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Abstract: The present paper describes step-climbing tactics using a wheeled robot and a hand cart
that has a hand brake. The robot has two arms that are used to hold or push the handle of the cart
and a lower extendable wheel mechanism that can push against the bottom of the cart. Some of the
manipulator joints are controlled passively when moving over the step. To lift the front wheels of the
cart, the robot holds the handle steady and pushes against the bottom of the cart using the extendable
wheel mechanism. This action is similar to that performed by a human. The robot then pushes the
entire cart forward so that the front wheels of the cart are above the step. When the rear wheels of the
cart have climbed the step, the upper-arm links of the manipulators are pressed against the robot
chest to allow the robot to push the cart. When the cart has fully climbed the step, the robot then uses
the cart to climb the step. The present paper describes the details of the robot system, and theoretical
analyses were performed to determine the requirement of masses and the centers of gravity of both
vehicles to lift the cart. Experiments were also carried out in which the robot was controlled using an
intranet connection, and the results demonstrated the effectiveness of the proposed method.
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1. Introduction

Hand carts and shopping carts are used all over the world to help people convey baggage.
In recent years, several robotic carts have been investigated, including an autonomous cart that
follows the user [1,2], a robotic cart that helps the operator when transporting heavy baggage [3],
and transportation using a cart connected to an omnidirectional mobile robot [4,5]. Iwanuma et al.
studied two shopping assistant robots that can be used in supermarkets [6]. They proposed not only
a cart robot, which has a shopping basket attached to the robot body for transportation of an item,
but also a humanoid with dual manipulators, which can bring the shopping basket. If the partner robot
can operate a cart freely, the possibilities of transportation using a cart for improvement are endless.
Research on such carts that can be manipulated by a partner robot has been carried out. Ohno proposed
a method of transportation of a hand cart using ASIMO (HONDA Co., Ltd., Tokyo, Japan), a legged
locomotion robot with dual manipulators [7]. Similarly, Inaba et al. studied the locomotion of a
wheelchair, rather than a cart, using a legged locomotion robot [8]. However, they showed how to
push and transport a wheelchair using a personal robot with dual manipulators.

A hand cart has a wheel mechanism that it uses to move. Excellent energy efficiency is one
of the advantages of a wheel mechanism. It is easy for people to move a hand cart on a flat
road. However, it is difficult for a vehicle that has a wheel mechanism to move up and down
steps. Numerous research programs aimed at improving the mobility of wheel mechanisms on steps
have been conducted, based on the following strategies: additional legs [9,10], multiple wheels and
variable wheelbases [11], and a combination of an adjustable center of gravity (COG) and multiple
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wheels [12]. Reports of multiple vehicles cooperating for crossing irregular terrain include those of
Asama et al. [13], who considered a forklift system. Transporting a cart using a mobile robot that
has numerous manipulators, similar to the human arm, is not an easy task. When the cart is heavier
than the robot, controlling a robot to push or pull the cart is very difficult because the reaction force
from the cart strongly influences the robot. In particular, one weakness for a wheeled vehicle is step
climbing [14]. In transporting heavy baggage using a push-cart, it is very difficult to control the cart at
a step because the incline of the vehicle is always changing, and the reaction force from the cart is also
changing. As such, there have been no studies of a cart climbing a step using a partner robot.

The research group of the present study has achieved cooperative step climbing using a wheelchair
and a partner robot with manipulators [15] and have proposed a cooperative step-climbing system
using a hand cart and a robot [16]. In the present paper, we intend to describe in detail the concept of
step climbing of a hand cart and present the results of both theoretical analysis and experiments.

The proposed step-climbing method uses the difference in velocity between connected vehicles,
which considers not only the robot driving force, but also the wheelchair driving force. However, since
a typical hand cart does not generate a driving force, the step-climbing method that we have proposed
for a wheelchair cannot be applied to a hand cart. The present paper proposes a step-climbing method
for a hand cart and a partner robot that uses an action that is similar to that performed by a human.

Based on preliminary measurements of friction coefficients using the vehicles in wet and dry
conditions on asphalt, concrete, wood, and interior flooring, the ground surface considered in the
present study was assumed to have a friction coefficient in the range 0.6 to 0.9, which satisfies all of
the above conditions. The heights of steps at the entrances of typical buildings and other structures
were measured, and the target step height was set to 120 mm, which accounts for more than 80% of
the observed heights.

