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Abstract—We present design, fabrication, and characterization of
asmall (12 mm x 12 mm x 8 mm) movable railway vehicle for sensor
carrying. The miniature railway vehicle (MRV) was mainly composed
of a vibrational structure and three legs. A railway was designed and
fabricated to power and guide the MRV. It also transmits the sensed
data from the MRV to the signal processing unit. The MRV with legs
on the railway was moving due to its high-frequency vibration. A
model was derived to describe the motion. Besides, FEM simulations
were performed to design the legs. Then, the MRV and the railway
were fabricated by precision machining. Finally, an infrared sensor
was carried and tested. The result shows that the MRV without loading
was moving along the railway and its maximum speed was 12.2 mm/s.
Moreover, the testing signal was sensed by the MRV.
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. INTRODUCTION

HE sensor-carrying robots are usually designed to sense
signals in environments that people are hard or impossible
to reach. In different applications, the sensor-carrying robots
require different vehicles to carry sensors. For example, in
pipelines, several available vehicles with different locomotive
mechanisms were developed to provide mobility to in-pipe
robots [1]-[4]. When the robots travel on uneven, slippery and
flexible environment, the vehicle might be designed as an
earthworm [5]. Under water, lots of efforts have been made in
developing underwater vehicles to overcome challenging
engineering problems caused by the underwater environment
[6]. To extend the range of applications, e.g. to collect
environmental information from a small close space, the size
reduction of the sensor-carrying robots is an important issue.
To reduce their size, the vehicle size also has to be reduced.
The small existing micro vehicles have dimensions on the
order of tens of micrometers [7], hundreds of micrometers [8],
millimeters [9] or centimeters [10]. The vehicles with
dimensions on the order of tens or hundreds of micrometers
usually require peripherals to be powered, steered, monitored
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and controlled. Hence, the sensor-carrying is hard to achieve
and unnecessary. Besides, the moving area of these micro
vehicles is also limited by the peripherals. Rather than
sensor-carrying vehicles, they are more suitable to be used for
micro-assembly. The vehicles with dimensions on the order of
centimeters are convenient to carry sensors. However, their size
limits their applications to larger spaces where they can access.
For example, it is not easy to make such vehicles patrol in a
notebook computer. Carrying a sensor to move in a small close
space, such as in the inner space of a precision instrument, the
vehicles with dimensions on the order of millimeters are most
appropriate.

To reduce the vehicle size down to between a cubic
centimeter and a cubic millimeter, several modules (energy,
communication, onboard electronic, sensor and actuator)
should be considered simultaneously. It is complicated to do so.
For simplicity, a new remote sensing method through railways
was proposed. Only sensor was carried by the micro vehicle.
Other modules were unloaded and were integrated with the
sensor-carrying vehicle through the railway. The railway takes
charge of the transmission of sensed data and electric power.

Based on this new concept, the micro railway vehicle should
be designed to receive the electric power and send the sensed
data efficiently. Between the vehicle and the railway, rolling
and sliding contacts are adequate to fulfill the foregoing
requirement. Rolling contact, which is typically achieved by
wheels, electromagnetic motors and power transmission
mechanisms, makes the vehicle size easily exceeding a cubic
centimeter. Sliding contact achieved by inertial drives, walking
mechanisms, inch-worm or actuators with asymmetrical
friction forces [11] is more promising for the micro vehicle to
fit the size requirement. Among these sliding mechanisms,
inertial drives (stick-slip) are used as a study case [12].

Il. PRINCIPLE AND DESIGN

A. Stick-Slip

Stick-slip means the phenomenon of a sudden pulling motion
that happens when an object is sliding over another. The
phenomenon is generated by the continuous switching between
these objects sticking to and sliding over each other. This
switching corresponds to various friction forces between the
contacting surfaces. Normally, the Kinetic friction force
between two surfaces is smaller than the static friction force. If
an applied force suddenly overcomes the static friction force,
the friction force suddenly becomes the kinetic friction and
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cause a sudden increase in the relative velocity between the two
objects.

B. Design

The miniature railway vehicle (MRV) mainly contains the
vibrational structure, the forelegs, and the hind leg, as shown in
Fig. 1 The vibrational structure, made of a bilayer of
piezoceramic and brass, can be excited to vibrate due to the
bimorph effect. The folded legs, made of brass, were designed
to experience the vibration and continuously push the vehicle
forward. Besides, they contact the railway for electrical
connection. The railway contained three copper strips and short
guiding walls, as shown in Fig. 2. When the vehicle is on the
railway, each leg contacts the different copper strip.
Hypothetically, applying the sinusoidal voltage on the middle
strip and grounding the outside strips, the vibrational structure
vibrates. Then, the legs vibrate and the vehicle moves forward.

