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This research describes the strategy and mechanism
design methodology to realize a robot system that
transfers and stores daily use objects in our living
space. Unlike industrial applications, there are three
specific problems in the home application: (1) varia-
tion of living environment, (2) diversity of daily use
objects, (3) dispersion of human activity. First, we pre-
sented a concept of strategic compliance as a basic so-
lution for these problems and extracted three funda-
mental functions (regulation, assist/enforce, and navi-
gation) for the strategy. Second, we aimed to realize a
robust robot motion by introducing adequate mecha-
nisms which are suitable for the strategy. The mecha-
nisms are; (1) passive mechanical compliance and (2)
object constraint methodology with “caging.” As an
actual prototype system, a home-use logistical support
robot system implemented with those strategies and
mechanisms is constructed. By experiments, validity
of the presented methodology was confirmed. In ad-
dition to the domestic logistical application, we con-
sidered applying the proposed system to the elderly
people support, and developed prototypes of support-
ing instruments; lavatory and refrigerator containers.
The basic design of the instruments is also introduced.

Keywords: intelligent environment, home robot, manip-
ulation, compliance, caging

1. Introduction

In recent years, more and more people are obliged to
live in environments abundant with commodities and in-
formation. While living environments in urban cities are
worsening in terms of living areas and costs, consumers
are exposed to a flood of information on commodities to
encourage them into shopping with a result of overflow-
ing commodities. This in turn takes people more and more
effort and time in their storage and management. This re-
search is aimed to develop a robot system (home-use lo-
gistical support robot system) to help solve various prob-
lems over the abundance of commodities in particular.

In general, robot systems are expected to have the fol-
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lowing advantages to provide fundamental solutions to
the above-mentioned problems: (1) commodities could
be handled and stored in a way and mechanism that is
not possible with human beings, for example, commodi-
ties could be stored in high places, under the roof or under
the floor, which are normally not available to human be-
ings for storage, to achieve a high spatial efficiency; and
(2) unlike ambiguous human memories, external storage
equipment would enable us to use commodity manage-
ment information technologies which are free from mem-
ory obscurity.

The robot system to be developed in this research could
also be applied to daily life support of the elderly who
would find it physically difficult to gain access to com-
modities as they get older and physically deteriorated.
This paper therefore elaborates on the feasibilities in use
of the proposed robot system for daily life support of the
elderly.

In order to realize such robot systems, it is essential to
work out proper strategies for the entire system to over-
come numerous problems as well as to refine element
technologies for the robot. In this research, therefore, we
first discuss what strategies would be effective to realize
such systems, and then develop mechanical and informa-
tional element technologies to achieve such strategies.

This paper consists of the following sections.

Section 2 first summarizes the robot-specific problems
in transferring and storing commodities in the living envi-
ronments and then discuss three major strategies and tech-
nologies that will be required to overcome such problems.

Section 3 describes the construction of home-use lo-
gistical support robot system using the above-mentioned
three major strategies and technologies, as well as the ba-
sic performance test results for the system components.

Section 4 describes the tasks that can be made possible
by coordinating the system components with each other
and presents the integrated experimental results.

Section 5 discusses possible applications of the devel-
oped robot system to nursing care and support of the el-
derly in transferring and storing commodities.

Section 6 concludes this paper.
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Fig. 1. Difference between mechanical and strategic com-
pliance.

2. Robots to Transfer and Store Commodities
in Living Environments

2.1. Problems Specific to Living Environments and
Three Major Strategies and Technologies

Although at present, there are about 350,000 indus-
trial robots operating in the production fields in Japan,
there are very few robots intended to operate in the liv-
ing environments other than Roomba manufactured by
iRobot Inc., let alone commercially available robots ca-
pable of handling commodities except for several experi-
mental robots [1-7]. Absence of robots intended for use
in the living environments is due to the following reasons
which are not applied to the production fields:

« variation of living environments,
« diversity of objects for daily use,
« dispersion of human activities.

To cope with these issues, we propose the concept of
strategic compliance. It is already well recognized that
it is essential to properly control forces and flexibilities
of the robots when they are used in contact with environ-
ments [8]. In this paper, compliance refers to flexibility or
compliant performance of robots; as shown in Fig. 1, in
the mechanical compliance, robots are supposed to com-
ply with environments and humans, while in the strate-
gic compliance, environments including humans are sup-
posed to comply with robots.

