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effector of depalletizing robots
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Abstract

This paper describes a vacuum suction-type end effector for depalletizing robots in distribution centers. The devel-
oped end effector has multiple suction pad units to which a bellows pneumatic actuator is applied as the support
mechanism. Load-bearing capacity is improved due to a high-strength wire provided inside the bellows, and the con-
traction force is improved due to ring members placed inside of the ridges of the rubber bellows. The developed end
effector is attached to the arm of a linear motion-type depalletizing robot, and its real-world performance is verified.
Verification results confirm that the suction pad units tolerate cardboard box inclination and differences in box height
by a simple lowering motion of the arm, and multiple cardboard boxes can be simultaneously unloaded. Moreover, as
compared with conventional end effectors, the developed end effector achieves large expansion and contraction in a

thin structure. The developed end effector is expected to broaden applications for depalletizing robots.
Keywords: Depalletizing robot, Logistics site, Transfer method, Hardware design, Pneumatic actuator

Background
The recent spread of e-commerce has increased logis-
tics distribution volumes. However, securing additional
workers at logistics sites in Japan has become difficult
due to an aging population and declining workforce.
Logistics companies are therefore actively automating
their distribution facilities. Potential tasks for automation
include sequential unloading of cardboard boxes from a
roll box pallet and loading onto a conveyor (Fig. 1). Long
hours of unloading work places a heavy physical burden
on workers, leading to work-related injuries such as back
problems. As Fig. 2 shows, a roll box pallet is a carriage
on casters with three fenced faces on the outer periphery
and one open side. Models include those with and with-
out a middle shelf (Fig. 2a, b, respectively).

Depalletizing robots using industrial robot arms
[1-3] have been proposed, but outstanding problems
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include large installation spaces and the complex
motion trajectory needed to avoid contact between the
roll box pallet and the robot arm. Therefore, we devel-
oped the linear motion-type depalletizing robot shown
in Figs. 3 and 4 for system compactification and motion
trajectory simplification [4]. The developed robot con-
sists of a main arm with an end effector for unloading
boxes and a conveyor arm with a belt conveyor for car-
rying unloaded boxes. Fifty conventional suction pad
units (VPC 50-50 BN 6 JC, PISCO), shown in Fig. 5,
were used for the conventional end effector. The suction
pad unit is mainly composed of a suction pad, a support
mechanism, and a connecting part. In the suction pad,
internal pressure in the space between the suction pad
and cardboard box is lowered below atmospheric pres-
sure by a pressure-reducing device such as a vacuum
pump, and the cardboard box is held by that pressure
difference. These suction pads can hold various objects,
and so are also applied to many other logistics robots
[5-9]. Existing suction gripper designs can be broadly
categorized as configurations with only suction pads
[6, 9] and those with suction pads and multi-fingered
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Fig. 1 Unloading operation

hands [5, 7, 8]. Focusing on only suction pad opera-
tions, these can be divided into structures in which suc-
tion pad support members are bent [6—8] and those in
which they are bent and expanded [5, 9]. When suction
pad support members are bent and expanded, suction
pads can hold objects in various orientations.
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In commercially available suction pad units, the distance
between the connecting part and the suction pad is kept
constant by springs arranged along the support mecha-
nism. When the suction pad contacts the cardboard box,
a shaft member in the support mechanism protrudes from
the connecting part due to reduced distance between the
connecting part and the suction pad. To improve process-
ing capacity in unloading operations, the end effector can
simultaneously hold multiple cardboard boxes by suction
in one unloading operation. Height differences between
boxes are compensated for by expansion or contraction of
the support mechanism for the suction pad unit.

Various verification experiments have revealed the fol-
lowing problems in conventional end effectors that sim-
ply combine commercially available suction pad units.

«  When the suction pad contacts the upper surface of a
cardboard box, the box may be crushed by the press-
ing force of a spring along the support mechanism. In
conventional suction pad units, the ability to follow
surfaces depends on the suction pad’s material and
shape, and pressing suction pads against an inclined
surface can crush boxes.

+ Considering future developments toward linear
motion-type depalletizing robots, end effectors must
be sufficiently thin to enter the narrow gap directly
beneath the middle shelf of a roll box pallet. How-
ever, the structures of commercially available suction

a  With a middle shelf

Fig. 2 A roll box pallet. a With a middle shelf, b without a middle shelf

Middle shelf

b Without a middle shelf
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Cr conveyor

Fig. 3 Developed linear motion-type depalletizing robot [4]

pad units make it is difficult to achieve large expan-
sion and contraction while also reducing size.

We therefore aimed at realizing a small pressing force
with high ability to follow inclined surfaces by devising
a support mechanism for suction pad units that realizes
both reduced size and large amounts of expansion and
contraction. Expansion and contraction operations by the
support mechanism are actively driven to accommodate
various cardboard box states. To reduce cost by unifying
drive sources, the support mechanism is pneumatically
driven, as with the suction pads. Various pneumatic actu-
ators have been proposed [10-24]. McKibben-type artifi-
cial muscles [10—14] have the characteristic of expanding
diametrically and contracting in the axial direction when
pressurized. Flat tubes [15, 16] deform in the diametri-
cal direction when pressurized. There are also structures
that bend by pressurizing their internal space [17-20].
However, pneumatic actuators that are deformed by
pressure risk expansion damage unless proper control is
performed. In contrast, bellows-type actuators [21-24]
contract in the axial direction when decompressed and
extend in the axial direction after releasing the reduced
pressure state, so pressurization beyond atmospheric
pressure is unnecessary. Therefore, from the viewpoint of
safety, we adopted the bellows method for the pneumatic
actuator used in this study. However, a conventional bel-
lows pneumatic actuator is required to increase load-
bearing capacity and contraction force while maintaining
flexibility in a simple configuration.
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In this study, we developed an end effector with multi-
ple suction pad units using a bellows pneumatic actuator
as the support mechanism and verified the mechanism
from the viewpoint of expanding applications for linear
motion-type depalletizing robots. Load resistance was
improved by providing a strong wire inside the bellows,
and contraction force was improved by inserting ring
members inside the ridges of the bellows. The developed
end effector was attached to the main arm of a conven-
tional linear motion-type depalletizing robot, and its
real-world performance was verified. Here, we report the
design principles, actual mechanism, and system configu-
ration, and experimental results regarding holding opera-
tions of the developed suction pad unit and end effector.

Methods

Terminology

Main terms in this paper are “expansion and contrac-
tion”, “load-bearing capacity, and “contraction force”
The “expansion and contraction” of a suction pad refers
to displacement of its support mechanism. “Load-bearing
capacity” refers to ability to maintain the stretched state
without damaging the bellows pneumatic actuator. “Con-
traction force” is force generated by reducing pressure in
the bellows pneumatic actuator.

