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Abstract. The article presents the methodology of body vibration analysis of an inspection robot
with the use of flexible connection between the body and the track propulsion modules. The article
presents the methodology of selection of motion parameters of an inspection robot, taking into
account the vibration of the robot body. The speed of movement of the robot affects the frequency
of contact track claws with the ground, which is related to the frequency of vibration excitation.
Robot motion parameters are chosen in such a way so as not to over-stimulate the natural
frequency of the system. Due to the vibration reduction, it was possible to install a visual system
based on an Ethernet video camera without a stabilizer in the body of the robot. Such an approach
enables mass production of robots without active suppression systems and video stabilizers which
generate high production costs, increase weight of robots and energy consumption.

Keywords: crawler robot, vibration analysis, MES analysis, traction analysis.
1. Introduction

Design and production of mobile tracked robots and their working parameters analysis has
been the subject of many publications [1-6] and research conducted in many companies. The
robots built today replace people during dangerous tasks or they are used in places where people
cannot work. Robots are used in places with limited access which need inspection of the conditions
there. The development of inspection robotics results in the increased use of such solutions in the
military and emergency services.

The key feature of such robots are vision systems which enable inspection of unknown
environments [5, 7-13]. Vibration reduction and robot’s video cameras with image stabilization
feature are crucial to provide the operator with high quality vision.

The article [1] describes a robot with so called active flippers, which increase the grip on
uneven surfaces. Operating them manually is difficult, especially when the video camera vision is
limited. The authors of the article have designed an autonomous system based on an independent
driver which uses a 3-dimensional terrain scanner to collect information.

In the article [2] the authors focus on vibrations, noises and impacts which play an important
role in mechanical systems, especially in transport technology. They reduce the effectiveness,
safety and comfort of the transport process. Flow-induced vibrations may cause a malfunction of
fragile devices and people’s discomfort or they may result in damaging buildings and
infrastructure. In diagnostic systems, vibration signals can be used as a source of information on
the condition of propulsion system. Modal analysis of the vehicle body is crucial for the safety,
comfort and stability of driving.

In the article [5] the authors describe a new image stabilization system which provides easier
control of emergency robots. As the orientation of robots changes quickly when they move around
debris, image stabilization is necessary to let the operators focus on finding the victims. The
authors carried out experiments to test the video camera system and the results confirmed its
efficacy. In the article [7] the authors present an advanced mobile robot image stabilization system
which uses an extended Kalman filter. Camera vibrations caused by uneven surfaces, stairs or
muddy terrain lower the quality of vision. The measurement of the robot’s video camera vibration
phase was used to actively compensate for the vibration. The results showed the efficacy of the
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solution. In the article [11] the authors describe the measurement of the video camera vibration
taken with the use of a gyroscope sensor and advanced analysis affecting the quality of the image.
In the article [12] the problem of an increasing number of pixels in modern camera matrices and
their vulnerability to vibration induced blurring was described. Also, the methodology of tri-axis
video camera vibration measurement with result assessment and image stabilization was
presented. Dynamical system vibration reduction has been the subject of many research
projects [14-16].

The article will present the analysis of the vibration of inspection crawler robot visual system.
The conclusion after analyzing the literature on the subject is as follows: at the stage of the design
of devices with vision systems, proper suspension systems are not used to achieve passive
vibration reduction, nor are the optimum parameters of movement looked for. Instead, additional
active vibration reduction or video camera stabilization systems are installed in the robots. The
systems are expensive, increase the weight of robots and their energy consumption.

The module robot [17, 18] Fig. 1 is able to monitor and analyse the technical condition of flat
surfaces, ventilation ducts and pipes, both “dry” and filled with liquids. The usefulness of the robot
was confirmed by the good results of the tests carried out in Krakow Waterworks.

b) Picture of the prot;)type .
Fig. 1. Crawler inspection robot

: . A\ *
a) CAD model of the camera location b) Picture of the camera
in the body of the robot and its control electronics

Fig. 2. Robot’s vision system

The vision system used in the robot (Fig. 2) is based on an Ethernet video camera AV2100. It
is a 2 megapixel colour camera with 1600x1200 maximum resolution. The video camera is the
base sensor system of the robot and it provides the operator with high quality vision.

The video camera does not have an image stabilization system. Strong vibration prevents the
operator of the robot from seeing the image. That is why the analysis of the robot’s vibrations was
necessary. The movement parameters of the robot also had to be designed to meet the desired
conditions.