Strategic compliance, which has been inspired by the
concepts of intelligent environments and structuralizing
of robot’s working environments [9, 10], should be a con-
cept not only to help enhance the functions of robots but
also improve the quality of services provided by robots
by streamlining working environments and schemes for
robots.! Such flexibilities in strategy can only take ef-
fect when it is combined with mechanical flexibilities of
robots, and making mechanical compliance is one of the
major technologies we address in this research.

In this research of home-use object transfer/storage
robot systems, on the other hand, we also need to address
the problems involved in manipulation of objects although
difficulties may be abated by implementation of various
strategies. People have focused on the closure problem
as a measure for stability in grasping by robotic manip-
ulators [11,12]. As a major technology, we also address
how to compose such closures that will conform to the

1. Unlike conventional robots adapting wholly to humans, this strategy is
flexible in the sense that humans and environments cooperate with robots.
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Table 1. Analysis of automobile history and extraction of
key strategies.

History of environmental
arrangement for
automobile

(1) Establishment of traffic
rules (Left-hand traffic,
Separation of walk way
and road way)

Basic function
of strategies

Generalization of
arrangement

Regulation
(1) Task regulation
(2) Role regulation
(3) Space regulation

Establishment of basic rules in
machine motion area

Configuration of environments

that support machine capability R

(2) Pavement of road

(3) Installation of signal, Promotion of rule or law

traffic sign and white line | compliance Slavigeton

Configuration of environments

(4) Construction of high way that elicit machine potential

Assist, Enforce

proposed strategies in order to improve robustness in the
task of transferring and storing objects.

In the following sections, we take up strategic compli-
ance, mechanical compliance and closure in that order.

2.2. Strategic Compliance

We can extract essential strategic requirements to in-
troduce robots from analysis of automobile history [13],
which is one of the indispensable machines in today’s
life. Our analysis of automobile history is summarized
in Table 1, from which we have picked out as fundamen-
tal functions for strategic compliance (1) task-, role- and
space-regulations; (2) assist and enforce; (3) navigation.

(1) Task-, role- and space-regulations would be tanta-
mount to defining what and how robots should han-
dle and how humans should respond to them. If we
view robots as an automatic machine, we need to first
define the requirement specifications before devel-
opment. The strategic function plays a role of clar-
ifying the standing positions of robots and humans
through definition of the requirement specifications.

(2) The function of assist and enforce is an approach to
determine the performance of the machine based on
considerations for operating environments of the ma-
chine rather than solely on the machine itself. As the
relationship between automobiles and pavement sur-
faces clearly demonstrates, we are likely to demand
unnecessarily high performance of machines if per-
formance of the machine is to be evaluated without
regard to operating environments. In this sense, this
strategic function is meant to optimize the desired
performance specifications.

(3) The function of navigation is a strategic function
designed to actively navigate humans into the ma-
chinery approach. As pedestrians following traf-
fic signals secure the safety performance of auto-
mobiles, this is an approach to realize such perfor-
mance with human assistance that would not be pos-
sible with machine capabilities alone. While envi-
ronments support robots in the function of assist and
enforce, it is humans who assist robots in the func-
tion of navigation.
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Now, we will discuss specifically how these fundamen-
tal functions work to solve various problems specific to
living environments.

In addressing the issue of diversity in objects for daily
life, the minimum unit of objects to be handled by robots
is set to one ‘container case’ rather than individual pieces
of commodities. This is intended for task-regulations
as well as role-regulations in which humans deliver and
receive commodities to and from containers and robots
handle such containers. Implementation of this strategy
helps simplify the functions and specifications required
for robots by clearly defining the relationship between
humans and robots in handling household commodities.
From the viewpoint of robot manipulation, handling of
limited commodities would lead to a new advantage that
new technologies could be introduced that would not be
adopted in pursuit of general versatility.

Next, in order for robots to be able to respond to vari-
ations in living environments, we have constructed and
equipped the containers specified in the task-regulations
in a way that robots will find it physically and intelli-
gently easy to handle. More specifically, markers are pro-
vided to enable robot sensors to extract steady amounts of
features; guides are provided to the construction so that
mechanical compliance performance can be extracted ex-
actly as implemented in robots. These provisions will
ensure achievement of robustness against environmental
changes which used to be absent in the previous home-
use robots. Moreover, commodities accommodated in the
containers are tagged with RFIDs for identification pur-
poses, which corresponds with the strategy of assist and
enforce.

As a final measure, we have implemented the strate-
gic function of navigation, in which, to reduce dispersion
of human activities in the living environments, physical
guides or informational guides by sounds or light are pro-
vided in places (facilities) where both humans and robots
may have access opportunities to the same objects (con-
tainers), so that container cases which have been manipu-
lated by humans should be easy for robots to handle.

