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SUMMARY

As a fatigable part of industrial products, cable is a valuable research topic to predict the product
lifetime. Since the cable fatigue is related to the bending radius in motion, this paper presents a
cable motion capture and bending radius calculation method based on optical tracking system. In
particular, a marker sorting algorithm is developed for further spline interpolation in cable motion
tracking. The cable bending radius calculation precision is analysed as well. The Results show that
the proposed method can successfully track cable motion with an acceptable error for cable lifetime
prediction.
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1. Introduction
Cables are widely used in electrical or electronic devices, and they are fatigable parts which can
significantly affect the device life time. For example, industrial robots are usually attached with
cables, as shown in Fig. 1. The cable moving with robot will be twisted, bended, or suffered by
friction. So it is easy to be worn.

Thus it is a valuable research topic for cable fatigue life time prediction, because:

* it can decrease customer lost by alarming them in advance,
¢ it can save material of cable,
* it can provide guideline for a better cable layout design.

On the other hand, cables are very complex, since they are flexible, made of compound
material (such as copper, steel, aluminum, rubber, plastic and so on), with different section
shape (straight/twisted, naked/armored, single strand/multi strands). The materials properties and
mechanical properties vary violently between different types, and new cable products with new
structure emerge rapidly. So, it cannot be treated as simple flexible body. Furthermore, The S-N curve
(a graph of the magnitude of a cyclical stress S against the logarithmic scale of cycles to failure N,
which is a material property) shows that a little change of stress can cause a great change of life time.
For a moving cable attached on robot, the stress level is relatively low, its fatigue type belongs to
HCF (High Cycle Fatigue), and the lifetime is much more sensitive to stress level. A 30% error of
life time prediction maybe needs the stress error less than 3%. So to predict the lifetime precisely, the
stress value must be more precise.

Therefore, cable is a very complex and critical topic which attracts scholars in the world strives
for few decades from different points of view with different methods. Basic knowledge and theory
are summarized by Irvine,"? linear dynamic of cables are reviewed by Triantafyllou,>* nonlinear
modeling, analysis and phenomena are comprehensively addressed by Rega.>*°

Yuefang Wang developed a closed-form solution for inextensible, 2D, traveling, sagged cables
with nonlinear geometrical constraints and obtained dynamic configurations of inextensible cable.’
Lucia Faravelli, et al. explored the applicability of non-linear state observation to cable dynamics.®
Jens-Uwe Thalheim described a closed-loop and consistent methodology based on continuum
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Fig. 1. An arc welding cable package fixed on an industrial robot.

mechanics in order to describe the kinetic stability of spaciously oscillating cables in different
arrangements.’

Although it is not easy to model a cable mathematically, it is known that the material fatigue
lifetime is related to the cyclical stress and the stress is related to the cable bending radius directly.
The cable fatigue life time can be predicted with the stress history data according to accumulated
damage theory. So for a cable fixed on a repeatedly running robot, if the cable’s motion can be logged
then its bending radius can be calculated. As a result, it is possible to predict cable fatigue life time
with the existed accumulated damage theory.

Optical tracking systems are well known in gaming and movie industry to capture the human
motion. Some high speed commercial optical tracking systems can track dozens of dynamic markers.
But more low speed systems cannot theoretically, they can only log a lot of markers position with
no order. The optical tracking system in this paper is a low speed system, which advantage is cheap,
so the first problem for this paper is to track and sort markers for the interpolation process in cable
motion tracking.

This paper presents a cable motion tracking and analysis method with a low-cost optical tracking
system. In particular, a marker sorting algorithm is being developed and cable bending radius
measuring precision is analyzed.