The remainder of the present paper is organized as follows. Section 2 describes the step-climbing
system using a robot and a hand cart. Section 3 describes the process of climbing a step. Section 4
provides a theoretical analysis. Section 5 presents the experimental results. Section 6 concludes
the paper.

2. Hand Cart and Robot

This system consists of a wheeled robot and a hand cart (Figure 1). The robot used in the present
study was the wheeled “Tateyama”, which was developed in our laboratory. This robot has three sets
of wheels (front, middle, and rear) paired on the left and right. The front pair of wheels are casters,
and the middle and rear pairs of wheels are driving wheels. The rear pair of wheels can be shifted in
position, and this mechanism is used by the robot to climb steps (Figure 2, see Section 3). The hand
cart and robot are deployed in a forward-and-aft configuration (Figure 3). The specifications of the
robot and the hand cart are shown in Tables A1 and A2 (Appendix A).
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Figure 3. Model of the robot and the hand cart
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the rear bottom of the cart with their foot when lifting the front wheels of the hand cart during step73

climbing. When some people push and lift the rear wheels of a heavy cart, they limit the passive74

rotation about the shoulder joints as the upper arms are pushed into their chest. In the present paper,75

this motion is performed using the front-wheel mechanism of the robot (Figures 5 and 6) and the76

robot stopper (Figure 7).77

The robot has manipulators attached to the left and right sides of its upper half. In addition to78

the five degrees of freedom (DOFs) of the arm, the hand has one DOF, for a total of six DOFs (Figure79

7). The manipulator joint angles are -90 [deg] ≤ φ2 ≤ +90 [deg] and 0 [deg] ≤ φ4 ≤ +100 [deg].80

The robot has a stopper mounted on the front of its body (Figure 7). First, the upper links of the81

manipulators are located behind the stopper when the front wheels of the cart are lifted (Figure 8).82
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Figure 4 shows the process in which a human moves a hand cart over a step. Most people push
the rear bottom of the cart with their foot when lifting the front wheels of the hand cart during step
climbing. When some people push and lift the rear wheels of a heavy cart, they limit the passive
rotation about the shoulder joints as the upper arms are pushed into their chest. In the present paper,
this motion is performed using the front-wheel mechanism of the robot (Figures 5 and 6) and the robot
stopper (Figure 7).
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Figure 4. Human method of pushing a hand cart up a step
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the angle of the forearm links of the manipulators because the hands have spaces between fingers101

(Figure 11). When the angle of forearm links is small, the brake is released, and when the angle of the102

forearm links is large, the brake is applied.103

This cart also has a stopper that is composed of front and rear bars (Figure 12), and the stopper104

is mounted on the rear side. The stopper is not used for cart climbing, but rather for robot climbing105

(Figure 13). The details of the use of the cart stopper are presented in Section 3.106

Figure 14 is a system configuration diagram. The robot has a notebook PC (OS: Windows Xp) on107

its body. The motors, encoders, and touch sensors were connected to motion controllers (Faulhaber108

Co., Ltd. MCDC3006-S, MCDC3003-S). These motion controllers were connected to the notebook109

Figure 7. Stopper on the robot and manipulator joints.

The robot has manipulators attached to the left and right sides of its upper half. In addition to the
five degrees of freedom (DOFs) of the arm, the hand has one DOF, for a total of six DOFs (Figure 7).
The manipulator joint angles are−90 [deg]≤ φ2 ≤ +90 [deg] and 0 [deg]≤ φ4 ≤ +100 [deg]. The robot
has a stopper mounted on the front of its body (Figure 7). First, the upper links of the manipulators are
located behind the stopper when the front wheels of the cart are lifted (Figure 8). As described below
(Section 3), the manipulators are pulled when lifting the front wheels of the cart so that the front-wheel
mechanism of the robot can reach the rear bottom of the cart when lifting the front wheels of the cart.

