Vietnam Journal of Mechanics, VAST, Vol. 43, No.2 (2021), pp. 121-137
DOIL: https: //doi.org/10.15625/0866-7136 /15662

A COMPARATIVE STUDY ON THE TWO VIBRATION
DRIVEN LOCOMOTION SYSTEMS IN
VARIOUS FRICTION LEVELS

Ngoc-Tuan La!, Thanh-Toan Nguyen?, Van-Du Nguyen®*

YFaculty of Manufacturing, Vinh University of Technology Education, Vietnam
2Center of Information and Library service, Thai Nguyen University of Technology,
Thai Nguyen University, Vietnam
3Faculty of Mechanical Engineering, Thai Nguyen University of Technology,
Thai Nguyen University, Vietnam
*E-mail: vandu@tnut.edu.vn

Received: 04 November 2020 / Published online: 21 April 2021

Abstract. This paper presented comparison results of two locomotion models: a pure-
vibration driven and a vibro-impact driven system. In experiments, the friction force can
be varied without changing the internal and the body masses. The mathematical models of
the two systems were developed and experimentally verified. Using dimensionless mod-
els, the results can be expanded to other sizes in practice. The two models were compared
in the following aspects: the progression rate, the motion direction and the dynamics re-
sponse. The effect of friction as an important variable on the dynamic response of the
two scaled models were examined and compared by means of bifurcation analysis and
basin of attraction. It has been found that, the pure-vibration can provide forward motion
better than the vibro-impact does. The highest progression rate of the vibro-impact was
less than that of the pure-vibration system in the investigated ranges of input parameters.
Besides, the pure-vibration always has period-1 motion, whereas the vibro-impact system
has a rich and complex dynamic response, including period-1, period-2 as well as chaotic
motions. The results obtained would be useful for design and operating the self-propelled
locomotion systems.

Keywords: self-propelled locomotion; vibration-driven; vibro-impact; bifurcation; basin of
attraction.

1. INTRODUCTION

Recently, there has been remarkable development of mobile systems, especially in
the field of locomotion robots. The systems have potential applications, either in indus-
trial remote control robots [1-3] for remote and hostile environments, disaster rescues,
pipeline inspection ... [4] or in micro-size robots for medical assistance [5]. Conventional
mobile robots usually consist of external impulsion components (wheels, paddles, legs).
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Such structure would lead to several disadvantages, for example, the mechanical com-
plexity, difficult to control, large dimensions, failure of moving components, or would
make damage to the surrounding environment. Consequently, mobile devices driven by
vibration have been recently developed, providing a promising solution for the above
mentioned problems. The vibration driven locomotion system was initially proposed by
Chernous’ko [6], based a principle where the rectilinear motion can be achieved by the
interaction force between the internal mass moving inside the body frame. Such relative
motion of the two massed must follow a specially designed multi-phase acceleration-
controlled [7-10]. A number of driving actuators have been proposed to provide the
relative motion of the internal mass inside the body, such as pendulum with DC mo-
tor [11], eccentric rotary mass [12,13], electromagnetic device [7-10]. In general, one of
the biggest shortcomings of the vibration driven locomotion is that it requires a complex
control strategy. A new solution was recently found [14] where the locomotion is caused
without impact but not requires a complex motion control algorithm.

Another design principle for self-locomotion system is based on the vibration com-
bining impact force. Such system are well known as vibro-impact locomotion system.
In this system, the internal mass oscillates and periodically hits the body, leading to
movement of the whole system. This principle was first time proposed and analyzed
by Pavlovskaia et al. [15]. Many studies have been made, using various types of the
actuators, such as using a solenoid driven by an RLC circuit [16,17], electromagnetic de-
vice [18,19], linear motors [20], electro-dynamic shaker [21,22]. The expected direction
of the system motion can be obtained by applying a position feedback controller [23]
or reversing the impact side [24]. A rich and complex dynamic response of the vibro-
impact system was confirmed, as a result of the co-existence of non-smooth friction and
the impact force [25,26]. The system response has been found to be either periodic, quasi-
periodic and chaotic response, and thus required a careful design [21] and /or parameter
selection [27] to make the system work stable. However, experimental studies on the ef-
fects of the environment friction as well as the interaction between the friction and the
excitation force on the system response have rarely been found [14,16]. Moreover, some
exciting notes have been marked for such systems [20-23]. For example, when the elastic
force exerting on the system is greater than the threshold of the friction, the system may
have backward motion [23]. It has been revealed that the performance of the capsule
system may not be improved by simply applying a large amplitude of excitation [20].
Nevertheless, these issues were only found at a fixed value of friction force in experi-
mental studies.