Cardboard box for unloading

Cardboard boxes of various sizes are handled in logis-
tics facilities, but boxes may be of a predetermined single
size in a logistics warehouse used for a specific retailer.
We thus assumed a logistics warehouse with four types of
cardboard boxes, shown in Fig. 6 and Table 1. Although
the mass of a cardboard box is often as much as 5 kg, the
maximum target weight was set to 30 kg, which is the
upper limit for a parcel delivery service. The assumed
loading condition was cardboard boxes of varied sizes on
aroll box pallet.

We investigated height differences between the four
cardboard box types, which vary according to the load
state. Table 2 shows the height difference of each box
when one of each of the four box types is placed on the
bottom of the roll box pallet. The lower limit on height
differences between the target cardboard boxes was set to
40 mm, and the upper limit was set to twice that, 80 mm.

Regarding box inclination, we assumed that boxes
move due to vibration during roll box pallet transport,
causing inclination due to height differences. Assuming
an upper limit of 80 mm on height differences, box (D is
most inclined along its shortest edge (W: 280 mm) due to
the height difference at a position 80 mm above the hori-
zontal plane. Since the inclination of box (D was about
16.7° from the geometrical relation, the assumed maxi-
mum inclination for a cardboard box was set to 20.0°.
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Fig. 4 Unloading operation by a conventional linear motion-type depalletizing robot
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a  Appearance b  Expansion and contraction operation
Fig. 5 Conventional suction pad units (VPC 50-50 BN 6 JC, PISCO). a Appearance, b expansion and contraction operation
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Fig. 6 Cardboard box dimensions

Table 1 Target cardboard boxes in the unloading

operation

Type W (mm) D (mm) H (mm)
Cardboard box D 280 380 255
Cardboard box @ 300 440 350
Cardboard box @ 320 430 215
Cardboard box @® 310 425 295

Table 2 Height difference of cardboard boxes (unit (mm))

Type Cardboard Cardboard Cardboard Cardboard
box @ box ® box ® box @
Cardboard boxD 0 95 40 40
Cardboard box @ 95 0 135 55
Cardboard box @ 40 135 0 80
Cardboard box @ 40 55 80 0

Problems with conventional end effectors

Figure 7 shows a three-dimensional model for a conven-
tional end effector using a commercially available suc-
tion pad unit [4]. A protective cover was placed on top
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of the end effector at the logistics site to prevent damage
or contamination of the air inlet/outlet tube connected
to the upper part of the suction pad unit. This protective
cover is not shown in Fig. 7 to reveal the internal struc-
ture. The commercially available suction pad unit shown
in Fig. 51is 132 mm in total length, expands and contracts
by 50 mm, has a 50-mm diameter suction pad, and is 80 g
in mass. Therefore, as a design value, tolerance for height
differences between boxes for the conventional end effec-
tor is 50 mm. When projection of the shaft member of
the support mechanism and the tube fitting height are
added to the suction pad unit in the initial state, the min-
imum height of the end effector with the protective cover
is about 210 mm.

Design principles of the proposed end effector

The development concept of the thin end effector pro-
posed here was to realize simultaneous extraction of
multiple cardboard boxes and extraction of inclined card-
board boxes with small pressing force. We considered the
necessary requirements assuming a linear motion-type
depalletizing robot for actual use. We considered the
required performance and design principles of the end
effector. To realize an end effector suitable for logistics
sites, development was based on the following design
principles.

(1) Dimensions and mass

In the case of a roll box pallet with a middle shelf, it is
desirable that workers’ hands can enter the gap immedi-
ately below the middle shelf to make loading work more
efficient. We therefore assumed that the gap directly
beneath the middle shelf is 150 mm, and decided to
reduce the thickness of the end effector, aiming at a
height of less than 150 mm. Planar dimensions of the end
effector were set to fit within the inner wall dimensions
(W 1040 x D 1050 mm) of the roll box pallet.

Height
(210 mm)

Commercially available |
suction pad unit

Fig. 7 Three-dimensional diagram of a conventional end effector

IUpward protrusion

Vertical displacement
(50 mm)
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The loading capacity of the main arm in linear motion-
type depalletizing robots used at the time of verification
was 100 kg or more. We thus decided that the mass of the
end effector should not exceed 40 kg, which is the load
capacity of 100 kg minus the estimated maximum load of
60 kg for two cardboard boxes.

(2) Simultaneous extraction of multiple cardboard boxes

For the end effector to simultaneously extract multiple
differently sized cardboard boxes, it is necessary to allow
for height difference between boxes through expan-
sion and contraction operations of the bellows pneu-
matic actuator. Since the upper limit on height difference
between boxes was estimated to be 80 mm, the target
amount for expansion and contraction of the bellows
pneumatic actuator was set at 80 mm or more.

As an expansion method to prevent expansion failure
in the bellows pneumatic actuator, by making the inte-
rior of the bellows pneumatic actuator contract through
decompression into atmosphere, the decompression state
is canceled by airflow from the atmosphere. The bel-
lows pneumatic actuator elongates due to air inflow and
the weight of the suction pad. At the time of expansion,
therefore, the suction pad can contact the upper surface
of a cardboard box with a small pressing force, prevent-
ing crushing of the box.

(3) Response to cardboard box collapse

Inclination of cardboard box upper surfaces due to col-
lapse, etc., is accommodated through flexibility of the bel-
lows pneumatic actuator. Besides the material and shape
of the suction pad, actuator flexibility as a supporting
mechanism also contributes to the suction pad’s ability to
follow the box surface. Since inclination of the cardboard
box was estimated to be 20.0°, the target allowable incli-
nation of the box was set at 20.0° or more.

(4) Contraction force

To lift a heavy cardboard box, it is necessary to improve
the contraction force generated by depressurizing the
bellows pneumatic actuator. One cause of decreased
contraction force is a phenomenon in which the actua-
tor deforms in the diametrical direction without crushing
in the axial direction during depressurization and crush-
ing. Therefore, to improve the contraction force of the
bellows pneumatic actuator, it should be difficult for the
bellows rubber to crush in the diametrical direction dur-
ing depressurization. Therefore, we considered a low-cost
design that improves the contraction force of the bellows
pneumatic actuator, exceeding the suction force of the
suction pad.
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(5) Load-bearing capacity

The bellows rubber may break if the weight of the card-
board box itself acts to expand the bellows pneumatic
actuator. We therefore aimed at improving the load-
bearing capacity of the bellows pneumatic actuator in
the stretched state, and furthermore at a low-cost design
whereby it would be difficult to inhibit bellows operation
as a measure for improving load-bearing performance.
The target load capacity of the bellows pneumatic actua-
tor was to be not less than the suction force of the suction
pad.

(6) Unloading capacity

Human workers can process 900 packages per hour when
unloading small boxes. This is because workers can hold
and transfer multiple boxes simultaneously in one unload
operation. However, large boxes reduce the efficiency
of unloading work. In addition, human workers need to
take breaks, so the work speed gradually decreases as
fatigue accumulates. In this study, we targeted relatively
large cardboard boxes, and, since functioning robots can
continuously operate for 24 h each day, we targeted 300
packages or more as the hourly unloading capacity.