The manipulators are pulled by the cart when the front wheels of the cart ascend the step, and the
stopper limits the passive rotational travel around the shoulder axes of the manipulators (Figure 9,
Section 3). After climbing of the front wheels of the cart, the upper links of the manipulators are located
in the front of the stopper (Figure 10). When the rear wheels of the cart climb a step, the manipulators
of the robot are pushed by the force from the cart. However, the stopper of the robot limits the passive
rotational travel of the manipulator (Figure 10, Section 3). This enables the robot to imitate a human
pushing an object by limiting the passive rotation about the shoulder joints as the upper arms are
pushed into the chest (Figure 4).
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The hand cart (PLA250-DB, Kanatsu, Chiyoda-ku, Tokyo, Japan) used in the present study is
a commercially available hand cart (Figure 1, Table A2). The cart has a hand brake mechanism,
which was remodeled to allow grasping (Figure 11). This hand brake mechanism has two shafts to
allow holding, which are used to apply or release the cart brakes. When the robot hand grasps the
hand brake system, the brake system is releases and the cart is able to move. When the robot hand
releases the hand brake system, the brake is applied and the cart is not able to move. The robot and the
cart are connected by the robot hands throughout the step-climbing process. Releasing or applying the
hand brake is controlled by the angle of the forearm links of the manipulators because the hands have
spaces between fingers (Figure 11). When the angle of forearm links is small, the brake is released,
and when the angle of the forearm links is large, the brake is applied.

This cart also has a stopper that is composed of front and rear bars (Figure 12), and the stopper
is mounted on the rear side. The stopper is not used for cart climbing, but rather for robot climbing
(Figure 13). The details of the use of the cart stopper are presented in Section 3.

Figure 14 is a system configuration diagram. The robot has a notebook PC ( OS: Windows Xp,
msi U100, New Taipei City, Taiwan) on its body. The motors, encoders, and touch sensors were connected
to motion controllers (MCDC3006-S, MCDC3003-S, Faulhaber Co. Ltd, Baden-Wuerttemberg, Germany).
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These motion controllers were connected to the notebook PC of the robot. The motors were controlled
via commands issued using the Motion Manager 4 software package (Faulhaber). The robot used a
camera built into the PC, and moving images from the camera and the Motion Manager 4 operating
window were displayed on the notebook PC mounted on the robot. The screen of this notebook PC
used Real VNC software (version 4.1.2) and was transmitted as-is over an intranet to the display of
a PC used by an operator at a different location. The operator of the robot was able to control the
robot by operating Motion Manager 4 from their PC. Commands for Motion Manager 4 were issued
using “JoyToKey” software. The keyboard commands, which were activated by pushing the buttons
of a “Joypad” (PL-USGP12, Planex Communications Inc., Shibuya-ku, Tokyo, Japan), corresponded to
manipulation of the controller to operate the robot. The controller is a commercially available game
pad. The operator controls the robot by watching moving images returned from the camera on the
robot. In the present study, the robot was operated at a constant speed (0.76 [km/h]).
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(2) The robot stops and pushes against the rear bottom part of the cart using the robot front-wheel131

mechanism (Figure 6). The front wheels of the cart start to be lifted. (3) The robot continues to push132

the rear bottom part of the cart, and the cart tilt increases. The action for lifting the front wheels of133

the cart exerts forces on the manipulators, causing passive rotation about Joint 2. However, the upper134

arm link of the manipulator comes into contact with the robot stopper, limiting the extent of rotation135

(Figure 9). (4) The robot moves forward and the front wheels of the cart are positioned over the edge136
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the cart (Figure 12). The rear wheels of the robot are folded upward (Figure 13). The robot moves150

forward and the manipulator forearm links comes into contact with the stopper of the cart. The hand151

brake is applied. The cart maintains its position (Figure 11). (10) The robot continues to push on the152

cart, and the front wheels of the robot are lifted (Figure 13). (11) When the location of the robot center153

of mass shifts behind the contact point between the robot middle wheels and the ground as the robot154

tilt increases, the robot begins to tip over backward. However, the robot is supported by the middle155

and rear wheels, and the rotational travel of the manipulators are stopped by the rear bars of cart’s156

stopper. The brake of cart is then released (Figure 11). (12) The robot moves forward using the middle157

and rear wheels, and the front wheels of the robot are placed on the upper level of the step.158
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3. Process of Step Climbing

