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ADVANCE PER REVOLUTION CONTROL SYSTEM FOR CABLE PEELING
ROBOT

Abstract

by

LUCAS GABRIEL DUBOIS CAMACHO

This graduation project presents the design process of a device for detecting a 240 mm² XLPE type

medium voltage cable. The device accurately measures the cable’s position within a range of 150 to

240 mm from the cable end. The aim is to integrate this device into a cable peeling robot, controlling

the advance per revolution with an on-off control system. To achieve this, the project investigates

the most suitable technology for position tracking with sub-1 mm inaccuracy. The device utilizes

a novel position tracking caster wheel system, rotary encoders, and presence-absence sensors. A

gear-box mechanical system adjusts sensor sensitivity, while a slippage avoidance system prevents

accuracy losses due to wheel-cable friction. Custom signal processing and filtering facilitates

manual testing. The device underwent thorough testing and analysis for integration with the robot,

achieving an impressive accuracy of 0.679 mm or 0.28% at its maximum range. Implementing

this device in the industry can significantly reduce cable splicing failures and eliminate problems

stemming from incorrect cutting distance measurements.

Keywords: Cable splicing automation, medium voltage cable peeling, caster wheel, novelty

position tracking methods.
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C h a p t e r 1

INTRODUCTION

1.1 Environment

This project was developed at the Robotics and Mechatronics (RAM) group in the University of

Twente (UT) premises, localized in Enschede, Overĳssel, The Netherlands. Resources were given

by the Alliander organisation, which is a group of companies that provide innovative and sustainable

solutions and services for the Dutch energy industry [1].

The energy generation industry in the Netherlands is experiencing an important transition [2].

This is due to the efforts to reduce the current high amount of greenhouse gases (GHG) that energy

production currently emits in The Netherlands, ranking as the second most GHG emitting industry

in said country, greatly contributing to climate change [3].

In this energy transition, Alliander group has to perform the installation of new cable infras-

tructure, for which cable splicing is one of the most important processes [4]. Another reason for

the increase in demand for cable installation is the housing crisis that is nowadays present in the

Netherlands, creating the need to install cable infrastructure for new real estate and not enough elec-

tricity technicians can satisfy that demand [5]. This increase in demand can be seen in Alliander’s

investment plan, where it is expected that the total amount of medium voltage cables will double

in the next 50 years [6]. On top of that, the current cable splicing process requires 125 thousand

employee hours annually and its connector failure costs over 14 million euros annually.

For the reasons previously depicted, Alliander has taken the decision to modernize its processes

through the use of automation. This way, according to data collected by Alliander and summarized

by MSc. Elderhorst [4], it was deemed that from the total cable splicing process failures, 66%

were from the installation process and from that percentage, 21% is attributed to shrinking, 13% to

peeling the semiconductor, 11% to measurement and 10% to sanding the outer layer and also that

the most common cable is the Cross-linked polyethylene (XLPE) medium voltage cable of size 240

𝑚𝑚2. Using this data and discussing with Alliander employees it was determined that the peeling

of the semiconductor part of the process may be the most automatable sub-process of the entire
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cable splicing procedure, which accounts for an estimated 8 hundred thousand euros loss annually

with a failure rate of 0.1%. Therefore the project of creating a device that automatically peels the

semiconductor layer of a 240 𝑚𝑚2 XLPE cable type with 100% success rate surged, from which

this Final Graduation Project (FGP) is a part of as it was determined that in order to increase the

success rate, better distance of cut measurement methods have to be used.

To automate this process a robot containing various subsystems is in development. This

subsystems were previously defined by MSc. Elderhorst and they are: A drive-train or movement

system, a cutting tool height control system, a computer vision for depth of cut monitoring and

a relative positioning along the axis measuring system for feed per revolution control. This FGP

elaborates on the design of the latter mentioned and it is crucial to accomplish the reduction in fail

rate to 0%.

1.2 Problem definition

The problem in study is to measure the position of a cable splicing rotating and displacing device

along an XLPE 240 mm² cable axis, as this process is currently done by hand and it was found that

human contribution in the process leads to a low success rate.

The aim is to create a system that in the future will be implemented in a robotic system composed

by various subsystems and for this reason correct integration is needed. This means that the along

the cable positioning measurement must be performed without physically altering the cable and

that the device dimensions and physical principle should enable the system to work both when

turned by hand and when automated in the future without too many modifications.

Finally, while performing the distance measurement, the along-the-axis movement of the robot

must be controlled only by changing the feed per revolution between the positions stop or move;

the move position has one speed in one direction, and these are the only two positions available.

The device should also be able to tell once the cable reaches the cutting tool as this is important for

other subsystems within the robot.
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1.3 Problem summary

Measuring and controlling the shielding-layer-peeling device’s position along the cable is currently

done by hand, which makes it too inaccurate and causes a loss in success rate. A device that

calculates said device’s position and detects the cable has to be designed in order to control the feed

per revolution of a cable peeling robot in future implementations.

1.4 Objectives

1.4.1 General Objective

To design an automatic control system capable of tracking the relative position of an insulation

layer peeling robot along the XLPE 240 mm² cable type axis and sending signals to control the

feed per revolution to move and stop the robot at a selected distance.

1.4.2 Specific Objectives

• Execute different experiments with the already available measuring technologies at the Uni-

versity of Twente and select the most suitable.

• Using the winning measuring technology from the previous objective, design the sensing

portion of the system responsible for directly measuring the position of the device along the

cable axis and automatically setting the zero position at the cable end.

• Build an automatic control program able to change the feed per revolution of the robotic

system.

• Design a mechanical structure that integrates adequately with the rest of the robot subsystems.

• Validate the correct operation of the control system using a real-life usage simulation on the

final prototype.
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C h a p t e r 2

THEORETICAL FRAMEWORK

2.1 Medium-voltage cable splicing process

Splicing refers to the junction of two or more conductors using a suitable connector, then re-

insulated, re-shielded and re-jacketed with compatible materials and applied over a properly pre-

pared surface [7].

