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Abstract. This report describes a new proposed design for autogenous mobile systems which can move
without any external mechanisms such as legs or wheels. A Duffing oscillator with a cubic spring, which is
excited by an impulse periodic force, is utilized to drive the whole system. The rectilinear motion of the
system is performed employing the periodically oscillation of the internal mass interacting without
collisions with the main body. Utilizing the nonlinear restoring force of the cubic spring, the system can
move in desired directions. When the ratio between the excitation force and the friction force is smaller than
2.5, backward or forward motion can be easily achieved by applying an excitation force in the same desired
direction. Different from other vibro-impact drifting devices, no impact needed to drive the new proposed
system. This novel structure allows to miniaturize the device as well as to simplify the control algorithm
thus can significantly expand applicability of the proposed system.

1. Introduction
Mobile systems have been widely employed both in
large- and micro-scale sizes. Such systems are
preferable for special engineering applications in
remote and hostile environments such as
engineering diagnosis to disaster rescues or
pipeline inspection [1-3] and impact moling [4-6].
In micro-scale biomechanics, locomotion systems
can enhance capabilities of the capsule endoscopy
to deal with problems of traditional systems such as
inability to control and stop, and risk of capsule
retention [7]. Of such movable dynamical systems,
vibration-driven platforms are a new kind which is
propelled by the periodic motion of internal masses
or the periodic deformation of their bodies. Using
vibration-driven mechanism, several complications
induced by external driving mechanism (wheels,
chain tracks, or legs) can be avoided [8,9]. The
vibration-driven locomotion systems have been
widely investigated from many aspects, including
modeling and theoretical analysis and control [1013], design and experimental implementation [1417]. Several experimental platforms have been
developed, employing centripetal forces generated
by platform-mounted vibration micro-motors [14],
electromagnetic force induced in voice coil motor
[15,16], centrifugal forces of a couple-pendulum
[17]. The common issue of such vibration-driven
systems is that, a complex control for the inertial
mass motion is necessary to obtain the desired

progression of the system [10,15]. Moreover, the
problem for the large-scale mobile platforms also
make difficult to miniaturize the platform. The
capsule model using vibro-impact device proposed
by Liu et al. [9] addressed these issues. A similar
mobile mechanism in a large-scale platform of size
which can produce strong impact force for moling
machines was also reported [6]. Those models are
inspired by a vibro-impact drifting oscillator studied
by Pavlovskaia et al. [18]. Experimental verification
[19-21] and dynamic response analysis of such
systems [22-23] have been investigated in order to
carry out the best performance conditions,
including the system stability and maximum
progression
rate.
For
capsule
endoscopy
applications, the system abilities for moving
forwards and backwards are required. In order to
address this issue, a position feedback control
method suitable to control the vibro-impact capsule
system which uses a soft impact and harmonic
excitation
was
proposed
[24].
However,
requirement of constraint setup in vibo-impact
oscillator still make it difficult for minimizing the
device for capsule applications. This paper propose
a new design of a drifting actuator which can drive
the autogenous mobile system without any
impacts. The actuator is a kind of Duffing oscillator,
as similar to the one proposed [25], containing a
cubic spring but excited by impulse force. Our
study revealed that by choosing proper values of
design and operational parameters, the system can
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move in a desired direction with a simple control
strategy. Nonlinear spring is a prerequisite
condition for the movable ability of the system.
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2. Mathematical model

A physical model of the proposed system is depicted
in Figure 1, where a movable mass m1 is connected with
the system frame m2 by a cubic spring Fspr and a viscous
damper with damping coefficient c. The system is
excited by a periodic impulse force F with amplitude A
and frequency Ω exerts on both masses in opposite
directions. The excitation amplitude, A is assigned as a
positive value if it acts on the mass m1 in the forward
direction and vice versa.
In this study, the excitation force is a 50% duty cycle
force and thus can be expressed in a form of the
Heaviside function as:


 A,sin  t   0
F  
(1)


0,sin  t   0


or F Heavisde(sin(t ))
The friction force Ff has direction opposite to the
velocity of the frame body. X1 and X2 are the
displacement of the inertial mass m1 and the system body
m2, respectively.

Fig. 2. Time history of the excitation force (red solid line) with
frequency of 5 Hz, and the corresponding sine function (black
dots)
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Fig. 1. Physical model of the system

m2
;
m1

(5)

There are two response issues are usually
considered for a mobile system: the progression rate and
directional motion of the system. As can be seen, the
Equations (5) contains five parameters which can be
classified into two groups: ,  and  can be considered
as design parameters;  and  are the parameters of
operation task. Several effects of such parameters on the
system response will be elicited in the following
sections.

The equations describing the motion of the system
can be written as

 d 2 X1
 dX dX 
F  Fspr  c  1  2 
m1
2
dt
dt 
 dt

2
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3. Design parameters
In this study, the progression rate, P, is considered
as the displacement of the system frame, x2 for the
dimensionless time of 100. The mass ratio is kept as
constant µ=1, e.g. the two masses have the same value.
Firstly, the coupled effect of the stiffness, β and the
damping, ζ of the nonlinear spring on the progression
rate, x2 is considered. Figure 2 presents a contour plot of
x2 for [0,100] and [0,1.0]. All other parameters are
fixed as =1, =1 and =2.

