
 
 
 

 

  

Abstract—In this paper, we describe a power assist method 
for a nonholonomic mobile robot designed to carry out 
office-oriented services. We developed a new mechanism for 
obtaining an approximate measurement of the zero moment 
point (ZMP) using three single-axis force sensors so that a robot 
pushed from any direction by a human can detect the direction 
and magnitude of the external force. We also propose 
impedance control to generate translational and rotational 
motion in accordance with ZMP displacement. This control 
method achieves a function whereby a robot that has been 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 to its initial 
pose once the external force has been released. We show though 
experiments that our power assist method is effective in 
improving the operability and usability of an office-oriented 
robot. 

I. INTRODUCTION 

ecently, expectations for service robots that can coexist 
with humans have been increasing. In response to these 

expectations, we have developed a mobile service robot for 
use in office environments. A photograph of this robot is 
shown in Fig. 1, and its specifications are listed in Table 1. 
Robot applications include transport services for documents, 
magazines, beverages, snacks, and so on and information 
services provided via a touch panel display on the robot’s 
table top. The robot has a circular shape to facilitate com-
munication with surrounding workers. A nonholonomic 
mobile mechanism using two driving wheels is adopted as the 
vehicle unit of the robot. 

We have verified through trials that the robot can move 
about autonomously within an office and execute transport 
tasks. In a cramped office environment, however, we found 
that the robot bumped into people and impede passage when 
stopped. In response to this problem, it is necessary to easily 
move the robot out of the way by pushing it from any direc-
tion.  

In research related to such physical interaction between 
humans and robots, various power assist method have been 
proposed. Maeda et al. developed a power-assisted cart that 
could be easily moved about despite its 700-kg weight by 
applying an external force to a handgrip equipped with three 
gap sensors [1], and Kitagawa et al. developed a power assist 
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system for use in wheelchairs [2]. In these types of equipment, 
however, the operable component is restricted to a specific 
part of the robot such as a handgrip. 

For the sake of enhanced operability, it would be better if 
the external-force detection component on the robot’s exte-
rior covered a wide area allowing the robot to be pushed from 
any place other than a handgrip. Furthermore, considering 
that most office staff know nothing about how the robot 
moves and operates, it is necessary for the robot to move 
according to a person’s intention when pushed from any 
direction. In addition, if an excessive external force is applied 
to the robot, a means for detecting danger of falling down is 
needed. 
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Fig. 1 Photograph of robot 
 

Table 1 Specifications of office robot 

1/12(5[degree])Maximum ascent ability

φ 0.6[m] by 1.2[m] tallExterior size

ValueItem

2Number of driving wheels

20[kg]Maximum loading weight

1.2[m/s]Maximum velocity

65[kg]Weight

1/12(5[degree])Maximum ascent ability

φ 0.6[m] by 1.2[m] tallExterior size

ValueItem

2Number of driving wheels

20[kg]Maximum loading weight

1.2[m/s]Maximum velocity

65[kg]Weight
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We have also examined a recovery method to be applied 
after a person moves the robot. The robot moves in an office 
environment autonomously using path planning based on a 
map and estimating its pose with integrated information from 
stereo vision cameras and distance sensors. However, the 
robot cannot return to the target trajectory if it loses its pose 
when pushed or moved to an unknown place. Even if its pose 
can be identified, there is a possibility that the robot will 
encounter unknown obstacles on a new route toward the 
target trajectory. In our research, we have determined that the 
robot should recover the position and orientation just before 
application of the external force for the robot to perform 
stably and robustly. 