The steps reported by Alliander technicians in the whole cable installation process are [4]:

1. Transport to the project site.

2. Digging a hole to lay the cables bare.

3. Preparing the workplace.

4. Cutting cables and cable splicing.

5. Installing the cable connector.

6. Putting cables back into the ground.

7. Disassembling the workplace.

From the previous list, the main step developed in this project corresponds to step 4. This

process is straightforward and repetitive as follows[4]:

1. Cutting the cable.

2. Cleaning the outer PVC layer.

3. Sanding the outer PVC layer.

4. Heating the outer PVC layer.

5. Peeling away the outer PVC layer.
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6. Peeling away the paper swelling tape.

7. Bending the copper ground wires.

8. Peeling away the plastic swell band.

9. Peeling away the semi-conducting layer.

10. Peeling away the insulation and second semi-conducting layer.

This project revolves around the “peeling away the semiconductor layer” step, seen in figure

2.1 which must be performed adequately to ensure an homogeneous electric field around the cable.

Small holes in the cable can create an unstable electric field that after continuous use may render

the holes bigger or further damage on the cable [8].

Figure 2.1: Before and after performing the peeling of the semi-conductor layer step [4]

Finally, different tools can be used to perform this step, namely: the diaphragm peeler gr1,

diaphragm peeler gr.2 and the US02-7000 [4]. The latter one is used throughout the design of the

product in this project.

2.2 Twenpower 240 mm² medium-voltage XLPE cable

The cable used for the development of this project corresponds to a medium-voltage, circular and

single-cored cross-linked polyethylene (XLPE) type cable of 240 mm² cross-section area rated for

voltages between 12 and 20 kV, made by the cable manufacturer BV Twentsche Kabelfabriek. This

type of cable is used for public utilities, industry, non-residential construction and related fields [9].

Using figure 2.2 as reference, from top to bottom the layers of the cable are [9]:

1. Conductor: Circular conductor made of stranded copper wires or soft aluminum. The one

used for the development of this project used solid soft aluminum.
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2. Conductor screen: 0.5 mm thick semi-conductive XLPE layer.

3. Insulation layer: Thin high-quality XLPE.

4. Insulation screen: Semi-conductive polymer layer. This layer is covered by a bedding of a

conductive swelling tape.

5. Earthing screen: Copper wires with an open pattern counter-wound copper strip.

Figure 2.2: XLPE cable layers [9]

It is worth noting that from the previously described layers, the conductor screen, the insulation

and the insulation screen are applied in a single three-layer extrusion process and vulcanized under

nitrogen pressure at one go [9].

The relevant physical characteristics of this cable are:

• Nominal core cross-section area: 1x240 mm ².

• Earthing screen cross-section area: 25 mm².

• Minimum diameter for conductor layer: 17.1 mm.
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• Minimum diameter for insulation layer: 30.4 mm.

• Minimum diameter for earthing screen: 35.3 mm.

• Minimum diameter for cable: 42 mm.

• Weight: 1.8 kg/m.

2.3 Ripley US02-7000 tool

The Ripley US02-7000 bonded semicon shaving tool seen in figure 2.3 is used in this project.

Some relevant features of this device include [10]:

• Blade depth adjustments in increments of 0.1 mm.

• Its design is adjustable for cables from 18 mm to 60 mm.

• A revolving ergonomic handle and accessible adjustment knobs.

• Multiple advance per revolution positions, where stop position enables for completing the

shaving operation without the need for an additional clamp.

• Its cutting blade is easily replaceable.

Figure 2.3: Ripley US-7000
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The following are the instructions to use this tool according to the manufacturer [10] and also

a workshop received by the author of this document [11]:

1. Retracting the cutting blade to the highest position turning the yellow knob counterclockwise.

2. Open the tool with the other knob to locate the middle line of the cutting tool in line with the

cable end and secure the cable in the tool.

3. Turn the blade adjusting knob clockwise until the blade barely touches the semiconductor

screen.

4. Set the feed lever into first position to ensure minimal feed.

5. Rotate the tool and observe the chip. As it moves, adjust the height of the cutting tool until

the insulation layer is of one third of the total chip width.

6. Move the feed lever to its second position. Continue with the peeling and observe the chip to

make sure the strip does not get caught under the cable rollers, as this will disturb the shaving

result.

7. Once the cable is shaved to a desired length, the feed lever is to be moved to the stop position.

8. Perform a visual inspection in search for irregularities.

2.4 Cable peeling robot

The cable stripping robot that is being developed and from which this project is a part of, consists of

an automated adaptation of the Ripley US02-7000 stripping tool. The main goal of this automatic

system is to have a higher accuracy than the system operated by a human and therefore a lower

failure rate [4].

In order to do this the entire robotic system has been divided into 4 other automation subsystems,

briefly explained as follows according to the latest advancements [4].

1. Drivetrain: This system will allow the cutting tool to propel itself over the cable. The friction

force on the wheel should have a sufficient magnitude to overcome the maximum cutting

force as well as the inertia of the tool and other energy losses. This system will also allow
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for modifying of the feed per revolution according to the signals received by the feed per

revolution control system.

2. Tool height control: In order to get a high quality result, it is important that the tool blade is

set at the right height throughout the cutting procedure. This system receives signals from

the feed per revolution control system in order to know when to start the cutting procedure.

3. Computer vision chip inspection: A computer vision system is in charge of monitoring the

ratio of insulation vs shielding layer and using said data as feedback for the tool height control.

4. Feed per revolution control system: This system is in charge of monitoring the position of

the robot along the cable and detecting the presence of it. It outputs the position in which the

feed per revolution lever of the tool should be.

2.5 Sensor calibration

The accuracy of a sensor or system can be lower than the required for a certain application, in

said occasions a calibration of the sensor or a combination of the sensor and its interface circuit is

required for minimizing the error values [12].

A calibration requires the application of precisely known stimuli and reading the sensor re-

sponses called calibration points, whose input-output values are the point coordinates. Typically

between 2-5 points are preferred in order to characterize a function with higher accuracy. Another

very important factor that directly plays a role in the sensor accuracy is using highly accurate

reference sources for the input stimuli, preferably traceable to a national standard [12].

Before performing calibration, a mathematical model of the transfer function has to be obtained

or a good approximation of the sensor’s response. Once that has been done, the calibration can be

performed in several ways, including [12]:

1. Modifying the transfer function or its approximation to fit the experimental data.

2. Adjustment of the data acquisition system to trim its output by making the outputs signal to

fit into a normalized transfer function. For example modifying the gain and offset.