Overview of the developed suction pad unit

Figure 8 shows the extended state of the developed suc-
tion pad unit, and Fig. 9 shows the contracted state. The
total mass of the developed suction pad unit is 267 g, its
height is 230 mm in the extended state and 145 mm in
the contracted state, and the difference between expan-
sion and contraction amounts is 85 mm. The suction pad
is a bellows type, and its diameter is ¢ 50 mm. The bel-
lows pneumatic actuator, as a support mechanism, was
set as an independent closed space that does not com-
municate with the suction pad. Each suction pad and bel-
lows pneumatic actuator individually communicates with
the pneumatic pressure source. As Fig. 9 shows, when
the suction pad unit is in the contracted state, each coni-
cal member at the four corners of the suction pad unit
base contacts the edge of the suction pad fixing mem-
ber, so the fixing member does not move. Because of its
hard structure, even if an external force due to accelera-
tion or deceleration acts on the attracting pad unit in
the contracted state, it can be expected to maintain its
attitude. To improve the contraction force of the bellows
pneumatic actuator, a thin ring member (inner diam-
eter 30 mm, outer diameter 40 mm, thickness 1 mm)
made of stainless steel was inserted through the open-
ing of the bellows rubber (Fig. 10) and arranged in all the
crest parts. To reduce cost, a commercial bellows rubber
(Model number: FKM-4) was adopted (inner diameter
30 mm, outer diameter 46 mm, ridge count 16, minimum
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Conical member

Bellows rubber

Suction pad

fixing member

i)

Air inlet/outlet
(Bellows pneumatic actuator)

High-strength wire

Air inlet/outlet
(Suction pad)

®50 mm

Suction pad

{ fixing member

¢>50 mm L

R 4
a Actual device b Three-dimensional model
Fig. 8 Extension state of the developed suction pad unit. a Actual device, b three-dimensional model
Ring member
Bellows rubber (Ridges of
the rubber bellows)

a Actual device

b Three-dimensional model
Fig. 9 Reduction state of developed suction pad unit. a Actual device, b three-dimensional model

Fig. 10 Thin ring member insertion and assembly procedure for
improving contraction force of the bellows pneumatic actuator

length 45 mm, maximum length 140 mm). To improve
the load-carrying capacity of the suction pad unit, a high-
strength wire rod was placed inside the bellows rubber

Bellows rubber

Conical member

High-strength wire

Fig. 11 Method for improving load-bearing capacity of the bellows
pneumatic actuator

(Fig. 11). Ultra Dyneema 30 (strength 120 kg) fishing
line was adopted as the high-strength wire. The rela-
tional expression in Eq. (1) was established between the
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maximum length [, ;4. of the bellows rubber and the
maximum length /;; 4 of the high-strength wire rod.

lya_max < lbefmax- (1)

By adjusting the wire rod length, it reached the maxi-
mum length /y; 4. before the bellows rubber reached
the maximum length Iy, ;4. As a result, the weight
of the cardboard box held by the suction pad unit in
the extended state acts on the high-strength wire rod
instead of on the bellows rubber. In addition, although
the use a metal wire with a different tensile strength is
conceivable, metal wire is difficult to bend and there are
concerns that the bending and the expansion and con-
traction of the bellows may be hindered. In considera-
tion of flexibility, we used Ultra Dyneema 30 fishing line
in this study.

Figure 12 shows a schematic diagram of the system
configuration of the bellows pneumatic actuator. A
directional control valve @) is connected to the suction
pad switches in three states: communication between
the suction pad and the vacuum pump (maximum pres-
sure: —100 kPa), communication between the suction
pad and the compressor, and communication cutoff. The
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suction pad either holds or releases the cardboard box
as a result. The suction state of the suction pad is deter-
mined by inputting the pressure sensor value to the con-
troller. Operation of directional control valves (D and @
at expansion and contraction of the bellows pneumatic
actuator occurs as follows: Directional control valve
(D is connected to the bellows pneumatic actuator and
switches between two states: communication between
the bellows pneumatic actuator and the vacuum pump
or communication cutoff. Directional control valve @
is connected to the bellows pneumatic actuator and
switches between two states: communication between
the bellows pneumatic actuator and the atmosphere or
cutoff of communication. During contraction of the bel-
lows pneumatic actuator, directional control valve @) is
shut off, directional control valve ) communicates with
the bellows pneumatic actuator and the vacuum pump,
and the vacuum pump discharges air from within the
bellows pneumatic actuator. During expansion of the
bellows pneumatic actuator, directional control valve @)
is shut off, directional control valve @ communicates
between the bellows pneumatic actuator and the atmos-
phere, and air flows into the bellows pneumatic actua-
tor from the atmosphere. Damage in the entire bellows

Compressor

Vacuum pump

p— Control PC

Suction pad units

with a bellows pneumatic actuator

Direction switching valve (D

—] Pressure sensor P (1)

Volt
Digital output board S 2 >
(On/ Off)
Voltage
A/D board <
(Pressure value)

Voltage

A/D board ¢ (Pressure value)

Pressure sensor B

Volt
Digital output board ooee 4

(On / Off)

Direction switching valve @

Atmosphere

Fig. 12 System configuration of suction pad units with a bellows pneumatic actuator
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pneumatic actuator can be detected by connecting a
pressure sensor to each bellows pneumatic actuator and
measuring the amount of pressure change. However, it is
not possible to identify damaged parts within a bellows
pneumatic actuator with a metal ring. In the future, plac-
ing a sensor that detects external light on the metal ring
may allow identification of damaged parts.

Experiment 1-1: evaluation of pressing force by a suction
pad unit

We compared pressing force at the time of suction pad
contact between a commercially available suction pad
unit and the developed unit. Figure 13 shows the test
equipment, which included a fixed part of the suction
pad unit and a non-air-permeable acrylic plate as the suc-
tion target. The fixed part of the suction pad unit can be
moved by manually moving the ball screw of the verti-
cal movement mechanism. The acrylic plate can be tilted
at an arbitrary angle, and is connected to a force gauge
(eDPU-500N, IMADA) to measure the force.

We first describe the experimental procedure for
the commercially available suction pad unit. First, we
attached the connection part of the suction pad unit to
the fixed part of the test device, as shown in Fig. 14a. We
then pressed down on the fixed part of the test device, as
shown in Fig. 14b, and measured the pressure when the
spring was maximally reduced.

For the developed suction pad unit, we first attached
the connection part of the unit in its reduced state to the
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fixed part of the test device, as shown in Fig. 15a. The
distance between the suction pad and the acrylic plate is
lyusn- Then, as shown in Fig. 15b, the inside of the bellows
communicates with the atmosphere to release the con-
traction state, at which point we measured the maximum
pressing force by the bellows pneumatic actuator.