2. Experimental Platform Setup

The experiment system for cable motion tracking mainly includes a flexible cable, a robot system,
a PC, an IPC, an optical tracking system, an Ethernet switch and some tailored mechanical parts
to support the cameras and the cable, as shown in Fig. 2. In this system, the robot is used to run a
preprogrammed path repeatedly. The cable with a lot of markers attached on it is placed in the center
of the cell. One end of the cable is fixed on a pole, while the other end is hold by the robot. The
optical tracking system is the OptiTrack system by NaturalPoint, whose Tracking Tools software is
used to track the motion of cable, log and send the coordinates data of those markers. Four cameras
are placed around the robot and the pole. The Ethernet switch is used to connect the PC and the robot
controller together to transfer data between them.

Figure 3 shows the block diagram of this system, where all the devices are interconnected through
an Ethernet switch. The IPC controls 4 cameras directly. The PC is used to control the IPC and the
robot controller.

Frame rate is a very important performance index for the optical tracking system. It must be
selected according to the moving speed of the being tracked object and the tracking accuracy. In this
paper, the industrial robot TCP (Tool Center Point) speed is assumed at S00mm/s. The speed of an
arbitrary point on the robot body could probably be two times of TCP speed (i.e. 1000mm/s). For a
tracking accuracy of 10mm, the required frame rate should be 1000(mm/s) / 10mm = 100frame/s.
So the lowest frame rate is 100fps.
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Fig. 2. Experimental setup in lab.
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Fig. 3. Block diagram of the experimental setup.

The cell space is determined by the total area of cameras view field and the robot motion range.
Before motion tracking experiment, the object to be tracked must be put in the common view field of
all cameras view field to make sure that the object can be seen by as many as possible cameras.

3. Cable Motion Tracking and Processing
Simplest test cases are designed firstly, because they are easy to measure and validate, Based on the
simplest cases, increase the complexity of the test step by step in the future. So the experiment is start
from low speed and linear waving motion of cable.

For the designed cases, the experiments are carried out according to the steps in below.

(1) Calibrate the optical tracking system with the calibration wand & the calibration square.

(2) Prepare markers: attach some markers on the flexible body and track its motion by an optical
tracking system.

(3) Run robot with preprogrammed path repeatedly.

(4) Record data when cable moving.

(5) Preprocess data: sort the 3D coordinates data of markers according to their space relationship.

(6) Calculate bending radius/curvature: calculate the bending curvature of the flexible body.
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Fig. 4. The distance variation between two markers.

3.1. Marker preparation and data acquisition
In this step, the 3D coordinate data of those markers were acquired through optical tracking system.
But before that, some preparation needs to be done. The requirement to place markers is as follows:

Put some marker(s) in the view field, it can be one static marker, or a trackable (defined by at least
3 markers with fixed space relationship, usually these markers are locate on a rigid body), which can
be easily identified.

Put some more markers on the flexible body, the distance between these markers is known or fixed.
Record their distance between each other, these conditions will be used in the later sorting algorithm.

After prepare according the above settings, then use the optical tracking system to tracking the
movement of the flexible body and acquire the 3D coordinate data of all the markers on the cable.
The data will be recorded as data file or broadcast through Ethernet.

In this paper, about 10 markers were attached on the cable (distributed evenly or with known
distance) when using the optical tracking system to capture the cable’s movement. The markers’ 3D
positions were captured with infrared camera and their positions are extracted by the optical tracking
system. These 3D coordinates are recorded in a .csv (comma separated value) file.

3.2. Marker sorting algorithm and cable curve interpolation

The optical tracking system treats these markers as ideal space points with only position information.
The optical tracking system can get the 3D coordinates of all the markers from one single frame,
but the problem is it cannot log the coordinates of these markers with the same sequence, or identify
them with a unique ID between different frames because of the low frame rate of the system. The
coordinate data of these markers are only recorded in a line one by one.

So the first reason of preprocess is the sequence of these markers among lines is different. Before
analysis the cable motion, i.e., the time sequence of these markers position, these markers must be
identified or sorted. The second reason is that the optical tracking system can always make some wrong
detections: (1) Missed markers. Some marker maybe hidden when the cable moved to somewhere or
twisted, this can cause missing markers in the logged data file. (2) Fake markers. Some material in
the view field can reflect infrared light, which will cause fake markers being logged by the optical
tracking system.