3. Modification of the sensor itself and its properties to fit the predetermined transfer function.
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4. Creating the sensor-specific reference device with the matching properties at particular cali-

brating points.

2.6 Accuracy of a sensor

The accuracy of a sensor (or combination of sensors) in reality means inaccuracy, because it

measures the highest deviation of a value represented by the sensor from the ideal or true value of

a stimulus at its input. The true value is attributed to the input stimulus and accepted as having a

specified uncertainty [12].

The inaccuracy of a system must be obtained by repeating an experiment in multiple occasions

as a random component is always present. Therefore to obtain the systematic inaccuracy of the

system, the error should be represented as an average or mean value of multiple errors [12].

Due to material variations, workmanship, design errors, manufacturing tolerances, and other

limitations, a real function rarely coincides with the ideal, or even two real functions might not be

the same even if the experiment is performed under presumably identical conditions. In order to

improve the accuracy, the error-contributing factors should be identified and reduced. Often this

includes the calibration of every sensor of a system in order to more closely follow the real sensor’s

accuracy [12].

Some of the forms to represent the inaccuracy of a system are [12]:

1. Directly in terms of measured value of a stimulus: This form is used when error is independent

on the signal magnitude, usually used when there’s only additive noise or systematic bias.

For example in a temperature sensor the accuracy could be stated as 0.15 𝑜C.

2. In percentage of the input span: This form closely relates from the last mentioned, but in

this case the input span must be specified and the error is always associated to this maximum

value. It is worth noting that this form is only useful for linear-transfer-function sensors.

3. In percentage of the measured signal. It is useful for a sensor with a non-linear transfer

function. The error is always associated with the current given value.

4. In terms of the output signal. This is useful for sensors with a digital output format so the

error can be expressed, for example, in units of LSB.



11

2.7 Choice of sample size for validation

In order to determine if the amount of samples taken is enough to obtain a certain level of confidence

in the accuracy of results, statistics have to be used. In this section a brief explanation of a common

approach for sample selection will be explained.

First, using 𝑝 as an estimate of a given proportion 𝑝, where a proportion is the amount of

samples that fall under a given number and 𝑞 is the estimate of q, which is the compliment of p,

one can be 100(1−𝛼)% confident that the error will not exceed 𝑧𝛼/2
√︁
𝑝𝑞/𝑛 for a sample size of n

[13].

Therefore, from what has been previously explained the sample size can be calculated as seen in

equation 2.1, where 𝑒 is the error of the predicted value. Said equation should be used after a given

experiment to determine if the amount of samples taken is good enough or if further experimenting

is necessary or to obtain the estimated possible error [13].

𝑛 =
𝑧2
𝛼/2𝑝𝑞

𝑒2 (2.1)
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C h a p t e r 3

METHODOLOGY

The product design methodology described in [14], known as the Ulrich and Eppinger method is

used as base, nonetheless some changes have been done to it as this is a specific design for a proof

of concept and not a final commercial product. The base method consists of the following phases:

Planning, concept development, system-level design, detail design and production ramp-up in that

timeline order.

In this case, as the system to be designed will be used as a proof of concept, the only phase

followed from this method to come up with a solution is the concept development phase. From this

concept developing stage, the following steps will be executed in this project:

1. Identifying the customer needs.

2. Defining the product’s specifications.

3. Generating concepts.

4. Concept selection.

5. Concept Testing.

6. Final concept selection.

It is important to remark that all the previously depicted steps are in an initial chronological

order, but once a step is completed, one has to look back to the previous steps and do modifications

if found necessary. Also as the project was done at a university with many already-available

technologies, testing of these technologies was performed after the concept generation step for the

measuring technology, as it helped grasp a better idea of what can be done with the current available

tools, which ultimately saves time and money.
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3.1 Determination of needs

3.1.1 Initial data acquisition

Initially a first statement from the customer was obtained in the form of a meeting, in which the

principal requirements for the device to design were obtained. The client’s statement summarizes

as follows: The system to design is an innovative proof of concept and it has to measure the

relative position of the robot along the cable with 0.5 millimeter accuracy without the need for any

human participation. The distance to measure varies from 150 to 240 mm depending on the cable

connector to be used later and said distance and a start command should both be the only human

inputs once the robot is correctly placed. There is still uncertainty on whether or not the robot is

going to be used in field applications, so for now resistance to the elements is considered a plus

but not necessary. Finally, the robot is going to be an automated adaptation of the device currently

used by the company (Ripley US02-700) for which the main thing that is to be controlled by the

system being developed in this project is the feed per revolution position, and only two are going

to be used, positions "2" and "stop", but the system should also be capable of outputting when the

cable end has been detected so the depth of cut controller knows when to start working.

Apart from the client’s statement, a hands-on cable splicing workshop was experienced by the

author of this project as a way of better understanding the problem, paying special attention to the

peeling of the semiconductor step [11]. It was observed in this step that the point where the cut to

the cable end is done has an irregular shape, but when the client was asked, the answer was that

the cable end is to be retouched in the next step of the cable splicing process so the irregularity

would be removed. It was also noticed that the shielding layer chip that comes out when the cutting

process is done can get in the way of the measuring to be performed, but to solve this, one of the

other systems is going to manage the chip handling.

Videos of the process being done by professionals were also received from Alliander [8], where

the peeling of the semiconducting layer was analyzed. It was observed that currently the measuring

process is done in a completely manual manner, where a stopping device is placed by hand using a

measuring tape like observed in figure 3.1, which has many potential error sources, mainly human

involuntary movements while observing, and the cable is not perfectly straight so measuring with

a straight ruler or tape loses accuracy due to the ruler not being parallel to a plane that contains
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the axis of the cable. This suggests that the current process has an accuracy of more than 0.5

millimeters, even though guidelines recommend this maximum error. It is worth mentioning that

once this matter was brought up to the client, he acknowledged that this may be one of the most

important errors in the distance measuring process and that the maximum error recommended in

guidelines might not be accurate, but research for a better approximation of the maximum error

from which problems might occur is necessary.