The problems to be encountered in the living environ-
ments, their solutions and the fundamental strategic com-
pliance functions are given in Table 2 to summarize the
above-mentioned studies.

2.3. Mechanical Compliance

Mechanical compliance can be realized in the follow-
ing three forms:

(1) Passive compliance by means of passive mechani-
cal elements such as springs, is a typical method of
Remote Center Compliance (RCC) analyzed in de-
tail by Whitney et al. [14]. Recent approaches on the
performance of robots are more and more focused on
the importance of passive mechanical elements for
the learning performance of robots [15] or on incor-
poration of spring elements in the robot mechanism
to enable robots to co-act with humans [16—18], in
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Table 2. Home-use specific problems, solutions, and strategies.

Basic function

Problems | Solutions

of strategies
Etr;;llronmental arrantgement for Assist, Enforce

Variation of | St@0'€ measurement |
living Cooperation of multiple equipments Role regulation

envirgnment Arrangement of a specific space where

robots can concentrate on their task Speeeisgulgtion

Definition of robotsi operation target as Task & Role
Diversity of a container (Not objects themselves) regulation
daily use Installing special structure or informative Assist. Enforce
objects equipment to the container !

Each object is equipped with RFID tag Assist, Enforce

Dispersion of | Mechanical or informative navigation of
human activity| human casual motion

Navigation,
Role regulation

order to realize performances that would not be real-
ized through learning or controls alone.

(2) Active compliance integrated approach, generally
known as coarse-fine manipulation [19], is an ap-
proach by means of high-accuracy and short-stroke
actuators fitted at the tip of general-purpose manip-
ulators for large operating regions to realize high-
accuracy motions at the robot’s hands or to control
the contact forces of robots with the environments.
Detailed experiments and analyses made by Tsuda
et al. [20] provide important findings on the active
compliance integrated approach as well as on the
passive compliance designs.

(3) Active compliance distributed approach is an ap-
proach by means of controlling joints of general-
purpose manipulators to realize the desired compli-
ant performance at the robot’s hands. Various re-
searches have focused on the performance at the
robot’s hands and on the methods to control the
robot’s joints [21,22].

With the proven robust fail-safe technologies in the in-
dustrial applications taken into full account, this research
aims to achieve smooth contacts of robots with the en-
vironments through the passive mechanical compliance.
Specifically, we have implemented passive mechanical
flexibilities in the robots to carry container cases (see Sec-
tion 3.2) in order to realize robust handling of containers.

2.4. Geometrical Designing and Closure

Geometrical designing takes the longest time in the
general machine designing work. With drawings, engi-
neers become engaged in designing the shapes, layouts,
etc. of the components for their optimization to achieve
the required functions. On the other hand, grasp and
manipulation of objects are addressed as problems to be
solved by quasi-statics or dynamics. If it is possible to
realize grasp conditions primarily in the geometrical de-
signs, it would enable engineers to study the manipula-
tion problems in the “drawing” process familiar to engi-
neers, which would produce very large benefits. Form
closure [23], a well-known geometric constraint, is said
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(A) Object closure  (B) Geometric object closure

Fig. 2. Difference between object closure and GOC.
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Fig. 3. Conceptual diagram of GOC conditions.

to have duality with force closure as dynamic constraint,
so that form closure may not be genuine geometric con-
straint. On the other hand, object closure [24] proposed
by Wang et al. realizes a caging which allows objects
to move within the constraint; if robots can output suf-
ficiently large reaction forces against objects to be trans-
ferred, grasping conditions can adequately be reproduced
through geometrical designs alone. Object closure can be
defined as follows:

Cfree.obj 7é 0
Cfree_nbj#qnbj e e e e e e e (1)
Crree.onj N Crree.inf =0

where Cpreeopj denotes six-dimensional configuration
space (C-Space), qopj, configuration of the existing ob-
ject, and Cyree.iny, C-space where objects in infinite dis-
tance can freely move.

Object closure, which allows objects to take arbitrary
postures as shown in Fig. 2(A) and which is represented in
the C-space, may not be suitable for geometrical design-
ing of the transfer task with drawings. We therefore make
Geometric Object Closure (GOC), as shown in Fig. 2(B),
by restricting the postures of objects within certain limits
and by rewriting the object closure as follows so that we
can confirm it with the drawings. Fig. 3 is a conceptual
diagram of GOC conditions.

