Tsuji, and Makoto Kaneko

Abstract— This paper discusses an optimum design approach
for robotic hands by considering the characteristics of visco-
elasticity of food. ‘“Norimaki-sushi” is taken as an example for
food. We first show that the dynamic characteristics of such
food can be expressed by utilizing the Maxwell model with two
layers. Based on dynamic parameters obtained by experiments,
we show the relationship among the total working time, the
plastic deformation of food after the grasping motion, the hand
stiffness, and the operating velocity of the hand. We newly found
an interesting behavior of food that allows to find an optimum
set of the design parameters for achieving the minimum plastic
deformation of food.

I. INTRODUCTION

At present, dishing up food into a box lunch sold at
convenience stores is done manually by workers standing
on both sides of a belt conveyor, as shown in Fig.1. The
net profit of an individual box lunch, that is, the sales price
minus the cost of the raw food materials, personnel expenses
and other management costs, is limited to roughly 2% of the
retail store price. To increase net profit or to improve the
profit ratio for dealing in box lunches, the manual processes
for dishing up should be shifted to an automatic sorting and
filling system. When designing a robotic hand for handling
food, compared to a robotic hand for industrial applications,
the visco-elasticity, adhesiveness, and non-homogeneity of
objects have to be considered. In this work, we focus on
the visco-elasticity of the handled objects and pick up the
vinegared rice rolled in laver, so called Norimaki-sushi(or
Norimaki). The visco-elastic characteristics of food have
been established by using an approximate model based on the
Maxwell Model using two different elements, i.e., the elastic
element and the viscous element [1], as shown in Fig.2(a).
Handling such a visco-elastic object by a robotic hand can
be classified into three phases; the closing phase where the
hand base position closes for increasing the grasping force
applied to the object, as shown in Fig.2(i), the stationary
phase where the hand base position is fixed and the grasping
force decreases by the plastic deformation of the object, as
shown in Fig.2(ii), and the opening phase where the hand
base position opens for releasing the object, as shown in
Fig.2(iii). Through all phases, the grasping force f changes
with respect to time. The grasping force also changes with
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Fig. 1. Production factory of box lunches.
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Fig. 2. Three phases for handling a food.

the stiffness of the hand. In order to design a robotic hand
for use in dishing up food for box lunches, there are a
couple of requirements, including a) lying a total working
time cycle T' of the robot system within a remunerative
time period, b) holding up the object for a prescribed time
period T; for transporting the object, and c) restraining the
plastic deformation of object X, within an acceptable range
to ensure product quality. Taking the above requirements and
the characteristics of object into account, this paper explores
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how the plastic deformation X, and the total working time
T change with respect to the design parameters (the hand
stiffness and the operating velocity of the hand).

This paper discusses a design approach for robotic hands
by considering the characteristics of visco-elasticity and
hopefully finds an optimum set of design parameters. This
paper is organized as follows; In chapter II, we briefly review
related works. In chapter III, we obtain the visco-elastic
parameters of Norimaki through experiments and show that
such a characteristic can be approximated by a Maxwell
model. In chapter IV, we explore the relationship among
the hand stiffness, the operation velocity of the hand, the
resultant plastic deformation of the object after being re-
leased, and the total working time. Based on this relationship,
we show an interesting observation where there exists the
minimum plastic deformation of object with respect to the
operating velocity of the hand exists. In chapter V, we solve
an optimum design problem for the hand. We obtain the
optimum combination of the hand stiffness and the operating
velocity so that either the plastic deformation or the total
working time results in minimum. In chapter VI, we give
the conclusion of this work.