Consequently, this study was made to compare the two systems: pure-vibration lo-
comotion and vibro-impact locomotion, regarding their ability to move forward and their
dynamic response under various levels of friction force.

The paper is organized as below. Firstly, the mathematical models describing the
two systems are briefly presented in Section 2. The experimental setup and experimental
operations used to validate the models are then described in Section 3. Section 4 shows
major analyses to compare the two systems, regarding their progression velocity (both
direction and magnitude) and their dynamical response. Some important remarks and
recommendations are made in the conclusion section.
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2. MATHEMATICAL MODELING

The physical model of a representative vibro-impact propulsion system is shown in
Fig. 1(a). The system contains a body mass, m, and an inertial mass, m;. A nonlinear
spring k and a viscous damping, ¢ connecting the two masses. The body mass m, can
move along a straight line on a resistive horizontal direction. The internal mass was
excited so as to oscillate in the same direction with the motion of the system. A sinusoidal
force F,, with amplitude A and frequency () acts on the two masses. The friction force, F,
between the body mass and the environment is assumed to follow the Coulomb-Stribeck
frictional model. When the force exerting on the body greater than the threshold of the
static value of the friction Fj, a bidirectional motion of the system can be generated.
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(a) Pure-vibration (b) Vibro-impact

Fig. 1. The model of the self-propelled systems: (a) Pure-vibration and (b) vibro-impact driven
systems

In Fig. 1, X; and X, denote the absolute displacements of the two masses, m; and
my, respectively. A forward movement is assigned for positive values of X; (i = 1,2), and
vice versa. For the pure-vibration system (Fig. 1(a)), the internal mass is driven by a half-
sine excitation and does not have any impact with the body (see [14] for more details). For
the vibro-impact system (Fig. 1(b)), the two masses have a gap G at the balance position.
The impact force generated when the relative displacement X;-X; is greater than or equal
to the gap G would result in the motion of the system. The impact stiffness was modeled
as ko.

Since most real springs exhibit a nonlinear force-deflection relation, the spring force
was defined as a function of distance between of the two masses in a cubic form, as
similar to ones in [14,21] as following

Fopr = k1 (X1 — X2) + ko (X1 — X2)°. (1)

The friction force was found to have an important role for movement of the vibration-
driven locomotion systems [6,15]. It has been revealed that the average velocity of the
system progression can be increased if the friction between the body and environment
is increased and the friction between the two masses is reduced [6]. However, it was
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also found that the system may not have forward motion or even move backward if the
friction force is too small or enormous.

The operation of the system can be analyzed to follow two stages. The first stage is
the one where the mass m; is not in contact with the mass my, i.e. |X; — Xa| < G.

d>X dX; dX
mlil :Fe_Fspr_c<l_2>

dt? dt dt @)
d2X2 Xm dXZ
m27dt2 __FE+FSPr+C(dt_dt> - F

This equation is also used as the mathematical model of the pure-vibration driven
system.

The second stage happens when the relative displacement of the two masses is equal
to or larger than the gap, i.e. X;—X; > G. As this instant, the internal mass m; impacts
with the body. The equations describing the system at this stage can be expressed as

d?>X dX; dX
dt it dt 3)
d*X dX; dX

me g = Rt Fyr e <dtl_dt2> thl¥i-%-6)-F

A complete equation of the vibro-impact system, combining the two above stages, is
then expressed by combining Egs. (2) and (3) as