Figure 3.1: Current distance of cut measuring [8]

Making an estimation of the error from current technique is possible by looking at the current

process videos. Assuming a worst case scenario, where the distance is of 240 mm which is the

longest distance for cable peeling that is performed in this types of cable, the actual distance

measured by the technician can be estimated using Eq. 3.1 using figure 3.2 as reference. Assuming

that Δ𝑦 is around half of the diameter of the cable that’s around 31 mm of diameter, the error is of

0.5 mm, therefore it is likely that the current error is of more than 1 mm as other variables such as

cable curvature have to be taken into account.

𝐸 = |240−
√︃
Δ𝑦2 +2402 | (3.1)

Figure 3.2: Current error by not placing the measuring tape properly on the cable
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Another point taken from the videos [8] was the total duration of the peeling of the semicon-

ducting layer process of around 12 minutes, from which around 1 minute (8.3%) of the total time

is dedicated to the measuring of the cutting distance and placement of the stopping device. When

the client was asked, an increment in the speed of the process is not so important.

Finally interviewing to field technicians was performed by MSc. Elderhorst with questions

designed by the author of this project. This had the objective of grasping a better understanding of

the problem and were also questions that came from the need interpretation process. The following

are the questions with the answers reported back by MSc. Elderhorst from an Alliander cable

splicer technician:

1. Have you or any colleagues had problems in any of the stages of the cable installation because

of a bad measuring of the cutting distance of the insulation layer?

Yes, two and a half percent of all insulation defects are due to measurements. This represents

250 thousand euros in damage. Four defects a year due to measurement but it’s hard to

determine which portion of that can be just for the shielding layer alone.

2. How often is the total distance of cut revised as a quality control method after making the

cut?

That depends on the technician. Usually not, just measuring beforehand.

3. Under what types of weather conditions can the cable splicing process be executed? Can it

be performed while raining?

It can be performed while raining, but we put a tent to shield ourselves and the cable from

any weather condition. It can also be performed when is really cold and temperatures make

it so that cutting the cable requires more force.

4. How often is the cable splicing process done? Is the cable splicing process usually done in

waves (more than one cable spliced after the other)? If yes, around how many times is the

process repeated per wave?

Yes, it is usually done in waves, 3 times per cable as each cable has 3 cores and each of those

waves is performed around 4 times a day, so in total the cable splicing process is done 12

times a day.
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5. Is there anything specifically annoying about the measuring process?

No, not any particular detail.

3.1.2 Need interpretation

The needs were obtained for the measuring, automating and mechanical structure components of

the total system by separate, as these are the main mechatronic fields of the system to design, it

allows for a view of the clients needs in greater detail. Nonetheless, once this is done by separate,

the final result will be analyzed by joining all the needs and considering new ones for the entirety

of the system.

For the importance of each interpreted need, a form was made by the writer of this document

and later filled by interviewing the client. This way, the importance was categorized from one to

five, the scale is as follows for all future importance categorizing of the needs:

1. Undesirable. Wouldn’t consider a product with this function.

2. Not important. Not a need, but having it wouldn’t mind me.

3. It would be useful to have this function, but it is not necessary.

4. Highly desirable, but I would accept a product without it.

5. The function is of critical importance. I wouldn’t consider a product without it.

Measuring portion of the device

This is the most important portion of the device to design, as the needs gathered here will allow to

correctly choose a measuring technology.

First, it was expressed by the client, that the main goal of the system to design should be to

stop the along-the-axis movement of the robot at a certain distance from 150 to 240 mm with 0.5

millimeter accuracy 100% of the times. Nonetheless, in later steps of the design, once the behaviour

of the system was studied and after technical discussion with the client, it was recognized that as

this is a first design proposal for a non-existing device (with no previous state of the art), this

requirement was changed to a more realistic value for a first iteration that can be later improved

by other students in future assignments and also taking into account that for validation in further
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steps of the design, there are no tools that can guarantee that said level of accuracy is achieved.

Therefore, the following need is recognized: The designed system is very accurate calculating

the position of the device along the cable axis.

Next, the device should also output when the cable is detected. This is so that the cutting tool

control can receive a signal that indicates when to start the cutting procedure. Therefore, as this has

to be contemplated in the needs for the measuring part of the system, the following need is added

to the list: The designed system is very accurate detecting the presence of the cable end.

Also, as the client said in the initial statement, the designed system should be completely

automated, and the reason for this is that failure is not accepted and as it was discussed in section

3.1.1, human interaction is one of the main contributors to loss of precision and accuracy. For this

reason the designed device should eliminate human actions in the measuring process.

Even though time concerns were never expressed by the client, during the study of the process

it was discovered that the total duration of the overall operation was around 12 minutes. Therefore

considering the environment of the project (not enough technicians in The Netherlands), the need

the system works very fast was interpreted.

Following the same idea, to reduce employee hours using the robotic system, preparation should

be minimal, suggesting that the system to be designed should not be calibrated very often and its

calibration needs to be simple. This creates the needs: The designed system is easy to calibrate

and requires infrequent calibration.

From the interview with the technicians, it was discovered that the conditions in which the

device will work may vary, and as the device might be used in field applications, this brings the

need for the system to be resistant to the environment.

Also, as the system is to be used on top of a cable that must not get damaged and as it is to be

carried by humans, there is the need for a lightweight and compact system.

As the measuring subsystem is to be connected to a more complex system, there was the question

of whether or not the client perceived as requirement that the designed system must be easily

detachable.

Finally, as different cable connectors require different distances of cut, the final requirement

encountered for the system was for it to measure all the distances used for the different cable

connectors.



18

This way, the interpreted needs for the sensing part of the system were separated into first and

second order hierarchy, namely:

1. The designed system is efficient and reliable

• The designed system can make the drive-train stop at the ending position as accurately

as possible.

• The designed system is very accurate detecting the presence of the cable end.

• The designed system eliminates human actions in the measuring process.

• The designed system adds minimum delay to the rest of the process.

• The designed system requires infrequent calibration.

• The designed system is resistant to the environment.

• The designed system measures all the distances used for the different cable connectors.

2. The designed system is easy to use and handle.

• The designed system is easy to calibrate.

• The designed system is lightweight and compact.

3. The designed system is easily detachable from the rest of the robotic system.

• The designed system is easily detachable from the rest of the robotic system.

