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Abstract—In this paper, we describe a power assist method
for a nonholonomic mobile robot designed to carry ot
office-oriented services. We developed a new mecligm for
obtaining an approximate measurement of the zero nment
point (ZMP) using three single-axis force sensor®ghat a robot
pushed from any direction by a human can detect thdirection
and magnitude of the external force. We also propes
impedance control to generate translational and raitional
motion in accordance with ZMP displacement. This catrol
method achieves a function whereby a robot that hdseen given
an external force from a direction differing from its translation
direction will follow the direction of the external force while
rotating. The robot can also return automatically © its initial
pose once the external force has been released. $tew though
experiments that our power assist method is effeei in
improving the operability and usability of an office-oriented
robot.

I. INTRODUCTION

Recently, expectations for service robots that aaxist
with humans have been increasing. In responsesteth
expectations, we have developed a mobile servioet rior
use in office environments. A photograph of thibabis
shown inFig. 1, and its specifications are listedTiable 1
Robot applications include transport services foruinents,
magazines, beverages, snacks, and so on and itimnma
services provided via a touch panel display onrtimt’s
table top. The robot has a circular shape to fatélicom-
munication with surrounding workers. A nonholonomic
mobile mechanism using two driving wheels is addptethe
vehicle unit of the robot.

We have verified through trials that the robot canove
about autonomously within an office and executegpart
tasks. In a cramped office environment, howeverfaund
that the robot bumped into people and impede passagn
stopped. In response to this problem, it is necgdeaeasily
move the robot out of the way by pushing it frony direc-
tion.

In research related to such physical interactiofwvéen
humans and robots, various power assist method hese
proposed. Maeda et al. developed a power-assiatedhat
could be easily moved about despite its 700-kg ey
applying an external force to a handgrip equippét three
gap sensors [1], and Kitagawa et al. developediepassist
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system for use in wheelchairs [2]. In these tygexjaipment,
however, the operable component is restricted $peific
part of the robot such as a handgrip.

For the sake of enhanced operability, it would btdy if
the external-force detection component on the felmtte-
rior covered a wide area allowing the robot to bshed from
any place other than a handgrip. Furthermore, denisig
that most office staff know nothing about how tlubat
moves and operates, it is necessary for the rabotdve
according to a person’s intention when pushed faow
direction. In addition, if an excessive externatfis applied
to the robot, a means for detecting danger ofnigliiown is
needed.

Loading space

Bumper covers

Fig. 1 Photograph of robot

Table 1 Specifications of office robot

Item Value
Exterior size 90.6[m] by 1.2[m] tall
Weight 65[kg]
Maximum velocity 1.2[m/s]
Maximum ascent ability 1/12(5[degree])
Maximum loading weight 20[kd]
Number of driving wheelq 2




We have also examined a recovery method to beeappli
after a person moves the robot. The robot moves ioffice
environment autonomously using path planning based
map and estimating its pose with integrated infdionafrom
stereo vision cameras and distance sensors. Howtneer
robot cannot return to the target trajectory Ibges its pose
when pushed or moved to an unknown place. Eves jifdse
can be identified, there is a possibility that tiebot will
encounter unknown obstacles on a new route towed t
target trajectory. In our research, we have deteththat the
robot should recover the position and orientatigst pefore
application of the external force for the robotperform
stably and robustly.

Based on the above discussion, the required fursfiar
this robot can be summarized as follows:

(1) Detect external force from any direction around the

robot
(2) Assess stability, i.e., risk of falling down

(3) Move in direction of push and automatically rettion
original pose after external force is released

To implement functions (1) and (2), we focused ba t
zero moment point (ZMP), which is generally usedaas
criterion for evaluating stability in bipedal rolsd]-[5]. If
an external force is applied to a robot, the ZMBargoes a
displacement enabling the direction and magnitudéhe
external force to be determined. Additionally, lietZMP
approaches the boundary enclosed by the robot'sle/he
ground contact points, the risk of falling can betedtted.
Although the ZMP can be generally determined frdma t
reaction force applied to a ground contact poirisg, difficult
for a wheel-based mobile robot to detect a reaciin@
wheel's ground contact point. Komoriya et al. pregd a
control method using the ZMP criteriongtabilize a pose of
a mobile manipulator with driving wheels [@Ithough their
method can detect the risk of the falling dowrmechanism
to detect the ZMP is rather complex. With this imady we
developed a simple mechanism for estimating the ZBIRg
three single-axis force sensors and derived theetiim and
magnitude of the external force from the displacetnoé the
estimated the ZMP. In addition, we implemented paots to
judge whether an external force is a person's tipgréorce
or not. For example, the programs detect packaags|dy
measuring the normal force and update the defasltipn of
the ZMP, and correct the ZMP displacement on aeslop
using values of acceleration sensors.

