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Abstract—Self-running piezoelectric robots have the 
advantages of being low cost, high load ratio and fast speed 
of operation, as well as showing few limitations in confined 
spaces or for underwater applications.  Controlling the 
speed of motion of such robots by adjusting the Standing 
Wave Ratio (SWR) along the vibration plate of the robot is 
important.  Compared to the conventional dual-mode 
excitation method which is based on the adjustment of the 
excitation frequency, f, a novel SWR-based control method, 
using the adjustment of the temporal phase shift, θ, has 
been first derived by the authors.  It has been found that the 
travelling wave component could be maximised using both 
methods, either by setting the value of f to the root mean 
square of the two adjacent modal frequencies, or by 
programming θ to have a sum of π when added to the 
spatial phase difference.  It can be seen that using the ‘θ-
based’ traveling wave control method, smoother motion 
and higher resolution of the motion speed is achieved. In 
this research, by using the novel θ-based method to drive 
the robot, its motion characteristics, such as voltage-
speed, load capacity and ability to move on different 
surface materials, have been tested through a series of 
experiments carried out and reported.   

 
Index Terms—self-running piezoelectric robot, dual-

mode excitation method, temporal phase shift, adjacent 
modal frequencies, Standing Wave Ratio (SWR) 

I. INTRODUCTION 

ELF-RUNNING piezoelectric robots have many potential 

applications for use in confined spaces [1], [2] or 

underwater [3]-[5], due to their favourable characteristics such 

as having a simple structure, being low cost to manufacture and 

having both a high load ratio and fast speed of operation, as well 

as no restrictions on the material on which they can walk. 

Compared to traditional robots with movable joints, 

piezoelectric robots generate neither strong electromagnetic 

radiation, nor produce undesired noise or dust in their operation.  

These advantages allow the self-running piezoeletric robot to 

have a potential amphibious ability that can enable it to "fly on 
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the ground" – to do this on the ground with any material and to 

"dive in water" in a liquid medium. 

The piezoelectric self-running robot can be driven by 

Standing Waves (SWs) or Traveling Waves (TWs), according 

to the type of vibrational waves used [6].  Leg-shaped or tooth-

shaped structures (in the SW-type robot) are often mounted on 

a vibrating plate, to convert the vertical vibration on the plate to 

the horizontal motion of the robot, when it is walking on a 

surface [7]-[10].  This kind of leg-shaped or tooth-shaped 

structure, which resembles the design of many ultrasonic 

motors [11]-[16], is not only difficult to fabricate, but the 

position, shape, size and material properties of the leg or tooth 

will also affect the performance of the robot [17], [18].  In 

addition, the use of such leg-shaped or tooth-shaped structures 

means that SW-driven robots are not easy to miniaturize, and 

this restricts their potential range of applications.  By 

comparison, TW-driven robots have no such limitations 

because of their simple structure – only one or more pairs of 

ceramic piezoelectric patches are glued at both ends of a 

vibrating plate [19]-[21].  Moreover, the robots are able to move 

faster when driven using the TWs, but it is essential, however, 

to efficiently excite and control the traveling waves to allow 

TW-driven robots to be developed further.  

It has been reported that TWs can be generated using the 

Exciter-Absorber method or the Exciter-Exciter method [22]-

[24].  The first of these, the Exciter-Absorber mode can be 

realized when a passive electric network is connected to one of 

the ceramic piezoelectric patches, glued to the vibrating plate, 

to absorb the energy.  The circuit parameters required can be 

calculated using transmission line theory [25], [26].  However, 

this circuit not only produces heat, but also cannot be 

programmed to adjust both the TW component and its direction.  

An alternative method, the Exciter-Exciter mode can be used, 

allowing the direction and amplitude of the TWs to be adjusted 

by programming the excitation frequency between the two 

adjacent modal frequencies (this is known as Dual-Mode 

Excitation) [27]-[31], at a fixed phase shift value (θ=90°).  In 

this way, the direction and speed of the TW-driven robot could 
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be adjusted [32]-[34]. However, when the excitation frequency 

deviates from the modal frequency, the amplitude of vibration 

of the plate would drop rapidly as well, which makes it difficult 

to create smooth control of the robot speed. 

In this study, an alternative method for programmable 

control of the direction and speed of a TW-based piezoelectric 

self-running robot, using the Exciter-Exciter mode, is 

described. Compared to the Dual-Mode Excitation method, 

only θ is changed using this approach, which allows better 

control of the direction and components of the TWs, at a fixed 

frequency [35], [36].  As a result, the motion of the self-running 

piezoelectric robot would be expected to be smoother than was 

seen when using the Dual-Mode Excitation method.  In this 

work, the structural parameters of a piezoelectric self-running 

robot have first been optimized using simulation, following 

which a series of experiments has been carried out to 

demonstrate the method proposed for self-running piezoelectric 

robots. 