(1) Objects are allowed to move within the specified re-
gion. In other words, all effector points do not al-
ways need to be in contact. Such effector points are
called effector candidate points.

(2) Positional constraint by frictions decrease stability in

grasping and is not counted as an effector candidate
point.
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Fig. 4. A drawing procedure example for GOC.

(3) Reviews should be made in the gravitational and
non-gravitational (horizontal) directions separately
as far as possible. In the gravitational direction, grav-
ity shall be regarded as an effector candidate point.

(4) If objects make 3-degree-of-freedom rotational
movements within the specified region, there shall be
two or more effector candidate points acting within
the allowable posture limits irrespective of rotational
directions.

(5) If objects which take the postures within the allow-
able limits in the specified region make 3-degree-of-
freedom translational movements, there shall be one
or more effector candidate points acting in the region
irrespective of translational directions.

Caging is constructed by the following drawing proce-
dures (Fig. 4):

(1) Caging region is set.

(2) Draw up possible postures of objects within the re-
gion and establish a constraining structure so that
such postures should be within the allowable limits.

(3) Create step sizes in the allowable posture limits to
draw up the postures of the objects in each step size.

(4) Check if there are any effector candidate points by
moving the objects in translational motion within the
region that does not interfere with the constraining
structure. Add constraining structures if necessary.

In the drawing process, use of Computer Aided Design
(CAD) software with the function to check interference
will facilitate the work. As in the case of reviews in the
configuration space, step sizes should be established with
great care, for too-large step sizes may fail to detect frus-
trated caging closures. This GOC is used to improve ro-
bustness in container handling in the home-use automated
container warehouse as referred to in Section 3.3.

3. Construction of Home-Use Logistical
Support Robot System

In this section, we describe the construction for home-

use logistical support robot system incorporating the three
major strategic technologies mentioned in the preceding
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— (1) intelligent container

(i-Container)

| (2) Ceiling mobile container
transfer robot

(3) Home-use automated
container storage/retrieval
system

(4) Position recognizer for
intelligent container

(5) Multi~functional dock
(iDock)

Fig. 5. Logistical support robot system in a living space.

section. Conceptual diagram of the system is shown in
Fig. 5. The system consists of the following five compo-
nents:

(1) Intelligent container (i-container): Intelligent con-
tainers act as interface between humans and robots
and accommodate commodities [25].

(2) Ceiling mobile container transfer robot (ceiling mo-
bile unit plus container handling unit): Ceiling
mobile container transfer robots can move with-
out much interference with humans and their flexi-
ble mechanism enables robust handling of contain-
ers [26,27].

(3) Home-use automated container storage/retrieval sys-
tem: This is a system which can achieve automated
storage/retrieval motions and high spatial utilization
efficiency without infringing on the human living
space or styles [28].

(4) Container-position recognition system: This is a
recognition and measurement system, covering var-
ious tasks from detection of the containers placed
in the room to detailed positioning measurements of
such containers, to achieve strategies for the role-
regulation and assist and enforce.

(5) Multi-functional dock for i-containers (iDock):
iDock provides a gateway in individual rooms for the
home-use logistical support robot system and makes
up for function deficiency in the inexpensive version
of i-containers, to achieve the strategies for the role-
regulation, navigation and assist and enforce.

Explanations on the container-position recognition sys-
tem and multi-functional dock for i-containers (iDock) are
omitted due to limitations of space in this paper; for de-
tails, please refer to References [29, 30].

The following sections describe the overviews of the
subsystems and the basic performance test results.

3.1. Intelligent Containers (i-Containers)

In the home-use logistical support robot system,
i-containers play a role of an “intermediate” to interface
between the supports which users require robots and the
ones which robots provide to users. In other words, users
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Fig. 6. Snapshot of the intelligent containers.

Table 3. Specification of the intelligent containers.

Class S Class A Class E
(Daily use) (Weekly/Monthly use) | (Long period storage)
Size, payload 370*270*188 [mm], maximum 5 [kg]
Weight 2.8 [kg] | 1.7 [ka] [ 1 kgl
Grasping guide POM tapered guide plate (Hole D11[mm], Taper angle 45 [deg])
Fork insertion Fork gap: 20.5 [mm], Fork width: 206 [mm]

Position marker Red LED 4 points; blinking 7.5 [Hz]
Wireless comm. | Bluetooth Ver2.0, Class2, Serial 57.6 [kbps]

Load sensor

Photo reflector type x4: each max range 6 [kg]
Aluminum (A5052) | ABS/MDF board

Main material Cardboard/MDF board

deliver to and receive from the robot system commodi-
ties through intermediation of i-containers, and the robot
system satisfies the users’ requests for transfer/storage
of commodities through handling of i-containers. In
that sense, i-containers provide typical means to mate-
rialize the strategic compliances (task-regulation, role-
regulation, and assist and enforce) of the system. We have
developed three classes of i-containers according to the
frequencies in use of the contents as shown in Fig. 6.

