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Abstract. This paper shows experimental analysis results of the study on
vibration-driven locomotion system, which can be applied in capsule robots.
The experimental apparatus provided a capacity of varying friction force when
keeping the weight of the whole system unchanged. Twelve experimental sets
with 16 runs for each set were implemented, providing a deep insight of the
system behavior, both in progression rate and the relative motions of the masses.
The experimental data revealed that, the force ratio between the excitation
magnitude and friction level would not be totally correct to present the excita-
tion effects in modeling the system. The level of friction force may have a
significant effect on not only how fast the system move, but also which direction
of the progression. The new findings would be useful for further studies on the
design and operation of vibration driven locomotion systems.
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1 Introduction

Conventional mobile robots usually consist of external propulsion mechanisms, such as
wheels, legs or paddles. Hence, such systems would face with several boundaries in
terms of mechanical complexity, controllability, physical size, failure of moving parts,
and causing hazard to surrounding environment. Recently, the development of mobile
devices employing vibration for automotive motion has become a very promising
solution for encapsulate locomotion systems [1-3]. The principle of this solution,
pioneered by Chernousko [4], is that the forward and backward progression of the
system can be obtained in the presence of dry friction combined with a periodically
driven internal mass interacting with the main body of the system. An earlier model
using vibro-impact driven mechanism was proposed by Pavlovskaia et al. [5]. On the
one hand, the friction force is usually considered as a resistance preventing the moving
trend of the system, and thus should not be too large. On the other hand, the presence of
friction plays an important role of external resistance to provide the locomotion of the
system in desired direction [1, 6]. The system working under small friction would not
be able to progress in the desired direction.
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Generally, the internal mass has been designed to have one of the two motion
principles: 1) the mass moves periodically without having impact with the body and 2)
the mass moves periodically and has impact (vibro-impact) with the body. In the
former case, the relative motion of the internal mass must follow a specially designed
multi-phase acceleration-controlled (see [7-10] for example). When the inertial force,
caused by acceleration changes, exceeds the friction threshold, the body locomotion is
generated. In many previous studies [1-10], the friction force was usually assumed to
be isotropic, i.e. the friction forces in both forward and backward motion of the frame
body have the same value. The latter choice of self-propelled design is vibration-impact
driven locomotion. In this system, the internal mass oscillates and periodically collides
with an obstacle block. This results in a jump-up of the inertial force, making the
system move. The friction force was usually assumed to be isotropic [5, 11-16]. The
system working under anisotropic friction, i.e. the friction in forward direction is
different from that in backward direction, was also examined. However, the examined
system requires a special control of the internal mass motion (See [17] for example) or
can only move in the direction with smaller friction (downward of an inclined
chute [18]).

The effectiveness of the robots has typically been considered by checking with the
progression rate and dynamical response of the systems. In vibro-impact systems, the
excitation force acting on the internal mass was usually in the sinusoidal form. In
previous studies, the excitation force was treated as a dimensionless number, counted
as the ratio between the real amplitude of the excitation force and the Coulomb friction
value. The progression rate and/or moving direction of the system was checking as a
function of such force ratio (See for example in [5, 12, 14-16]). In experimental
studies, the effect of excitation force was taken into account with certain dry friction
with given levels of frictional force (See [14, 19-22]). The effects of various friction
levels on the system response have rarely been experimentally considered [3, 23] but
not in interaction with the excitation force. Beside, some interesting observations have
been reported [14, 24]. For example, when the elastic force acting on the capsule is
larger than the threshold of the friction, backward motion of the capsule is observed
[24]. At some situations, the average speed of forward progression of the capsule using
small amplitude of excitation is much larger than the one with backward progression
using large amplitude of excitation. This observation somehow reveals the fact that a
large amplitude of excitation cannot improve the performance of the capsule system
[14]. However, such interesting observations were found at certain conditions of
experiments only and need more practical considerations and experimental validations.
Consequently, this study was made to give deeper insights of the effect of different
levels of friction force on the system response. Three levels of friction forces, repre-
senting for small, middle and large resistances were examined combined with four
different values of the force ratios. The results revealed that with the same force ratio,
the system have various behaviors with different levels of frictions. In addition, under
the same friction force, varying the force ratio provides different trends of the moving
direction of the vibration driven locomotion system.

The paper is organized as below. Basic principle of the vibration driven locomotion
system is briefly presented in Sect. 2. The experimental setup is then described in detail
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in Sect. 3. The results and discussions are given in Sect. 4. Some remarkable con-
clusions and recommendations are made in the last section.