II. METHOD FOR ADJUSTING THE DIRECTION OF MOTION 

OF THE SELF-RUNNING PIEZOELECTRIC ROBOT 

A. Method to adjust the direction using the excitation 
frequency, f 

 
Fig. 1.  Schematic of the self-running piezoelectric robot, used in the Exciter-

Exciter mode. (The inset shows a close-up view of the piezoelectric ceramic 

attached to the substrate.) 

Fig. 1 shows a schematic of the piezoelectric self-running 

robot developed in this work where two piezoelectric ceramic 

patches of length, lp=2d, and width, b, were attached to a 

vibrating plate of length, (L+2d). 

Here two electrical signals, having the same amplitude and 

frequency, U0 and ω respectively, but with a phase shift, θ, are 

applied to the two piezoelectric patches (which are shown in 

yellow in Fig. 1).  As a result, to simplify the model, the 

piezoelectric effect can be considered as producing two 

excitation forces qLeft(x,t) and qRight(x,t), located in the middle of 

the piezoelectric patches in the x-direction, where these are 

shown in red in Fig. 1.  

The equation for the displacement of the plate w(x,t) (i.e., at 

time, t, and position, x) can be written and used to understand 

one-dimensional TWs along the x-direction of the piezoelectric 

self-running robot, where to do so, w(x,t) could be determined 

by using Euler-Bernoulli beam theory: 
4 2

4 2
( , )

w w
EI S q x t

x t


 
+ =

 
                  （1） 

where S is the cross-sectional area, ρ is the mass density per 

unit volume, I is the moment of inertia of S, and E represents 

Young's modulus of the vibrating plate.  Assuming that w(x,t) 

can be expanded in terms of the normal modes, W(x) and 

general functions of time, ejωt : 

1
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n n

n
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where an is the coefficient of displacement.  Wn(x) is the n-th 

order normal modes of the vibrating plate, and as a result its 

general solution can be written as: 
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where C1, C2, C3, C4 are four constants.  Considering the 

existence of the piezoelectric patches used, the simple support 

boundary condition at both ends of the plate was applied to 

simplify the model (where x=0, and x=L+2d), the bending 

moment and displacement are equal to zero: 
2
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resulting in C2=C3=C4=0, and so the normal modes, Wn(x) of 

the vibrating plate are thus given by: 

𝑊𝑛(𝑥) = 𝐶1 𝑠𝑖𝑛( 𝛽𝑛𝑥)      （3） 

It can be noted that
24

n n

S n

EI L

 
 = = , (n=1, 2, …) by 

combining its definition and the boundary conditions in (3), 

where ωn is the n-th mode angular frequency.  Considering the 

position of the external forces shown in Fig. 1, the left and right 

excitation forces, qLeft(x,t) and qRight(x,t), can be expressed as:  

( , ) ( )sin

( , ) ( )sin( )
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where A is the amplitude of the excitation force, δ is the Dirac 

function, and d = Lp/2, represents the center position of the 

piezoelectric patch in the x-direction (as can be seen in Fig.1).  

When the vibration is excited by qLeft(x,t) and qRight(x,t), 

respectively, (1) can be solved by applying the modal 

superposition principle [33], [37].  As a result, the z-directional 

displacement of the vibrating plate, w(x,t), can be rewritten as: 

Left

1
Excited by Excited by 

( , ) (sin( )sin ( 1) sin( )sin( )

Right

n

n n n
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q q
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It is known from work previously reported in the literature 

that the excitation frequency, ω, can be adjusted using the Dual-

Mode excitation method.  Following the approach of (4), if only 

the superposition of two adjacent modes, the N-th, and the 

(N+1)-th is considered, while ignoring the effect of other 

modes, w(x,t) can be simplified (assuming that N is an even 

number) as follows:  

1 1

1 1

( , ) [ sin( ) sin( )]sin

N  mode (N+1)  mode

[ sin( ) sin( )]cos

N  mode (N+1)  mode

n n n n

th th

n n n n

th th
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a x a x t
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+ −
        (5) 



 

noting that ω lies between two modal frequencies, fN=
𝜔𝑁

2𝜋
 

and fN+1=
𝜔𝑁+1

2𝜋
, as shown in Fig. 2(a). 

