
  

  

Abstract— Herein, we introduced a newly proposed mobile 
robot that uses three standing-wave type ultrasonic motors 
(USMs). The USM is composed of two stacked-type piezoelectric 
actuators. Recently, with the miniaturization of electronic and 
MEMS devices and the progress of the bio-medical science, the 
demand for multifunctional manipulation of those chip parts 
and bio-medical cells has increased. Conventional multiaxial 
stages are too bulky for the multifunctional manipulation where 
multiple manipulators are required. Conventional precise 
mobile robots are feasible for miniaturization of the 
multifunctional manipulation, although their cables influence 
the positioning repeatability. USMs are feasible actuators for 
realizing cableless robots because its energy efficiency is 
relatively higher than other motors with millimeter scale, 
although there is no article concerning the omnidirectional 
mobile robot using USMs thus far. The aim of this study is to 
develop a new type of the omnidirectional mobile robot driven 
by USMs. In experiments, we evaluated the feasibility by 
investigating velocity, positioning deviation, and achieving 
repeatability of translational movements under an open-loop 
control. Here, we determine the repeatability as a ratio of the 
standard deviation of the final points to the average path length. 
The proposed mobile robot achieves 18.6 to 31.4 mm/s of velocity 
and 4.1 to 9.1% of the repeatability with 200g weight. 
 

I. INTRODUCTION 

Recently, with the miniaturization of electronic and 
MEMS devices and the progress of the bio-medical science, 
the demand for multifunctional manipulations of those chip 
parts and bio-medical cells has increased [1,2]. Conventional 
multiaxial stages are too bulky for the multifunctional 
manipulations where multiple manipulators are required [3]. 

In contrast, lightweight and compact self-propelling 
robots have been under development, such as those using 
omni wheels [4], driven by piezoelectric actuators [5, 6], shape 
memory alloys [7], and dielectric elastomers [8]. By mounting 
various tools on these robots and cooperating with each other, 
it is possible to achieve the compact multifunctional 
manipulations [9]. However, their speed decreases with the 
reduction in size, and their power supply is still relatively high. 

In our previous work, an inchworm miniature robot using 
piezoelectric actuators and electromagnets was developed. 
The robot had advantages such as high positioning resolutions 
of 10 nm, lightweight of 100 g, and small size of 86 × 86 × 11 
mm3. Some practical applications of tiny sphere and bio-cell 
multi-functional manipulations have been demonstrated [10 -12].  
     However, it also has low speed of 7.3 mm/s and power 
consumption of 30 W. That power consumption has been still 
difficult to supply by non-contact power supply technologies 
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[13,14]. Moreover, it is only able to drive on a well-polished 
ferromagnetic surface. These factors hinder its application.  

Ultrasonic motors (USMs) are feasible actuators for 
overcoming these shortcomings because their energy 
efficiency is relatively higher than other motors with 
millimeter scale, although there is no article about the 
omnidirectional mobile robot using USMs thus far [15,16]. 

In this paper, we describe a newly-proposed mobile robot 
driven by three standing-wave type USMs, aiming at higher 
movement speed, lower power supply enough for cableless 
power supply, and movement on a non-magnetic surface. 

In Section II, we explain the structure, driving principle, 
and fabrication of the robot. In Section III, we describe the 
modeling and input signals for the fabricated robot. In section 
IV, we evaluate the velocity and the positioning repeatability 
of the orthogonal movements of the robot with and without a 
load of 100 g/200 g. In section V, we summarize the 
achievements of this study and discuss the future works. 

II. Δ-TYPE MOBILE ROBOT DRIVEN BY 3 USMS 

Fig. 1 shows the newly proposed robot. It consists of a 
three standing-wave type linear USM (PI, P-661) 
(specification shown in TABLE I), an equilateral triangle 
shaped main stage, three sub-stages blocks, and three pairs of  
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Figure 1. Perspective view of a Δ-type mobile robot driven by 3 USMs. 
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TABLE I   SPECIFICATIONS OF PI P-661 ULTRASONIC MOTOR     
            (Detailed spec. is in supporting information (SI) in RA-L) 

PHYSICAL QUANTITY QUANTITY 
Travel range 1.5 m (due to the length of frictional bar) 

Resolution (open loop) 0.05 μm 
Max. velocity 500 mm/s 

Resonant frequency 210 kHz 
Power source (DC) 12 V 
Max. output Power 5 W 

Mass 10 g 
Dimensions 14 x 35 x 6 mm 

 

IEEE Robotics and Automation Letters (RAL) paper presented at the
2020 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS)
October 25-29, 2020, Las Vegas, NV, USA (Virtual)

Copyright ©2020 IEEE



  

parallel leaf springs. Each USM is fixed to its corresponding 
sub-stage, where its altitude can be adjusted. Each side of the 
main stage is linked to the 3 sub-stages through a pair of 
parallel leaf springs. Our design enabled the insertion of an 
additional tool in the main stage. 
      The specification of the proposed robot is compared with 
the conventional precise mobile robots in TABLE II. We also 
estimated their consumption energies for 2 mm/s in this table. 
We see that the proposed robot is much lower power required 
and also generates higher speed than the inchworm[14] and the 
stick-slip[10] based robots.  