The aim of the research presented in this article was to verify how the track suspension works,
to assess vibration isolation features and to find parameters of motion, which do not cause
unacceptable vibrations of the robot’s body. The research was done on the test rig with the use of
a vibration inductor to simulate the robot’s contact with the ground during movement. Next,
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traction analysis was carried out and the robot’s vibration during field tests was measured.
2. The analysis of the robot motion

Two track modules were used as a propulsion system in the robot [17-20]. Continuous track is
a mechanism that enables vehicles to operate in rough terrain. Vehicles with the mechanism are
able to negotiate difficult terrain obstacles and they are less likely to get stuck or skid. Tracks
extend the contact area between the vehicle and the ground and let the vehicle go up slopes with
a steep gradient.

The amount of vibration of the robot’s body and the video camera depends on the suspension
Fig. 3 which connects the body and tracks. The suspension was designed to achieve the maximum
reduction of the vibration transmission from the tracks to the body.

Fig. 3. CAD model of the track suspension

One of the features of tracked robots, as opposed to wheeled robots, swimming robots and
flying robots, is relatively low movement fluency. The reason for that are sudden jerks and skids
that happen when a claw gets into the ground and then leaves it [17], which in turn causes strong
vibrations of the robot’s body. Another factor influencing the dynamics of tracked robots is the
changing number of claws being in contact with the ground Fig. 4, which changes the stiffness of
the construction in time.
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Fig. 4. Track claws consecutively getting in contact with the ground

The aforementioned jerks activate the resonant frequencies of the system and therefore it is
expected that in real-life situation, during robot’s movement, the track-to-body vibration
transmission rate will be much higher than 1.

The pressure of the claw on the ground (average 4.2 N) and the tension caused by the contact
with the ground Fig. 5 were assessed according to the numerical analysis of the model’s movement
with the use of FEM. The reduced tensions presented in Fig. 5 are also called Huber’s tensions or
Huber-Mises’ tensions. The presentation is very often used to show the objective indicator of
material stress in the state of multi-axis tension, i.e. if the material is not exposed to simple bending
or stretching.

FEM simulation was done in the simulation module of SolidWorks software. Chosen fixing
and weight were in accordance with the project of the robot. The results of the analysis were the
pressure forces of the claw on the ground, the graphic presentation of the normal tensions
according to Mises and dislocation of claws.
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Fig. 5. Tension in the claws of the robot during movement

The robot’s track propulsion modules are equipped with direct-current motors with permanent
magnets and with planetary gears with 1:71 reduction ratio. It results in the fact that for the
maximum PWM generated by the motor’s controller the speed is 0.15 m/s and this is the maximum
possible speed of the robot. The influence of the robot’s speed on the natural frequencies
stimulation is as follows. Crawler robot vibration during movement is caused mainly by the
interaction between the claw and the ground [17]. The frequency of the interaction depends on the
speed of the robot. The speed v is between 0-0.15 m/s. The distance between the claws is
! = 0.019 m. Thus, the relation between the speed of the robot and the frequency f of the claw’s
contact with the ground is: f = v/l. Therefore, the range of the claw-to-ground interaction force
frequency is approximately 0-7.9 Hz. The information on the amplitude and frequency was used
in dynamics research, during which the influence of the force caused by the claw hitting the ground
on the body vibration and quality of the image from the video camera in the robot’s body were
analyzed.

3. Dynamical test on the test rig

The first stage of the experimental research was to determine the natural frequency of the robot.
For this purpose the robot was excited in quasi-unbounded conditions by means of pulse excitation
and the robot’s oscillations were measured with an accelerometer. According to the theory of
mechanical oscillations the pulse excitation induces the oscillations with the natural frequency of
the system. For that reason, the acceleration signal underwent the analysis in frequency domain
with the application of Fourier transformation. Fig. 6 shows the acceleration signal spectrum.
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Fig. 6. Acceleration signal spectrum

It is known that any real-world system has many natural frequencies, however some of them
are more important than others in the sense that the oscillations occurring with given natural
frequencies are bigger than in the other resonance zones. In case of the tested robot two natural
frequencies are important, that is f,,; = 1.41 Hz, and f,,, = 5 Hz, where the oscillation amplitudes
are the largest. In this way, the resonance frequencies of the system were determined, that is the
natural frequencies.