In the proposed step-climbing method, the hand cart first climbs a step, and then the robot climbs
the step. In the present study, Stages 1 and 2, respectively, describe the processes by which the front
and rear wheels of the cart ascend the step. Stage 3 describes the process by which the front wheels of
the robot ascend the step. Stage 4 describes the processes in which the middle and rear wheels of the
robot ascend the step. Numbers (1)–(16) in Figures 15 and 16 correspond to the states described below.
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robot body. The middle wheels of the robot start to climb the step. (16) The middle wheels of the163

robot are able to climb the step. After the middle wheels of the robot have reached the upper level of164

the step, the vehicles are stopped. The rear-wheel mechanism of the robot is then folded upward.165

4. Theoretical analysis166

The proposed step-climbing method is sensitive to the relationship between the masses of the167

connected vehicles. In this section, we discuss the requirement for lifting the front wheels of the hand168

cart. The vehicles slowly climb a step and maintain their balance in the proposed method, which is169

analyzed by considering statics.170

The basic coordinate system of the robot if denoted ΣB, where contact point B between the robot
middle (driving) wheels and the ground is the origin (Figure 17). In stage 1, the inclination of the
robot is zero (φ0 = 0). In Figure 3, the position vectors for these joints in system ΣB are expressed as

B p2i = [x2i z2i]
T (i = 1− 3), (1)

where
B p2 = [x2 z2]

T = [lLB RB + hLB]
T (2)

B p4 = [x4 z4]
T = [lLB + l2 cos φ2 RB + hLB + l2 sin φ2]

T (3)

B p6 = [x6 z6]
T = [lLB + l2 cos φ2 + l4c cos(φ2 + φ4) RB + hLB + l2 sin φ2 + l4c sin(φ2 + φ4)]

T (4)

In the same way, the position vectors for the contact points between the robot front and rear
wheels and the ground are expressed as

B p f wb = [WB f 0]T (5)

and
B prwB = [−WBr 0]T (6)

Figure 15. Step-climbing process of the hand cart.
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[Stage 1]

(1) The upper links of manipulators are located behind the robot stopper (Figures 8 and 9). Joints 2,
4, and 6 are allowed to rotate passively until the ascent of the cart has been completed (Figure 7).

(2) The robot stops and pushes against the rear bottom part of the cart using the robot front-wheel
mechanism (Figure 6). The front wheels of the cart start to be lifted.

(3) The robot continues to push the rear bottom part of the cart, and the cart tilt increases. The action
for lifting the front wheels of the cart exerts forces on the manipulators, causing passive rotation
about Joint 2. However, the upper arm link of the manipulator comes into contact with the robot
stopper, limiting the extent of rotation (Figure 9).

(4) The robot moves forward and the front wheels of the cart are positioned over the edge of the step.
As the operator closes the robot front-wheel mechanism, the incline of the cart becomes small.
The front wheels of the cart are located on the upper level of the step.

[Stage 2]

(5) First, the sides of the robot manipulators are opened, and the upper links of the manipulators
are located in front of the robot stopper (Figure 10). This limits the passive rotational travel of
the manipulators when the robot is pushed. The robot then moves forward, pushing the cart
from behind.

(6) The rear wheels of the cart come into contact with the step.
(7) The robot pushes the cart, and the rear wheels of the cart begin to climb the step. The robot

imitates the operation of a human pushing an heavy object by limiting the passive rotation about
the shoulder joints as the upper arms are pushed into the chest (Figure 4).

(8) Once the rear wheels of the cart have reached the upper level of the step, the robot stops.

[Stage 3]

(9) The sides of the robot are opened, and the two manipulators are inserted into the stopper of
the cart (Figure 12). The rear wheels of the robot are folded upward (Figure 13). The robot
moves forward and the manipulator forearm links come into contact with the stopper of the
cart. The hand brake is applied. The cart maintains its position (Figure 11).

(10) The robot continues to push on the cart, and the front wheels of the robot are lifted (Figure 13).
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(11) When the location of the robot center of mass shifts behind the contact point between the robot
middle wheels and the ground as the robot tilt increases, the robot begins to tip over backward.
However, the robot is supported by the middle and rear wheels, and the rotational travel of the
manipulators are stopped by the rear bars of cart’s stopper. The brake of cart is then released
(Figure 11).

