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1 Introduction

Recently, the application of vibration-driven locomotion in capsule robots has
been widely considered. A capsule robot is a platform that can self-propel in a
resistive environment but can be encapsuled in a smooth form, without any external
propellers [1]. The design of the locomotion systems is based on the two major
mechanics of the interaction between the internal mass and the system body, known
as vibration-driven and vibro-impact-driven principles.

In vibration-driven locomotion systems, initially proposed by Chernous’ko
[2], the rectilinear motion can be achieved by using an additional internal mass
interacting with the body frame. On the one hand, the simplicity in structure of the
system makes it well suitable to form capsule robots. On the other hand, it is required
that the relative motion of the internal mass must be controlled to have an exact form
of multiphase accelerations. The vibration-driven platforms have been extensively
investigated from various aspects, such as designing, modeling, and experimental
validation [3—10]; dynamical analysis [11-16]; and optimal progression and motion
control [14, 17-24]. The internal mass can connect with the body by means of an
elastic spring to enhance the resonant characteristics. Various methods have been
proposed to actuate the internal drives, including DC-motor-driven pendulum [25],
unbalance rotor [10, 26], electromagnetic mechanisms [14, 27-29], and solenoid
[15], [28]. Several useful guidelines for the design and control of bistable vibration-
driven locomotion systems were also provided. However, for periodic relative
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motion of the internal mass, the friction must be anisotropic, i.e., friction force in the
forward direction is smaller than that in backward trend (e.g., [7, 15, 18, 30, 31]). As
a whole, the major concerns of the first design option would be the complex motion
control and special demand of anisotropic friction.

In a vibro-impact-driven locomotion system, the internal mass oscillates and has
periodical impacts with the system body [32], resulted in a jump-up of the inertial
force. When the impact force exceeds the friction force, the system is displaced. The
drifting oscillator proposed by Pavlovskaia et al. [33] provided a fundamental model
for distinctive locomotion systems. The internal mass (impact oscillator) has been
driven by various ways, for example, a system of motor and cam mechanism [34],
solenoid working with sinusoidal in an RLC circuit [35, 36], electromagnetic device
[37, 38], linear motor [9], and electrodynamic shaker [16, 22]. The system can be
either position feedback controlled [23] or reverse the impact side [5] to obtain the
expected direction of motion.

In previous experimental studies on the locomotion platforms, the friction force
was considered as either an isotropic [13] or an anisotropic [18] resistance. Several
experimental studies have been investigated. However, the effect of various friction
levels on the system behavior was not fully examined.

With isotronic assumption, the excitation force was usually compared with the
friction force magnitude, using the force ratio between the excited amplitude and
the friction force. The motion of the system was examined for different levels of the
excitation by varying such force ratio (see, e.g., in [5, 9, 25, 32, 33]). In experimental
studies, a preset and unchanged dry friction was usually implemented (see [8, 9, 22,
39, 40]). The dependence of the system response as a function of the friction variable
has rarely been experimentally examined [35, 41]. Several interesting phenomena
have been observed [9, 23]. For example, when the elastic force acting on the
system body becomes greater than the friction threshold, the system may move
backward [23]. In some situations, applying a larger excited amplitude would not
improve the performance of the system [9]. It is regretted that such interesting
interpretations were carried out at a certain value of friction. Besides, the magnitude
of excitation force was counted by comparing it with the friction. The results of our
study revealed that with the same force ratio, different values of friction provided
different average velocities and also the direction of the progression. Recently,
several interesting investigations were implemented, focusing on the efficacy of
the model and its feasibility under various isotropic frictional conditions [42, 43].
Various capsule—intestine contact conditions for which the capsule moves include
four cases of isotropic friction: flat-open synthetic small intestine in a flat form
and in a curve form, collapsed and loose synthetic small intestine, and contractive
synthetic intestine whose inner diameter was smaller than the capsule’s external
diameter.