Intelligent containers have the following features: (1)
containers are portable and storable in the same way
as the container cases of A4 size which are commonly
used at home (regulations); (2) contents of the containers
are identified by reading the RFID tags affixed to them
by the RFID tag readers which are implemented in the
i-containers (Class S) or by a movable RFID tag reader
of iDock [30] (Classes A and E) (assist) ; (3) connecting
holes with tapered guides which are diagonally arranged
on the upper surface of the containers serve to facilitate
robot’s motions to grasp containers (enforce); (4) period-
ically blinking LEDs installed at the four corners of the
upper surface of the containers serve to facilitate measure-
ments of container positions and postures using a camera
(assist). Specifications of the intelligent containers are
given in Table 3.

3.2. Ceiling Mobile Container-Transfer Robots

Container-transfer robot consists of the ceiling mobile
unit and the container handling unit. We have noticed
availability of the ceiling space which is usually left unuti-
lized so that robots can move along the ceiling surface
and gain access to the living space only when necessary.
This is an example of the strategic compliance for the
space/region-regulations. For details of the mechanism,
please refer to Reference [26].

In this section, we describe the container handling unit
where passive mechanical compliance technologies are

Journal of Robotics and Mechatronics Vol.23 No.4, 2011
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Fig. 7. Snapshot of the container handling unit.
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Fig. 9. External force isolation behavior.

Table 4. Specification of the container handling unit.

Size 340 * 320 * 610 [mm] (Contraction state)
8 [kg] (Including container weight 3 [kg])

Pay load

Grasping mechanism
Compliant capability

Jamming free crank connection pin x2
Horizontal: 10 [mm], Roll/Pitch: 10 [deg]

Torque limiter, constant load spring and
permanent magnet for decoupling

10 [kg] Lift stroke  : 610 - 1,835[mm]
© 100 [mm/s] | Lifting mech. @ Steel belt winch

Mechanisms for ]
external force isolation :

Safe working load

Lift-up speed

Fig. 8. Overview of the manipulation component.

employed. The container handling unit (Fig. 7) consists
of the manipulation component, the ceiling hanging com-
ponent, the crane winding component and the expansion
and contraction component.

The manipulation component in Fig. 8 has the follow-
ing features:

(A1) Short and small crank connection pins are used in the
connecting and releasing mechanism for i-containers
enabling the container-grasping function to be jam-
free and robust. The crank connecting pins address
the problem of grasping containers by transforming
it into the “problem of inserting two pins simultane-
ously into objects with 3-DOF (x, y, yaw) horizon-
tally and 2-DOF (pitch, roll) in inclination.”

(A2) Passive mechanical compliance element is provided
to absorb errors in horizontal and inclination posi-
tioning of containers to be grasped.

(A3) In the horizontal compliance element, the element
slides smoothly, contacting low frictional materials
in the unloaded condition, while it stops sliding when
the slider contacts high frictional materials in the
loaded condition. If containers are not well balanced
in weight of contents, inclination of the containers is
restricted by means of the limiter mechanism which
only works in the loaded condition. But the mecha-
nism cannot properly respond to extreme imbalance
in weight of container contents, which leaves some
room for improvements in the future.

The expansion and contraction component and the
crane winding component have the following features:

(B1) Use of bamboo-like expansion and contraction
mechanism allows robots to gain access to the living
space from the ceiling surface with comparatively
small twists and vibrations.
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(B2) By applying plastic rails and holding covers used in
the translation/rotation fixing mechanism, undesired
displacements are restricted during operation, and
passive mechanical compliance elements are incor-
porated reducing contact forces by flexibly deform-
ing when they contact humans or objects as shown in
Fig. 9.

(B3) The steel-belt winding mechanism ensures that no
loads greater than the weights of the manipulation
component plus the container should be applied even
if the robots contact unexpected objects.

Specifications of the container-transfer robot (container
handling unit) are given in Table 4.