2 Basic of the Study

2.1 Working Principle of the System

The physical model of a typical vibration-driven locomotion system with impacts is
depicted in Fig. 1(a). The system is consisted of a body mass, m, and an inertial mass,
m;. An elastic spring with stiffness k couples the two masses. The two masses are
connected using an elastic spring and a viscous damper, ¢. The system body m, can
move along a straight line on a resistive horizontal plane. The internal mass oscillates
inside the body along the line parallel to the motion line of the body. A harmonic force
F,, with amplitude A and frequency (2 exerts on both masses. The friction force, F,,
occurred at the contact surface between the body and the resistive plane is assumed to
obey the Coulomb dry friction law, as shown in Fig. 1(b). In this study, the friction
force is assumed to be isotropic, i.e. R"=[R7|=R.
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Fig. 1. A vibration-driven locomotion model (a) and Coulomb isotropic friction model (b)

Impact characteristics between the two masses were modeled as stiffness k. In
Fig. 1, X; and X, represent the absolute displacements of the internal mass and the
frame body, respectively. The motion X; (i = I, 2) is considered as forward motion if
the value of X; is positive and vice versa.

The two masses are initially positioned with a gap G. When the relative dis-
placement X;-X is greater than or equal to the gap G, impact occurs and the system can
move forward.

The friction force plays a very important role in the working principle of the
vibration locomotion systems [4, 5]. The system may either not progress or move in
unexpected direction if the friction force is too small or too large. Naturally, in order to
increase the average velocity of motion, the coefficient of friction of the body mass
should be increased and that between the internal mass and the body mass decreased
[4]. The results of this study would be a practical recommendation not only on the
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upper limitation when increasing friction force but also the smallest friction, with
respect to the excitation force, that can help the system move in desired direction.

2.2 Objectives of the Study

Generally, studies on the vibration-driven locomotion systems have usually been done
by following steps:

— Describe the physical and mathematical models of the system;

— Implement experiments to validate the mathematical model;

— Analysis the system using the validated mathematical model, usually focus on the
progression rate and the dynamical response of the system.

In order to expand the results to different scales of the prototypes, the mathematical
model was usually transformed into dimensionless form.
The equations describing the motion of the system shown in Fig. 1 can be written as:

2
mi dtzh)gl = Fm - Fspr - C(% - %) —H [kO(Xl - X2 - G)]
my ddfz(l = —Fm+Fspr+C<& - %) +H[k0(X1 —X2 - G)] — ngn(%) (1)

di
F,, = Acos(Qr)

where H is the Heaviside step function defined as:

:{1,if(X1—X2—G)>O 2

0,if X1 —X—-G)<0
Assuming the spring is linear with the stiffness &, the spring force can be described as:
Fspr - k(Xl - X2> (3)

Using the following non-dimensional variables and parameters:

k
T="Qof x1 = X0 =pXo Qo= /-5 0=
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the dimensionless form of the model (1) can be expressed as:

{x/l’ = ocos(wt) — (x] —x2) — ZC(x/l - x’z) —ho(x; —x3 —7) 5)

Xy = [—ac cos(wt) + (x; — x2) + ZC(x’l — x/z) +ho(x; —x3—7y) — sgn(x’z)}

==

where ()’ and ()" denotes the first and the second time derivative d()/dt and d*()/d°,
respectively; and & is a Heavisde function defined as:
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Generally, the effect of the excitation force (F,,) on the system behavior have been
taken into account by varying the value of the force ratio, o (See [11, 13, 24, 25] for
example). In the mentioned studies, a given value of o provided one value of the
dimensionless x,. From Eq. (4), since both k and R are positive, x, must have the same
sign with X,. It means that, for a given value of a, different values of friction level
R will result in different values of the progression X,, but not different in the moving
direction. Our experimental results revealed that with the same force ratio o, the system
can either move forward or backward, i.e. with different signs (either negative or
positive) of the progression X,. In other words, the force ratio, o may not be totally
correct to represent the effect of the excitation force, as usually suggested in many
previous studies. Consequently, this study was made to experimentally examine of the
effect of different levels of friction force on the system response. The results would
provide a basic knowledge to give deeper insight into the locomotion systems working
under different levels of the environmental resistance. Further work of modelling and
analyzing the system can be made based on these findings.