To implement function (3), we focused on the impexda
control methods used in human-robot cooperativéstas
[7]-[10]. However, these impedance control methtaadget
stable movement as intended by a human and dodakeot
into account robot recovery. We therefore focused at-
tention on the elasticity term of the impedanceti@driaw
and devised a method for having the robot autoastiend

stably return to its state immediately before tktemnal force
was applied despite a nonholonomic mechanism.

We developed a power assist method for a nonhol@nom
mobile robot with two driving wheels using the ZM&r
detecting any directional forces and impedancerobrthe
paper is organized as follows. Section Il describesew
mechanism for measuring the ZMP in our newly dgvetb
wheel-based mobile robot and a method for appraimga
the ZMP. Section 1ll describes the power assisthoubt
based on the ZMP. Section IV presents the restilisveri-
fication experiment using an actual robot with greposed
method. Section V concludes the paper.

Il. ZMP ESTIMATION METHOD

A. Measurement model for estimating ZMP displacement

In this section, we describe the sensor arrangeimeat
wheel-based mobile robot and a method for estimatie
ZMP.

Fig. 2illustrates the application of an external foFcan a
horizontal direction at a certain heidghftThe robot body with
a total massnconsists of upper and lower units: an upper
body with massm, and a lower vehicle unit with mass,
made up of heavy components such as a battery and
power-supply controller. Three single-axis forcensses
(VALCOM VPWG6KC3) are installed between these two
units and arranged at equal intervals of 120 degaeeund
the periphery of the robot at a height near theugio

This sensor arrangement can improve detectiontsgtysi
of external forces since the vehicle unit's heaad, which
does not fluctuate, is not measured. Denoting M@ Asp =
[pe B]', as observed from the robot’s coordinate system
when applying external forde= [F,, Fy]T to the robot in the
horizontal directionp, andp, can be given by the following
expressions:

F

v

Upper
body

Vehicle

Force sensors

Fig. 2 Robot Configuration
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where nay, may, ma,]" is inertia force, f,, ry, ri]]" is the
center-of-gravity vector of théh mass, and = [gy, 9, gl is
the gravity-acceleration vector.

It can be seen from Egs. (1) and (2) that the ZM@ earies
according toh. Therefore, it cannot be determined whether
ZMP displacement is caused by the magnitude oéxkernal

force orh of the external force. We assume that in mostscase

the external force is applied to the robot at thigit around
the robot’s tabletop because the shape of the risbde-

signed like a drum and people are led to put thesids on the
table top. In fact, we found that most people pdstie

tabletop, and if their hands were full, they triedpush the
upper part of the robot using their elbows or veaist the

lower part of the robot is pushed, the robot stogrsause the
lower surfaces consist of bumper covers detectimjact as
shown inFig. 1.

Fig. 3 shows a mechanical model of the robot’s upper
body on the xz-plane. All of the external force a8 are
installed at the same height, and the positionoresfta force
sensor with respect to the robot’'s coordinateesyss de-
noted ad; = [ljx |y, I]7 (j = 1 to 3). Given that the force
sensors are arranged near the ground contact swdabat,
is sufficiently smaller thah andr,,, the balance of moments
in the upper body can be given by the followingatons:
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Fig. 4 Relation between ZMP and external force

rnzgzr2x_rn2(a2x+gx)r22+ Fxhzzj lejx (3)

rlegzr2y_rnZ(aZy-'-gy)r22+ Fyh:Zijij (4)

We assume that the operating environment for tfieeof
robot conforms to the barrier-free law in JapanisTiaw
dictates that the maximum gradient of an inclinedaze is
1/12 (about 5 degrees). Since changegindue to this
maximum incline is less than 1%, we can trgaas being
constant regardless of the incline so thatg anda, =0.

The ZMP can therefore be given by the following resp
sions from these approximations and Egs. (1) - (4).
_ rnlgrlx_ rn.La;(rlz—sz lejx
mg

®)

X

_ rT’!I.grly_ rT’!La'yrlz-'- Zj I‘jljy
y mg

(6)

where[d a | =[a,+ g,a,+ g, is measured from a 2-axis

acceleration sensor.
Based on the above discussion, we can computetian es
mated ZMP using Egs. (5) and (6).

B. Verification of estimated ZMP

Using the office robot shown iRig. 1, we conducted two
experiments to check the validity of the estimai#EdP
derived in the previous section.