3.3. Home-Use Automated Container Warehouse

Unlike industrial-use automated container warehouse
for use in factories or logistics bases where high opera-
tional speeds are required, requirements for the robot sys-
tems for use in the living space are to ensure high lev-
els of symbiosis with humans. Home-use automated con-
tainer warehouse (Fig. 10) therefore possesses the follow-
ing three features:

(1) Use of elevator type storage allows for both ordi-
nary storage actions by humans and automated stor-
age operation by robots.

(2) Use of guide plates and RFIDs for sensing navigates
users in putting containers in ideal positions or pos-
tures that will facilitate their handling by automated
equipment.

(3) Use of stacker cranes with distinct horizontal and
vertical DOFs offers both the shelves and ceiling
space as potentially available storage space. It also
serves to reduce occupied space, which in turn re-
duces the number of mechanisms where humans
could be caught.
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under an artificial misalignment condition.

Table 5. Specification of the home-use automated warehouse.

Chase for
lock plate

Fork table
(Bended metal sheet)

Basic structure Elevator type
Size W 1,500 * H2,300 * D450 [mm]
. Separated motion layout
Motion layout (Linear actuator and horizontal transporter)
Rail type Mono rail. Cantilever state.

Fork and simple lock method
8 [kg] (Including container weight 3 [kg])
Slow for safety (horizontal: 0.2 [m/s])
RFID tag and antenna
Small (Escape mode is available)
Available

Maximum payload
Transport speed
Container recognition
Space occupation
Human pick/place

Fig. 11. Structural parts that contribute to GOC.

(B) During fork plate

A) Neutral state
Container — insertion motion
guide plate || Container side board sate. | coey
T Y ! vy

(C) Lock plate
constraint state
|

N G oy

:::- Major effective points Container guide plate structure
[ i-Container structure [ Horizontal transporter structure

Fork table
side panel

Fig. 12. GOC state realized in horizontal transporter.

The above-mentioned feature (2), which corresponds to
the strategic compliance for navigation, provides a critical
function in the home-use automated container warehouse
system which is designed for both humans and robots to
handle identical objects (containers).

There is one more feature to mention, that is, ro-
bust handling of containers using GOC in the horizontal
container-transfer mechanism. Intelligent containers and
automated warehouse are of such construction as shown
in Fig. 11 to create GOC conditions. Fig. 12 shows the
positional relations among the mechanical structures for
different transfer states. What is characteristic of this fig-
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Compliance to errors
Obstacle recognition

High compliant
Infra-red sensor and contact switches

Pick / Place method |

ure is that not only container constraint state (C) but also
the fork plate insertion motion (B) represent the caging
states; these two stages of caging ensure smooth and ro-
bust constraint.

We have confirmed through the experiments as shown
in Fig. 13 that even if there are some errors in positioning
of containers when stored by humans, the proposed robot
system can retrieve such containers without any prob-
lem. This is made possible by the plate insertion motions
which prompt the containers to transition into a caging
state (Fig. 12(B)), an advantage gained from use of caging
(GOC).

Specifications of the home-use automated warehouse
are given in Table 5.

3.4. Summary of System Architecture

Figure 14 is a diagram to illustrate where technologies
for the strategic compliance, passive mechanical compli-
ance and geometric object closure are used in the home-
use logistical support robot system.

4. Experiments to Evaluate Coordinated
Operation of the System

In this section, we describe the experiments to evaluate
the system performance in the container grasp, transfer
task, and the container delivery task which are accom-
plished through coordinated operations among the sub-
systems.
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4.1. Experiments for the Container Grasp and
Transfer Task

The experiments are conducted in the quasi-living envi-
ronments where containers are first recognized and mea-
sured for positions by the container position recogni-
tion system, and then are grasped and transferred by the
container-transfer robot. Although feedback controls with
force sensors are generally employed in the entire pro-
cess of grasp as shown in Fig. 15 (top), we have com-
pletely separated measuring processes and grasping pro-
cesses without the explicit use of feedback controls in this
task as shown in Fig. 15 (bottom). We intend to confirm
through these experiments that use of the passive mechan-
ical compliance could reduce reliance on feedback con-
trols.