II. RELATED WORKS

Robotic systems and automations for food processing have
been desired by the food industry for a long time. As
for deformations of food, Tokumoto and et al. [2] have
shown that a proper combination of both elastic and viscous
elements can express the basic behavior of rheology objects.
They have also shown simulation results for confirming the
validity of the model. As for food handling robots, Li and
Lee [3] have developed a visually guided robotic system
for handling food. They have shown that the gripper grasps
robustly non-homogeneity food by visual information. Silsoe
Research Institute [4] have developed the creative robot hand
so that handling for a food which has adhesion. The hand
is composed by a pair of gripping finger and film such as
belt conveyor, can release the adhesion object accurately.
Tomizawa et al. [5] have proposed a multi-fingered hand
with an acetabulum at the top of each finger, for handling
fresh fruits. They have shown that the proposed hand has
the potential to grasp an object by using the acetabulums
without damaging the object. Mayekawa Mfg. Co., Ltd. [6]
has developed a poultry thigh leg deboning robot which
can work approximately four times faster than a human and
process approximately 900 poultry thigh parts per hour. Also,
as for handling soft objects other than food, Taylor et al. [7]
have discussed the automatic handling for shoes and garment.
Hirai et al. [8] have discussed the strategy for handling thin
deformable objects such as sheets metal or leather products.
Wada et al. [9] have proposed the control method for textile
fabrics, where the position, posture, and deformation of an
object can be controlled by utilizing a vision sensor to detect
the position of representative predetermined points on the
object. Zheng et al. [10] have discussed how to set up a
flexible beam with mounting holes in order to automatic
assembly tasks.
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III. DYNAMIC CHARACTERISTIC OF FOOD

A. General Concept

In general, it is well known that food has rheological
characteristics which can be well approximated by a dynamic
model using elastic and viscous elements [1]. In this work,
suppose a small deformation of food, we approximate the
non-linear characteristics of food by a four-element Maxwell
model, as shown in Fig.2(a), which has connection of two
parallel units where each unit is a serial elastic element and
a viscous element. In Fig.2(a), k; and ¢; are the elastic
and the viscous coefficient of the ¢-th layer (: = 1,2),
respectively. Now, let us consider that an external force f
acts on the object. When denoting by z, z;, and f; the whole
deformation of the object, the deformation of the ¢-th layer,
and the force applied to the i-th layer, respectively, we can
obtain the following relationship:

fi(t) kixri = ciTes, (1)
) = > L), @)
T = Ty =Tki + Tei, 3)

where z; and x.; are the deformation of the elastic and the
viscous element, respectively, of the ¢-th layer. By removing
fi» i, Tis, and x¢; from (1)—(3), we can derive the following
equation:

boi(t) + bri(t) = azf(t) + ar f(t) + f(t), 4)
where

cica(kr + k2)

by & 5
2 kl kQ ) ( )
b1 £ ¢y + co, (6)
a CiC2
= 7
az kl kQ ) ( )
ar  Cika + 2k
= — . 8
ai k1 ko (8)

Equation(4) is the differential equation expressing the rela-
tionship between the external force applied to the object f
and the deformation x of the object.

B. How to Estimate Parameters of Norimaki

Suppose that an object with visco-elastic parameters c;
and k; is grasped by a hand with stiffness &, as shown in
Fig.2. By letting x;, be the displacement of the base of hand,
we obtain

(0 = an(t) - 12, ©
h
From (4) and (9), we can obtain
Baiin(t) + Biin(t) = Ao f (1) + Af(8) + f(8),  (10)
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Norimaki

Fig. 3.

An overview of the experimental system.

where

0162(]61 + kg)

. P 11

Bi £ c1+c, (12)
clcg(kh + kl + k2)

A, 2 13

2 knkiko ’ (13

A, & akalbntk)teaki(hn k)

kp k1 ko

Based on (10), we experimentally obtain the visco-elastic
parameters ¢; and k; of Norimaki. Now, suppose that the
hand makes contact with the object. The contact force is
zero at the initial phase (t = 0, z;, = 0). We give open and
close commands to the hand by the following procedure:

1. Closing phase (0 < ¢ < t§") : Close the hand for the
position of x;, = 2§ " with the operating velocity of
vp(= Zn), as shown in Fig.2(i).

2. Stationary phase (t5° < ¢t < t)*") : Fix the hand at
zp = 5", as shown in Fig.2(ii).

3. Opening phase (¢;”" <t < T) : Open the hand to the
position of x;, = 0 with the operating velocity of vy,
as shown in Fig.2(iii).