Next, the analysis of the robot’s oscillation was conducted on a testbed, which aimed to
investigate the performance of the system with the input induced by the track claws coming into
contact with the surface. The robot was placed on a stable surface and a force generated by a Mini
SmartShaker K2007EO1 vibration inductor was put to the claw on one of the tracks. The
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parameters of the force were measured with the use of a 6082-D PCB Piezotronic impedance head.
The amplitude of the force was about 4.2 N and the frequency of the force was changed in the
range of 0.01-7.9 Hz.

Moreover, on the track and the body, tri-axis acceleration sensors were installed to assess the
vibration of these elements. During the analysis of the vibration of the system, vibroisolation rate
u for tri-axis vibration state was used. The vibroisolation rate was expressed as the body
displacement effective value to the track displacement effective value:

2 2 2
_ ‘/xbRMS + Yorms T Zbrums

2 2 2
\/ Xipms t Yirms t Zirus

) Q)

where Xprms, Vorms> Zorms are RMS of the components of the body displacement xy,, v, zp
assessed in relation to the axis of the reference system of the sensor on the robot’s body, X:zus,
Virms» Zermus are RMS of the components of the track displacement x;, y;, z; assessed in relation
to the axis of the reference system of the sensor on the robot’s track. The effective values of the
displacement were calculated with the use of the RMS function in time window
1 s. The use of the RMS values of displacements decreases the influence of “peaks” of the
temporary vibration values, so the rate is more stable and easier to analyse. The vibroisolation rate
u is presented in Fig. 7. The conclusion is that for the low force frequencies, the rate u > 1, i.e.
body vibration is higher than track vibration. It is related to the fact that the first resonance zone
is in the frequency range of 1.3-1.9 Hz and it is connected with the first natural frequency of the
robot f,; = 1.41 Hz, which was determined experimentally. It is well known that in the resonance
zones related to low frequencies, in case of low suppression, displacements may be relatively high.
At the next stage of the experiment, for the force frequency higher than 2 Hz, the rate u < 1. The
next increase of the rate u can be noticed with the frequency f,,, = 5 Hz, which is connected with
the second natural frequency stimulation.

Frequency of excitation [Hz]

Fig. 7. The robot’s body vibroisolation rate

4. Analysis of robot traction

Traction analysis based on an experimental study was the next step. It was carried out in the
possibly most difficult conditions in terms of vibration, i.e. on hard and adhesive surface. In such
conditions track vibration caused by the claws hitting the ground is the highest because of the low
suppression of the surface. A series of eight experiments was conducted in which the robot moved
straight at the constant speed in the range of 0.05-0.15 m/s. The speed range corresponds to the
frequencies beyond the first zone of resonance. The speeds of the robot and the related force
frequencies caused by the claws coming into contact with the ground are presented in Table 1.
Due to the limitations of the robot’s purpose-built control software in terms of the choice of speed,
eight chosen speeds of the motion of the robot were utilised in the tests. Choosing intermediate
speeds would require modifying the control software. The vibrations were measured with the use
of five tri-axis acceleration sensors located as follows: one sensor was installed on the body of the
robot and the rest of them, in pairs, were installed on the track propulsion modules Fig. 8.
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During the system vibration analysis, spectral analysis and the vibroisolation rate u’ were used
once again. The u’ was defined as follows:

2 2 2
W= \/xbRMs + Yirms T Zbrms

2 2 2 (2)
xg_ave_RMS + yg_ave_RMS + Zg_ave_RMS

where Xprums, Yorms» Zorms are RMS of the components of the body displacement xy,, y;,, zp
assessed in relation to the axis of the reference system of the sensor on the robot’s body, X;4perms»
Ytaverms > Ztaverms ar¢ RMS of the components of the track displacement x; ., Vi ,.» Z
assessed as the average displacement of the four sensors in the given directions:

( 124

X = - Xti»

I t_ave 4 i1 ti
1 4

Yt ave = Z Yti» 3

i=1
1 4
Zt_ave = iy Zti,
=1

where x;;, Vi, Z;; are the components of the track displacement assessed in relation to the axis of
the reference system of the sensor on the robot’s body. Because of the fact that the speed of the
robot during traction analysis had constant values (see: Table 1), the force frequency was also
constant. Thus, the vibroisolation rate u’' fluctuated around the same value during each
experiment. The values of ' for given speed values are presented in Table 1 and Fig. 10(a). It
turns out that in every case u’ > 1. The main factor influencing u’ value is the vibration related to
the robot’s movement, i.e. longitudal oscillation. The oscillation of the body is caused by shaking
tracks but tracks vibration itself is lower because of the highly adhesive surface.