4.1.1. Experiments on Robustness in Container
Grasping Motions (with Errors in Horizontal
Positioning)

The purpose of this experiment is to evaluate effects
of errors in global position measurements and to confirm
the performance in local position measurements as well
as the container-transfer robot’s error-tolerance capabil-
ity. In the experiment, we have configured relative posi-
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Fig. 17. Snapshot of grasping experiment.

tions and angles between container and transfer-robot as
follows: (1) a total of nine relative positions: —100 mm,
0 mm and 100 mm from the reference position in two or-
thogonal directions; (2) a total of three relative angles:
—15°, 0° and 15° from the reference position. Container-
grasping task has been executed in the above-mentioned
27 different conditions as shown in Fig. 16. We have con-
firmed through the experiments shown in Fig. 17 that the
container-transfer robot can grasp containers without dif-
ficulties except in the case where the container-transfer
robot must move horizontally for significantly large dis-
tances (conditions corresponding to point indices 1 and
3 in Fig. 16), where one of the three attempts has failed.
This failure in grasping containers may be due to the fact
that when the horizontal moving distance gets longer, it
will cause larger errors in predicting the directions of the
ceiling mobile unit to calculate relative positions to the
containers.

4.1.2. Experiments on Robustness in Container
Grasping Motions (with Errors in Inclina-
tional Positioning)

The purpose of this experiment is to confirm whether or
not the container-transfer robot can grasp containers with
robustness even if they are placed somewhat inclined. In
the container-grasping experiment, we have placed some
obstacles at the bottom of containers to incline them at the
maximum pitch of 10.3° and the maximum roll of 7.4°.
The experimental results have confirmed robust perfor-
mance of the inclination compliance component in grasp-
ing containers in either case of inclinations. Fig. 18 are
some snapshots of grasping inclined containers.
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Fig. 19. Mismatch problem of allowable displacement be-
tween two caging conditions.

4.1.3. Consideration

The experiment on robustness in container-grasping
motions has demonstrated that the proposed system
involving no precise feedback controls in container-
grasping operations can provide robust grasping motions
by means of the passive mechanical compliance.

4.2. Experiments for the Container Delivery Task

We have conducted experiments on the container-
transfer robot’s performance in delivering and receiving
containers between the robot and the automated ware-
house. The container-delivering/receiving task may al-
ternatively be called transition work between different
caging states. In general, there exists a particular cap-
ture region margin for each casing state and some work
may be necessary to correct any capture region mismatch
as shown in Fig. 19. In the proposed system, where cap-
ture region margins of caging in the automated warehouse
are set smaller, we need to confirm whether the container-
transfer robot can correct such capture region mismatches.

4.2.1. Experiment on Container Delivery from Auto-
mated Warehouse

Delivery of containers from the automated warehouse
to the transfer robot, which involves no capture region
mismatches, has smoothly been executed as shown in
Fig. 20.

4.2.2. Experiment on Container Storage into Auto-
mated Warehouse

Delivery of containers from the transfer robot to the au-
tomated warehouse, which involves capture region mis-
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matches, corresponds to what is called caging state tran-
sition. The container storage task has been attempted by
grasping containers with a horizontal positioning error of
10 mm. As shown in Fig. 21, the experimental results
have confirmed smooth execution of the container stor-
age task with the delivered containers positioned close to
the ideal center position on the horizontal transfer mech-
anism.

4.2.3. Consideration

We have confirmed smooth transition motions between
different caging states in both delivery and storage tasks.
In particular, success in the storage task may be owed to
the container lifting motions which simultaneously cor-
rect any capture region margins. We have found that
use of the passive mechanical compliance components
like the expansion and contraction mechanism in the pro-
posed robot system, where capture region margin can be
changed according to the situation, can realize coopera-
tive state transition work between robots without any ac-
tuators to do explicit tasks in particular.

5. Container-Case-Shaped Support System for
the Elderly

According to References [31,32], caring time for the
elderly becomes longer as the levels of required nurs-
ing care service become higher, while it is highly rec-
ommended from the independent living points of view
of the elderly that they should maintain their usual daily
lifestyles as much as possible. We therefore aim to de-
velop new applications of the above-mentioned home-use
logistical support robot system to provide some “little
support services” which the elderly would hesitate to ask
for, so that the developed robot system could help encour-
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age the elderly to undertake self-independent activities in
their daily life. Among plenty of contents in such “little
support services,” we discuss in this paper support ser-
vices in lavatory and provision of drinks.

In providing such little support services, care support-
ers (the developed robot system) do not provide necessary
goods item by item to the cared but provide environmen-
tal support packages in the form of containers as shown
in Fig. 22. This is a typical application of ambient intel-
ligence in that instead of items, environments containing
them are moved to provide care support services; this ap-
proach has a big advantage that even if kinds of support
contents are increased in future, the robot system can re-
spond to such requirements by packaging necessary goods
in the form of containers.

The system specification requirements have been deter-
mined based on the author’s actual experience in nursing
care, because we failed to obtain sufficient materials to
quantitatively establish the system requirements for the
above-mentioned two services.