In order to separate the TW and SW terms, w(x,t) in (5) can 

be rewritten as a mixture of SWs and TWs, w(x,t) near the 

middle of the vibrating plate (x ≈ 0.5L) can be simplified 

further, as shown below [33]: 

1
1 1( , ) 2 sin( ) 2( )sin( )sin( )

2 4
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N N
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Similarly, for the next pair of modes, the (N+1)-th (an even 

number) and the (N+2)-th, w(x,t) is given by: 
  

1 2

1 1 2 2( , ) 2 sin( ) 2( )sin( )sin( )
2 4
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N N
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(7) 

It can be seen from both (6) and (7) that the direction of the 

TW changes if ω crosses any modal frequency, this also being 

shown in Fig. 2(a).  Clearly, the TW component reaches its 

maximum when the coefficients of the part of the SWs in (6) 

and (7) are equal to 0, so then by combining this with (4), the 

frequencies of the TWs can be easily obtained as ωTW1, and 

ωTW2, in Fig. 2:  

4 4 4 4

1( )n n   +− = − −  i.e. 𝜔𝑇𝑊1 = √𝜔𝑛
2+𝜔𝑛+1

2

2
       (8) 

Equation (8) implies that the TW component is maximized 

when ωTW1, and ωTW2 (marked in green in Fig. 2(a)) have the 

values of the root mean square of two adjacent modal 

frequencies.  To further characterize the TW component of the 

flexural waves on the vibrating plate, the Standing Wave Ratio 

( max min/SWR w w= , where wmax and wmin are the maximum and 

minimum values of the amplitude of w(x,t), respectively) is 

defined and used [38].  A smaller value of the SWR means a 

higher component of the TWs.  Accordingly, the minimum 

value of the SWR approaches unity, indicating pure TWs.  The 

relationship between the SWR and the excitation frequency, f, 

is shown in Fig. 2(a), where the modal frequencies were 

obtained from (3) under the conditions of n being equal to 10, 

11, and 12, and the values of the SWR were calculated from (3) 

and (5) using a Matlab-programme.  

 
Fig. 2.  Theoretical relationship (a) between the SWR and the excitation 

frequency, f , (b) between the SWR and the excitation phase shift, θ.  (The dark 
blue and red colored areas represent the x+ and x- TW directions, respectively; 

in subgraph (a), f10，f11，f12 are three adjacent modal frequencies, 16.56kHz, 

19.44kHz and 22.52kHz respectively; fTW1 and fTW2 are the two TW frequencies 

with opposite directions, 18.02 kHz and 21.01 kHz accordingly. in subgraph 

(b),  θa=45° (red curve), θb=90° (purple curve) and θc=135° (green curve)) 

In conclusion, combining (6) and (7) with Fig. 2(a), this gives 

the vibrational distribution on the vibrating plate and denotes 

the relationship between the SWR and the excitation frequency, 

f.  It can be seen that when f is equal to one of the modal 

frequencies (f10，f11，f12), the value of the SWR is infinite, 

indicating that the pure SWs have been formed.  By 

comparison, if f has the value of the root mean square of the two 

adjacent modal frequencies, a pure TW is formed.  Moreover, 

when the value of f crosses one of the modal frequencies, the 

direction of the TW reverses.  Therefore, it is theoretically 

possible to control the direction of motion by programming the 

value of f. 

However, if f were adjusted between the two adjacent modal 

frequencies, not only would the value of the SWR change, but 

also the displacement amplitude would drop in an undesirable 

way.  This causes the self-running robot to have low motional 

stability.  The change of the f value would likely detune the 

piezoelectric patches and thus make the system inoperative.  In 

order to solve this problem, the method of programming the 

excitation phase shift, θ, will be discussed below in Section 2.2, 

as a way to offer a high-resolution and smooth speed adjustment 

of the motion of the robot. 

B. Method to adjust the direction using the excitation 
phase shift, θ 

The distribution of the vibration on the vibrating plate can be 

seen as the superposition of two SWs, formed by two excitation 

forces, qLeft and qRight [33], shown in Fig. 1.  Specifically, the 

distance, L, between qLeft(x,t) and qRight(x,t) must produce a 

spatial phase difference between the two SWs, given by φ=k(L-

nλ), where n is an integer, and λ and k are the vibrational 

wavelength and the wave number respectively.  As a result, the 

displacement, w(x,t), can be given by (9) [39]: 

1

( , ) [sin( )sin sin( )sin( )]n

n

w x t a x t x t     


=

= + + +  (9) 

Following (9), the normalized maximum and minimum 

amplitudes of the displacement values, ŵmax and ŵmin, can be 

derived and expressed as [40]. 

max
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Therefore, the SWR can be derived as: 

max(2 sin sin ,2 cos cos )
2 2 2 2

min(2 sin sin ,2 cos cos )
2 2 2 2

SWR

   

   
=                  (10) 

The relationship between the SWR and θ is plotted in           

Fig. 2(b), where the different colored curves represent the three 

nonidentical values of φ.  It can be seen from Fig. 2 (b) that the 

pure TW can be formed at the two temporal phase shifts, θ1 and 

θ2, which are symmetric about π for each value of φ.  It is noted 

that under the condition where the value of the SWR is unity, 

θ1 and θ2 are related to φ as follows: 

1 2

1 2

- -             0
=

+ 3 -        2

     


      

=  


=  
                     (11) 

In addition, if the temporal phase shifts were programmed to 

θ1 or θ2, the two TWs would be induced in the opposite direction 

along the vibrating plate of the robot, with these TWs being 

expressed as :  



 

  
ˆ ( , )=sin sin( ) w x t t kx   − +

                 (12) 

As can be seen from (11) and (12), not only is the direction 

of the TWs affected by the spatial phase difference, φ, but the 

amplitude of the wave is also closely connected to φ.  To 

achieve the maximum amplitude of the TW, the optimised 

value of φ is 90° and 270°.  Thus, under the condition that φ 

was given and fixed, both the direction and amplitude of the 

TWs could be adjusted through programming the value of θ, 

and as a result the motion of the robot can be controlled. 