Once the hierarchy was defined, using a form to discuss the importance of each requirement

with the client, the results in 3.1 were obtained.
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Table 3.1: Second order needs and their importance for the sensing part of the system

# Requirement Importance
1 The designed system is easily detachable from the rest of the

robotic system.
2

2 The designed system adds minimum delay to the rest of the
process

3

3 The designed system is resistant to humidity and dust. 3
4 The designed system calibrates quickly. 4
5 The designed system requires infrequent calibration. 4
6 The designed system is lightweight and compact. 4
7 The designed system is very accurate calculating the position

of the device along the cable axis.
5

8 The designed system is very accurate detecting the presence
of the cable end.

5

9 The designed system eliminates human actions in the mea-
suring process.

5

10 The designed system measures all the distances used for the
different cable connectors.

5

Automatic control portion of the system

To grasp a better idea of the control system that is to be designed, a second level input-output

diagram is portrayed on figure 3.3. It shows the subsystems that are part of the automatic control

to design. It is worth mentioning that the drive-train is going to receive the feed position signal but

nothing can be changed in its design. Another important factor to take into account is that the rest

of the robotic system is still in development, so no information can be obtained from any electronic

component that is not part from the system designed in this project (i.e., drive-train motors).
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Figure 3.3: Block diagram for the automatic controller main connections

To correctly measure distances, the automatic control should be able to receive signals from the

sensing system and adequately set the robot’s position relative to the zero at the cable end.

The output of the system is another important factor to consider, as the system is connected to

the drive-train which as explained by the client, will only have 2 feed positions and this cannot be

changed. Therefore the designed system must output the feed option in which the robot should

be (Stop or position ‘2’) and output the detection of the cable end when it reaches the cable tool.

Finally, as the system is going to be subjected to a wide range of distances, the reference

distance of cut should be modifiable in this system. This way a new requirement is discovered as:

the designed system’s total distance to measure can be easily modified.

In this case, only one first order requirement is found:
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1. The controller is capable of automating the robotic system.

• The designed system automatically sets the start position of the relative measurement

in the zero position.

• The designed system outputs the feed option in which the robot should be (stop or 2)

and the detection of the cable end.

• The designed system’s total distance to measure can be easily modified.

The importance found for each of these second order needs can be seen on table 3.2

Table 3.2: Second order needs and their importance for the controlling part of the system

# Requirement Importance
1 The designed system automatically sets the start position of

the measurement in the zero position.
5

2 The designed system outputs the feed option in which the
robot should be (stop or 2) and the detection of the cable end

5

3 The designed system’s total distance to measure can be easily
modified.

5

Mechanical structure of the system

Regarding the mechanical structure, a few things must be mentioned. First of all, as the design

should only validate a proof of concept and is not going to be distributed as a final product, life

expectancy is not considered important. This was brought up to the client and he stated that all he

wants is to guarantee that the system is not going to break while its being used for demonstrations.

This means that there is the need to maintain structural integrity with typical usage.

As it was explained for the measuring portion of the device, the system should not be very

bulky. This is also very important for the mechanical structure that is going to carry the measuring

system. Therefore, the need for a system that is lightweight and compact is reiterated (as it was

previously brought up for the measuring needs).

The subsystem in discussion is part of a bigger robotic system, so there’s the requirement to not

interfere with any other subsystem of the robot. This applies both in terms of space and physical

interference such as force of friction or inertia increase. Nonetheless in further steps of the design,

the rest of the robot was still not developed enough and therefore there was no way of knowing for
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sure if there is no interference, so this need was discarded as a requirement for the design when

discussed with the client, but communication was constant between designers to ensure that in later

implementations this device can be coupled to the robot as seamlessly as possible, giving various

options to the client.

Finally, some possible solutions in which the cable is covered or visibly obstructed emerged

later in the concept creation stage. Real time observation might be preferred to show the instant

results of the cutting, specially considering this is proof of concept. For this reason it was to be

determined if cable visibility as the process is executed is a requirement.

Putting all the interpreted needs in hierarchy results in the following:

1. The designed system’s structure does not affect other subsystems of the robot.

• The designed system’s structure does not add significant inertia to the movement of the

system.

• The designed system’s structure does not add significant friction force to the movement

of the system.

2. The designed system’s structure withstands typical usage.

• The designed system maintains structural integrity with typical usage.

• The designed system is lightweight and compact.

3. The designed system’s structure facilitates real-time observation of the cutting process.

• The designed system allows for already-cut cable visibility during the process.

The second order needs were asked in the form of an in person survey in order to obtain

their importance, the results are shown in table 3.3. It is worth noting that the need regarding a

lightweight and compact system had its importance defined already in previous discussion.
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Table 3.3: Second order need importance for the mechanical structure of the system

# Requirement Importance
1 The designed system’s structure adds minimum inertia to

the rotational movement of the system
3

2 The designed system’s structure adds minimum friction
force to the movement of the system

3

3 The designed system is compact and lightweight 4
4 The designed system allows for already-cut cable visibility

during the process
4

5 The designed system maintains structural integrity with typ-
ical usage

5

Entire system and overview

Finally, all the elements are jointed and analyzed. During this analysis, it was found that a very

important need was being left out, that is the integrity of the cable. This was asked to the client

and he agreed that this is indeed one of the most important aspects of the design. Therefore the

requirement for maintaining the integrity of the inner white XLPE insulating layer was added

to the list.

The final list of requirements for the design of the system in discussion can be seen in table

3.4, this list was checked several times throughout the design process and changes were done

accordingly.
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Table 3.4: List of requirements for the project’s system

# Requirement Importance
1 The designed system is easily detachable from the rest of the robotic system. 2
2 The designed system adds minimum delay to the rest of the process. 3
3 The designed system’s structure adds minimum inertia to the rotational

movement of the system.
3

4 The designed system’s structure adds minimum friction force to the move-
ment of the system.

3

5 The designed system is resistant to the environment 3
6 The designed system calibrates quickly. 4
7 The designed system requires infrequent calibration. 4
8 The designed system is lightweight and compact. 4
9 The designed system allows for already-cut cable visibility during the pro-

cess.
4

10 The designed system is very accurate calculating the position of the device
along the cable axis.

5

11 The designed system eliminates human actions in the measuring process. 5
12 The designed system measures all the distances used for the different cable

connectors.
5

13 The designed system automatically sets the start position of the relative
measurement in the zero position.

5

14 The designed system outputs the feed option in which the robot should be
and the detection of the cable end.

5

15 The designed system’s total distance to measure can be easily modified. 5
16 The designed system maintains structural integrity with typical usage. 5
17 The designed system maintains the integrity of the XLPE insulating layer. 5

3.2 Specifications

Once the needs were obtained for the different mechatronic systems within the solution to design,

metrics to measure the fulfillment of the requirements were researched and also obtained by

studying the process and asking the client directly. Comparisons with similar products were made

at a high-level because the only similar product [15] does not have a publicly available data sheet

with numerical values.