Experiment 1-2: evaluation of slope tolerance by a suction
pad unit

Using the test equipment shown in Fig. 13, we measured
the allowable inclination when the developed suction pad
unit in the contracted state is elongated. First, as Fig. 16
shows, we put the suction pad unit in the contracted state
as its initial state, then adjusted the suction pad and the
acrylic plate to an arbitrary distance /;,,. and angle 6;.
The suction pad was then brought into a suction state
by communicating with the vacuum pump. Finally, we
elongated the suction pad unit through communication
between the interior of the bellows pneumatic actua-
tor and the atmosphere, and confirmed the presence
or absence of suction between the suction pad and the
acrylic plate. As the experimental conditions in Fig. 17
show, we obtained the maximum distance /;;,, at which
the suction pad can hold the acrylic plate when the incli-
nation angle 6;;,. of the acrylic plate was 10°, 20°, or 30°.
Further, we determined the distance [j,,; from the center
of the suction pad unit connection portion to the bend-
ing portion of the bellows at the time of suction.

Vertical movement mechanism

Fixed part

Acrylic plate

a Font view
Fig. 13 Characteristic evaluation device for the suction pad unit. a Front view, b side view. The developed suction pad unit was attached to the
evaluation device

Fixed part

Acrylic plate

b Side view
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Commercially available
suction pad unit

a  Before operation

Fig. 14 Evaluation of pressing force of a commercially available suction pad unit. a Before operation, b after operation

b  After operation

a Before operation

Fig. 15 Evaluation of pressing force of the developed suction pad unit. a Before operation, b after operation (/p,sn = 0 mm)

L

b After operation (/,,, = 0 mm)

Experiment 1-3: evaluation of contraction force

by a suction pad unit

Using the test equipment shown in Fig. 13, we meas-
ured the maximum contraction force when the devel-
oped suction pad unit in the extended state contracts.
As an experimental procedure (Fig. 18), the suction pad
of the extended suction pad unit was first held to the
acrylic plate by suction, the distance between the fixed
part of the test equipment and the acrylic plate was
adjusted, and the length /., of the bellows pneumatic

actuator was set to an arbitrary value. The maximum
contraction force of the bellows pneumatic actuator
was then measured by discharging the air inside the
actuator with a vacuum pump. In the experiment, we
set the length /., of the bellows pneumatic actuator to
70, 90, 110, and 130 mm, and measured the difference
in contraction force due to the presence or absence of
a ring member inside the bellows rubber for compari-
son and verification. Simply estimating the contrac-
tion force based on Pascal’s principle, the relationship
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Fig. 16 Experimental parameters for tolerance evaluation

between the pressure P (kPa), bellows rubber inner
diameter D (mm), and the generated force F (N) is
expressed as

D\? 1
P-(=Z) . —
2 1000

When the pressure P is —100 kPa and the bellows
rubber inner diameter D is 30 mm, the generated force
F is about 71 N. This is lower than the calculated force
due to deformation of the bellows rubber or sliding
resistance between the parts.

F= ) )
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Experiment 1-4: evaluation of load-bearing performance
by a suction pad unit

We evaluated the load-bearing capacity of the suction
pad unit in the extended state (Fig. 19). In the first step of
the experimental procedure, we set the suction pad unit
to the extended state. Next, we brought the suction pad
into a suction state by communicating with the vacuum
pump, and held a 5.5-kg weight by suction. The bellows
rubber was then checked for breakage.

Experiment 1-5: evaluation of load and stretch length
of a bellows pneumatic actuator with a ring member
within the bellows
Using the test device shown in Fig. 20, we evaluated the
relationship between load and displacement in the pro-
posed bellows pneumatic actuator with a ring member
within the bellows. Note that there is no high-strength wire
inside the bellows pneumatic actuator. We improved the
test device so that both ends of the bellows pneumatic actu-
ator could be fixed. The lower end of the bellows pneumatic
actuator is connected to a fixed plate, and the fixed plate
is connected to a force gauge (IMAD eDPU-500N). The
upper end of the bellows pneumatic actuator is connected
to another fixing plate. The total length of the bellows
pneumatic actuator can be changed by manually turning
the ball screw of the vertical movement mechanism.

As shown in Fig. 20a, the natural length /;;;; (mm) of
the bellows pneumatic actuator is first measured in the
experimental procedure. The lower end of the bellows

a g, .=10°

Fig. 17 Experimental view of tolerance evaluation for tilting. @ 6jnc = 10°, b 6jnc = 20°, € 0 =30°

lbent

b 0,.=20°
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Fig. 18 Experimental parameters for contractile force evaluation

Fig. 19 Evaluation experiment of load-bearing performance

pneumatic actuator is then connected to the fixed plate.
Finally, as shown in Fig. 20b, the bellows pneumatic
actuator is extended from its natural length by manu-
ally turning the ball screw of the vertical movement
mechanism, and the length /,,; (mm) of the bellows
pneumatic actuator and the force F,; (N) acting on the
force gauge are measured. Here, the extension amount
ld,-ﬁ of the bellows pneumatic actuator, which is the dif-
ference between the length /;,,; of the bellows pneu-
matic actuator and the natural length /;,;, expressed as
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Laif = loaa — lini- (3)

In the experiment, we measured force Fy,; acting on
the force gauge under nine extension amounts /7 of the
bellows pneumatic actuator: 0, 5, 10, 15, 20, 25, 30, 35,
and 40 mm.

Overview of the developed end effector

This section presents the detailed structure of the pro-
posed end effector with multiple suction pad units. The
end effector was attached to the main arm of the lin-
ear motion-type depalletizing robot for mechanical
verification.

Figure 21 shows a three-dimensional diagram of the
developed end effector. We set the planar dimensions of
the end effector to W 900 mm and D 450 mm, in con-
sideration of the design principle described. When the
protective cover is in position, the height of the end
effector is 145 mm in the bellows-contracted state, and
the allowable height difference between cardboard boxes
is 85 mm as the design value. A maximum of 50 suction
pad units can be arranged on the end effector. Five suc-
tion pad units can be arranged at intervals of 60 mm in
the depth direction, and ten units at intervals of 70 mm
in the width direction. Also, the total mass of the end
effector is about 21.5 kg.

As Fig. 22 shows, the developed end effector is attached
to the main arm of a conventional linear motion-type
depalletizing robot. To stably move the cardboard boxes
on the belt conveyor of the conveyor arm, a follower
conveyor that rocks and follows the conveyor arm’s up—
down movement is provided. As shown in Table 3, the
structure of the drive shaft of the depalletizing robot has
five degrees of freedom.

Figure 23 shows an outline of the configuration of the
drive control system for the end effector. The system con-
figuration of the end effector in Fig. 23 which differs from
that of the suction pad unit in Fig. 12 has directional con-
trol valves (D and @ per five bellows pneumatic actua-
tors. By serially connecting the flow paths of the five
bellows pneumatic actuators, fewer directional control
valves are required, reducing cost. As Fig. 24 shows, we
confirmed basic expansion and contraction motions
of each suction pad unit. Since the bellows pneumatic
actuator is contracted in the hold operation, the upward
movement amount of the main arm is reduced.