(12) The robot moves forward using the middle and rear wheels, and the front wheels of the robot
are placed on the upper level of the step.

[Stage 4]

(13) The robot drives and both vehicles move forward.
(14) The middle wheels of the robot come into contact with the step.
(15) The middle wheels of the robot continue to drive, and both vehicles continue to move forward.

The rear-wheel mechanism of the robot is lowered and pushes up the robot body. The middle
wheels of the robot start to climb the step.

(16) The middle wheels of the robot are able to climb the step. After the middle wheels of the robot
have reached the upper level of the step, the vehicles are stopped. The rear-wheel mechanism of
the robot is then folded upward.

4. Theoretical Analysis

The proposed step-climbing method is sensitive to the relationship between the masses of the
connected vehicles. In this section, we discuss the requirement for lifting the front wheels of the hand
cart. The vehicles slowly climb a step and maintain their balance in the proposed method, which is
analyzed by considering statics.

The basic coordinate system of the robot if denoted ΣB, where contact point B between the robot
middle (driving) wheels and the ground is the origin (Figure 17). In Stage 1, the inclination of the robot
is zero (φ0 = 0). In Figure 3, the position vectors for these joints in system ΣB are expressed as

B p2i = [x2i z2i]
T (i = 1− 3), (1)

where
B p2 = [x2 z2]

T = [lLB RB + hLB]
T (2)

B p4 = [x4 z4]
T = [lLB + l2 cos φ2 RB + hLB + l2 sin φ2]

T (3)

B p6 = [x6 z6]
T = [lLB + l2 cos φ2 + l4c cos(φ2 + φ4) RB + hLB + l2 sin φ2 + l4c sin(φ2 + φ4)]

T (4)

In the same way, the position vectors for the contact points between the robot front and rear
wheels and the ground are expressed as

B p f wb = [WB f 0]T (5)

and
B prwB = [−WBr 0]T (6)

The position vectors for the contact points between the robot front-wheel mechanism and the rear
of the hand cart are expressed as

B p f p = [xpB zpB]
T . (7)

The body of the robot, neglecting the manipulators, is Link 0 with mass m0. If the centers of
gravity of the robot body and each manipulator link (Links 2, 4, and 6) are denoted by

B pgj = [xg2j zg2j]
T (j = 0− 3) (8)
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the vector of the driving force for the robot middle wheels and the resistance force from the ground
surface is given by

fm = [ f1x f2z]
T . (9)

In addition, the resistance force vector at the robot front wheels is

f f wB = [0 f3z]
T (10)

and that at the rear wheels is
frwB = [ f4x f5z]

T . (11)

The reaction force vector from the linked cart is

fL = [ fl cos(φ2 + φ4) fl sin(φ2 + φ4)]
T (12)

and the reaction force vector from the cart to the robot front-wheel mechanism is given by

f ′p = [− fp 0]T . (13)

The coordinate system fixed at the point of contact, A, between the cart rear wheels and the ground
is given by ΣA. The incline of the cart body with respect to the road surface is φ2 + φ4 + φ6 = φ246

(in Stages 1 and 2, the robot incline is zero φ0 = 0). In ΣA, the center of gravity of the cart is located at

A pGA = [xGA zGA]
T = [lrA cos φ246 − hmA sin φ246 lrA sin φ246 + hmA cos φ246 + RA]

T (14)

and the push handle location (which is held by the robot hand), Pc (P6), is

A pc = [xc zc]
T = [−lLA cos φ246 − hLA sin φ246 − lLA sin φ246 + hLA cos φ246 + RA]

T . (15)

The contact position between the body of cart and the robot front-wheel mechanism is located at

A p f p = [−lpA cos φ246 − hpA sin φ246 RA − lpA sin φ246 + hpA cos φ246]. (16)

The resistance force vector of the rear wheels of the cart from the ground surface is

frwA = [0 f6z]
T . (17)

In addition, the reaction force from the linked robot is given by

f ′L = [− fl cos(φ2 + φ4) − fl sin(φ2 + φ4)]
T . (18)

The reaction force vector from the robot front-wheel mechanism to the cart is given by

fp = [ fp 0]T . (19)