Several studies were made for anisotropic friction, where the friction force in
forward motion is different from that in backward motion. However, most of the
experimental studies assumed that the forward friction is smaller than the backward
friction [18, 30]. Such systems either were built with asymmetric legs [30] or were
able to move downward on an inclined chute only [18]. In our study, the response
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of the locomotion system was experimentally examined under a more general case
of anisotropic friction, where the resistant force in the forward direction is larger
than that in the backward motion. The experimental setup was built similar to the
one implemented in [18], but the forward direction was considered to be the upward
trend on an inclined chute. Moreover, the resistant force consisted of two contents:
one preset and an adjustable level.

This report presents an experimental study on the vibro-impact-driven capsule,
working under different friction conditions, including isotropic and anisotropic
resistant forces. The experimental setup made it possible to vary the friction force
easily.

2 Experimental Setup

The model of a vibro-impact locomotion system is shown in Fig. la.

An internal mass m is connected with the system frame mass my by a spring
with stiffness k and a linear viscous damper c¢. A harmonic sinusoidal force F;, acts
on both masses as an interaction force. The impact stiffness is modeled as a linear
spring ko. X1 and X3 are the absolute displacements of the two masses m; and m;,
respectively. At the initial stage, the two masses gave a gap G. Whenever X; — X»
overcomes the gap G, impact happens, and thus, the system can move forward. A
dry friction force Fg presents the environment resistance acting against the motion
of the system frame.

In this study, the experimental apparatus was made to provide either isotropic
friction or anisotropic friction resistance. When the system is arranged horizontally,
as shown in Fig. la, the resistant forces in forward and backward motions are
considered to be the same, i.e., the friction force is isotropic. The setup was then
developed to examine the anisotropic friction, referring to previous studies [7, 18],

(a) (b)

m;

Fig. 1 Models of the vibro-impact locomotion system with (a) isotropic friction and (b)
anisotropic friction
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where the forward resistance is smaller than the backward resistance. When the
prototype is placed on an inclined surface, as shown in Fig. 1b, the anisotropy
characteristic of the friction coefficients can be achieved by making use of the
gravity effect.

When the prototype is moving on the chute, the equivalent friction force consists
of two parts: one is the dry friction force Fs, and the other is the gravitational
force component along the inclined chute direction. In contrast to [7, 18], this study
assigned the upward direction as the forward motion, i.e., the forward resistance
force is larger than the backward resistance. Increasing the inclined angle, 6 leads
to increase in the ratio between forward friction and backward friction. In this study,
such ratio will be called the anisotropic ratio. Two levels of the ratio were examined,
represented by two values of the inclined angle, 6.

The detailed experimental setup is described in Fig. 2, where the experimental
schema is depicted in Fig. 2a and a photograph of the realized apparatus is shown
in Fig. 2b.

In Fig. 2, a mini electrodynamic shaker (1) was used to provide relative
oscillations between the two massed. The shaker was fixed on a rolling slider guide
(4), provided that a tiny rolling friction force is available when the system moves.
The slider can be adjusted to provide a certain inclined angle 6, with respect to the
horizontal surface. An additional mass (2) was fixed on the shaker shaft. Exciting the
shaker by a sinusoidal current, a linear oscillation of the shaker shaft with respect to
the shaker body was generated. The internal mass m; involves the addition of mass
and the shaker shaft weight. A noncontact position sensor (7) was used to measure
the relative motion of the internal mass mj. The displacement of the shaker body was
collected by a linear variable displacement transformer (LVDT). The body shaker,
including the sensors and the carbon tube, is denoted as the mass m,. An obstacle
block (3) was used to absorb the impact force. A carbon tube (5), which has a tiny
weight, is connected with the shaker body by means of a flexible joint and can be
slid inside a coupled V-block. This mechanism provided the ability to adjust the
resistance (friction) force when the system is moving. The detailed mechanism of
providing preset friction is depicted in Fig. 3.