3.2.1 State of the art

As mentioned earlier, the only other similar device currently in the market is the Medium Voltage

Electric Cable End Preparation System by ULC Technologies and Con Edison. This device is
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currently a prototype that performs a type of splice used during adverse system conditions to

expedite feeder restoration [15].

It performs the 4 following operations [15]:

1. Short field end of cable: The machine first creates a short between the flat strap neutrals and

conductor to ensure field end is grounded.

2. Cut feeder cable: A specialized saw on the machine is used to cut through the cable.

3. Prepare cable end: A complex array of tooling on the mechanism is used to cut and remove

each layer of the cable.

4. Install pre-molded end cap: The cold shrink cap / live end cap is pushed onto the cable until

the end cap is fully engaged. The core of the cable cap is then removed.

It can be seen that this robot is capable of performing the whole cable splicing process, not only

the peeling of the insulation layer. Nonetheless, as seen in figure 3.4 this device is very bulky and

requires a whole industrial set-up in order to function. This is very different from the idea behind

the robot that is being designed for this project, where a relatively small device is placed on the

cable to perform the peeling operation only.

Figure 3.4: Medium Voltage Electric Cable End Preparation System [15]

Also, as no numerical values or specifications of this prototype are available, there is no way

of using the current state of the art to obtain goal and marginal values for the specifications of the

device to design in this project. This means that initial estimations were made using the current
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technique used by the technicians and their guidelines, which is not always achievable, and therefore

some changes had been made throughout the design process as more information was obtained and

as the behaviour of the system was observed.

3.2.2 Determination of metrics and goal and marginal values

As well as for the needs, the determination of metrics was done for each mechatronic subsystem

by separate. Also, to simplify the understanding of where do each of these metrics come from, the

thought process and research behind them is separated by requirement.

Measuring portion of the device

In the following paragraphs the explanation behind the measuring portion’s specifications can be

seen.

The designed system is easily detachable from the rest of the robotic system: This perceived

need is of low importance and for this reason no more thought is going to be given to this requirement

in order to focus on more important factors.

The designed system adds minimum delay to the rest of the process: As the importance

level of this requirement is a 3, having rapid measurements is not a priority. Through discussion

with MSc. Elderhorst, an improvement on current speeds is desired but not needed. For this, the

total duration of one measuring cycle will be used as metric as it is commonly used to measure the

efficiency of automated systems [16]. As goal value, live measuring will be looked for. Nonetheless

an added time of 2 minutes is still accepted as it is around double of the current manual measuring

time and the client deemed this as a limit of time that does not interfere too much with the workers

time.

The designed system is resistant to the environment: As this need is of importance 3, it

is also not a priority. This is because the system corresponds to a proof of concept and it is still

uncertain whether or not the device is going to be used in the field. After discussion with the client,

it was considered that it is enough if the system’s sensors work properly in usual temperature ranges.

This creates the metric of system’s working temperatures, and as temperature in the Netherlands

usually varies from 0.71 𝑜C to 23.08 𝑜C [17] this temperature range is used as marginal value, while

a broader range for atypical temperatures ranging from -5 𝑜C to 30𝑜C is used as goal.
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The designed system calibrates quickly: Calibration should happen without further delaying

the cable splicing process. Considering that every sub-process before the peeling of the shielding

layer lasts around 15 minutes according to videos of the process done by Alliander [8], and using

the metric of total calibration time, less than 15 minutes will be accepted as marginal value and no

calibration time is taken as goal, where the system virtually requires no calibration. This number

comes from the fact that while one of the technicians may be preparing the cable for the rest of the

process, another technician could calibrate the device in the meantime.

The designed system requires infrequent calibration: As in the last one, the frequency of

calibration may also negatively influence the process as according to the interviews performed to

technicians, the splicing process is often done for various cables one after the other. This indicates

that if calibration must be performed between cables, more time than necessary would be consumed.

After discussing this with the client, he suggested that calibration once a day would not impact

significantly the overall time consumed for the process, but that he would prefer an entire week

without calibration. This way, marginal value is of more than 12 cycles (daily amount of cycles

reported by employees) and more than 60 cycles is the goal value.

The designed system is lightweight and compact: As the measuring subsystem is part of a

bigger and more complex robotic system, the weight needs to be considered so that it does not

interfere with other robot operations in future implementations or with the cable’s integrity. This

was directly asked to the client and the answer was that less than 1 kg is acceptable but he would

prefer less than 500 grams, creating a weight metrics with said values as marginal and goal values

respectively.

The designed system is very accurate detecting the presence of the cable end: This require-

ment also has an importance of 5 because the output signal that indicates the presence of the cable

end on the cutting tool is going to be used to activate the depth of cut system. As metric the average

absolute error of the cable detection is used and 0.5 mm is set as marginal value and 0.25 as goal

value, as this two are considered acceptable to start the peeling process.

The designed system is very accurate calculating the position of the device along the cable

axis. For this metric the method to measure accuracy was the first question, as it is often defined as a

maximum, or typical or average error [12]. Initially using the maximum error only was considered,

but later it was discovered that using the average error value would be more representative for
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the large range of measurements and would also help eliminate atypical values and the random

component of the experiments, therefore giving a systematic accuracy value. As for the accepted

values used in this regard, it was initially considered according to the guidelines used by current

Alliander employees using a maximum error of 0.5 mm (which in reality is never achieved),

nonetheless this value did not take into account that calibration patterns to get to this value are

not obtainable within the RAM premises and also the special characteristics of the cable (i.e., the

cut at the end of the cable is not perfectly straight or the curvature of the cable). So these two

discussed reasons lead to the conclusion that the metrics used should be the average absolute error

and maximum absolute error as through discussion with the client and taking into account that this

is a proof of concept, the goal value is set as 0.5 mm of average error and 1 mm as marginal value for

the average error, as this is considered enough to encourage future investment from Alliander and

render the system perfectly usable and 3 mm and 1 mm as marginal and goal values as maximum

absolute error because more than 3 mm of error would be unacceptable in any reading.