As shown in Fig. 2, the friction tips of the three USMs are 
designed to be in direct contact with the surface. When 
driving the robot, it needs to be placed on a smooth surface.  

Figure 3 shows that one of the piezo elements inside the 
motor generates the standing wave vibration and the friction 
tips of the motors vibrate in an approximately diagonal 
manner. The friction tip scratches the surface and pushes the 
motor rightward. If the activated piezo element is switched to 
another, the tip pushes the motor leftward.  

Each USM is controlled by an analog voltage from -10 V 
to +10 V input to the corresponding resonant circuit (C-
184.161, PI), which generates the resonant frequency; the 
amplitude displacement and driving direction are adjusted by 
the analog input voltage. 

As shown in Fig. 4, the frictional forces are oriented 120° 
from each other and have an offset r referring to the center of 
the robot. By properly changing the three input analog 
voltages, the composite vector of the three frictional force 
vectors can be oriented in any direction and simultaneously 
produce a moment for rotation on the surface; the robot can 
realize holonomic driving properties [6, 9-13].  

III. KINEMATICS 

Fig. 4 shows the kinematic model of the Δ-type mobile 
robot. We define the three USMs as USM1, USM2, and USM3 
in counterclockwise direction. The center of the robot’s frame 
is the center of mass of the robot. We determined that 𝑋𝑋𝑅𝑅, the 
axis of the robot frame, is perpendicular to the driving 
direction on USM1. 𝜃𝜃 denotes the orientation of the robot and 
is positive in the counterclockwise direction.  
    For each USM, its position respecting the robot frame can 
be described by multiplying the rotation matrix and the 
distance r from the center of the robot using the following 
equation: 

𝑃𝑃𝑖𝑖 = �
𝑥𝑥𝑖𝑖
𝑦𝑦𝑖𝑖� =  𝑹𝑹(𝛼𝛼𝑖𝑖) ∙ 𝑟𝑟 �

1
0�  

Where 

𝑹𝑹(𝜃𝜃) = �cos(𝜃𝜃) − sin(𝜃𝜃)
sin(𝜃𝜃) cos(𝜃𝜃) �. 
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Figure 3.  FEM results of the diagonal motions of the friction tip. 
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Figure 4.  Kinematic model of Δ-type robot. 

TABLE II COMPARISON OF SPECIFICATIONS AMONG 
 PRECISE MOBILE ROBOTS 

(Estimation methods of power are in SI in RA-L) 
Physical quantity Proposed robot Previous robot [14] MiCRoN [10] 

Principle Resonance drive Inchworm Stick slip 
Max. speed [mm/s] 

(Power[W]) 
{Input voltage to PZT} 

31.5 (4) 
{60Vpp, 210kHz, 

Sine} 

7.3 (31) 
{120Vpp, 125Hz, 

Sine} 

2 (No data) 
{400Vpp,1.5kHz, 

Sawtooth} 
Resolution [μm] 0.05 0.01 0.002 

Range [cm2] More than 50 x 50 
Repeatability [%] 

(Ratio of SD of final points 
to path length  

under open loop control) 
3 – 15 2 – 3 No data 

Mass [g] 45 100 12 
Dimensions [mm3] 55 × 55 ×14 86 × 86 × 11 12 x 12 x 17.5 

Power [W] 
for 2 mm/s 

{Input voltage to PZT} 

1 or less 
{60Vpp, 210kHz,  

sine, Duty ratio 7%} 

29 
{120Vpp, 33Hz, 

 sine} 

No data 
(400Vpp,1.5kHz, 

sawtooth) 
 

5 mm 

Figure 2.  Close-up view of the friction tip from the bottom 

<Side view of the robot> 



  

We can have 

𝑷𝑷𝟏𝟏 = 𝑟𝑟 �10� ,𝑷𝑷𝟐𝟐 =
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The unit direction vector of the translation direction 𝑫𝑫𝒊𝒊  of 
each USM is perpendicular to its position vector 𝑷𝑷𝒊𝒊. Thus, it 
can be described as follows. 