III. STRUCTURAL DESIGN OF THE SELF-RUNNING 

PIEZOELECTRIC ROBOT 

To optimize the structural design of the self-running 

piezoelectric robot, Finite Element (FE) analysis was used to 

determine the critical structural parameters of the prototype, as 

well as the best material selection of each component used. The 

FE analysis was performed using the following software – 

Mechanical APDL (ANSYS Corporation, Canonsburg, PA, 

USA), and the piezoelectric material and the aluminum 

vibrating plate had the element type SOLID226 and SOLID186, 

respectively.  The material parameters of the piezoelectric 

ceramic were given in Section III (B), and the damping 

coefficient was set to 0.003 [36]. 

A. The structural parameters of the vibrating plate 

As illustrated in Fig. 1, the self-running robot is composed of 

a vibrating plate (shown in grey color) and two piezoelectric 

patches (shown in yellow color) which were pasted at the two 

ends, where the thickness of the adhesive layer was relatively 

small (and thus ignored in the FE model).  Specifically, the 

length and thickness of the vibrating plate have the values of 

(L+2d) and tm, while these values for the piezoelectric patches 

were lp and tp, respectively.  Both structures of the robot share 

the same width, b.  The thickness of the vibrating plate, tm, was 

0.5 mm, this being chosen to balance the weight and the 

stiffness of the prototype.  Additionally, (L+2d) and b have 

values of 100 mm and 17 mm, to ensure the bending vibration 

mode only exists in the x-direction. 

B. Optimization of the parameters of the piezoelectric 
patches 

In order to build the FE model, the material properties of the 

robot were made identical to the actual physical parameters 

planned, and thus the materials comprising the vibrating plate 

were aluminum, steel and copper.  The piezoelectric patches 

(type PZT-5A, series resonant frequency fs being 48084.4Hz 

and 47418.3Hz, respectively, HongSheng Acoustic Electronic 

Equipment Co., Ltd., Baoding City, China) were excited to 

provide the vibration forces, qLeft(x,t) and qRight(x,t).  The elastic 

constant matrix, c, the piezoelectric constant matrix, e, and the 

relative dielectric constant matrix, ε, of the material PZT-5A are 

detailed, as shown in (13) below, respectively: 
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It can be noted that the higher the vibrational displacement in 

the z-direction, the greater is the driving force at a given 

frequency.  In order to make the robot move faster, the 

vibrational displacement in the z-direction was optimised by 

changing the values of tp and lp.  In order to guarantee that the 

bending vibration along the x-direction is dominating and to 

avoid the vibration mode in the y-direction, lp=35mm (lp≈2b) 

was initially selected, prior to the determination of the 

thickness, tp, after which the value of lp was then scanned 

parametrically. 

 
Fig. 3. Relationship of the thickness of the piezoelectric patch, tp, to the 

normalized deformation amplitude 

(lp=35mm, where the red circles, blue squares and purple triangles represent 
different materials used for the vibrating plate, aluminum, copper and steel, 

respectively) 

 
Fig. 4. Value of the normalized Z-directional deformation to the length of 

the piezoelectric patches, lp 

(tp=0.26mm, aluminum being chosen as the material of the vibrating plate) 
The value of tp was varied from 0 to 1 mm (using an interval 

of 0.1 mm), and the maximum amplitude, over the vibrating 

plate of the robot, was determined through modal analysis.  The 

results of the simulation carried out and giving the values of the 

amplitudes are shown in Fig. 3, which illustrates its relationship 

with tp.  It can be noted that at tp=0.26 mm, the amplitude of the 

vibrating plate (aluminum) reaches its maximum. 
TABLE I 

THE STRUCTURAL PARAMETERS OF THE SELF-DRIVEN ROBOT (UNIT, MM) 

Symbol Quantity Size 

L+2d total length of the vibrating plate  100 

b width of the vibration plate / the piezoelectric patches 17 

tm thickness of the vibrating plate 0.5 
lp(=2d) length of the two piezoelectric ceramic patches  35 

tp thickness of the two piezoelectric ceramic patches 0.26 

 

Subsequently, the length of the piezoelectric ceramic patch, 

lp, was varied between 2 mm and 50 mm, in 1 mm steps. The 



 

simulation results showed that at lp =34.97 mm, the maximum 

value of the amplitude in the z-direction was reached, as shown 

in Fig. 4 - a result which is highly consistent with the empirical 

length value chosen, of 35 mm.  The structural parameters of 

the self-driven robot, determined from the FE analysis, are 

shown in Table I. 