The designed system eliminates human actions in the measuring process: It is expected for

the robot to completely eliminate non-required human interference. This is understood as having

as only human input for this system the desired distance of cut. For this reason the metric is a list

of sub-processes where human interaction will be required. Both goal and marginal values are a

list of one item: Selection of distance to measure. Note that this may include more than one action

(i.e., typing the value and then pressing enter).

The designed system measures all the distances used for the different cable connectors:

As discussed with the client, the typical distance for cable connectors range from 150 to 240 mm,

therefore those are the distances that the system needs to be able to cut. This creates 2 metrics, the

first one is the distance selection resolution and the second is the range of measurements. For the

first one, resolution should be of less or equal to 1 mm both for marginal and goal values. For the

second one, the range should be at least 150 to 240 mm as marginal and goal values.

To ensure that all needs have a metric that validates them, correspondence between each

requirement and metric can be seen on figure 3.5.
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Figure 3.5: Correspondence between metrics and specifications for the sensing part of the system

The list of specifications with the marginal and objective values can be seen summarized in

table 3.5.
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Table 3.5: List of specifications for the sensing part of the system

# Metric Importance Units Marginal
value

Goal value

1 Total delay produced by the measuring cy-
cle

3 s <120 0

2 Working temperatures 3 Celsius de-
grees

[0.71,23.08] [-5, 30]

3 Total calibration time 4 s <900 0
4 Number of cycles before a calibration

curve adjustment is needed
4 Cycles >12 >60

5 Weight 4 kg ≤1 ≤0.5
6 Maximum absolute error when tracking

the robot’s position
mm <3 <1

7 Average absolute error when tracking the
robot’s position

5 mm <1 <0.5

8 Average of the cable end detection abso-
lute error

5 mm <0.25 <0.5

9 Subprocesses where human interaction is
required

5 List Distance
selection

Distance
selection

10 Resolution of the distance selector 5 mm ≤1 ≤1
11 Range of measurements that can be sensed 5 mm [150,240] [150,240]

Automatic control portion of the system

Now for the automatic control, the specifications sheet metric was created as explained in the

following paragraphs.

The designed system automatically sets the start position of the measurement in the zero

position: According to the inputs received from the measuring system, the distance used for control

should be automatically adjusted to correspond with the precise distance from the cable end to the

cutting tool. The correct detection of the zero needs to have as little delay as possible in order to

keep the error low. The system will experience two important delays that affect its precision for

stopping, which are: The delay when detecting the zero and the delay from measuring the distance

shouldn’t enable the system to reach the maximum marginal value of absolute error. The sum of

these delays should not let the robot stop with an error greater than the settled as marginal value for

absolute error of the system. This can be mathematically seen in Eq. 3.2. Where 𝑇𝑡𝑜𝑡𝑎𝑙 represents

the total delay, 𝑇𝑠,𝑧 the delay from the zero detection sensor, 𝑇𝑠,𝑑 the delay from the distance tracking

sensor, 𝑇1𝑚𝑚 the typical time it takes the device to advance 1 mm and finally 𝐸𝑎𝑣𝑔 represents the
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average error value obtained.

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑠,𝑧 +𝑇𝑠,𝑑 ≤ 𝑇1𝑚𝑚 ∗ (1−𝐸𝑎𝑣𝑔) (3.2)

The designed system outputs the feed option in which the robot should be: According to

the client, it is important that the final digital output of the system in discussion is very simple.

This means that the amount of output bits should be 2, one that indicates the feed position and one

that indicates the presence of the cable.

The designed system’s total distance to measure can be easily modified: As the easiness

to do a process is mostly subjective, a survey shall be conducted, where 5 random persons with a

background of at least high-school education should scale from 0 to 4 the easiness to modify the

total distance after doing that process. The metric should be the mean easiness obtained and the

goal and marginal value should be 4 and 3 respectively, as this would mean the distance selecting

is a very easy-to-do process. The survey is based off [18] as it explains in depth different questions

that can be used in a survey to determine the ease of use of a system.

Finally, correspondence between metrics and needs on the topic discussed in this subsection

can be seen in figure 3.6.
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Figure 3.6: Correspondence between metrics and needs for the automatic control portion of the
system.

Once it had been confirmed that every need has a metric to measure its fulfillment, the impor-

tance and acceptance values were added and the specification sheet for the automatic control of the

system this time. This can be seen on table 3.6.

Table 3.6: List of specifications for the automatic control of the system

# Metric Importance Units Marginal value Goal value
1 Sampling period 5 s Eq. 3.2 Eq. 3.2
2 Output bits 5 bits 2 2
3 Level of easiness to modify the

distance measure
5 subj. survey Lickert scale 3 4

Mechanical structure of the system

For the mechanical structure of the system, the specification sheet was obtained for each necessity

as it is explained in the following paragraphs.

The designed system’s structure adds minimum inertia to the rotational movement of the

system and the designed system’s structure adds minimum friction force to the movement of

the system: The force required to start the rotational motion of the system is used as metric for
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this two requirements, using figure 3.7 as reference . 148 Newtons is determined as a safe value to

apply this force [19], and even though the robot is going to use motors to do this motion, for testing

human force will be used so this is still considered for the design for safety reasons.

Figure 3.7: Force applied to the device

The designed system is compact and lightweight: This was previously addressed in the needs

for the measuring portion of the device.

The designed system allows for already-cut cable visibility during the process: To make

sure this is fulfilled, the metric minimum percentage of longitude of cable visible is used. It is

a minimum because the longitude of the cable is variable depending on the distance selected. It

is considered that being able to see half of the cable is enough to perform quality control on the

process while it is being done, but 90% of cable visibility is aimed for. Apart from this metric,

after discussion with the client, he mentioned that the most important part to see is what has just

been cut. For this reason, the following metric was also added: Distance of cut from which the part

of the cable that has just been cut can be seen; goal value is 0 mm and marginal value is 150 mm

(at the minimum cutting distance). This is because in later stages of the design methodology some

solutions were found to only be able to provide visibility in a limited range of distances.