Fig.3 gives an overview of the experimental system, where
a dummy hand with two parallel grippers with the stiffness
of kj, is utilized. One gripper is fixed on the base and the
other can be moved by a linear slider, so that they can realize
smooth opening and closing motions. The base displacement
of the gripper x,(¢) is measured by an encoder integrated
in the motor for driving the slider. The normal component
of contact force at the contact point f(t) is measured by
the strain gauge attached to the gripper. By inserting the
measured x(t) and f(¢) into (10), we can compute A;, Ao,
Bi, and Bs. Instead of using the differential (10), which
introduces a large error by differentiating the noisy signal,
we transform (10) to the following integration equation:

Mp = gq, (15)

Fig. 4. A series of photo during a whole experiment.

where
M o2 [—f, - / fdt, @, / mhdt}, (16)
P £ [A27A17B27B1]T7 (17)
£ // fat?, (18)
fo2 [ft) flt2)s o fT, (19)
xy 2 [en(t), znlta), . entn)]”, (20)

f(t;) and xp(t;) are the contact force and the base dis-
placement of hand, respectively, at the sampling time t;
(t=1,2,---,n). From (15), we can estimate p by the least
squares method as follows:

p = (MT"M)'M"q. (1)

After computing p by using experimental data, the visco-
elastic parameters ¢; and k; can be computed from (11)—(14),

as follows:
= —245B1 + (A1 + \/A? —4A4,)B,
245\/A2 — 14, ’
by = 24;B1 — (A1 — /A3 —4A5)By 23)
245/ A2 — 44, ’

2B, — (A — /AT — 443)B;

(22)

. = , 24
' 2/A% — 44, &4

o = —2Bs + (A1 + /A2 —4A5)B; 25)
) = .

2,/AZ — 44,

C. Results of Estimation

We adopt a popular Norimaki as an object for the ex-
periment. Fig.4 show a series of photos taken during an
experiment, where the hand stiffness is k;, = 8500[N/m], the
operating velocity is vy = 20[mm/s], the base displacement

is _xiﬂp = 8[mm], the time for finishing the closing motion is
9" = 0.8[s], and the time for starting the opening motion

is ;7" = 5.0[s], respectively. Fig.4(a), (b), and (c) show the
object and the hand at times ¢t = O[s], t = 3[s], and ¢t = 6[s],
respectively. The continuous line in Fig.5 shows the contact
force between the hand and the object with respect to time.
From this line, we can see that: the contact force increases in
the closing phase (0 < ¢ < 0.8[s]), the contact force relaxes
as time passes in the stationary phase (0.8 < t < 5.0[s]),
and the contact force rapidly decreases in the opening phase
(5.0 <t < 5.5[s]). The visco-elastic parameters ¢; and k;,
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which are estimated by using the contact force data in Fig.5,
are indicated in Fig.5. The dashed line in Fig.5 shows the re-
produced contact force computed by using (10)-(14) with the
estimated parameters k;, ¢; and the hand position data , (¢).
We can see that the reproduced contact force nicely matches
with the contact force obtained by the experiment, where the
degree of approximation is given by R? = 0.98. In order to
obtain the average parameters of Norimaki, we execute 10
experiments for each of the three base displacements z§ = =
{4, 8,12}[mm], and performed 30 the estimations. In Fig.6,
we show the average of estimated visco-elastic parameters.
The continues line and the dashed line in Fig.6 show one of
the experimental contact force and the reproduced contact
force, respectively, for 2 * = {4,8,12} [mm]. The average
of parameters in Fig.6 are utilized for analysis in Chapter IV
and thereafter.
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IV. PREPARATION TOWARD DESIGNING HAND

In this chapter, we explore the relationship between the
design parameters of the hand and the food characteristic as
shown in Fig.2, where we regard the hand stiffness kj; and
the operating velocity vy, as the design parameters of the
hand.

A. Definition of Plastic Deformation and Total Working Time

For a given set of the base displacement of the hand in

the stationary phase xiﬁp and the operating velocity in the

closing phase vy, the time for finishing the closing phase

t&™ s determined as follows:

grip
Th

grip __
t, " =
Uh

(26)

On the other hand, the time for starting the opening phase
t;’" has to be determined according to the transporting
time 7;. Suppose that the transporting time 7; is given.
For avoiding that the hand drops the object, the following
condition for the normal component of the contact force is
required:

mga < 2uf, 27

where m, g, i, and « are the mass of object, the gravitational
acceleration, the friction coefficient between the hand and the
object, and the safety factor', respectively. From (27), we can
express the limitation of contact force as follows:
mgo

2u
Suppose that in the closing phase and the opening phase,
there are unique times at which f(t) = fi™, as shown in
Fig.2. Such times ™ and ti™ are defined by the following
conditions:

fim s (28)

(1>

thim tpmpim (0 < ™ < 48,

tpmpim (B < B < T).