tave

Fig. 8. The location of the acceleration sensors on the robot during traction analysis

On the basis of the measured acceleration, the velocity of the body vibration was determined,
and then a Fourier transform was performed in order to represent the signal in the frequency
domain. To improve the quality of frequency analysis FlatTop window was used, and to transform
the FFT function with the length of 2° was applied. ZoomFFT option was used, which allows for
more accurate calculation in the selected low frequency range. The results are shown in Fig. 9,
which contains amplitude-frequency characteristics of the vibration velocity of the body in the x,
y and z directions. Due to the large number of charts, the characteristics for successive movement
speeds have been grouped together and can be distinguished on the basis of the colour shown in
the chart legend.

The frequency and amplitude of the main components of vibration velocity signals depend on
the speed of the robot. The analysis of the charts shows that most of the vibration energy is
concentrated at the frequencies of up to 20 Hz for vibrations in the x direction. The vibration in
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the other directions is several times smaller. To quantitatively evaluate the vibration in each
direction in the band of 0-20 Hz, features in the frequency domain were defined:

( —
maXf,velx - 0Hz<f<20H (vxb(f))

| Ma%r ety = 0HZ<f<20 HZ(be(f)) 4

MaXf ye ; = 0HZ<f<20H Wz (f)),
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0HZ<f<20Hz @y (1)), (5)
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Fig. 9. Amplitude-frequency characteristics of the vibration velocity of the robot’s body
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These are the maximum and root mean square in the band of 0-20 Hz, where v, (f), vy, (f),
v, (f) are vibration velocity of the body in x, y and z directions represented in the frequency
domain. The values of these features, for each speed, are presented in the Table 1. and shown in
Fig. 10(b) and Fig. 10(c).

From the analysis of the data presented in the Table 1 and Fig. 10 it follows that the greatest
vibration occurs for the speeds of 0.09 m/s and 0.105 m/s, which cause the stimulation of the
second natural frequency of the system.
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Fig. 10. Graphical presentation of the values of vibration parameters for given motion speed values

Table 1. The values of vibration parameters for given movement speed values

Experiment No. 1 2 3 4 5 6 7 8
Robot’s speed, m/s | 0.05 0.06 0.08 0.09 0.105 0.12 0.135 0.15

Frequency, Hz 2362 | 3.158 | 4.210 | 4.737 | 5.526 | 6.316 | 7.105 | 7.895
u' 1.9210 | 2.1364 | 2.3298 | 2.3981 | 2.4977 | 2.2194 | 2.0116 | 1.8398
MAXf yel x 0.0017 | 0.0030 | 0.0051 | 0.0091 | 0.0114 | 0.0052 | 0.0073 | 0.0051
MAXf pel y 0.0005 | 0.0007 | 0.0012 | 0.0025 | 0.0025 | 0.0029 | 0.0024 | 0.0027
MAXf vel 2 0.0001 | 0.0003 | 0.0004 | 0.0004 | 0.0012 | 0.0008 | 0.0009 | 0.0009
TMSf yel x 0.0003 | 0.0005 | 0.0009 | 0.0012 | 0.0013 | 0.0011 | 0.0011 | 0.0010
TMSf vel y 0.0001 | 0.0002 | 0.0003 | 0.0004 | 0.0004 | 0.0005 | 0.0004 | 0.0004
TMSF yel 7 0.0000 | 0.0000 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0002 | 0.0001

5. Conclusions

The article presented the verification research of the crawler inspection robot, which focused
on the influence of the robot motion on the vibration of the robot’s body with a camera. The robot
can move at any speed with a range of 0.05-0.15 m/s without affecting the safety of the system.
However, it has an impact on the quality of the image from the camera. Therefore, in the inspection
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mode the crawler robot cannot move with the 0.09-0.105 m/s speed range. The suspension
vibroisolation rate was also assessed and it oscillates, in real-life conditions, between 1.8398 and
2.4977, as it depends on the speed of the robot’s movement.
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