First, we examined the relationship between extd¢onee
F and ZMP displacement. Assuming that the robonis i
stationary state, we measured ZMP displacement [px,
py]" when an external forde= [F,, F,] "is applied at a fixed
heighth. The relationship betweer, and ps, is shown in
Fig. 4. External forcé-, was applied at 10 N increments up to
30 N. The error between the approximating line ppevas
within £1%. These results indicate that and py, have a
nearly linear relationship. Similar results weré¢aified along
the y-axis, so if we denote the ZMP displacementoreasp;
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=[P Py’ the following relationship holds betweprand A. Virtual model to follow direction of external force

external forcer: Fig. 7(a) depicts the pushing of the robot wihby a

p, =K, F (7 human with the robot in its initial pose. This robdwowever,
cannot move in thg direction due to a nonholonomic con-
Next, we examined the validity of this estimatedZM\s  straint. So it is necessary for the robot to roteelf when
an object of comparison, we uspg, the ZMP calculated  gypjected to an external force applied from a tivacother
from the reactive forces at the wheels’ ground @anpoints.  than thex direction so that its wheels face the directiothat
The contact-ground reactive forces were measured byyxternal force. We therefore propose the virtuadleishown
keeping the robot stationary and arranging singls-®rce iy Fig. 7(b) in which any pointd, 0) on the x-axis is pulled by
sensors between the wheels and the ground. Denthttng . This model results in the application of accelagptorque
position vector of the wheels’ ground contact o and  F dto the robot and the generation of angular velotisre,
the vertical component of the reactive forcavaasW,, pw d can be given as follows, whedlg> 0:
can be given by the following expression:

d, i F, 20
DWW d= " ©)
- it (8) {—d 'F, <0
R - 0

g
. . We sefdy = 0.3 m under the assumption that the edge of the
Now, denoting th@,, displacement vector due Foaspws, tabletop is pulled.

Fig. 5 compare$; andpy; when applying || = 20 N from
four equidistant directions along the robot's phkeiy.
Examining these results, we see thgtexhibits equivalent In this section, we describe a robot drive method vdren
displacements in the directions of these exteorakk. If we  external force is appliedfig. 8 shows robot pos¥ =[x, v,
therefore consider external forces applied frondiadictions, 4" after being pulled by a virtual force. The robstimates

the resulting displacement would lie along the ddstircle X by odometry and knows its pose even though the amount
in this figure. The direction qf; is nearly the same as true and direction of an external force continuously geamwhen
valuepy;, and we can therefore conclude that the resutts fo the robot recovers the pose just before the exteones fvas

B. Impedance model for power assist

the estimated ZMP are valid. applied, it estimates its pose using stereo vision carerhs
distance sensors and starts to move along a targetdorgjec
[ll. POWERASSISTMETHOD In this figure, the spatial coordinate system is deneted

In this section, we describe a power assist mettidith ~ O-xyand the robot's coordinate system is denoted asy0'™-
this method, the office robot can follow the difentof an ~ The robot's pose |mmed|aterTbefore the externaldavas
external force applied from a direction other tlitsntrans- ~ applied is given aX = [0, 0, 0] . Here,F in the spatial co-

lation motion by using rotational motioRig. 6(a)) and itcan  ordinate system can be replacedmy [F'x, F'y ] T in the
return to its initial pose after the external foisereleased robot’s coordinate system. Movement in the translatiand

(Fig. 6(b)). rotational directions can be given by the followingped-
ance model:
F
3l Trajectory using

y X \ 50[mm] power assist
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‘ Fig. 6 Robot’s motion using combination of translation and
rotation

Fig. 5 Comparison of true valygysand measured valyg
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Fig. 7 Models of applying external force

Fig. 8 Dynamics of applying operating force

Mv+ Bv+ Kl = F, (20)

li+ By = Fyd (11)

whereM is inertia B is viscous moduluss is elastic modulus,
I is moment of inertiaB, is rotating viscous modulus, is
translational velocityg is angular velocity, antis distance
OO’ given by the following equation:

| = (xcosx + ysina)cod8-a) . (12)

wherea = tan'(y / x).

From Egs. (10) and (11), the robot can follow theation
of an externally applied force through movement itgv
impedance characteristics.

C. Impedance model for recovery

We present a method for returning the robot to iitsain
pose [0, 0, d]from any pos&= [x, y, 4" when the external
force is released. An external forgeis defined as [0, B]in
Egs.(10) and (11), the robot returns to positigsp @s shown

in Fig. 8, since there is no elasticity term in the rotational

direction. To correct this, we propose a methoddturning
the robot to origin O while its orientation changgsgiving
Eqg. (11) an elasticity term.