𝑫𝑫𝒊𝒊 = 𝑹𝑹�
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It can be obtained that 
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2
�−√3

1
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According to the coordinate transformation equation, where 
x represents the coordination in world frame, P represents the 
coordination of the robot frame with respect to the world 
frame, 𝒙𝒙′ denotes the coordination in the robot frame, 

𝒙𝒙 = 𝒑𝒑 + 𝑹𝑹(𝜃𝜃)𝒙𝒙′ (3) 

the position of each USM can be derived from: 

𝑷𝑷𝒘𝒘𝒘𝒘 = 𝑷𝑷 + 𝑹𝑹(𝜃𝜃)𝑷𝑷𝒊𝒊 
and we can obtain them as follows: 

𝑷𝑷𝒘𝒘𝒘𝒘 = �𝑥𝑥 + 𝑟𝑟 ∙ cos(𝜃𝜃)
𝑦𝑦 + 𝑟𝑟 ∙ sin(𝜃𝜃)�, 𝑷𝑷𝒘𝒘𝒘𝒘 = �

𝑥𝑥 + 𝑟𝑟 ∙ cos �𝜃𝜃 + 2
3
𝜋𝜋�

𝑦𝑦 + 𝑟𝑟 ∙ sin �𝜃𝜃 + 2
3
𝜋𝜋�
� 

𝑷𝑷𝒘𝒘𝒘𝒘 = �
𝑥𝑥 + 𝑟𝑟 ∙ cos �𝜃𝜃 +

4
3
𝜋𝜋�)

𝑦𝑦 + 𝑟𝑟 ∙ sin �𝜃𝜃 +
4
3
𝜋𝜋�

� (4) 

When we differentiate Pwi of the position of each USM in 
(4), we obtain Vwi of the velocity of Pwi with respect to the 
world frame, as given by  

𝑽𝑽𝒘𝒘𝒘𝒘 = 𝑷̇𝑷𝒘𝒘𝒘𝒘 = 𝑷̇𝑷 + 𝑹̇𝑹(𝜽𝜽)𝑷𝑷𝒊𝒊 (5) 

Vwi is the sum of the translational velocity and the velocity 
determined by the rotational motion. Substituting (1) into (5), 
𝑽𝑽𝒘𝒘𝒘𝒘 can be obtained as follows: 

𝑽𝑽𝒘𝒘𝒘𝒘 = �𝑥̇𝑥 − 𝑟𝑟 ∙ 𝜃̇𝜃sin(𝜃𝜃)
𝑦̇𝑦 + 𝑟𝑟 ∙ 𝜃̇𝜃cos(𝜃𝜃)

�, 𝑽𝑽𝒘𝒘𝒘𝒘 = �
𝑥̇𝑥 − 𝑟𝑟 ∙ 𝜃̇𝜃sin �𝜃𝜃 + 2

3
𝜋𝜋�
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4
3
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Although USMs should generate the velocity in any 
direction equal to Vwi, they generate the velocity in a constant 
direction with respect to the robot frame. Here, we 
approximate that their generated velocities are equal to the 
inner product of the unique direction and the translation 
direction of the robot.  

In other words, we approximate that the USMs generate 
frictional force only in the driving direction because the 
frictional force in the perpendicular direction should be 
minimized so as not to generate unexpected vibrations and 

positioning errors. We investigate the modeling error of this 
approximation of the anisotropic friction in the next section. 

 By applying the estimation mentioned above, the 
translational velocities of the USMs with respect to the robot 
frame can then be obtained from the following equation: 

 
𝑽𝑽𝒊𝒊 = 𝑽𝑽𝒘𝒘𝒘𝒘𝑇𝑇 ∙ (𝑹𝑹(𝜃𝜃)𝑫𝑫𝒊𝒊) (7) 

 
By substituting (6) into equation (7), each USM’s 

translational velocity can be obtained: 
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where 𝑥̇𝑥, 𝑦̇𝑦, 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃̇𝜃  represent the translational and rotation 
angular speeds of the robot mass center, respectively, with 
respect to the world frame. 

By applying the inverse matrix, we represent the robot’s 
3 axes velocity, 𝑥̇𝑥, 𝑦̇𝑦, 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃̇𝜃, by the 3 velocities of the USMs, 
𝑉𝑉1,𝑉𝑉2, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉3, as given by 
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Because the resonant frequency of each USM is a unique 

value and the amplitude displacements are adjusted by the 
corresponding analog input voltages, the USMs’ velocity of 
𝑉𝑉1,𝑉𝑉2, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉3 is also adjustable by the input voltages from -
10 V to 10 V.  We determined the theoretical ratio of the input 
analog voltages from the ratio of 𝑉𝑉1,𝑉𝑉2, 𝑎𝑎𝑛𝑛𝑛𝑛 𝑉𝑉3 from (9) in the 
experiments with their maximum input voltages of 5 V as 
explained in section S5 in supporting information in RA-L.  