2

mlnge—FsPr—C % — Hko (X1 = X2 = G)
FTE dt  dt (4)
d2X2 dX1 dXZ

" = —Fe+FsPr+c<dt_dt> + Hko (X1 = X2 = G) - F,

where H(.) is the Heaviside function defined as

H=1 X3-X-G>0 (5)
H=0 X1 —-X,-G<0

For the pure-vibration driven system, the mathematical model is described by Eq. (2),
with a half-sine excitation force, which was defined as

F, =sin(Qt), sin(Qt) >0 ©)
F, =0, sin () <0

For the vibro-impact driven system, the excitation force was set in the form of full-
sine wave, i.e.
F, = Asin (QOt). (7)

When studying the dynamics response of mechanical systems, dimensionless mod-
els have usually been developed. It has been found that the variables and parameters in
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Eq. (3) were transformed as following (see [24,27-29] for example)

k k k Q
T= Qot, X1 = 71X1/ Xy = —1X2, QO = 71’ w=—),
E Fy mq 0O (8)
A k ky (Fr\? k
27’}’1100 Fr k1 k1 k1 Fr nq
And the dimensionless equations of the vibro-impact driven system were defined as
d? d d
dezl = asin (W) — (X1 — x2) — Bx1 — x2)% =2 (% - %) —ho (x1 —x2 — )
d? d d d 1
szz = | —asin (wT) + (1 — x2) + B(x1 — x2)° +2¢ (% - %) +ho (x] — xp — ) — sgn (%)} .
©)

where & is the Heaviside function for impact conditions in dimensionless form

{hzl, xl—X2_'YZO

h=0, x1—x—9<0 (10)

In above mentioned studies, the effect of the excitation force (F,) was examined by
using the force ratio, . As above mentioned, the friction force was usually kept as a
constant. Consequently, different excitation levels can be reflected by various values of
the force ratio, . However, it would not be convenient to use such force ratio to reflect
the variation of the friction force. For example, a value of x = 2 may refer any couples
of (A =2,F =1); (A =1F = 0.5) etc. Our experimental results found that, applying
the same force ratio « and varying the friction force would result in either forward or
backward motion of the system.

In this study, the mathematical models (2) and (4), corresponding to pure-vibration
and vibro-impact driven locomotion systems, respectively, will be validated by experi-
mental data. The verified models will then normalized into dimensionless forms. The
effect of the friction force as a variable on the two systems then compared, regarding to
their motion direction and dynamical response, by using numerical solution of the nor-
malized models with the same input parameters.

3. EXPERIMENT SETUP AND VALIDATION

3.1. Experiment setup

The experimental setup was implemented as shown in Fig. 2. A mini shaker (1) is
fixed on a linear bearing guide (4), providing a very small friction force. A carbon tube
(6) having very small weight, able to slide inside two aluminium V-block (7), was con-
nected with the shaker body. The two V-blocks are combined with two electromagnets,
providing a controlled clamping force and thus an adjustable sliding friction. The total
friction including two terms: the tiny component, generated by the linear bearing, and
the larger component, as a result of the clamping force. This configuration providing an
ability of varying the friction force while the body mass was kept constant. Using this
setup, the system behavior in different friction magnitudes can be easily examined.
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Fig. 2. (a) The experimental schema and (b) a photograph of the experiment apparatus

Generally, the shaker is excited by applying a sinusoidal current, resulting in a rela-
tive motion of the shaker shaft. An obstacle block (5) was placed on the oscillation path
of the shaker shaft, with a preset gap G = 0.5 mm. The internal mass, m;, is practically
include the addition mass and the shaker shaft. A non-contact position sensor (9) was
used to measure the relative displacement of the two masses. The absolute displacement
of the system was captured by a linear variable displacement transformer (LVDT). The
body mass m; consists of the shaker body, the sensors attached on and the carbon tube.
The signals from the sensors were captured by a data acquisition system (DAQ) and then
stored and analyzed.

3.2. Experiment operations

The excitation force was controlled by adjusting the supplied current. An additional
experiment was implemented to carry out the relationship between the magnetic force
generated between the two massed and the current supplied. A load cell was used to
fix the shaker. A DC voltage was supplied to the shaker to generate the magnetic force.
Varying the voltage, several pairs of the current passing the shaker and the force mea-
sured by the load cell were collected. Our experimental data discovered that the force is
linearly dependent to the current applied (see [21] for details).