Based on the above discussion, the required functions for 
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 return to 
original pose after external force is released 

To implement functions (1) and (2), we focused on the 
zero moment point (ZMP), which is generally used as a 
criterion for evaluating stability in bipedal robots [3]-[5]. If 
an external force is applied to a robot, the ZMP undergoes a 
displacement enabling the direction and magnitude of the 
external force to be determined. Additionally, if the ZMP 
approaches the boundary enclosed by the robot’s wheels’ 
ground contact points, the risk of falling can be detected. 
Although the ZMP can be generally determined from the 
reaction force applied to a ground contact point, it is difficult 
for a wheel-based mobile robot to detect a reaction in a 
wheel’s ground contact point. Komoriya et al. proposed a 
control method using the ZMP criterion to stabilize a pose of 
a mobile manipulator with driving wheels [6]. Although their 
method can detect the risk of the falling down, a mechanism 
to detect the ZMP is rather complex. With this in mind, we 
developed a simple mechanism for estimating the ZMP using 
three single-axis force sensors and derived the direction and 
magnitude of the external force from the displacement of the 
estimated the ZMP. In addition, we implemented programs to 
judge whether an external force is a person's operating force 
or not. For example, the programs detect package loads by 
measuring the normal force and update the default position of 
the ZMP, and correct the ZMP displacement on a slope by 
using values of acceleration sensors. 

To implement function (3), we focused on the impedance 
control methods used in human-robot cooperative tasks 
[7]-[10]. However, these impedance control methods target 
stable movement as intended by a human and does not take 
into account robot recovery. We therefore focused our at-
tention on the elasticity term of the impedance control law 
and devised a method for having the robot automatically and 

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

We developed a power assist method for a nonholonomic 
mobile robot with two driving wheels using the ZMP for 
detecting any directional forces and impedance control. The 
paper is organized as follows. Section II describes a new 
mechanism for measuring the ZMP in our newly developed 
wheel-based mobile robot and a method for approximating 
the ZMP. Section III describes the power assist method. 
based on the ZMP. Section IV presents the results of a veri-
fication experiment using an actual robot with the proposed 
method. Section V concludes the paper.  

II.  ZMP ESTIMATION METHOD 

A.  Measurement model for estimating ZMP displacement 

In this section, we describe the sensor arrangement in a 
wheel-based mobile robot and a method for estimating the 
ZMP. 

Fig. 2 illustrates the application of an external force F in a 
horizontal direction at a certain height h. The robot body with 
a total mass m consists of upper and lower units: an upper 
body with mass m2 and a lower vehicle unit with mass m1 
made up of heavy components such as a battery and 
power-supply controller. Three single-axis force sensors 
(VALCOM VPW6KC3) are installed between these two 
units and arranged at equal intervals of 120 degrees around 
the periphery of the robot at a height near the ground. 

This sensor arrangement can improve detection sensitivity 
of external forces since the vehicle unit’s heavy load, which 
does not fluctuate, is not measured. Denoting the ZMP as p = 
[px, py]

T, as observed from the robot’s coordinate system 
when applying external force F = [Fx, Fy ]

T to the robot in the 
horizontal direction, px and py can be given by the following 
expressions: 
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Fig. 2 Robot Configuration 
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Fig. 3 Mechanical model of upper body 

 

( ) ( )
( )∑

∑ ∑
+

++−+
=

i zizi

i i izxixiixzizi
x gam

hFrgamrgam
p x   (1) 

( ) ( )
( )∑

∑ ∑
+

++−+
=

i zizi

i i yizyiyiiyzizi
y gam

hFrgaMrgam
p  (2) 

                ( i = 1, 2 ) 

where [miaix, miaiy, miaiz]
T is inertia force, [r ix, r iy, r iz]

T is the 
center-of-gravity vector of the ith mass, and g = [gx, gy, gz]

T is 
the gravity-acceleration vector. 

It can be seen from Eqs. (1) and (2) that the ZMP also varies 
according to h. Therefore, it cannot be determined whether 
ZMP displacement is caused by the magnitude of the external 
force or h of the external force. We assume that in most cases 
the external force is applied to the robot at the height around 
the robot’s tabletop because the shape of the robot is de-
signed like a drum and people are led to put their hands on the 
table top. In fact, we found that most people pushed the 
tabletop, and if their hands were full, they tried to push the 
upper part of the robot using their elbows or waists. If the 
lower part of the robot is pushed, the robot stops because the 
lower surfaces consist of bumper covers detecting contact as 
shown in Fig. 1. 