Figure 5.       Experimental setup. 

Analog voltage (-10~10 V) 
Duty ratio (0~100%) 

CCD camera 

Robot 

Image analysis device 
 (CV-5000) 

NI myRIO 
1900 

PC 
(LabVIEW) 

Resonant circuits 
(C184.161) 

50 mm 

Working table 
(White board) 

Image 



  

IV. EXPERIMENTS 

To test the positioning property of the newly developed 
Δ-type robot, an open-loop control experiment was conducted. 
An image analysis system, as shown in Fig. 5, was used to 
record the track of the robot. This system is composed of a 
low-distortion lens (CA-LHR8, Keyence), a digital CCD 
camera (CV-H500M, Keyence), an image analysis device 
(CV-5000, Keyence), a portable reconfigurable I/O device 
(NI, myRIO-1900), and a personal computer with LabVIEW. 
We chose a commercially available whiteboard after trying 
various materials and roughness for the ground surface. One 
of the main purposes of this paper is investigating the range 
of the repeatability of the proposed mobile robot on the 
reasonable floor for expanding the applications. The 
coefficient of static and kinematic frictions between the board 
and the robot is measured as 0.17 ± 0.2 and 0.072 ± 0.004 
(average ± SD) respectively by the inclined surface method 
(as shown in tables S3 and S4-2 in supporting information 
(SI) in RA-L). We confirmed that the USMs were vibrating 
slightly by an electromagnetic noise even when the control 
voltage was 0V (in tables S5-1, S5-2, and S5-3 in RA-L). The 
electromagnetic noise was affected the USMs because we cut 
the shield cables for decreasing the cables’ tensions. 

We supposed that the very low kinematic friction under 
the condition of the slight vibration is one of the main reasons 
why the robot realizes omnidirectional mobility.  

The experiment was separated into a weight-loaded 
group and a load-free group. The steps of the experiment are 
as follows: 
1) Load the weight on the robot; 
2) Adjust the robot’s location and attitude angle; 
3) Manually adjust the theoretical ratio of the input 

voltages until the movement direction of the robot is 
close to the target direction (SI in RA-L); 

4) Move the robot for 10 s by measuring the track using the 
image analysis device; 

5) Repeat 10 times from Step 4; 
6) Repeat from step 2 for each movement (12 translations 

and 2 rotations for a load free and 4 translations for 
weighted groups respectively; 

7) Calculate the repeatability from the obtained data. 
In this paper, we determine the repeatability as a ratio 

of the standard deviation of the final points to the average 
path length. The experimental conditions are shown in 
Table III. We define 𝜙𝜙  as moving direction of the 
translational motions. 

V. EXPERIMENT RESULTS 

A.  Translational movement of the load-free group 
Fig. 6 shows the tracks of translational movements. The 

blue dotted lines show the 12 directions. The red points are 
the average arrival points of each direction. The deviation 
bars represent the corresponding standard deviations in the x 
and y axes of the average arrival points. 
     We found that the translational tracks significantly deviate 
from their target directions. The standard deviation of the 
distances from the final to the average arrival points is 
distributed from 6 to 17 mm. We considered that the 
distribution is mainly caused by a nonuniformity of the 
number of frictional tips contacting to the floor 
simultaneously (we discuss in S6 of SI in RA-L), the tension 
of the cables and the nonuniformity of the frictional condition 
of the working surface that affects especially the fluctuation 
of the attitude angle 𝜃𝜃. 

B.  Rotational motion of the load-free group 
Figs. 7 and 8 show the rotational tracks of an offset mark 

on the robot in CW and CCW, respectively. Blue lines are 
tracks. The red points represent the ideal rotation centers. 
Brown points represent average centers. Deviation bars show 
the standard deviation of the experimental rotation centers 
(blue points) from the average rotation center. 

The average rotation speed reached 144°/s. The standard 
deviation of the rotation centers to the average rotation center 
was 3.9 mm in CCW and 4.3 mm in CW. The circles of 
rotation were also not properly closed. We consider that the 
unevenness of the frictional condition and cable tension may 
be responsible for this. 

C. Translational motion of the loaded group 
The Δ-type robot is designed to work by applying 

manipulators. It is necessary to investigate the positioning 
property when it is loaded with additional weight. 