IV. FE VALIDATION OF THE GENERATION OF THE TWS 

It can be seen from Section II that there are two ways to 

change the direction of the TWs.  In the first method, the 

direction can be changed periodically, whenever f varies across 

each modal frequency, and furthermore there exists a pure TW 

frequency, fTW, between the two modal frequencies.  

Alternatively, the direction of the TWs on the vibrating plate 

can be changed when θ exceeds 180° when using the second 

method, and so there exist two temporal phase shifts, θ1 and θ2, 

where the pure TWs, in both propagation directions, could be 

produced. 

A. f-changing based approach 

In order to demonstrate the effectiveness of the f-changing 

based approach, a model of the piezoelectric robot was first 

established using FE analysis according to the structural 

parameters listed in Table 1, and subsequently this model was 

analyzed to obtain the three adjacent modal frequencies, 

f10=16.580kHz, f11=19.333kHz, f12= 24.059kHz, corresponding 

to the 10th, 11st and 12nd modes.  The simulated values of the 

modal frequency were approximately in accordance with the 

theoretical results obtained from (3) and Fig. 2.  By substituting 

these frequencies, f10, f11, f12, into (8), two pure TW frequencies, 

fTW1=18.005kHz and fTW2=21.824kHz, were determined. 

 
Fig. 5.  Transient simulation results of the TW vibrational displacement along 

the plate, using the f-changing based approach (Vpp=10V, θ=90°, lines with 

different color in the graph represent waveforms at different times) 

 
Fig. 6.  Transient simulation results of the TW vibrating displacement along the 
plate, using the θ programming method (Vpp=10V, f=18.250kHz, lines with 

different color in the graph represents waveforms at different times) 

Subsequently, in order to verify that TWs could be generated, 

transient simulations were performed at these two TW 

frequencies.  Specifically, the two sinusoidal excitation signals 

with an Vpeak-peak amplitude of 10V and 90° phase shift were 

applied to the two piezoelectric patches.  As a result, the 

components of the two TWs reached their maximum when the 

patches were excited at frequencies of 17.75 kHz and 22.00 kHz 

respectively, and the directions of the two TWs were opposite 

to each other.  The displacements on the middle part of the 

vibrating plate (which is not covered by the piezoelectric 

patches at each end, these ranging from 35 mm to 65 mm) were 

acquired, corresponding to six different times each having an 

approximate interval of 5µs (t1 ~ t6), which are plotted in Fig. 

5.  At fTW1=17.75kHz and at fTW2=22.00kHz, the x+ and x- 

direction TWs is propagated, and the maximum z-directional 

displacement amplitude reached 0.3 μm and 0.1μm 

respectively.  As can be seen, a deviation between the 

theoretically calculated values of fTW1, and fTW2 and the 

simulated frequencies occurs.  This is because only two 

adjacent modes were considered using (8), while the influence 

of other modes on the TWs was not considered.  In addition, a 

large fluctuation seen in the z-direction amplitude at the two 

pure TW frequencies was caused by different modal 

amplitudes, so it is difficult to smoothly adjust the motion of the 

robot using this f-based method. 

B. θ-changing based approach 

As can be seen from Fig. 5, it is difficult to control the 

velocity smoothly and stabilize the amplitudes of the TWs using 

the above-mentioned f-based method while, by comparison, the 

θ-based method shows several advantages.  To verify this, the 

same model was used in the FE simulation, but the temporal 

phase shift of the excitation signals applied to the two piezo 

ceramic patches, θ, varied from 0° to 360°, at a given frequency 

of 18.250 kHz.  The superpositioned wave forms of the TW 

vibration obtained at θ1=107° and θ2=253° were extracted and 

plotted in Fig. 6 (as graphs (a) and (b) respectively), where the 

TW component reached the maximum.  This also indicates a 

simulated spatial phase difference, φ, of 287°, which garantees 

the amplitude of the TW according to (12).  In these curves 

formed using the θ programming method, the propagating 

directions of the TWs are opposite to each other and the 

displacement amplitudes in the z-direction are both ~0.2 μm.  

This condition allows for a smoother control of the self-running 

piezoelectric robot, compared to that using the f-based method. 

V. EXPERIMENTAL VERIFICATION 

A. System Configuration 

 
Fig. 7.  Experimental setup. (a) illustration of the size of the piezoelectric 

robot (with reference to a ruler) (b) measurement of the vibrational 



 

characteristics (c) test motional characteristics of the self-running piezoelectric 
robot developed (total length: 100 mm)  

The piezoelectric robot prototype was fabricated as shown in 

Fig. 7(a), according to the structure dimensions set out in Table 

I, whose dimensions were identical to those of the simulation 

model.  It can be seen that two piezoelectric ceramic patches 

(PZT-5A, fold-back electrodes type) were glued to an 

aluminum alloy vibrating plate (type 5052, Chinese standard) 

using epoxy adhesive. 