Experiment 2-1: evaluation of expansion and contraction
by end effector alone

We measured expansion and contraction operation times
and amounts of the suction pad unit of the end effector.
We evaluated these operation times with the unit actually
incorporated into the linear motion-type depalletizing
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a Natural length state

state

Fig. 20 Experiment of load and stretch length of the bellows pneumatic actuator with a ring member inside. a Natural length state, b stretched

b Stretched state

Width: 90V Depth: 450 mm

Height
\ (min 145 mm)

Height

(max 230 mm) |

\_|Vertical displacement
(85 mm)

Bellows pneumatic actuator

Fig. 21 Three-dimensional diagram of the developed end effector

robot, considering loss due to the air inflow—outflow
tubes. Figure 25 shows the state of the experiment, and
Fig. 26 shows an outline of the configuration of the
experimental system. In the experiment, the bellows
pneumatic actuator in the expanded state contracts and
expands, and the series of actions to be measured is
implemented.

When measuring the maximum expansion and con-
traction operation times, we measured the suction pad
units D and @ with the longest tube paths. The tube
length from the vacuum pump and the compressor to
directional control valve (D was 5100 mm, that from
directional control valve (D to the bellows pneumatic

actuator of suction pad unit @ was 2500 mm, and that
from directional control valve @ to the bellows pneu-
matic actuator of suction pad unit @ was 600 mm. The
bellows pneumatic actuator of suction pad units (D and
@ correspond to both ends of a configuration in which
the tubes are connected in series. In the experimental
system in Fig. 25, we placed a laser displacement sensor
(IL-300, KEYENCE) directly beneath the suction pad to
measure the amount of expansion and contraction. The
resolution of the laser displacement sensor is 30 pm and
the measurement range is up to 290 mm. To improve the
accuracy of distance measurements by the laser displace-
ment sensor, the suction pad holds in advance the cor-
rugated board to which the reflective seal for the laser is
attached. In addition, to acquire the drive command tim-
ing for the expansion and contraction motions of the suc-
tion pad unit from the controller, we used a data logger
to obtain the operation command voltage input to direc-
tional control valves D and @.

Experiment 2-2: evaluation of allowable height difference
between cardboard boxes by the end effector alone

The experiment shown in Fig. 27 evaluated tolerance in
height differences between cardboard boxes. Testing
was conducted with the operator visually confirming
the position and orientation of the cardboard box and
operating the up—down movement of the main arm. The
boxes used in this experiment had dimensions W 410 x D
470 x H 400 mm and mass 2 kg. In the experiment, two
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Fig. 22 Conventional linear-motion type depalletizing robot with the developed end-effector. a Three-dimensional model, b actual machine

Table 3 Linear motion-type depalletizing robot drive axis
configuration and drive amount

Name Drive axis Drive amount
configuration
Main arm Three degrees of  (Front and rear directions)

1170 mm
(Left-right directions) 200 mm
(Up-down directions) 1050 mm

freedom

Conveyorarm  Two degrees of

freedom

(Up—down directions) 930 mm

Drive endless rotation of belt
conveyor

boxes were arranged so that the upper surface of one was
higher than the other. Experimental conditions set height
differences of 65, 75, and 85 mm. Height differences were
initially set to an arbitrary value. The main arm was then
lowered until the suction pad contacted the upper sur-
face of one box. Thereafter, the bellows pneumatic actua-
tor was extended. Finally, the bellows pneumatic actuator
contracts and the main arm is raised to lift the box held
by the suction pads. Suction hold was considered suc-
cessful if both boxes were raised.

Experiment 2-3: evaluation of tilt tolerance of cardboard
boxes by the end effector alone

The experiment shown in Fig. 28 evaluated the inclina-
tion allowance for cardboard boxes. Testing was con-
ducted with the operator visually confirming the position
and orientation of the cardboard box and operating the
up—down movement of the main arm. The boxes used
in this experiment had dimensions W 410 x D 470 x H
400 mm, and mass 2 kg. The upper box surface was set

to an arbitrary inclination angle by adjusting the interval
between two block materials on the placement surface.
The experimental conditions for inclination angle of the
upper box surface were 10°, 20°, and 30°. The box inclina-
tion was first set to an arbitrary value. Next, the suction
pad unit was placed in a suction state through commu-
nication with the vacuum pump, and the main arm was
lowered until part of the suction pads came into contact
with the upper surface of the inclined box. Thereafter, the
bellows pneumatic actuator was elongated so that each
suction pad was brought into contact with the upper sur-
face of the inclined box, and the box was held. Finally, the
bellows pneumatic actuator contracted and the main arm
was raised to lift the box held by the end effector. Suction
hold was considered successful if the box was raised.

Experiment 2-4: evaluation of contraction force by the end
effector alone

We evaluated the relation between the number of suc-
tion pad units on the end effector acting on the card-
board box and the contraction force. Testing was
conducted with the operator visually confirming the
position and orientation of the cardboard box and
operating the up—down movement of the main arm.
The boxes used for this experiment had dimensions W
410 x D 470 x H 400 mm. As Fig. 29 shows, the experi-
mental apparatus was constructed by setting a plate
member on the bottom surface inside the box and con-
necting the plate member to a load cell (eDPU-5000N,
IMADA). In the first step of the experiment, the box
was fixed to the test apparatus. Next, the suction pad
unit is placed in an extended state, and the upper sur-
face of the box is held by the suction pads. Then, the
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Fig. 23 Configuration of the drive control system for the developed end effector

bellows pneumatic actuator contracts with the main
arm in the servo lock state. Experimental conditions set
the number of used suction pad units to 5, 10, 15, 20,
25, and 30.

Experiment 2-5: continuous transfer evaluation
This section describes the experimental results for a
series of unloading operations performed by a linear
motion-type depalletizing robot. In these experiments,
we used a distribution warehouse roll box pallet without
a middle shelf.

To measure the position and orientation of cardboard
boxes on a roll box pallet, we placed an RGB-D camera

on the linear motion-type depalletizing robot. Fig-
ure 30 shows an example of the measurement results.
As a safety measure to prevent the end effector from
crushing a cardboard box due to RGB-D camera meas-
urement error, the positioning target value of the end
effector was set to 10 mm above the measurement
result for the top of the box. The main arm needs to
return to its initial posture so as not to block the field
of view of the RGB-D camera each time the box posi-
tion and posture are measured. The linear motion-type
depalletizing robot operates based on commands from
a controller. Figure 31 shows the rough flow of motion



Tanaka et al. Robomech J (2020) 7:2

Page 16 of 30

a Expansion

Fig. 24 Basic expansion and contraction motions of each suction pad unit of the end effector. a Expansion, b contraction

b Contraction

|Laser displacement meter (D

’Laser displacement meter @

Fig. 25 Expansion and contraction motion evaluation experiment
for the end effector

processing, and Fig. 32 shows an operation schematic
diagram for each motion.