The objectives of this study thus are as following:

— To develop an experimental apparatus which can vary the friction force when
keeping the system weight;

— To carry out how different levels of the friction magnitude can effect on the pro-
gression rate of the system body under the same force ratio;

— To verify if the force ratio is not able to fully represent the excitation magnitude as
previously suggested.

In this experimental study, three levels of friction forces, representing for small,
middle and large resistances were examined combined with four different values of the
force ratios. The experimental setup and implementing method are presented in the next
section.

3 Experimental Implementation

The above model was realized as shown in Fig. 2, as developing from the apparatus
built at TNUT’s laboratory by Nguyen et al. [3, 13, 20].

A mini electro-dynamical shaker (1) is placed on a slider of a commercial linear
bearing guide (4), providing a tiny rolling friction force. An additional mass (3) was
clamped on the shaker shaft with the support of sheet springs (2). Generally, applying a
sinusoidal current to the shaker leads to relative linear oscillation of the shaker shaft
with the mass added on. Hereafter, the moveable mass, combined by the addition mass
and the shaker shaft, is assigned as inertial mass, m;, playing the role of the internal
mass of the system. The relative motion of the inertial mass was measured by a non-
contact position sensor (9). Motion of the shaker body was recognized by a linear
variable displacement transformer (8). The body shaker, including the sensors and the
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Fig. 2. A photograph of the experimental apparatus

carbon tube, is referred as the mass m,. A force sensor (7) was used as the obstacle
block to measure the impact force.

In order to vary the friction force when remaining the body mass, a carbon tube
(5) is connected with the shaker body by means of a flexible joint, avoiding any
misalignment when moving. The tube can slide between two aluminium pieces in the
form of a V-block (6). The two V-blocks are fixed on two electromagnets, as depicted
in Fig. 3(a). Supplying a certain value of electrical current to the coupled electro-
magnets provides a desired clamping force on the tube and thus a corresponding value
of sliding friction. The friction force was measured by pulling the body to move at a
steady speed. By adjusting the voltage supplied to the coupled electromagnets, the
corresponding friction force can be obtained (See [3] for more detail).

The shaker is powered by a sinusoidal current generated by a laboratory function
generator and then amplified by a commercial amplifier. The application of a sinusoidal
current to the shaker leads to oscillation of the shaker shaft and the mass attached on it.
As provided by the shaker supplier, the magnetic force, F,, is solely depended on the
current supplied. Adjusting the sinusoidal supplying to the amplifier can provide a
desired excitation force. A supplementary experiment was implemented to verify the
relation of the magnetic force and the current supplied. A load cell was used as an
obstacle resisting the shaker movement and thus to measure the magnetic force
induced. 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 were
collected. Experimental data confirmed that the excitation force is proportional to the
current supplied to the shaker (see [13] for detailed information of how to determine
this relation).

For operational parameters, three levels of friction force were selected at first. With
respect to the total weight of the two masses as 2.336 kg, the friction force levels were
set as 2.4, 6.8 and 13.6 N, corresponding to three levels of friction coefficient as
approximately 0.1, 0.3 and 0.6. These levels can be respectively considered as low,
middle and high friction coefficients. The minimum magnitude of the excitation force
chosen needs to be strong enough to make the mass oscillate and collide to the obstacle
block. Consequently, three higher levels of the excitation force were selected as strong
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Progression velocity of the system for (a) oo = 0.59; (b) o =0.79; (c) o =0.99 and
(d) oo = 1.19. For all sub-plots, Fy; < Fpp < Fp3.

enough to make significant differences between the system responses. The overall
experimental parameters are given in Table 1.

Table 1. Parameters of experiments.

Parameter Notation | Value Unit
Internal mass my 0.518 Kg
Body mass my 1.818 Kg
Impact gap G 0.5 mm
Friction force Fy 2.4; 6.8; and 13.6 N
Force ratio o =A/R |0.59; 0.79; 0.99; and 1.19 | -
Excitation frequency | f,.. [5-20], 1 Hz step Hz

Twelve sets of experiments were implemented for four levels of the force ratio, o
and three levels of the friction magnitude. Each experimental set, including 16 runs,
was implemented at 16 values of the excitation frequency ranged from 5 Hz to 20 Hz
with an incremental step of 1 Hz. Overall, excitation frequencies less than 5 Hz or
higher than 20 Hz seemed as not efficient to operate the system. For each run, the data
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of supply current passing the shaker, the displacements of the two masses and the
impact force were collected and then analyzed. The results are shown in the next
section.