N

Piezoceramic /
brass bilayer

Front view Side view
<2 fo —\ "
Vibrational Brass plate
structure
Foreleg \ Hind legs piezocera
. late .
3D view P Bottom view

Fig. 1 Design of the MRV
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Fig. 2 Design of the railway

C. Operation Stage

Two operation stages, sticking- and slipping-stages, are
determined. The vibrational structure with mass of m is
supported and led by three deformable legs, as shown in Fig. 3.
In the sticking-stage, the inertia mass m moves downwards and
the friction force increases. The static friction force is large
enough to keep the MRV sticks to the railway at a certain point.
Subsequently, the inertia mass bounces backwards and the

friction force decreases in the slipping-stage. At the same time,
the MRV slides along the railway because the restoring of the
legs provides a kinetic energy forward. Alternating these two
stages makes the MRV move forward.
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Fig. 3 Operation of the MRV

D. Modeling

For simplicity, the MRV was modeled as a vibrating mass m
supported by one leg and confined between two brackets
without mass, as shown in Fig. 4. The leg was simplified into
tilted linear spring with the spring constant of k.. The tilt angle
between the rail and the leg is . Only the contacting surface
between the rail and the leg experienced the friction force.
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Fig. 4 Modeling of the MRV

TABLE|

PARAMETERS USED IN THE SIMULATION

Parameter Value Unit
I 5 mm
l, 5 mm
I3 2 mm
o 12 mm
r 9 mm
& 57 degree
& 107 degree

87 degree

Thickness of brass plate 70 pum
Thickness of piezoceramic plate 120 um
Thickness of leg 100 pm

E. Simulation

The leg was simulated by using COMSOL Multiphysics to
numerically predict the stiffness of the spring, as shown in Fig.
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5. The parameters used in simulation were shown in Table I.
Then, the values of the parameters shown in Fig. 4 were
determined as k_ = 336.2 N/m and 8= 74°.

Fig. 5 The FEM model of the MRV.

I11. FABRICATION AND EXPERIMENT

A. Fabrication

The MRV was fabricated using a precision machining
process. First, a commercial piezoceramic element with
resonant frequency of 9.2 kHz was used as the vibrational
structure. Second, the 2D pattern of the leg was defined by
CNC machining. Then, the 3D shape of the leg was formed by
precision bending. Finally, the MRV was assembled by
welding under the assist of an assembly jig, as shown in Fig.
6(a). Fig. 6(b) shows the manufactured vehicle.

%”

@

(b)
Fig. 6 (a) Assembly and (b) the prototype of the MRV

The railway was also fabricated using a precision machining
process. First, three copper strips were cut by CNC machining.
Second, an acrylic block was used as the base, as shown in Fig.
2. Four slots were cut on the block surface by laser machining.
Then, four short walls made of PMMA were inserted into the
slots for guiding and isolating the individual legs of the MRV.
Finally, the copper strips were respectively adhered between
each pair of short walls. Fig. 7 shows the manufactured railway
with electrical connections.

Fig. 7 The manufactured railway

B. Experiment

To characterize the dynamic behavior, the MRV was put on
the railway with each leg contacting different strip. The
sinusoidal voltages with different frequencies were applied to
the middle strip. The outside two strips were grounded. Then,
the speed was measured using a CCD camera. The mation of
the MRV is shown in Fig. 8.
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Fig. 8 The snapshots of the captured video® showing the continuously
vibration-induced motion of the MRV at (a) time = 0 second, and (b)
time = 2 second

The described experiment was repeated to test the dynamic
behavior of the MRV with loading. The loadings attached on
the upper surface of the MRV were made of paper pieces. Each
piece of paper was 160 mg in mass. Up to 1.28 g was tested and
measured.

Infrared
emitter

Infrared
receiver
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Fig. 9 Experiment setup for testing the sensing ability of the MRV

The sensing ability was determined by utilizing a pair of
infrared emitter and receiver, as shown in Fig. 9. The infrared

! The video can be found at http://tw.youtube.com/watch?v=XLItGVFOfZ8
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receiver was mounted on the top surface of the MRV. The
infrared emitter was placed above the railway. If the receiver is
brought by the MRV to the position under the emitter, and the
infrared light is detected by the receiver, then the sensing
ability can be proved.

IV. RESULTS AND DISCUSSIONS

A. Dynamic Behavior of MRV without Loading

The maximum speed of the MRV without loading was
measured as 12.2 mm/s in the driving frequency of 200 kHz, as
shown in Fig. 10. It was not obtained at the resonant frequency
of the piezoceramic element (i.e. 9.2 kHz). This might be
partially due to the resonant frequency of the MRV is not equal
to 9.2 kHz and partially due to the higher driving frequency
leads to much more moving steps in one second. However, the
speed decreases as the driving frequency exceeds 200 kHz.
This implies the very small vibrational amplitude results in the
distance of each step drops quickly.
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Fig. 10 Characterization of the MRV: the velocity versus the driving
frequency
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Fig. 11 Characterization of the MRV: the velocity versus the loading

B. Dynamic Behavior of MRV with Loading

The MRV with different loading were tested in the driving
frequency of 200 kHz. As shown in Fig. 11, the result shows
the MRV can carry 1.28 g of mass. It demonstrates the MRV
can be used for sensor carrying with mass less than 1.28 g.

C. Sensing Ability

Fig. 12 shows the sensing ability of the MRV. The readout
voltage was zero volts as the infrared emitter was located above
the infrared receiver mounted on the MRV. The readout
voltage was about 2.7 volts as the emitter was removed.

Infrared emitterIOFF

Infrared emitter ON

Fig. 12 Sensing ability of the MRV

V. CONCLUSION

In this paper, the MRV for sensor carrying was designed,
fabricated, and characterized. The railway was designed to
transmit driving and sensed signals for eliminating bulky
modules for power and communication. The stick-slip
mechanism was adopted to move the MRV. Based on analysis
and design, the MRV and the railway were fabricated and
tested. The maximum speed of the MRV without loading is
12.2 mm/s. The MRV can carry 1.28 g of mass. The MRV can
be used for sensor carrying and can transport the sensors to
wherever the railway was laid.
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