A sinusoidal signal was generated by mean of the signal generator of a commercial
USB PC oscilloscope, model 2204A. The signal was then enlarged by a stock-available
power amplifier and supply to the shaker. The current applying to the shaker can be
adjusted by changing the signal amplitude from the driving software of the oscilloscope.
For vibration driven without impact experiments, the shaker was driven by a half-sine
powered current, obtained using a current rectifier.

3.3. Experimental validation

For no-impact vibration-driven locomotion system, the model (2) was validated for
several sets of experiments. Detailed results can be found in [14]. Fig. 3 illustrates two
time histories compared between numerical solution of Eq. (2) and experimental data
obtained with the same parameters.

As can be seen from the figure, there was a close similarity between simulation and
experimental results. The same progression rate can be observed on both simulation and
experimental plots. It is also seen that on both simulation (Fig. 3(a)) and experimental
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data (Fig. 3(b)), the internal mass oscillation has a small-amplitude cycle between two
larger-amplitude cycles. The frequency of coupled large- and small-amplitude cycles is
exactly the frequency of the excitation force.
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Fig. 3. Time history of the motions of the internal mass (X, dotted line) and of the body (X, solid
line) from (a) simulation results and (b) experimental data; an excitation frequency of 8 Hz and
the friction force of 2.02 N were applied

Fig. 4 shows another validation of the model for the case of backward motion. There
also appeared a similar between numerical solution and experimental data, in terms of
both motion form and progression rate.
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Fig. 4. Time history of the motions of the internal mass (X3, dotted line) and of the body (X5, solid
line) from (a) simulation results and (b) experimental data; An excitation frequency of 13 Hz and
friction force of 2.02 N were applied
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In order to validate the mathematical model for vibro-impact system (Eq. (4)), the
numerical solution and experimental data were compared. Fig. 5 illustrates two com-
parative examples of forward and backward motions. The time histories were built for
two levels of friction force: the low friction, F; = 2.3 N (Fig. 5(a) and 5(b)) and the high
friction, F; = 13.6 N (Figs. 5(c) and 5(d)). Figs. 5(a) and 5(c) show the simulation results
of Eq. (4), whereas Figs. 5(b) and 5(d) show the corresponding plots of the experimental
data. Overall, it can be observed a good agreement between the simulation progression
rate and those from experiments. A slightly different between the experimental trajec-
tories and those from numerical solution appeared on the plots. That would due to the
several errors in modelling or experimental measurements of the elastic force. However,
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Fig. 5. Time histories of the displacement, X; of the mass m; and X; of the system body obtained
numerically (a, c) and experimentally (b, d). A set of parameters: f = 15 Hz, a = 1.19 were
applied. The friction force of 2.3 N was applied in sub-plots (a, b) and 13.6 N in sub-plots (c, d)
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it can be seen that with the same force ratio « = 1.19, the system has the same back-
ward motion under high friction (F; = 13.6 N, as shown in Figs. 5(c) and 5(d)) in both
simulation and experiments. Besides, the forward motion was found under low friction
(Fs = 2.3 N, as depicted in Figs. 5(a) and 5(b)).

Being experimentally validated, the mathematical model now can be used to scruti-
nize the system response for different values of parameters.

4. RESPONSE COMPARISON

In this section, the two models, i.e. the vibro-impact driven and pure-vibration
driven systems, will be compared. Two criteria will be used in comparative study: the
progression rate (including the magnitude and direction of the motion obtained) and the
dynamic response.

4.1. Non-dimensional models

In order to compare and analysis the two systems, the two models were transformed
to dimensionless forms, by using the following terms

k k k Q
T=0pf x1= 2 X 0= =Xy Q=) w=—;
Fb Fb mq Qo (11)

2
5272 - ;X:A;a:ko;ﬁ=k2<Fh> ;Y ZEG;MZﬁ;ﬁ:5
mlﬂo Fb k] kl k1 Fb nq Fb
where Fj, is a force reference. Here we introduce a new force ratio, x instead of the force
ratio « in Eq. (3). Using the new force ratio, the excitation force variation can be indepen-
dently examined at different levels of the friction force.
For pure-vibration driven by half-sine excitation force, the non-dimension model
now is expressed as