(29)
(30)

lim A&
t2 —_—

To guarantee that the hand can support the object for the
time 7; of the transport of object, the following condition is
further required:

li li
i gl > 7y, 31)
To minimize the total working time 7', let us consider the

time for starting the opening phase ¢,”" so that it leads to

thm _ glim — (32)

Under the above tiﬂp and t(,)Lp " we define the total working
time 7' and the plastic deformation X, as follows:

A open x{};:ip
T = th + pmax ’ (33)
h
X, & x(0). (34)

'ao > 1 indicates how much larger the friction force is required to be
than the gravity force applied to the object. However, an excessively large o
leads to a large contact force, and as a result, to a large plastic deformation.
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where the hand opens with the maximum velocity v;*** in
the opening phase, for simplicity, we like to note that the
plastic deformation is caused by the deformation of viscous
elements.

B. Relationship among Design Parameters, Plastic Defor-
mation, and Total Working Time

In this section, we discuss the relationship among the hand
stiffness kj,, the operating velocity of the hand vy, the total
working time 7', and the plastic deformation X,,. For the
hand motion in each phase, the behavior of the object can
be computed by simulation based on (10). Fig.7 shows the
flowchart for obtaining 7' and X,,. Instead of using (34),
the plastic deformation is computed by X, = z(T + Tinf),
where Ti,¢ is given large enough for the object to finish the
recovering motion after being released. Table I shows the
parameters used for the simulation. Fig.8 shows the total
working time 7" and the plastic deformation X,, under the
variable parameters of the hand stiffness k‘}f’in < kp < kpex
and the operating velocity v};“in < vy < v, In addition,
Fig.9-Fig.11 show the relationships between two parameters
in Fig.8.

Fig.9 shows the relationship between the hand stiffness
kp, and the plastic deformation X,,. From this figure, we can
see that the plastic deformation X,;, monotonously increases
as the hand stiffness k;, becomes larger, except for the case
where the operating velocity vy, is extremely small. When
the hand stiffness kj is large, the contact force applied to
the object becomes large, and as a result, the deformation of
viscous elements becomes large.

Fig.10 shows the relationship between the hand stiffness
kp, and the total working time 7'. From this figure, we can
see that the total working time 7' monotonously decreases as
the hand stiffness k;, becomes larger. As the hand stiffness
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TABLE I
PARAMETERS FOR SIMULATION.

k1 stiffness of the 1st spring 200 [N/m]
ko stiffness of the 2nd spring 110 [N/m]
c1 viscosity of the 1st damping 20 [Ns/m]
c2 viscosity of the 2nd damping 1400 [Ns/m]
T time for lifting object 2.0 [s]
m mass of object 0.045 [kg]
“w coefficient of friction 1.2
g acceleration due to gravity 9.8 [m/s?]
ac‘i'ip base displacement of hand 8.0 [mm)]
U}?“‘ minimum speed of the hand 2.0 [mm/s]
vprax maximum speed of the hand 200 [mm/s]
khmi“ minimum stiffness of hand 500 [N/m]
kprax maximum stiffness of hand 100000 [N/m]
« safety factor 3
Tint additional time for recovery of food 3.0 [s]
Y Ul = 2[mm/s]
SN 1 :
Y '!///,/;///"",I,,,, - Un

CAY TR

S 1 01 LFAT

LR
v

AL,
==

2., S S & e
0 . §§$§~ . U}L L6
Ky [x10* N/m] 10710 X, [mm]

Fig. 8. The relationship among vy, kp, Xp, and T'.

kp, becomes larger, the force required to hold up the object
fim is generated earlier, and as a result, the total working
time 7" becomes smaller.