The linear motion-type depalletizing robot measured
each operation time when 16 cardboard boxes were
continuously extracted from the roll box pallet. At this
time, boxes of different sizes were mixed and placed
in a loaded state in the roll box pallet. To quantify the
unload operation, a default box was placed in the roll
box pallet in a predetermined loading pattern, shown
in Fig. 33. Table 4 shows the box types, and Fig. 34
shows the state of one part of the verification experi-
ment. Figure 35 shows how two boxes are simultane-
ously removed, with the conveyor arm moving upward
and the follower conveyor also inclining so it blocks the
field of view of the shooting screen. Note that the bot-
tom box B is for height adjustment of the other boxes
and is not unloaded. As part of this experiment, we

measured operation times for extracting each box from
the roll box pallet.

Results

Results of experiment 1-1: evaluation of pressing force

by the suction pad unit

We found that the maximum pressing force of the com-
mercially available suction pad unit was about 7.7 N. As
Fig. 36 shows, the maximum pressing force of the devel-
oped suction pad unit was about 5.1 N. This confirmed
that the developed suction pad unit had a smaller press-
ing force than did the commercially available unit.

As Fig. 36 shows, when distance /5, (mm) of the devel-
oped suction pad unit changes in a range of 0 to 75 mm,
the maximum pressing force F,; (N) is the approximate
polynomial in Eq. (4).

3 2
Epysn = —0.000033,,, + 0.003612

ush

— 0.188L,,,5), + 4.7369.
(4)
At this time, the coefficient of determination R? is
0.9816. In the developed suction pad unit, the maxi-
mum pressing force F,,g, (N) decreases as the distance
lyusn (mm) increases. Therefore, the cardboard box is less
likely to be crushed as the suction pads extend further
from the top surface of the cardboard box.

Results of experiment 1-2: evaluation of slope tolerance

by the suction pad unit

Table 5 shows the results of the experiment, which con-
firmed that the developed suction pad unit can tolerate
the targeted inclination of 20° or more. When the dis-
tance [;;c becomes large, a gap forms between the sur-
face of part of the suction pad and the acrylic plate, and
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Fig. 29 Contraction force evaluation test apparatus for the end effector alone. a Three-dimensional model, b actual experiment

§ Cardboard box

b Actual experiment

the plate cannot be held by suction. In the developed
suction pad unit, we confirmed that the suction pad
follows the inclined surface by bending of the bellows
pneumatic actuator. Further, from the measurement
result of the distance [, it is considered desirable
that each suction pad unit be disposed on the end effec-
tor with an interval of 40 mm or more.

Results of experiment 1-3: evaluation of contraction force
by the suction pad unit

Figure 37 shows the experimental results. As Fig. 38a
shows, the bellows rubber in the configuration without a
ring member collapsed in the radial direction, so the maxi-
mum contraction force was about 11-13 N. On the other
hand, in the configuration with the ring member (Fig. 38b),
the bellows rubber did not collapse in the radial direction,
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Fig. 30 Example of measurement results by RGB-D camera. a Installation location, b measurement example

b Measurement example

so the maximum contraction force was about 40-48 N. In
the configuration with a ring member, since the contrac-
tion force exceeds the suction force of the suction pad,
the suction pad moved away from the upper surface of the
acrylic plate. Figure 39 shows the deformation process dur-
ing the experiment when metal rings were placed inside
the bellows. If metal rings are placed inside the bellows, the
bellows will not collapse in the radial direction, which can
prevent dramatic collapse of the bellows.

We thus confirmed that the presence or absence of the
ring member inside the bellows rubber resulted in about
a fourfold difference in contraction force, suggesting the
possibility of lifting a cardboard box with the target maxi-
mum mass of 30 kg through the contraction force of eight
or more suction pad units. Regardless of the presence or
absence of the ring member, the contraction force tends to
increase as the length /., of the bellows pneumatic actua-
tor shortens. This is due to the smaller deformation of the
bellows rubber.

Results of experiment 1-4: evaluation of load-bearing
performance by the suction pad unit

The results confirmed that the expanded state can be
maintained without breaking the bellows rubber with a
5.5-kg weight held by suction. In some cases, however,
the suction pad could not maintain the holding state
and dropped the weight after a period of time. This con-
firmed that the strength of the wire rod inside the bellows
exceeded the suction force.

Results of experiment 1-5: evaluation of load and stretch
length of the bellows pneumatic actuator with a ring
member inside the bellows

Figure 40 shows the experimental results of load and
stretch length for the proposed bellows pneumatic

actuator with a ring member inside the bellows. Note
that there is no high-strength wire inside the bellows
pneumatic actuator. In Fig. 40, the horizontal axis shows
the force F,,; (N) acting on the force gauge, and the ver-
tical axis shows the extension amount /47 (mm) from the
natural length /;,;; (mm) of the bellows pneumatic actua-
tor. When the extension amount /;;7 (mm) of the bellows
pneumatic actuator is in a range of 0 mm to 40 mm, the
following linear approximation is established between
the force Fy,;,;; (N) and the extension amount /;;7 (mm) of
the bellows pneumatic actuator:

ld,ﬁr = 35.7F . (5)

At this time, R? = 0.9707. From Egs. (3) and (5), the
relational expression between length /j,,; (mm) and nat-
ural length /;;,; (mm) of the bellows pneumatic actuator is

lioad = 35.7Fpyi + lini. (6)

The natural length /;;;; (mm) of the bellows pneumatic
actuator was 123 mm. According to the product catalog,
the maximum safe length of the bellows (model FKM-
4) is 140 mm. As Eq. (1) shows, it is necessary to adjust
the maximum length of the bellows pneumatic actuator
and the length of the high-strength wire inside the bel-
lows pneumatic actuator in consideration of the safe use
range.

Results of experiment 2-1: evaluation of expansion

and contraction by the end effector alone

Figure 41 shows the measurement results. In the graph
in that figure, the horizontal axis is time, the left vertical
axis is the displacement amount of the suction pad units as
measured by laser displacement sensors (D and (@, and the
right vertical axis is the operation command voltage from
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( Start )

1) Recognition by RGB-D camera and calculation of suction holding pattern
* Detect uppermost cardboard box in the RBP using the RGB-D camera and select a suction-holding candidate.
In this study, we sequentially extracted candidate boxes from the top of the stack.

» Take the posture of the linear motion—type depalletizing robot at this time as the initial posture.

2) Main arm movement

 Drive the main arm to move the end effector above the first candidate box.

* At this time, the suction pad unit is in the contracted state.

3) Vacuum-suction holding operation

with the upper box surface.

the candidate box detected by the RGB-D camera.

« Start suction by the suction pads and extend the bellow pneumatic actuator to bring the suction pads into contact

» At this time, only the expanded bellows pneumatic actuator is in the range corresponding to the upper surface of

4) Movement of the main arm and conveyor arm
* While reducing the bellows pneumatic actuator, move the main arm upward to lift the box held by suction.
* Drive the main arm to move the box held by the end effector above the belt conveyor of the conveyor arm.

Move the conveyor arm upward to quickly transfer the box to the belt conveyor.

5) Transfer the box to the belt conveyor

* Release the box from the end effector and place it on the belt conveyor.

* Transport the box using the belt conveyor.

6) Return the main arm and conveyor arm to their initial positions

* Move the main arm upward to move the end effector away from the box and return to the initial posture.