Although current i-containers may not be of completely
optimum standardized size for application to care support
equipment, we have retained the standardized size of con-
tainers, placing greater emphasis on the advantage that the
proposed system can be extended in application from the
basic application for storage to nursing care support.

5.1. Lavatory Environmental Containers (Support
for Acts in Lavatory)

Support is provided to the following three acts in lava-
tory: hand-washing, face-washing and tooth-brushing.
The system is to be equipped with the following four func-
tions: supply of fresh water, exchange of fresh water, col-
lection of drains, and storage of toiletries.

Figure 23 shows the overview of lavatory environmen-
tal container. In the function to supply fresh water, an air
pump is built in the container to pump fresh water out of
the fresh water tank; hydraulic pumps like geared pumps
with some water possibly remaining in the piping are not
sanitarily preferable. In the function to exchange fresh
water, we use pet bottles as a water tank to reduce the trou-
ble of cleaning the tank. In the function to collect drains,
a drain tank is built in the sink at the bottom, so that it
can be removed as part of the sink out of the container for
disposal of drains and cleaning of the tank as well. In the
function to store toiletries, a holder for toothbrushes and
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tooth paste and a magnetic cup holder are provided.

As a common design, all containers are provided with
magnetic suction inlets for AC power supply, in order to
secure stable power supply as well as to ascertain that con-
tainers should in no way be affected by accidental pulling
of power wire.

5.2. Refrigerator Containers (Support in Provision
of Drinks)

While refrigerator containers are refilled with drinks by
care takers, they are so designed as to allow keeping re-
filled drinks at appropriate temperatures and deliver them
as requested by care receivers. Refrigerator containers
are therefore required to have the functions to hold drinks
and regulate and display the temperatures of the drinks.
Fig. 24 shows the overview of refrigerator containers. For
the function to hold drinks, a case of heat-insulated struc-
ture has been provided to hold eight cans of 350-m/ juice.
For the function to regulate and display the temperatures
of drinks, a heat exchanger using Peltier elements has
been provided, as well as an extractor fan for air convec-
tion into the external atmosphere. The refrigerator con-
tainer has a temperature display panel on the front panel
so that the temperatures can be monitored even when the
containers are stored on the shelves.

6. Conclusion

In this research, we aimed to realize a robot system to
transfer and store commodities, making the best use of the
features specific to robots such as unique construction and
permanent memories, in order to solve the problems in
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the living environments which are flooded with too many
commodities and too much information. We have no-
ticed that the strategic compliance, the passive mechan-
ical compliance and the geometric object closure consti-
tute three fundamental technologies to realize such robot
systems. Then, we have constructed a home-use logisti-
cal support robot system incorporating these fundamental
technologies and have conducted experiments to evaluate
the performance of the developed system.

The proposals and findings of this research may be
summarized as follows:

(1) Introduction of the strategy to clearly define the tasks
for the robots will make it possible for the robot sys-
tem to handle commodities in a stable manner in the
living environments which was previously consid-
ered too difficult to realize.

(2) Use of the caging constraint states as realized by the
geometric designs makes it possible for engineers to
study the drawings to ensure the stable manipulation
of commodities by robots.

(3) The passive mechanical compliance has been proven
to be effective for improvements not only in direct
handling of objects but also in transition of caging
states in the task to deliver commodities.

In an attempt to extend applications of the home-use lo-
gistical support robot system to nursing care support ser-
vices for the elderly, we have proposed a new approach to
move the whole environmental support packages, as well
as the designs for a prototype support equipment to realize
such applications.

The home-use logistical support robot system we have
constructed is nothing but a prototype, leaving a number
of problems yet to be solved. Specifically, such problems
include methods to recover the system in case of errors
in task execution, methods to navigate users to assist re-
covery of the system, and methods to monitor users and
environments and reflect the observations into the robot’s
motion plans to prevent occurrence of errors.

Nevertheless, the approach we have taken in develop-
ing the proposed home-use logistical support robot sys-
tem is universally applicable to robots which operate in
the living environments and will ensure effective and ro-
bust robot systems in actual operations.

We hope that the developed home-use logistical support
robot system will be introduced into our living environ-
ments to create societies which will be free from floods of
unwanted (or excess) commodities and information. Ulti-
mate target of this research is to seek a new type of archi-
tectural structures in which residences, offices, shops and
various support infrastructures including storage of com-
modities are all assembled compact in the same buildings
as shown in Fig. 25.
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