In moving statically, the equilibrium of the robot along the x and z axes is given by the following
equation:

fΣB + MBg = 0, (20)

where fΣB ∈ R2 is the sum of forces on the robot due to the driving force and the resistances of the
ground surface and the linked cart, and is given as

fΣB = [ f1x + f4x + fl cos(φ2 + φ4)− fp f2z + f3z + f5z + fl sin(φ2 + φ4)]
T (21)
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and
g = [0 − g]T (22)

is the gravitational acceleration vector.
The following equation is obtained from the equilibrium of moments about the point of contact

between the robot middle wheels and the ground:

B pGB ×MBg + B p4 × fL +
B p f wB × f f wB +B prwB × frwB +B p f p × f ′p = 0. (23)

Equation (24) is obtained from Equation (23), as follows:

− xGB ·MBg + x4 · fl sin(φ2 + φ4)− z4 · fl cos(φ2 + φ4) + WB f · f3z −WBr · f5z + zpB · fp = 0. (24)

Summing the total forces on the hand cart exerted by the ground surface and the linked robot for
fΣA ∈ R2, we find that

fΣA = [ fp − fl cos(φ2 + φ4) f6z − fl sin(φ2 + φ4)]
T (25)

When the linked vehicles move together in static equilibrium, the equilibrium for both the x and
z axes yields

fΣA + MAg = 0, (26)

whereas the equilibrium of moments about the point of contact between the rear wheels of the hand
cart and the ground yields

A pGA ×MAg +A pc × f ′L +
A p f p × fp = 0. (27)

We obtain the following equation from Equation (26):

fp = fl cos(φ2 + φ4). (28)

The requirement for lifting the front wheels of the hand cart is obtained from Equation (27)
as follows:

− xGA ·MAg− xc · fl sin(φ2 + φ4) + zc · fl cos(φ2 + φ4)− zpA · fp > 0. (29)

Substituting Equation (28) for Equation (29), we obtain

xGA ·MAg + fl · {xc sin(φ2 + φ4) + (zpA − zc) cos(φ2 + φ4)} < 0, (30)

and substituting Equation (28) for Equation (24), we obtain

fl =
xGB ·MBg−WB f · f3z −WBr · f5z

x4 sin(φ2 + φ4) + (zpB − z4) cos(φ2 + φ4)
. (31)

We assume the most difficult situation is to lift the cart’s front wheels, in which the robot does
not use its rear wheels (Figure 17, f5z = 0) and the robot is pushed by the reaction force from the
hand cart and the normal force of the front wheels of the robot ( f3z = 0). In this case, by substituting
Equation (31) for Equation (30), we obtain the requirement for lifting the front wheels of the hand cart
as follows:

MA
MB

<
(zpA − zc) cos(φ2 + φ4) + xc sin(φ2 + φ4)

(z4 − zpB) cos(φ2 + φ4)− x4 sin(φ2 + φ4)
· xGB

xGA
. (32)

When Equation (32) is satisfied, the front wheels of the hand cart can be lifted by the robot.
Tables A1 and A2 indicate that the robot is able to lift the hand cart in theory. In the next section,
we present the results of the experiment.
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5. Experiment

Experiments were carried out under an environment with a step of 120 mm in height, and the
mass of the hand cart was 75 kg (body of the cart: 25 kg, baggage: 50 kg).

The speed of the robot was constant (0.76 km/h), and the friction coefficient between the tires and
the road surface was µ = 0.72 (Figure 18). The robot and the hand cart were located on one floor of the
National Institute of Technology of Toyama College, and the operator of the robot (adult male) was
located on another floor. The robot operator performed his task over an intranet while observing the
video from the camera on the robot.

In Stage 1, the robot operator was able to lift the front wheels of the cart and position them on the
step by watching video captured by the robot camera. After climbing of the front wheels of the hand
cart, the operator was able to change the manipulators’ upper link positions from behind the robot
stopper to in front of the robot stopper (Section 3, Figures 9 and 10). However, the operator needed
approximately 90 s to change these positions. In the present paper, the robot and the hand cart are
connected, and the trajectories of these vehicles are limited. Teleoperation of the robot using a game
pad controller when the positions of the manipulators change was difficult, indicating that the robot
should have an autonomous system for positioning the manipulators.