(] =0
vh = xsin(wT) - by — (31— x2) — B(x1 — x2)° = 2¢ <E(l1x~r1 a ilxrz>
Xy = 0y
vh = |—xsin(wt) -y + (x1 — x2) + Blx1 — x2)° +2 <5i;;1 B i;;z) ~Jfrsgn (il;fzﬂ :‘
(12)
where hy =1, sin(wT) >0
{ h: = O: else -
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The dimensionless form of the vibro-impact driven system (Eq. (4)) is now described
as following

x] =101
’ . 3 dx1 dXQ
v = xsin(wt) — (x1 — x2) — B(x1 — x2)° —2¢ FEaii e ho (x1 — x2 — )
%= d d d 1
. x x x
vh = —X51n(wr)+(x1—x2)+ﬁ(x1—xz)3+2§ (drl_drz) +ho (x1—x3—7)— fr sgn (cl;ﬂ ﬁ
(14)

where h is the Heaviside function describing the impact conditions in the dimensionless
form, i.e.
h=1, x1—x—7>0
{hzO, Xx1—x—7<0 (15)
The two models described by Eq. (12) and Eq. (14) will be used to compare the
two systems, pure-vibration and vibro-impact driven locomotion systems. The solutions
were obtained with x € [0,2]; f; € [0,2]; B = 3.113; = 0.119; 0 = 657.74; v = 0.047 and
u = 3.586.

4.2. Comparison of progression rate

The progression rate P of each system was defined as the displacement of the system,
x7 obtained at T = 100. The results for each model were obtained using the same set of
all input parameters. Fig. 6 presents two surface plots of the progression rate of the two
systems with respects to two parameters: the friction f, and the excitation force yx.

(a) Pure-vibration (b) Vibro-impact

Fig. 6. (Color online) Surface plots of the progression rate with respect to the friction
and the excitation levels

As can be seen in Fig. 6, the two systems obtained different progression rate, both
forward (P > 0) and backward (P < 0) for different values of the friction and excitation
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forces. Regarding the highest progression, the pure-vibration system provided a larger
distance (more than 4) compared to the vibro-impact system (less than 4). Fig. 7 shows
the contour plot of the progression rates, presenting a clearer view of the differences
between the two systems.
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i g
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Fig. 7. (Color online) Contour plots of the progression rate with respect to the friction
and the excitation levels

In Fig. 7, the areas of backward motion were represented by gray, dark grey and
wine, whereas the areas of forward motion were shown in cyan, green, magenta, violet,
orange, and red. As can be seen, the pure-vibration driven system provided forward
motion for almost values of friction and excitation forces. There was a small range of
fr € [0.5,2] combined with x < 0.25 resulted in backward motion. In contrast, the vibro-
impact provided both backward and forward motions with around 50 percent for each
case. The backward motion appeared at high values of the excitation x combined with
almost all values of friction f,. It can be remarked that, if a forward motion under low
friction condition is expected, the pure-vibration with large excitation is recommended.
In order to save energy consumption, the vibro-impact model with small excitation force
should be applied.

4.3. Comparison of dynamics response

The dynamics response of the system was firstly examined by using bifurcation anal-
ysis. In this stage, the friction force, f, was considered as a bifurcation parameter. The bi-
furcation diagram represents the velocity map, V*, defined as a projection of the Poincaré
map on the velocity axis of the phase plane. The plotting process is generated as below.
For each value of the friction, f,, the relative velocity maps, V* were calculated. The
progress were run for 300 cycles of the excitation force. The first 100 cycles were omitted
as transient situation. The next 200 points of the steady state of the velocity map was
used to plot the bifurcation.
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Fig. 8 shows the bifurcation diagram of the two systems with the same input param-
eters. As can be seen, in this case, both systems have a likely period-one motion. The
bifurcation curve appeared as a single line for pure-vibration, but in a slightly fluctuated
curve for vibro-impact system.
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Fig. 8. Bifurcation diagram of the pure-vibration (a) and vibro-impact (b) for friction force,
fr €10,2]; Asetof x = 1;w = 1 was applied
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Fig. 9. Bifurcation diagram of the pure-vibration (a) and vibro-impact (b) for friction force,
fr € [0,2]; Asetof x = 1.5;w = 1 was applied