where d()/dt denotes differentiation with respect to
time, t; sgn() denotes the sign of velocity (dX2/dt); f is
the friction coefficient between the frame body and the
environment; g is the gravitational acceleration.
An illustration of the 50% duty cycle forcing
function with amplitude of 2 N and frequency of 5 Hz
(=31,416 rad/s) is depicted in Fig.2.
The spring force, Fspr is expressed as;
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4. Operational parameters
In order to understand the system behavior
under different values of operational parameters,
two design parameters are kept as constants as:
µ=1, ζ=0.025. Figure 5 presents the bifurcation
diagram of the progression rate, P, and the relative
velocity, v1-v2, with respects to the excitation force,
.
From Figure 5(a), it can be observed that the
progression rate for positive  is exactly as the same as
that for negative  but in opposite sign. The system can
move with the highest progression rate for ||1. For
[-2.5, 2.5], the system move forward when >0 and
backward when <0. When increasing the force ratio,
||>2.5, the system moves back if >0 and vice versa,
i.e. the system trends to move in opposite direction of the
excitation force.
The bifurcation diagram of the relative velocity, v1v2 shown in Figure 5(b) is a projection of the Poincaré
map on the vertical axis. The calculations were run for
400 cycles of the excitation force. The first 100 cycles
were taken to be transient and not included so as to plot
the steady state of next 300 cycles.

Fig. 3. (Color online) A contour plot of P with respect to 
and ; The values obtained for=1, =2 and =1

As can be seen on Figure 3, the progression rate
reached values higher than 16.57 for [5, 10] and
[0, 0.3]. Our numerical data revealed that, P get peak
value P=17.571 at =8 and =0.025. Figure 3 depicts x2
as a function of the cubic stiffness, , for four different
levels of the damping factor,  to support this remark.

Fig. 4. A plot of P as a function of  for for four levels of ;
values obtained for=1, =2 and =1

As can be seen in Figure 4, the progression
rate is significant when β increases from 0 to 8. It
is worth to highlight that, the system is not able to
move (P=0) for β=0. However, the progression rate
trends down when β>8. In other words, the spring inside
the system must be a nonlinear spring in order to provide
a movable ability. Besides, the cubic term, , should be
chosen carefully to obtain the fastest progression rate. It
is also noted that there have three apexes of x2
appeared remarkably around β8 for small damping
values (ζ=0.025; ζ=0.05 and ζ=0.1). For higher values
of damping, such as ζ=0.35 as shown in the Figure,
changing β would not have significant effect on the
progression rate.
It is also observed from Figure 3 and Figure 4 that,
the system with smaller damping values would provide
higher progression rate. The next section presents some
primary results obtained from system analysis under the
effects of operational parameters.

Fig. 5. Bifurcation diagram of (a) the progression rate, P and
(b) relative velocity v1-v2 with respects to the force ratio, .
The results obtained for =1, =0.025 and =2.0

As can be seen, the highest progression rate
appeared when the mass motion has a period-one
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response. Besides, a peak of reverse movement (the
progress movement is opposite to the excitation force)

appeared where the relative motion is a period-two and
higher. Figure 6 depicts these phenomena.

(a)

(b)

Fig. 6. (Color online) Left hand-side sub-plots: Trajectories presented by gray lines on the phase plane (x1-x2, v1-v2) , where
Poincaré sections are marked by red dots; Right hand-side sub-plots: Time histories of the relative motion, x1-x2 (black dashed lines)
and of the system displacement, x2 (red solid lines). The calculations obtained for =8, =1, ω=2, =0.025 and (a) =1, (b) =3.75
In Figure 6(a), the relative motion of the inertial
mass is period-one, the system frame has a steady state
movement in forward direction. When the mass has
period-two response as shown in Figure 6(b), the system
progressed in backward direction.
The influence of excitation frequency on the system
progression is scrutinized by checking with the
bifurcation diagram with respect to [0.1, 5.1], as
shown in Figure 7.
In overall, for all the values of the investigated
excitation frequency, ω, the system always progresses in
forward direction, as the same as the direction of the
excited force. There appears one significant local
maximum of forward progression for ω=2. For ω[1,
2], increasing the excitation frequency would result in
raising up the progression rate. However, for ω>2,
increasing the excitation frequency would reduce the
progression rate. When the motion of the inertial mass
change from period-one to period-two motion at ω=3.1,
the progression rate increase slightly. There appears a
small peak of progression rate in the range of ω[3.1,
3.75] but much smaller than the peak at ω=2.

Fig. 7. Bifurcation diagram of (a) the progression rate, P, and
(b) relative velocity v1-v2 with respects to the excitation
frequency, ω. The results obtained for =1, =0.025 and α=1
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5. Conclusion

Reviews in Biomedical Engineering (2015), DOI:
10.1109/RBME.2015.2451031;

A new vibration-driven device which is able to drive
an autogenous mobile system in desired directions has
been developed. The most advantage of the new design
is that the system can move in desired direction without
impacts, thus can simplify the device structure.
Moreover, the desired direction of the system movement
can be obtained simply by applied an excitation force
with the same direction as the desired motion.
The heart of the new system is a Duffing oscillator
including a nonlinear spring with a cubic term of
stiffness. For the investigated range of the parameters,
our numerical study revealed that, the system can obtain
the highest progression rate for the set of following
parameters: cubic spring stiffness  =8, amplitude of the
excitation force =1 and the excitation frequency =2.
For this set of parameters, the system not only reaches
the highest progression rate, but also moves in the same
direction as the direction of applied force.
The mathematical model with dimensionless parameters
allows extending the results to both large- and microscale of different mobile systems. Further study should
be paid to the system response for wider ranges of both
design and operation parameters so as to optimize
system structure and enhance its working effectiveness.
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