In order to test its characteristics, i.e., the component and 

direction of the TWs being propagated along the self-running 

prototype, a test setup to evaluate the vibration was created, as 

shown in Fig. 7(b).  The prototype was excited by a small 

voltage (Vpeak-peak=10V), and the amplitude and phase of the 

vibrational velocity in the z-direction were measured using a 

scanning Laser Doppler Vibrometer (LDV, PSV-500-B type, 

Polytec).   

Following that, in order to measure the characteristics of the 

motion of the prototype, the two piezoelectric ceramic patches 

glued to the prototype were connected to a power generator 

developed by the authors [42] (dual channel, 200W, 0-120V, 0-

100kHz, 0-360°).  As it was limited by the output voltage of the 

power generator, the Near Field Acoustic Levitation (NFAL) 

effect was ignored.  During the experiments carried out, the two 

outputs of the ultrasonic power supply were adjusted to control 

the speed of movement of the prototype, this being recorded by 

using a digital camera (ILCE-6400, Sony, 120 Frames Per 

Second) and the speed was calculated from the video images 

with reference to a ruler glued to the ground - the experimental 

platform that was built is shown in Fig. 7(c). 

B. Experimental verification of the f-changing and θ-
changing approaches to adjust the direction of motion 

The effectiveness of both the θ-changing and f-changing 

based approaches have been analyzed by using the FE 

simulations discussed in Section IV.  Following that, the 

effectiveness of both methods was experimentally explored.  

The values of the speed of the robot in motion were measured 

by varying both f and θ respectively. 

1) Experiments using the f-changing approach 

To verify the effectiveness of the f-based approach to control 

the direction of the motion, the relationship between the 

excitation frequency and the speed of movement of the 

piezoelectric robot over the tempered glass surface was 

measured.  In the experiment, the peak - peak voltages (Vpeak-

peak) and the temporal phase shift of the power generator were 

set to 45V and 90°, respectively.  In addition, the excitation 

frequency was varied between two adjacent modal frequencies, 

from 16.00 kHz to 17.20 kHz.  The results obtained were plotted 

in Fig. 8(a), where the black dotted line and the red line 

represent the motion speed and the theoretical SWR value 

respectively, shown against the change in the excitation 

frequency, f.  Furthermore, the prototype stopped moving at the 

two modal frequencies of 16.00 kHz and 17.20 kHz, revealing 

that only pure SWs existed on the vibrating plate, where the 

value of the SWR reaches its maximum.  By comparison, the 

speed of the prototype reached its peak, 13.19 mm/s, when f had 

the value of the root mean square of the two adjacent modal 

frequencies.  Here 16.50 kHz is close to the theoretically 

calculated TW frequency of 16.61 kHz (according to (6) and 

(7)) and these experimentally and theoretically determined TW 

frequencies are also shown in Fig. 8(a).  However, when the 

excitation frequency is smaller than 16.00 kHz or greater than 

17.20 kHz, although the direction of the TW changes, the 

excitation frequency deviates from the resonant frequency of 

the piezoelectric ceramic itself.  This then results in a small 

vibration amplitude, where the robot stopped moving, which 

limits the potential of the  f-based motion control approach 

considered here. 

 

 
(a) The relationship between the excitation frequency, f , and the 

experimental speed of motion (black dotted line), or the theoretical value of the 

SWR (red dash line). (Vpeak-peak = 45V, θ was fixed at 90°) 
(b) The relationship between the speed of motion and the temporal phase shift 

θ, where the black line and the red line represent the experimental speed and 

the theoretical value of the SWR of the robot, respectively. (Vpeak-peak =45V, 
f=16.273kHz)  

Fig. 8.  Comparison of the theoretical value of the SWR and the experimental 

results of the speed of motion of the self-running piezoelectric robot using both 

the f-based and θ-changing approach. 

2) Experiments using the θ-changing approach 

As can be seen from Fig. 6 (graphs (a) and (b)), the θ-based 

approach allows the speed of motion to be controlled more 

smoothly (by comparison to the f-based approach), because the 

excitation frequency has been fixed at the resonant frequency 

and the vibrational amplitudes show a smaller change.   In order 

to verify experimentally the effectiveness of the speed control 

method based on programming θ, two excitation signals (where 

Vpeak-peak was 45V and the frequency used was 16.273kHz – this 

being the resonant frequency of the robot prototype) were 

applied to the piezoelectric self-running robot.  When θ was 

adjusted from 0° to 360° (in intervals of 10°), the prototype 

moved on the tempered glass, and the relationship between the 

variational speed of the prototype and θ is shown in Fig. 8(b).  

The experimental and theoretical temporal phase shifts, θTW1 

and θTW2, (where the TW components were maximized on the 

vibrating plate), are shown in black and red in Fig. 8(b), 

respectively. 