Fig.11 shows the relationship between the operating ve-
locity vy, and the plastic deformation X,,. From this figure,
we can see that the plastic deformation X, becomes large in
the case where the operating velocity vy, is extremely small,
while it is sharply decreases as the operating velocity vy,
becomes larger. Let us now consider the reason by using
the 1-layer Maxwell model for simplicity. Fig.12(a) shows
the displacements of elastic and viscous elements under the
operating velocity v, ~ 0, where (i) and (ii) correspond
to the time when the closing phase finishes (t = t5)
and the time when the opening phase starts (¢t = ¢;"),
respectively. As shown in Fig.12(a-i), the work done by
the hand in the closing phase is entirely assigned to the
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Fig. 10. The relationship between k;, and T'.

displacement of the viscous element, in the case where the
operating velocity vy, is extremely small. Then, as shown in
Fig.12(a-ii), no recovery of the viscous element is generated
in the stationary phase. Since no recovery occurs in the
opening phase, the large displacement of the viscous element
finally remains. On the other hand, under the operating
velocity v, ~ oo, as shown in Fig.12(b-i), the work done
by the hand in the closing phase is entirely accumulated into
the elastic energy and no displacement of the viscous element
is generated in the closing phase. As shown in Fig.12(b-ii),
a portion of the accumulated energy is then used for the
displacement of the viscous element, in the stationary phase.
In the opening phase, however, the rest of the accumulated
energy is released. This is the reason why the increase of the
operating velocity vy, is effective for suppressing the plastic
deformation X,

Now, we would note that there is a remarkable observation
where the plastic deformation X, results in minimum, as
shown by e in Fig.11, with respect to the operation velocity
vy,. This is supposed to be caused by the exquisite balance
between the operating velocity and the grasping time in the
stationary phase. As far as we know, such an interesting
observation has not been reported in the past. This property
may become important for designing robots for handling
the food which especially requires a large attention on the
deformation.
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V. EXAMPLES OF OPTIMUM DESIGN

Let us now replace the discussion in Chapter IV by
the optimum design problem to minimize either the plastic
deformation X, or the total working time T". We formulate
these optimum problems as follows:
X, (or T)
fim < (0, e < o<
™ — 1" > T,
T <T™ (or X < X '),
,U}r:'lin S v S ,U;Lnax,

B <k < R

Minimize

Subject to

where 7™ and X ** are the permissible total working
time and the permissible plastic deformation, respectively,
and the decision variables are the operation velocity v;, and
the hand stiffness k;,, respectively.

Minimum Plastic Deformation: Fig.13 is obtained by en-
largement of the simulation results shown in Fig.8 within
the range of 0 < k;, < 5000 [N/m] and 10 < vp, < 200
[mm/s], respectively. When 7™ = 2.20[s] is given, for
example, the minimum plastic deformation X, obtained from
Fig.13 is Xp = 1.03[mm] (Point A indicated in Fig.13). In
this case, the optimum operating velocity vy, the optimum
stiffness kj, and the minimum plastic deformation X, are
also obtained and given by v}, = 32[mm/s], k; = 500[N/m],
and T = 2.12[s], respectively.
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Fig. 13. The optimum design point.

(b) t = 0:%[5]

(c)t =2.1[s]

Fig. 14. An overview of demonstration.

Minimum Total Operating Time: When X *** = 1.2[mm]
is given, the minimum total working time 7" can be obtained
from Fig.13, i.e., T' = 2.02[s] (Point B indicated in Fig.13).
In this case, v}, k7, and X, can be also obtained and given
by vy = 200[mm/s], k; = 2000[N/m], and X, = 1.2[mm],
respectively.

VI. CONCLUSION

We discussed an optimum design approach on robot hand
for handling food by considering the characteristics of visco-
elasticity. The main results are summarized as follows:

1) Based on the four-element Maxwell model, we ex-

perimentally obtained the visco-elastic parameters of
Norimaki.
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2) We showed the relationship among the design pa-
rameters of the hand (the stiffness and the operating
velocity), the plastic deformation, and the total working
time. During simulation, we obtained an interesting
observation where the plastic deformation resulted in
minimum with respect to the operating velocity.

3) We showed two examples of the optimum design,
where we determined the optimum combination of the
hand stiffness and the operating velocity of the hand
to minimize either the plastic deformation or the total
working time.

Finally, Fig.14 shows an demonstration of handling
“Norimaki-sushi”. In the future, we would like to take into
account the adhesion of the object as well as its visco-
elasticity for the design of food handling robot hands.
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