Fig. 3 shows a mechanical model of the robot’s upper 
body on the xz-plane. All of the external force sensors are 
installed at the same height, and the position vector of a force 
sensor with respect to  the robot’s coordinate system is de-
noted as l j = [l jx, l jy, lz]

T ( j = 1 to 3). Given that the force 
sensors are arranged near the ground contact surface so that lz 
is sufficiently smaller than h and r2z, the balance of moments 
in the upper body can be given by the following equations: 
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Fig. 4 Relation between ZMP and external force 
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We assume that the operating environment for the office 
robot conforms to the barrier-free law in Japan. This law 
dictates that the maximum gradient of an inclined surface is 
1/12 (about 5 degrees). Since change in gz due to this 
maximum incline is less than 1%, we can treat gz as being 
constant regardless of the incline so that ggz ≈  and 0≈iza . 

The ZMP can therefore be given by the following expres-
sions from these approximations and Eqs. (1) - (4). 

mg

lLramgrm
p j jxjzx ∑+′−

=
1111 x

x
        (5) 

mg

lLramgrm
p j jyjzyy ∑+′−

=
1111

y
        (6) 

where [ ] [ ]TT
yiyxixyx ga,gaa,a ++=′′   is measured from a 2-axis 

acceleration sensor. 
Based on the above discussion, we can compute an esti-

mated ZMP using Eqs. (5) and (6). 

B.  Verification of estimated ZMP 

Using the office robot shown in Fig. 1, we conducted two 
experiments to check the validity of the estimated ZMP 
derived in the previous section. 

First, we examined the relationship between external force 
F and ZMP displacement. Assuming that the robot is in a 
stationary state, we measured ZMP displacement pf  = [pfx, 
pfy]

T when an external force F = [Fx, Fy]
 T is applied at a fixed 

height h. The relationship between Fx and pfx is shown in    
Fig. 4. External force Fx was applied at 10 N increments up to 
30 N. The error between the approximating line and pfx was 
within ±1%. These results indicate that Fx and pfx have a 
nearly linear relationship. Similar results were obtained along 
the y-axis, so if we denote the ZMP displacement vector as pf 
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= [pfx,  pfy]
T, the following relationship holds between pf and 

external force F: 

Fp ff K=                 (7) 

Next, we examined the validity of this estimated ZMP. As 
an object of comparison, we used pW, the ZMP calculated 
from the reactive forces at the wheels’ ground contact points. 
The contact-ground reactive forces were measured by 
keeping the robot stationary and arranging single-axis force 
sensors between the wheels and the ground. Denoting the 
position vector of the wheels’ ground contact points as wi and 
the vertical component of the reactive force at wi as Wiz, pW 
can be given by the following expression:  

mg

Wi

W

∑= i ziw
p                (8) 

Now, denoting the pW displacement vector due to F as pWf, 
Fig. 5 compares pf and pWf when applying ||F || = 20 N from 
four equidistant directions along the robot’s periphery. 
Examining these results, we see that pWf exhibits equivalent 
displacements in the directions of these external forces. If we 
therefore consider external forces applied from all directions, 
the resulting displacement would lie along the dashed circle 
in this figure. The direction of pf is nearly the same as true 
value pWf, and we can therefore conclude that the results for 
the estimated ZMP are valid. 

III.  POWER ASSIST METHOD 

In this section, we describe a power assist method. With 
this method, the office robot can follow the direction of an 
external force applied from a direction other than its trans-
lation motion by using rotational motion (Fig. 6(a)) and it can 
return to its initial pose after the external force is released 
(Fig. 6(b)). 
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Fig. 5 Comparison of true value pWf and measured value pf 

A. Virtual model to follow direction of external force 

Fig. 7(a) depicts the pushing of the robot with F by a 
human with the robot in its initial pose. This robot, however, 
cannot move in the y direction due to a nonholonomic con-
straint. So it is necessary for the robot to rotate itself when 
subjected to an external force applied from a direction other 
than the x direction so that its wheels face the direction of that 
external force. We therefore propose the virtual model shown 
in Fig. 7(b) in which any point (d, 0) on the x-axis is pulled by 
F. This model results in the application of accelerating torque 
Fy d to the robot and the generation of angular velocity. Here, 
d can be given as follows, where d0 > 0: 





<−
≥

=
0Fd

0Fd
d

x

x

;

;

0

0             (9) 

We set d0 = 0.3 m under the assumption that the edge of the 
tabletop is pulled. 