TABLE III          EXPERIMENTAL CONDITIONS 
Working table White board 
Initial attitude angle of the robot 𝜃𝜃 = 0 
Duration per track 5 s 
Measuring frequency 10 Hz 
Search range of camera 2413 x 2049 pixels 
Pixels per mm 8.9 pixels/mm 
Recorded tracks per direction 10 tracks 

Movements for a load free group 
12 translational directions 
( 𝜙𝜙 =0~330º in 30º scale),  
2 rotations (CW, CCW) 

Movements for load weighted groups 4 translational directions 
(𝜙𝜙 =0º, 90º, 180º, 270º) 
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Figure 6.      Trajectories of translational movements with no weight. 



  

 Fig. 9 shows the image of the Δ-type robot loaded with 
a weight. We moved the robot with two different weights of 
100 g and 200 g, whose tracks are shown in Figs. 10 and 11, 

respectively. The blue lines show the tracks of 4 orthogonal 
directions. The red points are the average arrival points of 
each direction. The deviation bars represent final arrival 
points’ standard deviation in x and y axes from the average 
arrival points. The standard deviation in the 100 g group 
ranged from 4 to 15 mm, and in the 200 g group was from 6 
to 12 mm. 

D. Comparison of positioning properties 
Fig. 12 shows the comparison of average track lengths of 

the three groups in 4 directions. It can be observed that in all 
four directions, the robot ran a distance 20 mm longer when 
it was loaded with weight in the same time period. Especially, 
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Figure 8.        Trajectories of rotation in CW with no weight. 
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Figure 7.        Trajectories of rotation in CCW with no weight. 

Figure 9. Δ-type robot mounted with a weight 
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Figure 10. Tracks with 100 g weight in orthogonal directions. 
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in -x direction, when the robot was loaded with weight, the 
distance became more than twice that of the non-weight group. 

Fig. 13 depicts the differences in velocities among the 
conditions tested. The velocities are increased by 2–18 mm/s 
when loaded with weight. A reasonable amount of weight 
increases the velocity because the frictional conditions 
between each frictional tip and the working surface improve.   

We consider that the difference of the average final points 
among those experiments is caused by their systematic errors 
due to the wire tension and the difference of load distribution 
among the 3 friction tips.  
     Fig. 14 shows the comparison of the repeatabilities among 
the three groups. The repeatability is basically 2%–10% better 
in the groups with weight loading. This is because the weight 
provides the friction tips of the motors a better contact with 
the working surface and reduced slips during the movement. 

VI. CONCLUSION AND FUTURE PROSPECTS 
In this research, we constructed a prototype robot using 

standing wave type USMs. In a load-free experiment, the 
robot realized omnidirectional movement on a non-magnetic 
surface. It reached a maximum translational speed of 27.3 
mm/s. The positioning repeatability was distributed from 8.6 
to 19.5%. Large deviations and low repeatability are 
considered mainly due to the nonuniformity of the number of 
frictional tips contacting to the floor simultaneously, the 
tension of the cables, and the nonuniformity of the frictional 
condition of the working surface. Those factors affect 
especially the fluctuation of the attitude angle 𝜃𝜃. 

In comparison experiments, we found that by loading a 
reasonable weight of 100g on the robot, the speed could be 
improved up to 31.5 mm/s from 13.6 mm/s. We also 
confirmed that the repeatability is distributed from 4.1 to 
9.1% with 200g weight. This means that the proposed robot 
is feasible for efficient manipulations and positions with 200 
g of manipulators.  
        In future works, we plan to increase the number of the 
friction tip for improving the repeatability as explained S6 in 
SI in RA-L. We also plan to realize motion compensation and 
feedback control, which improve the precision and 
repeatability of the robot, and it is necessary for applications 
requiring automatic control. We also plan to introduce 
cableless technology. It improves the compactness and 
repeatability of the robot because it is no longer affected by 
cable tension. Furthermore, we plan to conduct experiments 
to check the effect of decreasing the surface roughness and 
the flatness error on the repeatability because it is also 
considered to be responsible for deviation. Finally, we plan to 
measure the positioning properties in sub-micrometer scale 
with a XYθ position sensor organized by four encoders[17]. 
We also develop a servo control method with sub-micrometer 
resolution to test its ability for precise operations.  Feasible 
applications of the proposed robot are chip parts assembling, 
bio-medical applications, and wide area flexible positioning 
of lightweight tools, sensors, and manipulators where 
versatility and cableless is required. 
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Figure 14. Comparison of the repeatabilities in 4 directions with 0, 100, and 
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deviation of the final points to the average path length.) 
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Figure 13.   Comparison of velocities in 4 directions with 0, 100, and 200 g. 
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