Fig. 2 Models of the vibro-impact locomotion system with (a) isotropic friction and (b)
anisotropic friction
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Fig. 3 Varying the friction force: (a) apparatus structure and (b) the dependency of friction force
on the supplied voltage

Table 1 Experimental factors

Factor Notation Value Unit
Internal mass mj 0.518 Kg
Body mass my 1.818 Kg
Impact gap G 0.5 mm
Friction force Fg 2.4;6.8;and 13.6 N
Force ratio o = A/Fg 0.59; 0.79; 0.99; and 1.19 -
Inclined angle 0 0;25and 5 °
Excitation frequency Jexe 15 Hz

As depicted in Fig. 3a, the carbon tube (5) connects with and moves together with
the system body. The tube is clamped by means of two aluminum V-block (6), which
are fixed on two electromagnets (7). By adjusting the electrical current supplied
to the electromagnets, it is able to obtain the expected force clamping the carbon
tube. As a result, the sliding friction force exerting on the tube when moving can
be predetermined. Moving the body at a slow and steady speed, the preset friction
force corresponding to the voltage supplied can be collected (see more details in
[41]). Figure 3b presents the relationship between the control voltage and the slide
friction force. Based on such relationship, the preset friction between the system
and the environment can be adjusted, without changing the weight of the system.
Table 1 shows the values of experimental parameters.

3 Results and Discussions

Figure 4 shows the time history of the motion X of the internal mass and the motion
X» of the whole body for various preset friction levels and inclined angles.

Overall, the system works under higher preset friction force would have more
ability to move forward. Besides, increasing the inclined angle 6 resulted in either
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Fig. 4 Time history of the motions of the two masses for various values of preset friction and
inclined angle; a force ratio « = 0.59 and an excitation frequency of 15 Hz were applied

backward motion or a lower forward progression rate. It is reasonable due to the
effect of the gravity force, which always tends to draw the system to move backward.

As shown in the first-row subplots of Fig. 4, under the isotropic friction
(6 = 0°), increasing the preset friction would provide a higher progression rate.
For anisotropic friction (6 = 2.5° and 8 = 5°), a low preset friction resulted in a
backward motion, whereas the highest preset friction provided the fastest forward
motion.

In order to examine the moving direction as well as the progression rate of the
system under the concurrent effect of the force ratio and the preset friction, three
sets for inclined angles of 0°, 2.5°, and 5° were implemented. Each set includes 12
runs, combining three levels of friction (Fs = 2.3 N, 6.8 N, and 13.6 N), and four
levels of the force ratio (¢ = 0.59, 0.79, 0.99, and 1.19) were implemented. The
progression velocity obtained is represented by two-parameter contour plots in Fig.
5. The plots were made directly from experimental data by OriginLab® software. In
Fig. 5, the areas of backward motion (denoted by the sign “—"") were represented by
gray, dark grey, violet, blue, purple, and navy, whereas the areas of forward motion
(denoted by the sign “+”) were shown in green, yellow, orange, and magenta.

As can be seen, in the investigated ranges of the two parameters, for isotropic
friction (Fig. 5a), the system had forward motion for most combination values of
the preset friction force and the force ratio. The system moved backward in a small
range of the force ratio «€[1.05, 1.19] combined with a large range of friction force
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Fig. 5 (Color online) Contour plots of the progression rate with respects to the preset friction force
F; and the force ratio « for (a) 6 = 0°, (b) § = 2.5°, and (¢) 6 = 5°

Fge[4.5,13.6] N. With higher inclined angles, the areas of backward motion became
larger, and the forward motion appeared in smaller ranges of the parameters. With
an inclined angle of 5°, the system had forward motion in small ranges of Fse[10,
13.6] N and «€[0.59, 0.79]. Generally, larger friction combined with a smaller value
of the force ratio would result in faster moving forward.

4 Conclusions

This paper presented experimental results of a vibro-impact-driven locomotion
system under different friction conditions, including both isotropic and anisotropic
friction.

The following remarks would be useful for further studies:

* For the system working with isotropic friction, the level of preset friction
force would have significant effects both on the rate and the direction of the
progression.

* For the system working with anisotropic friction, the vibro-impact would provide
forward motion of the whole system. Larger friction combined with a smaller
value of the force ratio would result in faster moving forward.
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