 

Fig. 8(b) reveals that the prototype moved along the x+ 

direction when θ was adjusted between 0° and 160°.  However, 

the prototype moved along x- direction when θ ranged from 

160° to 360°.  Further, the maximum speed was reached when 

θ was ~30° and ~260°, which is essentially consistent with the 

theoretical and simulation results shown in Fig. 2(b) and Fig. 6.  

Therefore, the control method based on programming θ is 

verified as the most effective.  Additionally, the x+ directional 

speed of the prototype is significantly lower than the x- 

directional speed, and its direction of movement changed when 

θ exceeded 160° - so it can be seen that these ranges are not 

strictly symmetric about π (180°).  This asymmetry is caused 

by the inconsistencies that occur during the assembly of the two 

piezoelectric ceramic patches in  the prototype constructed. 

C. Experimentation on the motion characteristics of the 
piezoelectric robot using the θ-changing based 
approach 

1) Measurement of the TW-vibrational characteristics 

Pure TWs can be formed along the vibrating plate, since the 

SWR is a function of θ under a given excitation frequency, 

according to (10).  In practice, for the dual patch-type robot with 

length, (L+2d), the motional speed of the prototype can be 

controlled by adjusting θ, at a certain fixed excitation 

frequency, f. 

 

 
Fig. 9.  The amplitudes and phase of the vibrational velocity along the 

vibrating plate corresponding to the two pure TWs along the two directions. 

(where the blue and red colored lines represent θ=100° and θ=260°, 

respectively; the solid and dashed lines are experimental and ideal results. 
Vpeak-peak=10V, f=16.273kHz, θ1=100°, θ2=260°, φ being calculated as 280°.) 

During the experiments carried out in this work, f was set to 

be 16.273 kHz, and the two temporal phase shifts corresponding 

to the pure TWs in the x- and x+ directions, θ1 and θ2, could be 

found at 100° and 260° respectively.  Specifically, the 

amplitude of the vibrational velocity distributed on the plate, 

corresponding to θ1 and θ2 (which was obtained from the 

scanning LDV) are shown in Fig. 9(a).  As can be seen, the 

amplitude of the vibrational velocity was kept as ~15 mm/s, 

indicating that TWs have been formed along the plate, due to 

the value of the SWR being small (the values are 1.90 and 1.86, 

in the x- and x+ directions respectively). It is important to note 

that the vibrational velocities fluctuated by ~25% in the two 

cases, where the slight fluctuation seen may be caused by 

factors such as the differences between the connection of the 

two patches and the plate, and the asymmetry of the two patches 

used, for example in relation to their clamped capacitances, 

mechanical quality factors, etc. 

In order to understand better the directions of the TWs, the 

phase of the vibrational velocity could be used, according to the 

TW expression given in (12).  To do so, a single point LDV 

(OFV-303, Polytec) was connected as an input for the reference 

point of zero phase, this being marked green on both Fig. 9(a) 

and Fig. 9(b).  The phase of the vibrational velocity increased 

(θ1=100°) or decreased (θ2=260°) periodically between -180° 

and 180° with respect to the wavelength, λ, which indicated the 

opposite directions of propagation of the TWs. 

2) Measurement of the characteristics of the robot motion 

Measurement of the velocity-voltage relationship: Two 

sinusoid signals, of the same amplitude and frequency, 

16.273kHz, were applied to the two patches of the prototype 

robot.  Here the temporal phase shifts were set to θ1=100° and 

θ2=260°, corresponding to the two TWs in the x+ and x- 

directions.  In addition, the peak-to-peak value of the excitation 

voltage was adjusted from 5 V to 50 V, in intervals of 5 V.  As 

a result, the relationship between the velocity of motion of the 

prototype running on a tempered glass plate, v, and the peak-to-

peak value of the excitation signal, Vpeak-peak, in Fig. 10(a). 

 

Fig. 10.  Measurement of the characteristics of the motion of the self-running 

piezoelectric robot 



 

 

 

 

Table II 
PERFORMANCE COMPARISONS WITH SOME PREVIOUS PIEZOELETRIC ROBOTS 

Indicator [unit] 
This study Son et al. [7] Hariri 2016 [8] Chen et al [9] Hariri 2013 [32] 

weight[g] 6g 23.25 6.27 20.13g 6.45 

Max speed[cm/s] 10 5.86 30.2 1.65 13.1 
Voltage peak-peak[V] 50 20 200 200 60 

Payload [g] 151.7 - - 80 18 

Dimension 
[mm*mm*mm] 

100*17*0.76 53 x 45 x 19 50 x 10 x 10.5 - 180 x 17 x 0.77 

Frequency [kHz] 16.273 24.7 2.4/3.1 21.07 11.3 

 

It can be seen from Fig. 10(a) that the motional velocity of 

the robot increases with the excitation voltage, and v shows an 

approximate linear relationship with Vpeak-peak.  However, even 

though the same Vpeak-peak voltage was applied to the 

piezoelectric patches of the vibrating plate, the velocity at 

θ1=260° was much higher than that at θ2=100°, this possibly 

being caused by the asymmetrical position that occurred when 

the two patches were being glued.  It should be noted that the 

robot has a ‘deadband’ drive voltage, of about 5 V in both 

directions, which was caused by the static friction force 

between the robot and the glass substrate.  