( End )

Fig. 31 Operation processing flow

the controller input to directional control valves @ and @.
The results revealed that the contraction time for transi-
tion from the stretched state to the contracted state was
about 2.70 s, and the expansion time for transition from
the contracted state to the stretched state was about 7.25 s.
There was no significant difference between the start tim-
ing of the expansion and contraction operations. The

expansion and contraction amounts of bellows pneumatic
actuators (D and @) were 85 and 80 mm, respectively.

From linear approximation, Eq. (7) gives the relation-
ship between the expansion and contraction amount
Iexz1 (mm) for suction pad unit (D and the expansion time
Lext (s) in the range of 0 s to 7.25 s.

lextl =1 1~7text~ (7)
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Fig. 32 Operating procedure of unloading operations by the linear motion-type depalletizing robot
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Fig. 33 Loading pattern for cardboard boxes
Table 4 Types of cardboard boxes
Type W (mm) D (mm) H (mm) Number Notation
Cardboard box D 280 380 255 4 A-1,A-2, A-3, A-4
Cardboard box @ 300 440 350 5 B-1,B-2,B-3,B-4,B-5
Cardboard box @ 320 430 215 6 C-1,C-2,C-3,C4,C-5,C-6
Cardboard box @ 310 425 295 1 D-1
Cardboard box ® 410 470 400 4 E-1,E-2,E-3,E-4
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Fig. 34 Part of the verification operation (extracting one cardboard box)

Similarly, Eq. (8) gives the relationship between the
expansion and contraction amount /g0 (mm) of suction
pad unit @) and the expansion time Z,y (s).

l&xt2 = 11-0text (8)

The difference in expansion and contraction amounts is
likely influenced by the length of the high-strength wire
material inside the bellows.

Results of experiment 2-2: evaluation of allowable height
difference between cardboard boxes by the end effector
alone

The experimental results confirmed that the developed
end effector tolerates the target height difference of
80 mm or more between cardboard boxes, and results
were acceptable up to 85 mm. We also confirmed that
two boxes could be simultaneously held by allowing a
height difference between boxes by a simple lowering
motion of the main arm.
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Fig. 35 Part of the verification operation (extracting two cardboard boxes)

# Measured value

----- Third-order approximation

F push (N)

l push (mm)

Fig. 36 Relation between distance /s, (mm) and maximum
pressing force Fyysn (N) of the developed suction pad unit

Table 5 Experimental results for allowable inclination
amount evaluations

Oinc (°) linc (mm) Ipent (mm)
10 63 25
20 52 40
30 45 45

Results of experiment 2-3: evaluation of tilt tolerance

of cardboard boxes by the end effector alone

The experimental results confirmed that a target inclina-
tion angle of up to 20° is acceptable. Even with a simple
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Fig. 37 Relation between distance /o, (mm) and maximum contraction force (N) of the developed suction pad unit
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Fig. 38 Experimental view of the contractile force evaluation. a Without thin ring members, b with thin ring members

b With thin ring members

lowering motion of the main arm, the suction pad surface
followed the upper box surface by bending the bellows
pneumatic actuator to hold the box. On the other hand,
the number of suction pad units contacting the upper
box surface decreased at inclinations exceeding 20°, so
the box may shake and fall when lifted.

Results of experiment 2-4: evaluation of contraction force
by the end effector alone

Figure 42 shows the state of the experiment, and Fig. 43
shows the results. The contraction force was 289 N
when five suction pad units were used, 489 N with 10
units, 491 N with 15 units, 529 N with 20 units, 574 N
with 25 units, and 701 N with 30 units. In Fig. 43, each
experimental result is shifted on the time axis and
superimposed. We confirmed that the contraction force
increased with the number of suction pad units, despite
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Fig. 40 Experimental results of load and stretch length of bellows pneumatic actuator with ring member inside bellows
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the curved deformation of the upper box surface. The
suction pads separated from the upper surface of the box
in each experiment, because the contraction force of the
bellows pneumatic actuator exceeded the suction force
of the suction pads. This experiment confirmed that it is
possible to lift a cardboard box of 30 kg through contrac-
tion force of ten or more suction pad units.

Results of experiment 2-5: continuous transfer evaluation
The results confirmed that each box could be consecu-
tively unloaded from a roll box pallet with no middle shelf

by mutual action between the main arm and the conveyor
arm of a linear motion-type depalletizing robot. The times
required for each operation, shown in Tables 6, 7, 8 and 9,
was obtained from log information. In Tables 6, 7, 8 and 9,
the series operation times corresponding to Fig. 31 @-®
is the time required for the main arm to start an opera-
tion from its initial posture, complete the operation, and
return to the initial posture. The expansion time is the
time from start to end of suction pad unit expansion in
the reduced state. The expansion time occupancy rate is
the ratio of expansion time to series operation time. The
expansion time was about 5.4 s, and so took about 40%
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Fig. 42 Experimental scene for evaluation of the contraction force of the end-effector alone

-

of the time in the series of transfer operations. Figure 44
shows the relation between elapsed times in each experi-
ment and the remaining number of boxes in the roll box
pallet. We found that if roll box pallet replacement time is
not considered, the loading pattern for boxes in this sec-
tion is equivalent to 320—350 packages per hour, exceed-
ing the target of 300 packages or more per hour.

The bellows pneumatic actuator was not damaged
during continuous unloading or other experiments.
However, it might be damaged under long-term on-
site use. In the future, it will be necessary to evaluate
the actuator’s durability in actual environments and to
improve materials of the bellows pneumatic actuator.
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Fig. 43 Experimental results for evaluation of contraction force by the end effector alone

Table 6 Continuous unloading experiment results ©®

No. Notation Difference Series Expansion operation
in height operation
(mm) time (s) Time (s) Occupancy

rate (%)

1 D-1 - 13.7 54 39.1

2 C4 - 12.3 54 436

3 C-5 - 12.9 53 416

4 B-5,C-6 20 14.2 54 38.1

5 B-4 - 143 53 373

6 B-3 - 16.2 54 335

7 C1,G2 0 135 53 39.7

8 c3 - 15.2 54 355

9 B-1,B-2 0 14.5 53 369

10 A3 - 131 53 40.1

1 A1L,A2 0 129 53 410

12 A4 - 14.8 52 354

Discussion

We developed a new suction pad unit that applies a bel-
lows pneumatic actuator to the support mechanism. As
shown in Figs. 8, 9, the end effector using the suction
pad unit proposed in this paper has two functions in
contrast to end effectors using a conventional suction
pad unit like the one shown in Fig. 5.

i. Reduction of contact pressing force.

Table 7 Continuous unloading experiment results @

No. Notation Difference Series Expansion operation
in height operation
(mm) time (s) Time (s) Occupancy

rate (%)

1 D-1 - 14.7 54 36.6

2 G5 - 12.8 53 41.8

3 C-4 - 12.6 54 42.8

4 B-5,C-6 20 14.3 53 374

5 B-4 - 14.0 54 385

6 B-3 - 13.8 53 38.7

7 ¢1,G2 0 133 54 40.6

8 3 - 14.6 54 371

9 B-1,B-2 0 144 53 36.9

10 A2A3 0 134 54 40.1

11 A-1 - 13.0 54 413

12 A4 - 14.3 54 376

ii. Realization of expansion and contraction with a
thin structure.