4 Results and Discussion

Firstly, the progression rate of the whole system is considered. Figure 3 presents the
average velocity of the system body at four levels of the force ratio, a. As can be seen,
for o less than 1 (Fig. 3(a, b)), with the same o, higher friction forces provided higher
forward velocities. Increasing o resulted in faster moving velocity of the forward
motion of the system. However, forward velocities with a~1 (Fig. 3c) provided a
lower velocity, compared to that with oo = 0.79. The backward motion of the system
appeared at then higher range of excitation frequency, f,,.= [12..18] Hz with the two
highest levels of friction force (Fp and Fy), as shown in Fig. 3d. From such obser-
vations, the following interesting issues can be remarked:

— It seems to be agreed with previous studies that, increasing the relative magnitude of
the excitation with respects to friction force (i.e. increasing the force ratio o) may
increase the forward velocity of the system;

— When the force ratio is higher than 1 (i.e. the excitation magnitude is larger than the
friction force), backward motion would appear, even though the impact force is in
forward direction;

— A new remarkable finding is that, with the same force ratio, the motion of the
system would be either forward or backward, depending on the friction level. This
would not agree with several previous suggestions that with a certain set of
parameters, a given value of the force ratio provides only one direction of the
system progression (As mentioned in the end of Sect. 2).

Another view of the effects of friction levels is depicted in Fig. 4 to support the
above-mentioned ideas. At each of the two investigated levels of friction, the pro-
gression rate of the system with for levels of the force ratio are presented.
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Fig. 4. Progression velocity of the system for (a) Ff = 2.3 N; (b) Ff = 13.6 N. For all sub-plots,
oy < oy < o3 < 0y
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As can be seen in Fig. 4, with the same friction level, higher force ratio would not
provide higher progression rate. With low friction (Fig. 4a), the highest forward
velocity was obtained at oz = 0.99, whereas the highest force ratio (o4) mostly pro-
vided lower velocity. With high level of the friction (Fig. 4b), highest forward velocity
appeared with o,, whereas highest backward velocity performed at the highest level of
force ratio, oy.

There has still been an open question about the reason of the backward motion of the
system even though the impact force acting in the forward direction. Figure 5 illustrate
the time history of the system motion. The two sub-plots have the same force ratio
(oo = 1.19) and other parameters, except that one for small friction (Fig. 5a, Ff = 2.3 N)
and one for large friction (Fig. 5b, Ff = 13.6 N). Working with a small friction, the
system appeared to move forward (Fig. 5a), whereas it moved backward with the larger
friction (Fig. 5b). On each sub-plot, two red-thin vertical lines limit one oscillation
period of the mass m;. Another black-dash line divided each period into two areas: Area

1 where the body m, moved forward, and area 2 where the body m, moved backward.
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Fig. 5. Time histories of motions of the internal mass X, (dash curve) and of the body X, (blue
solid curve): (a) Fp=23 N, and (b) F;=13.6 N. A force ratio o =1.19 was applied;

f.. = 17 Hz.

At presented on the figure, the impacts occurred at the instant of the displacement
peaks of m;. Under small friction (Fig. 5a), the body moved forward not by impact, but
for reaction between the two masses. The forward motion of the body occurred at
somewhere when the mass m; was going backward. Under higher friction (Fig. 5b),
forward motion of the body seemed to be the result of impact force — it happened just at
the impact instant. Different from that of the former case, in each period, the backward
displacement was larger than the forward motion. Consequently, the overall motion of
the system in this case was backward, although the impact already acted as a source for
the forward moving of the system. Noted that negative values of the displacements, X,
and X,, mean that the motions of the two masses were in backward direction, as
relative to the origin coordinate (X; = X, = 0).

From this practical observation, it can be concluded that forward motion of the
system may not only depend on how large the impact force is, but also how the
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interaction of the relative motion of the two masses. It is worth noting that, the
mechanism behind of moving forward or backward motion of the whole system is till
an open dynamic problem. The data obtained would be a good resource for further
studies in the field.

5 Conclusions

This paper presented experimental observations and several initial analyses on a
vibration driven locomotion apparatus. The experimental setup provided a capacity of
varying friction force when keeping the weight of the whole system unchanged. Based
on that, a series of experimental tests were implemented, providing a deep insight of the
system behavior, both in progression rate and the relative motions of the masses. The
following remarks would be useful for further studies:

— The force ratio between the excitation magnitude and friction level would not be
totally correct to present the excitation effects in modeling the system;

— The level of friction force would be a significant effect on not only how fast the
system move, but also which direction of the progression.
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