Path-B

ath-A

Fig. 9 Recovery path back to origin

Table 2 Parameters of impedance control model

Item Value
d, Torque Arm Length 0.3[m]
M Inertia 30 [kd]
I Moment of Inertia 1.35 [kgr m3]
B Viscous Modulus 90 [N/(m/s)]

B, | Rotating Viscous Modulug4.05 [Nm/(rad/s)]
K Elastic Modulus 30 [N/m]
K, | Torsional Elastic Modulus] 3 [Nm/rad]

Canudas et al. introduced a trajectory-generatiethau
using a circle tangent to the x-axis and passingutih the
origin and the robot’s axis of rotation, as showrPlath-Ain
Fig. 9 [11]. With this method, however, the recovery path
might turn into a long detour depending on therdegon of
the robot. Considering that the trajectory of aotohat has
just been pushed transitions from rotational motton
translational motion, it would be desirable if th@ectory at
the time of recovery would transition from translatl
motion to rotational motion. Thus, the trajectotyttae time
of recovery can be given lBath-B The equation of motion
along this trajectory is given by the following edjon:

Mv+ Bv+ Kl =0 (13)

I+ Byo+ K, (0-a)=0 (14)

Then, when robot positiorx,(y) reaches the origin, the
robot rotates and returns to its original oriemtaso thatr =
0. While returning to the origin, high stabilityrisquired. We
have established the following overdamping condgio
that the robot’s approach has no oscillating moveme

B >2/MK (15)
B, >2./IK, (16)
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IV. EXPERIMENT

To examine the effectiveness of the impedance ablaiv
presented in section Ill, we experimentally testedot’s
movement using our power assist method.

A. Experimental Condition

Impedance-control parameters used in experimerds ar

external force is applied to the robot via the doausing the
robot to move away. Finally, iRig. 11(c)-(d), the door is
once again shut and the robot has returned taittalipose.
Thus, we confirmed the high degree of usability.

V. CONCLUSION
We dealt with the problem of a robot interruptirepple’s

lowing perspective. We assume that if an exteroatef
equivalent to what people generally use to pushn @pdoor
could be used to move a robot out of the way, peagluld
not feel it strange to apply such a force to a tohlde
therefore measured the force applied on openir@pausing
several subjects and found that the peak forceatvast 30 N
and that the time required to open the door wasitabs.

We then set inertid and viscous moduluB so that the
target speed would be 0.3 m/s when the robot isqulis the
translational direction by a force of 30 N and Isattat least
90% of the target speed would be reached afteNex., for
rotational direction, we sét= Mr%2 under the assumption
that the shape of the robot is cylindrical withaditusr = 0.3
m, and on the basis of these values, we set visooasilus
By so that at least 90% of this target speed wouldebehed
after 1 s. We assumed that a force of 30 N woulderthe
robot 1 m (which we took to be a sufficient distarfor
people to pass), and to satisfy condition (15)set. We
gave the torsional elastic modulkig its maximum value to
satisfy condition (16).

B. Results of Experiment

Fig. 10 shows the resulting trajectories and changes in

orientation, velocity, angular velocity, and extrforce
over time when the robot is pushed in various dioes. The
results inFig. 10(a) show that the robot moved in nearly a
straight line when pushed in the translationalaiom. The
results inFig. 10(b), moreover, show that the robot, when
pushed in a direction other than the translatiaeation,
proceeded to move in a translation direction whieform-
ing a rotational operation to move in the directimthe
externally applied force.

Furthermore, fronfig. 10(c), we can see that the robot
moved in the direction of the external force evdrem the
direction of that force changed in a stepwise manfeus a
human can move the robot out of the way to thereesi
direction even if the mobility is nonholonomic ctars.

The trajectory graphs also show that the robotrmetl to
its initial position in a stable manner along @tntrajectory.
On returning to that positiorf] converged to 0 and we con-
firmed that the robot could return to its initiadge stably.

By envisioning real-world conditions that may ogowe
conducted an experiment to see how the robot wgold
about a recovery when situated behind a door tateoeary
state and pushed when an person opens the Bigorl(l). In
Fig. 11(a), the door starts to open, andHig. 11(b), an

proposed a power assist method based on the ZMiand
pedance control for a nonholonomic mobile robohggivo
driving wheels. The results of this research ararsarized
below:

1) We developed a simple mechanism for estimating
ZMP by appropriately arranging several single-axis
sensors. Using this estimated ZMP, we derived the d
rection and magnitude of an external force appbetthe
robot. Additionally, safety was improved by applyin
the ZMP to a function for detecting the risk oflifad.

We confirmed that applying impedance control to the
behavior of a nonholonomic mobile robot caused the
robot to move in the direction of an applied exéérn
force and to return to its original pose after ¢émx¢ernal
force was released. As a result, office staffs whew
nothing about the configuration of the robot conldve
the robot out of the way with simple manual operati
resulting in improved operability and usability thfe
robot.

2)

(b)

.

(© (d)

Fig. 11Behavior of robot when pushed with door
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Although the method we proposed was shown to be ef-
fective using an office robot, it represents tedbgp that
can be applied to all kinds of service robots desifyto
coexist with humans. We expect this technologydeeha
wide range of applications in the future.
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