In Stage 2, it was possible for the rear wheels of the hand cart to climb the step with ease.
In Stages 3 and 4, the step-climbing process of the robot was performed. Although the robot was

able to climb the step, it was difficult to operate the robot while viewing video captured by the camera
on the robot because the robot is inclined during Stages 3 and 4 and the operator was not able to view
the state of the vehicles. Another experiment was carried out using an additional camera on the chest
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of the robot (same operator), and the operability of robot was improved. The climbing task was also
performed successfully by another operator (adult male).

The results of these experiments clarified that the proposed step-climbing method is useful and
can be improved by adding an autonomous system to change the manipulator position.Version October 29, 2018 submitted to Appl. Sci. 13 of 16
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6. Conclusions

The present paper describes the proposed step-climbing method of the hand cart using a partner
robot that imitates human motion when operating a hand cart. The system, which consists of a mobile
robot and a hand cart, was constructed. Numerical calculations clarified the requirements of masses
and centers of gravity for both vehicles to lift the cart. Experiments were carried out incorporating
teleoperation of the robot over an intranet, in which the robot operator controlled the robot while
viewing video captured by the robot camera.

The results of the experiment are listed below.

(1) The teleoperated robot and the hand cart are able to climb a step using the proposed method.
(2) The operator requires some time (approximately 90 s) to change the position of the manipulators

(after Stage 1). Both vehicles have individually driven wheels and are connected, and thus the
trajectories of the vehicles are limited. Moreover, the teleoperated robot was controlled using a
game pad, making operation of the robot difficult and indicating that system for changing the
positions of the manipulators should be autonomous.

(3) The camera on the robot cannot capture the entire situation of the vehicles. However, the additional
camera on the robot chest was able to improve operability. The climbing task was also performed
successfully by another operator.

Nevertheless, a mobile robot with manipulators can make a heavy hand cart climb a step.
The proposed method is relatively simple and can be applied to other partner robots, thereby improving
their abilities.

In the future, we intend to improve the maneuverability of the proposed step-climbing method
and evaluate the operability of the system. We are going to construct an autonomous system for
positioning the manipulators.
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Appendix A

Table A1. Specifications of the robot.

Overall length 230–800 mm
Overall height 747 mm
Radius of front wheels (rB f ) 25 mm
Radius of center wheels (RB) 145 mm
Radius of rear wheels (rBr) 19 mm
Length of the front-wheel mechanism (lpB) 250–750 mm
Height of the front-wheel mechanism (hpB) 250–70 mm (when the incline of the cart is 0)
Wheelbase (WB f ) 190–440 mm
Wheelbase (WBr) 270 mm
Mass position from the rear axis (lrB) 93 mm
Height of the mass from the rear axis (hmB) 286 mm
Position of Joint 2 from the rear axis (lLB) 90 mm
Height of Joint 2 from the rear axis (hLB) 532 mm
Mass of the robot’s body 56.2 kg
Mass of Link 2 (from Joint 2 to Joint 4) 2.55 × 2 kg
Mass of Link 4 (form Joint 4 to the human hand) 0.8 × 2 kg
Length of Link 2 (l2) 330 mm
Length of Link 4 (l4) 300 mm
Length of the hand (l6) 105 mm
Length from Joint 4 to the connecting position (l4c) 370 mm
Mass position of Link 2 (L2) 67 mm
Mass position of Link 4 (L4) 169 mm
Mass position of Link 6 (L6) 35 mm

Table A2. Specifications of the hand cart.

Overall length 1020 mm
Overall height 900 mm
Radius of the front and rear wheels (RA) 65 mm
Wheelbase (lA) 470 mm
Connecting height (hLA) 695 mm
Connecting position (lLA) 270 mm
Stopper position (front bar) from the axis of the rear wheels 210 mm
Stopper position (rear bars) from the axis of the rear wheels 360 mm
Stopper Height from the axis of the rear wheels 500 mm
Length of contact position (lpA) 160 mm
Height of contact position (hpA) 150 mm
Mass position (lrA) 235 mm
Mass height (hmA) 350 mm
Mass (MA) 75 kg
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