B. Impedance model for power assist 

In this section, we describe a robot drive method when an 
external force is applied. Fig. 8 shows robot pose X = [x, y, 
θ]T after being pulled by a virtual force. The robot estimates 
X by odometry and knows its pose even though the amount 
and direction of an external force continuously change. When 
the robot recovers the pose just before the external force was 
applied, it estimates its pose using stereo vision cameras and 
distance sensors and starts to move along a target trajectory. 
In this figure, the spatial coordinate system is denoted as 
O-xy and the robot’s coordinate system is denoted as O’-x’y’. 
The robot’s pose immediately before the external force was 
applied is given as X = [0, 0, 0]T. Here, F in the spatial co-
ordinate system can be replaced by F’= [F’x’, F’y’ ]

 T in the 
robot’s coordinate system. Movement in the translational and 
rotational directions can be given by the following imped-
ance model: 

(a) external force is applied (b) external force is released

Trajectory using
power assist

Recovering
trajectory

F

ω

v

F

ω

v

ω
v

ω
v

Fig. 6 Robot’s motion using combination of translation and 
rotation 
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Fig. 7 Models of applying external force 
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Fig. 8 Dynamics of applying operating force 

 

xFKlBvvM ′′=++&              (10) 

dFωBωI y′′=+ θ&  ,             (11) 

where M is inertia, B is viscous modulus, K is elastic modulus, 
I is moment of inertia, Bθ is rotating viscous modulus, v is 
translational velocity, ω is angular velocity, and l is distance 
OrefO’ given by the following equation: 

( ) ( )αθαα -cossincos yxl +=  ,        (12) 

where α = tan-1(y / x). 
From Eqs. (10) and (11), the robot can follow the direction 

of an externally applied force through movement having 
impedance characteristics.  

C.  Impedance model for recovery 

We present a method for returning the robot to its initial 
pose [0, 0, 0]T from any pose X= [x, y, θ]T when the external 
force is released. An external force F’  is defined as [0, 0]T in 
Eqs.(10) and (11), the robot returns to position Oref, as shown 
in Fig. 8, since there is no elasticity term in the rotational 
direction. To correct this, we propose a method for returning 
the robot to origin O while its orientation changes by giving 
Eq. (11) an elasticity term.  
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Fig. 9 Recovery path back to origin 
 

Table 2 Parameters of impedance control model 

0.3 [m]Torque Arm Lengthd0

Kθ

K

Bθ

B

I

M

4.05 [Nm/(rad/s)]Rotating Viscous Modulus

30 [kg]Inertia

ValueItem

3 [Nm/rad]Torsional Elastic Modulus

30 [N/m]Elastic Modulus

90 [N/(m/s)]Viscous Modulus

1.35 [kg・m2]Moment of Inertia

0.3 [m]Torque Arm Lengthd0

Kθ

K

Bθ

B

I

M

4.05 [Nm/(rad/s)]Rotating Viscous Modulus

30 [kg]Inertia

ValueItem

3 [Nm/rad]Torsional Elastic Modulus

30 [N/m]Elastic Modulus

90 [N/(m/s)]Viscous Modulus

1.35 [kg・m2]Moment of Inertia

 
 

Canudas et al. introduced a trajectory-generation method 
using a circle tangent to the x-axis and passing through the 
origin and the robot’s axis of rotation, as shown by Path-A in 
Fig. 9 [11]. With this method, however, the recovery path 
might turn into a long detour depending on the orientation of 
the robot. Considering that the trajectory of a robot that has 
just been pushed transitions from rotational motion to 
translational motion, it would be desirable if the trajectory at 
the time of recovery would transition from translational 
motion to rotational motion. Thus, the trajectory at the time 
of recovery can be given by Path-B. The equation of motion 
along this trajectory is given by the following equation: 