Evaluation of performance on different material surfaces: 

The motion of the self-running robot on different material 

surfaces has also been tested (Vpeak-peak = 45V, f = 16.273kHz, θ 

= 260°), to evaluate its adaptability to different terrains.  In this 

test, five different types of materials were used: tempered glass, 

acrylic board, thin film crystal, wooden board (with a wax 

treatment) and printing paper (surface roughness (RA) being 

sorted from small to large).  The results of the measurement of 

the velocity are illustrated in Fig. 10(b), which shows that the 

piezoelectric self-running robot has a very definite ability to 

adapt to different complex environments. 

In relation to the friction wear problem, in a travelling wave 

robot the friction occurs over the whole contact surface, but in 

a standing wave robot, the friction only occurs at the nodal 

points and therefore the friction wear problem is reduced, which 

is an advantage with this type of robot. 

Evaluation of the load capacity of the robot: Knowing the 

load carrying ability of the robot is critical, as it can limit the 

range of its applications.  Therefore, the maximum velocity of 

the prototype was measured under different loads being placed 

to the center of the robot.  The experiments were conducted 

when Vpeak-peak was set to 45 V, f and θ were made equal to 

16.273 kHz and 260° respectively.  The weight of the prototype 

itself (before loading) was 6.0 g.  Different weights, ranging 

from 5 g and up to a maximum of 135 g (applied in 5 g intervals) 

were loaded on the robot and its performance evaluated.  

The characteristic relationship between the robot velocity 

and the load carried, for this prototype, is shown in Fig. 10(c), 

from which it can be seen that the velocity of the prototype on 

the tempered glass plate reached its maximum when a load of 

10 g was used.  The main reason for this phenomenon is as 

follows – the load mass, of between 0-10g, can be seen as 

providing a preload force between the prototype and the 

tempered glass, where the load mass of 10g used provides the 

optimal preload force, so that the prototype and the bottom have 

the best preload to maximizes the driving force.  However, as 

the load continues to increase, the robot needs to overcome the 

greater friction experienced and the velocity with which it then 

moves decreases as a result.  The experimental platform for the 

load test carried out is shown in Fig. 10(d), where the red tape 

(having a weight of 151.7 g), could be dragged slowly by the 

self-running piezoelectric robot.  This means that the robot can 

carry at least 26 times its own weight and thus has an excellent 

load carrying capability. 

D. Performance Comparisons  

A comparison of the performance characteristics and design 

of the device proposed in this work with those of a number of 

self running piezoelectric robots is illustrated in Table II.  In 

summary, this has shown that the robot reported in this work 

achieved a relatively fast speed, while its load carrying ability 

is higher than that of the design of Chen et al [9] and Hariri et 

al [32].  Furthermore, the weight and size of the proposed robot 

is lower than that of Son et al [7] and Hariri et al [8] – this 

showing the advantages of having a simple structure and as well 

the potential for use in applications in confined spaces. 

VI. CONCLUSION 

In this work, two methods to create program-based control of 

the direction and component of the TWs have been presented.  

To understand better the TW and SW parts of the vibrational 

displacement seen, the expression for the z-direction 

displacement of the vibrating plate was deduced.  As a result, 

both f-based and θ-based methods to control the Standing Wave 

Ratio (SWR) have been described.  

Prior to the experiments being carried out, Finite Element 

Analysis based simulations were used to optimize the size of 

the self-running piezoelectric robot, in order to improve its 

velocity of motion and load capacity.  As a result, the optimized 

structural dimensions were 100mm x 17mm x 0.5mm, and the 

size of the piezoelectric patches used was 35mm x 17mm x 

0.26mm.  Then, by using transient simulation, the TWs with 

opposite directions were determined using both approaches, but 

the vibrational displacement of the θ-based method was seen to 

be smoother than using the f-based approach. In the 

experiments undertaken, a 100mm long prototype was 

developed and the values of f and θ were separately adjusted, 

between 16.0 kHz and 17.2 kHz, and 0 and 2π (360°) 

respectively.  The results obtained have revealed that both 

methods could allow the adjustment of the direction and 

composition of the TWs, but the prototype moved more 

smoothly and had a higher velocity, using the θ-based approach.  



 

Finally, the velocity of motion and the load-bearing 

characteristics of the self-running piezoelectric robot were 

tested and evaluated, in addition to its adaptability to different 

terrains. 
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