We first describe quantitative effects regarding “(i)
reduction of contact pressing force” The suction pad
unit in conventional end effectors and the proposed
end effector employ different methods for expansion
and contraction. When the height difference between
corrugated cardboard boxes is within the tolerable
range of a conventional end effector, the commercially
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Table 8 Continuous unloading experiment results ®

No. Notation Difference Series Expansion operation
in height operation
(mm) time (s) Time (s) Occupancy

rate (%)

1 D-1 - 144 54 374

2 C-5 - 129 53 41.0

3 C-4 - 124 53 426

4 B-5,C-6 20 136 52 385

5 B-4 - 14.2 52 369

6 C-1,B-3 45 13.2 52 395

7 C-2 - 13 52 40.0

8 c3 - 14.6 52 358

9 B-1,B-2 0 144 53 36.7

10 A1,A2 0 130 53 40.5

1M1 A3 - 13.2 52 396

12 A4 - 14.8 53 356

Table 9 Continuous unloading experiment results @

No. Notation Difference Series Expansion operation
in height operation
(mm) time (s) Time (s) Occupancy

rate (%)

1 D-1 - 159 55 34.7

2 C-5 - 12.3 53 429

3 C-4 - 124 52 423

4 B-5,B-4 0 14.6 53 36.3

5 B-3,C5 45 13.1 5.2 39.7

6 C-6 - 139 52 375

7 C-2 - 129 53 40.5

8 C3 - 14.8 53 354

9 B-2 - 14.3 52 36.5

10 B-1 - 142 53 36.9

1M1 A2,A3 0 133 52 394

12 A - 124 52 422

13 A4 - 14.9 52 352

available suction pad unit shown in Fig. 5 is pressed
against the upper surface of the cardboard box to
reduce the height difference, so a large pressing force
acts on the upper surface of the cardboard box. The
maximum pressing force per conventional suction pad
unit was about 7.7 N. In contrast, when the height dif-
ference between the cardboard boxes is within the tol-
erable range of the proposed end effector, the pressing
force becomes smaller for the suction pad unit shown
in Figs. 8, 9. The maximum pressing force by the pro-
posed suction pad units was about 5.1 N per exten-
sion when the suction pad and the top surface of the
cardboard box were in close contact. Furthermore, the
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greater the distance between the suction pad and the
top surface of the cardboard box, the smaller the press-
ing force. As described above, since the suction pad
unit of this paper has a small pressing force, it should
be less likely to crush cardboard boxes.

We next describe the quantitative effects of “(ii) realiza-
tion of expansion and contraction with a thin structure”
In the proposed end effector, the amount of expan-
sion and contraction is 85 mm for a height of 145 mm
(Fig. 21). Dividing the amount of expansion and con-
traction by the height of the end effector gives 0.586
(=85/145). In contrast, the conventional end effector has
an expansion—contraction amount of 50 mm for a height
of 210 mm [4] (Fig. 7). Dividing the amount of expan-
sion and contraction by the height of the end effector
gives 0.238 (=50/210). This shows that the ratio of the
amount of expansion and contraction with respect to the
height of the end effector is improved in the proposed
end effector. When inserting the end effector into the gap
immediately below the middle shelf of a roll box pallet,
the conventional end effector cannot enter a gap with a
height 210 mm or less. On the other hand, the proposed
end effector can enter a gap as small as 145 mm. Com-
pared with the conventional suction pad unit (Fig. 5), the
suction pad unit in which the bellows pneumatic actua-
tor is applied to the support mechanism, the cardboard
box can be prevented from being crushed, and a large
amount of expansion and contraction and downsizing
can be achieved. The end effector of depalletizing robot
is composed of many suction pad units. Therefore, in the
end effector of the depalletizing robot of this study, it is
possible to reduce the thickness to enter a narrow gap,
prevent breakage of the cardboard box, hold an inclined
cardboard box, and simultaneously hold a plurality of
cardboard boxes.

The results obtained in this study are summarized as
follows.

+ The suction pad unit alone had a mass of 267 g, an
expansion and contraction amount of 85 mm, and
a following angle of 30° (Figs. 8, 9 and 17). The suc-
tion pad unit in the stretched state realized suction
holding of a 5.5 kg weight, contraction force of about
40-48 N (Figs. 19, 36).

+ Single unit evaluations of the end effector revealed
that the allowable height difference between boxes
was 85 mm and the allowable inclination angle was
20° (Figs. 27, 28). Using 30 suction pad units, the bel-
lows pneumatic actuator can realize a contraction
force of 700 N or more (Fig. 43).

o A series of operations based on measured values
from an RGB-D camera confirmed that the pro-
cessing speed in continuous transfer operations was
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Fig. 44 Relation between time and remaining number of boxes in each experiment

equivalent to 320-350 packages per hour under a
prescribed loading pattern (Fig. 44).

The results of this study have practical significance
because the activity area is expanded over that of a con-
ventional depalletizing robot [4]. These results suggest
that an end effector with multiple suction pad units, in
which the bellows pneumatic actuator is applied to the
support mechanism, has potentially good performance as
a standard end effector for a depalletizing robot.

To further improve the quantitative effect of “(i) reduc-
ing the contact pressing force,” it is possible to reduce the
weight of the structural member of the suction pad and to
reduce elasticity of the bellows by changing its materials.
To further improve the quantitative effect of “(ii) realiza-
tion of expansion and contraction with a thin structure,’
to realize structural thinning we could eliminate the tube
joint and directly connect the tube and the structural
member. One way to structurally realize large amount
of expansion and contraction is to use a bellows material
with improved elasticity, flexibility, and durability.

The present study was limited in that the expansion-—
contraction operation time of the bellows pneumatic
actuator depends on the flow path. To speed up unload-
ing operations in the future, it will be necessary to con-
sider optimal flow path arrangements.

Conclusion

This paper described the development of a thin vacuum
suction-type end effector with the aim of expanding
applications for linear motion-type depalletizing robots
that can simultaneously extract multiple cardboard
boxes. The end effector in this paper is equipped with
up to 50 suction pad units that apply a bellows pneu-
matic actuator to the support mechanism. The proposed
device improves load resistance due to a high-strength
wire placed inside the bellows, and improves contrac-
tion force due to ring members placed inside the ridges
of the bellows. We fabricated the proposed end effec-
tor and attached it to a conventional linear motion-type
depalletizing robot for verification experiments. Height
differences between boxes and box inclinations were tol-
erated by simple vertical movement of the main arm, thus
achieving box extraction. We confirmed the usefulness of
the developed end effector through a series of unloading
operations.

In future studies, we will study methods for sensing the
state of cardboard boxes directly beneath a shelf to real-
ize continuous unloading operations from roll box pallets
with a middle shelf.
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