0=++ KlBvvM&               (13) 

( ) 0=−++ αθKωBωI θθ&            (14) 

Then, when robot position (x, y) reaches the origin, the 
robot rotates and returns to its original orientation so that α = 
0. While returning to the origin, high stability is required. We 
have established the following overdamping conditions so 
that the robot’s approach has no oscillating movements: 

MK2B >                 (15) 

θθ IK2B >                 (16) 
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Fig.10 Examples of robot's resultant trajectories, ||F||, θ, v, and ω for various applied forces 
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IV.  EXPERIMENT 

To examine the effectiveness of the impedance control law 
presented in section III, we experimentally tested robot’s 
movement using our power assist method. 

A. Experimental Condition 

Impedance-control parameters used in experiments are 
listed in Table 2. These parameters were set from the fol-
lowing perspective. We assume that if an external force 
equivalent to what people generally use to push open a door 
could be used to move a robot out of the way, people would 
not feel it strange to apply such a force to a robot. We 
therefore measured the force applied on opening a door using 
several subjects and found that the peak force was about 30 N 
and that the time required to open the door was about 2 s. 

We then set inertia M and viscous modulus B so that the 
target speed would be 0.3 m/s when the robot is pushed in the 
translational direction by a force of 30 N and so that at least 
90% of the target speed would be reached after 1 s. Next, for 
rotational direction, we set I = Mr2/2 under the assumption 
that the shape of the robot is cylindrical with a radius r = 0.3 
m, and on the basis of these values, we set viscous modulus 
Bθ so that at least 90% of this target speed would be reached 
after 1 s. We assumed that a force of 30 N would move the 
robot 1 m (which we took to be a sufficient distance for 
people to pass), and to satisfy condition (15), we set K. We 
gave the torsional elastic modulus Kθ 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 external force 
over time when the robot is pushed in various directions. The 
results in Fig. 10(a) show that the robot moved in nearly a 
straight line when pushed in the translational direction. The 
results in Fig. 10(b), moreover, show that the robot, when 
pushed in a direction other than the translation direction, 
proceeded to move in a translation direction while perform-
ing a rotational operation to move in the direction of the 
externally applied force. 

Furthermore, from Fig. 10(c), we can see that the robot 
moved in the direction of the external force even when the 
direction of that force changed in a stepwise manner. Thus a 
human can move the robot out of the way to the desired 
direction even if the mobility is nonholonomic constant. 

The trajectory graphs also show that the robot returned to 
its initial position in a stable manner along a linear trajectory. 
On returning to that position, θ converged to 0 and we con-
firmed that the robot could return to its initial pose stably. 

By envisioning real-world conditions that may occur, we 
conducted an experiment to see how the robot would go 
about a recovery when situated behind a door in a stationary 
state and pushed when an person opens the door (Fig. 11). In 
Fig. 11(a), the door starts to open, and in Fig. 11(b), an 

external force is applied to the robot via the door, causing the 
robot to move away. Finally, in Fig. 11(c)-(d), the door is 
once again shut and the robot has returned to its initial pose. 
Thus, we confirmed the high degree of usability. 

V. CONCLUSION 

We dealt with the problem of a robot interrupting people’s 
passage in office environments. To solve this problem, we 
proposed a power assist method based on the ZMP and im-
pedance control for a nonholonomic mobile robot using two 
driving wheels. The results of this research are summarized 
below: 

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

2) 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 external 
force and to return to its original pose after the external 
force was released. As a result, office staffs who knew 
nothing about the configuration of the robot could move 
the robot out of the way with simple manual operation, 
resulting in improved operability and usability of the 
robot. 

 

(a) (b)

(c) (d)  

Fig. 11 Behavior 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 technology that 
can be applied to all kinds of service robots designed to 
coexist with humans. We expect this technology to have a 
wide range of applications in the future.  
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