The goal of preprocess is to find correct coordinates of each marker along the cable between two
adjacent frames from the logged data file, which includes removing fake markers and sorting markers.

This work is done on VS2010 platform with C# language. The data preprocess can be separated
into two cases, one is the case include only markers, another is include one or more trackables defined.

For the first case, the data format is simple, a marker is fixed in space for the purpose of positioning
the cable, based on this marker, and then the other markers can be got in sequence according to their
known distance. Figure 4 illustrates the marker distance change. Suppose two markers A and B on
the flexible body, their original distance is D. When the flexible body moving, the distance between
them will change, marker B will locate in a cirque area ijzl around A. el is the distance increment
caused by stretching, which related to the force applied to it, its value can be calculated according
to hook’s law and the cables equivalent elasticity. e2 is distance decrement caused by bending and
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twisting, it can be estimated by the moving speed and the equivalent material elasticity of the flexible
body.
The algorithm to sort markers is described as below:

(1) Scan the data file (only several lines at the beginning of the data file, e.g., 10 lines), parse the
data into 3D points and find the static marker.

(2) Rescan the data file from the beginning. For one valid data line, find the adjacent point to the
static marker according to the predefined distance of each marker and consider its distance
change. Find the markers one by one and output their 3D coordinates to a new file.

For the second case, the data format is a little bit complex. The algorithm is described as below.

(1) Scan the data file (several lines in the beginning), find the markers on the defined trackable (the
rigidbody defined with several markers)

(2) Exclude the markers on trackable from the data line of markers

(3) Find the CoG(center of gravity) of the trackable

(4) Use the CoG as base, use the above algorithm without trackable to find marker one by one in the
same line and output to a new file.

Since there are limited optical markers on the testing cable, data interpolation is required to
reproduce a smooth cable with denser point positions. Least square method is the best choice to
fit a curve, but its problem is it needs to know the function or curve type before fitting. In this
paper, a general way is needed to fit the cable without known the cable’s shape function. So the
spline interpolation is chosen in this paper. Cubic spline interpolation is widely used in engineering
applications, because of its continuous second derivation. The Cartesian cable data can be considered
as the function of the marker position along the cable length s as

X = fx(s)

y = fy(s)

z = fx(s) (1)
For discrete markers s = 0, D, 2D, ..., (k—1)D, where k represents the number of markers. Via

spline interpolation, piecewise cubic polynomial functions f,(s), f,(y), f;(s) with respect to cable
length s can be obtained.
Consequently, the curvature can be calculated as

C = [(Z//y/ _ y//Z/)Z + (XNZ/ _ Z//x/)z + (y//x/ _ x//y/)2]0.5/(x/2 + y/2 + Z/2)1_5 (2)

Where the prime denotes differentiation with respect to cable length s. The bending radius is the
reciprocal of the curvature.

Detecting bending radius of the cable can be useful for further analysis on cable life time because
internal stress value of a cable can be deduced from the bending.

Figure 5 is the result of preprocess: (a) shows the interpolated cable curve in a specified time
before sorting, (b) is the curve after sorting according to the above algorithm, (c) shows the calculated
curvature along the cable length.

4. Error Analysis
The presented cable motion tracking and its bending radius calculation are based on the spline
interpolation, which can be general for adapting random cable poses during robot motion. However,
the interpolated cable curve is not exactly the real cable curve, so there must be an error of the
calculated bending radius. In addition, the optical tracking system itself can also introduce error.

In order to analyze the error of the proposed cable tracking and bend radius calculation, two typical
planar curves have been studied:
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Fig. 5. The marker sorting result of a cable tracking: (a) Before sorting markers; (b) After sorting markers; (c)
The calculated curvature.

— A circle, which can be presented as

X2yi=r 3)

— A catenary, which can be presented as

y = acosh(x/a) @)
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(b)

Fig. 6. Typical curve tracking test for error analysis: () a circle with 8 markers; (b) a catenary with 12 markers.