For the excitation force larger than 1, Fig. 9 shows the bifurcation diagrams of the
two systems with x = 1.5,w = 1, and f, € [0,2]. As can be seen in Fig. 9(a), the pure-
vibration always has period-1 motion. In case of the vibro-impact system (Fig. 9(b)), for
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lower range of the friction force, f, € [0,1], the bifurcation appeared in narrow bands,
as can be considered possibly a motion of period-1 and period-2. For a larger range,
fr € [1,2], the system responses in both chaotic motion in some sub-ranges and period-1
in the other sub-ranges. Dynamics response of the two systems will be compared using
the basin of attraction analysis.
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Fig. 10. Basin of attraction and phase portrait combined with Poincaré maps of the two systems;
the results obtained for calculated for y = 1.5;w =1; f, = 1.8

Fig. 10 shows basin of attraction plots and a phase portrait combined with the Poincare
section as illustrations. For basin of attractions, a set of initial conditions of —0.4 to 0.1 for
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the relative displacement and —0.5 to 1 for the relative velocity was remained for both
two cases of pure-vibration and vibro-impact systems.

For the case of pure-vibration (Fig. 10(a)), the attractor appeared in a small green dot,
reflecting that the system has period-1 motion. The Poincaré maps (Fig. 10(c)) appeared
in only one red dot confirmed this behavior. For vibro-impact system (see Fig. 10(b)), the
attractor appeared to be chaotic. In this figure, the chaotic attractor is described by red
color, and its basin was shown in magenta. A co-existing attractor of period-1 motion
shown in a green dot, with the basin in cyan. Fig. 10(d) presents the phase plot and
Poincaré map corresponding to the chaotic attractor. The Poincaré map distributed in a
zigzag curve reflected the chaotic response of the system.

Looking at the basin of attraction and Poinacaré map, it can be confirmed that the
friction force has substantial effects on the dynamic response of the two systems at differ-
ent ways. The pure-vibration always has period-1 motion whereas the vibro-impact can
be chaotic for several values of the friction force.

5. CONCLUSIONS

This paper presented comparison results of two locomotion systems: one is pure-
vibration driven system and another is a vibro-impact device. The experimental setup
allows examine the friction force as a variable while keeping the weight of the whole
system as constant. The mathematical models of the two systems were experimentally
verified. The dimensionless form of the two system was developed, allowing to expand
the results to other sizes of the system in practice. Bifurcation analysis and basin of at-
traction were applied to scrutinize the system response with respects to the friction. The
significant remarks would be noted as follow:

- To achieve forward motion, the pure-vibration is recommended to work under
small friction condition, using high excitation force. In contrast, the vibro-impact can
provide forward motion with small excitation force. The highest progression rate of the
vibro-impact was less than that of the pure-vibration system in the investigated ranges
of input parameters.

- The pure-vibration always has period-1 motion, whereas the vibro-impact system
has abundant dynamic response of the system, from period-1, period-2 to chaotic mo-
tions.

Further studies would be made to provide more beneficial recommendation in de-
sign and operation of the self-propelled locomotion systems.
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NOMENCLATURE

Amplitude of the excitation force (N)
Damping coefficient (Ns/m)

Frequency (Hz)

Friction force (N)

Dimensionless friction force

Spring force (N)

Heaviside function

Linear spring stiffness (N/m)

Cubic spring stiffness (N/m?)

Absolute displacement of the inside mass (m)
Dimensionless displacement of the inside mass
Absolute displacement of the body mass (m)
Dimensionless displacement of the body mass

«
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Force ratio

Dimensionless cubic stiffness

New force ratio

Dimensionless gap

Dimensionless Heaviside function

Mass ratio

Dimensionless impact stiffness

Time (s)

Dimensionless time

Angular frequency of the excitation force (rad/s)
Natural angular frequency of the system (rad/s)
Dimensionless angular frequency of the excitation force
Dimensionless damping coefficient
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