In particular, the catenary is usually known as a description equation for a hanging cable.'” As
illustrated in Fig. 6, a circle with r = 0.4m and a catenary with a = 0.5m have been setup in lab.
Therefore, the ideal bending radius of the circle is a constant with Rgjce = 1, while the ideal bending
radius of the catenary can be calculated as

2
Rcatenary =a+(s—L/2) fa )

Where L is the total cable length, which is 2m for the catenary in the lab setup.

By picking the passing points (X;,y;),i=1, 2, ...k, along the ideal curve with the same number as
the markers, the spline interpolation and bending radius can be proceeded. Thus, the bending radius
error caused purely by spline interpolation can be obtained as shown in Figs. 7 and 8.

In particular, as shown in Fig. 7(a), the bending radius of the interpolated circle waves around the
ideal radius along the curve length. As shown in Fig. 7(b), the maximum error is around 15%, which
appears on the ends of the curve.

As shown in Fig. 8(a), the bending radius of the interpolated catenary fits the ideal radius along
the curve length, except the two ends area. As shown in Fig. 8(b), the maximum error is around
10%. In fact, the radius error of interpolation curve can be reduced by increasing the interpolation
points.

The bending radius error results with position data from the proposed tracking method are shown
in Figs. 9 and 10. In general, the tracked radius has a similar behaves as the pure interpolation radius.
As shown in Fig. 9(a), the tracked circle radius waves around the ideal radius. As shown in Fig. 10(a),
the tracked catenary radius fits well in the middle part of the curve.

As shown in Figs. 9(b), and 10(b), the maximum tracking error is much bigger than the pure
interpolation error. It is mainly caused by the marker placing and optical tracking system.
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Fig. 7. Bending radius error between ideal circle and interpolated circle: (a) bending radius; (b) error percentage.

5. Future Work & Discussions

In the future, this result can be used to validate and to calibrate the computer simulation result.
Furthermore, the final goal is to predict cable fatigue life time by only simulation without hardware
test bench. This would speed up the cable lifetime estimation greatly. It can save time for cable life

time estimation from one year to hours.
In details, the future work includes:

* Simulate cable motion in computer with physics engine.

e Calibrate the computer simulation result with this result.
¢ Adjust physics engine model according to the comparison result.
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Fig. 8. Bending radius error between ideal catenary and interpolated catenary: (a) bending radius; (b) error
percentage.

e Iteratively do compare and optimize the physics engine model to find the optimal result that a
physics engine can reach.

¢ According to the precision of the physics engine simulation can reach, gives a clear evaluation
result. Discuss whether the result is feasible to be calibrate/revise, whether is it possible to be used
to predict cable fatigue life time.

e If the result of simulation is feasible to be calibrated, log the data history, and calculate the internal
stress, estimate the lifetime according to the accumulated damage theory.

After cable motion is captured and fitted, it can be used to calibrate the computer simulation result.

The error of cable motion captured by optical tracking system and computer simulation as illustrated
in Fig. 11.
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Fig. 9. Bending radius error between ideal circle and tracked circle: (a) bending radius; (b) error percentage.

The error function can be defined as:

o Sl J2y Geals, 1) = xa(s, 1)) dsdt
B LxT

(6)

Where, L is the length of the cable, T is the total running time. s is the position in the cable. x;(s, ¢)
and x,(s, ) is two results from RS simulation, tracking system (or analytical equation)separately.

To improve the motion capturing accuracy of a moving cable, a high speed optical tracking system
is needed.
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Fig. 10. Bending radius error between ideal catenary and tracked catenary: (a) bending radius; (b) error
percentage.

Fig. 11. Ilustration of Cable motion error.
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6. Conclusion

In this paper, the optical tracking system is used in cable motion tracking, the cable motion data
is acquired and a preprocessing algorithm of sorting markers is developed to find correct sequence
of markers among sequence frames. Based on the preprocessing algorithm, a cable bending radius
measurement method is presented. This work provides the base for further research in cable lifetime
prediction.
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