The designed system maintains structural integrity with typical usage: This is going

to be verified using simulation analysis in Solidworks software. The nominal forces to which

the system is going to be subjected are going to be defined and the minimum safety factor of the

mechanical structure obtained in simulation is going to be used as metric. Considering the principal
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manufacturing material that is going to be used for the proof of concept is PLA under not severe

loading and environmental conditions, Machinery’s Handbook [20] recommends a safety factor

from 2 to 2.5. A conservative approach is followed, so the goal and marginal values are of a safety

factor greater than 2.5.

The correspondence between needs and metrics just discussed can be seen in figure 3.8.

Figure 3.8: Correspondence between needs and metrics for the mechanical structure

Finally, the resulting specification sheet for the mechanical structure is the one shown on table

3.7.
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Table 3.7: List of specifications for the mechanical structure

# Metric Importance Units Marginal value Goal value
1 Force required to start moving

the device when in feed position
2

3 N 148 148

2 Weight 4 kg 0.5 0.5
3 Minimum visible already-cut ca-

ble from 150 to 240 mm distance
of cut

4 % >50 >90

4 Minimum distance of cut from
which the most recently cut cable
can be seen during the process

4 mm <150 0

5 Safety factor for the mechanical
structure

5 non-dimensional >2.5 >2.5

Entire system and overview

As it was done previously for the system needs, everything is jointed together as a way of making

sure that nothing is being left out for the entire integration of the mechatronic system. Some needs

had very similar or identical specifications, so in order to have clearer metrics, the needs were

updated and adapted accordingly.

The system specifications can be seen in table 3.8. This table has been revised multiple times

throughout the process in order to make sure that it is comprehensive enough.
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Table 3.8: List of specifications for the entire system

# Metric Importance Units Marginal
value

Goal
value

1 Total delay produced by the measur-
ing cycle

3 s <120 0

2 Force required to start moving the
device when in feed position "2"

3 N <148 <148

3 Working temperatures 3 Celsius [0.7,23.1] [-5,30]
4 Total calibration time 4 s <900 0
5 Number of cycles before a calibra-

tion curve adjustment is needed
4 Cycles >12 >60

6 Weight 4 Kg ≤ 1 ≤0.5
7 Minimum visible already-cut cable

from 150 to 240 mm distance of cut
4 % >50 >90

8 Minimum distance of cut from
which the most recently cut cable
can be seen during the process

4 mm <150 0

9 Maximum absolute error for posi-
tion tracking the robot

5 mm <3 <1

10 Average absolute error for position
tracking the robot

5 mm <1 <0.5

11 Average absolute error for zero de-
tection

5 mm ≤0.5 ≤0.25

12 Sub-processes where human inter-
action is required

5 List Distance
selection

Distance
selection

13 Output bits 5 bits 2 2
14 Resolution of the distance selector 5 mm ≤1 ≤1
15 Range of measurements that can be

selected
5 mm [150,240] [150,240]

16 Sampling period 5 s Eq. 3.2 Eq. 3.2
17 Level of easiness to modify the dis-

tance measurement
5 subj. survey Lickert scale >3 4

18 Safety factor for the mechanical
structure

5 non-dimensional >2.5 >2.5

19 The cable’s XLPE layer is unharmed
during the process

5 Binary Yes Yes

3.3 Concept generation

In this section, the problem in discussion will be decomposed in as many features as it is necessary

to ensure that all sub-problems are manageable enough to obtain solution strategies for each of

them.
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First, the diagram in figure 3.9 was constructed, where the general solution will be described

in terms of the inputs and outputs of the system. It is worth pointing out that the current state

output signal has been added because after reflection on the process to be done, it is necessary to

indicate the current output as a visual safety implementation. This will allow for the user to know

the current feed position and act accordingly.

Figure 3.9: Black-box diagram for the designed system

The main problem to solve in this project has been divided in 8 different sub-problems to be

solved. This division diagram can be seen in figure 3.10. A brief explanation of each of these sub-

problems is on the following subsections as well as the possible solutions that were found through

external and internal research. As it can be seen, none of these sub-problems include resistance to

weather considerations, however as said need is of low importance it is taken into account for the

design steps and selection throughout the process but not treated as a separate problem.

Figure 3.10: Division of design problem in sub-problems
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3.3.1 Track the device’s position

One of the main goals of this project is to measure the relative position of the cable peeling device

accurately enough to output a signal that could stop it at a given distance with an average absolute

error of 0.5 mm as goal value. For this reason, special attention is payed to this sub-problem and

additional testing is going to be performed to select a good concept in the next design step of the

method.

Most of the solutions created for this sub-problem come from internal investigation as the

designer is very familiar with sensor equipment. Nonetheless, some solutions explained in the

following paragraphs come from external investigation.

Computer vision based solutions were already thought of, nonetheless, only image segmentation

was considered at that point. For this reason, more research into ways to obtain the current position

of the robot in relation to his environment were made and ego-motion came up as a possible solution

[21].

Other direct distance measuring technologies that were part of the external research are the

optical LED, the optical laser, and the linear variable differential transformer or transducers [22].

Distance measuring can also be made using magnetic sensors [23]. Finally, another less conven-

tional method of measuring linear position was found to use a magnetostrictive linear position

sensor [24].

The result from internal and external research for the sub-problem in discussion can be seen in

figure 3.11.
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Figure 3.11: Solutions results from internal and external research for the sub-problem “track the
device’s position”

As it can be seen in figure 3.11, there are too many solutions for this sub-problem, nonethe-

less only the available technologies or easily obtainable are going to be taken into account and

experimenting is performed in later steps in order to select the best one with the resources at hand.

The technologies that may be used for position tracking according to the research done in this

section are the following:

• Optical LED distance sensor.

• Optical laser distance sensor.

• Ultrasonic distance sensor.

• Computer vision camera.
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• Rotational potentiometer.

• Linear transducer.

• Rotational encoder.

• Linear encoder.

• Hall-effect rotary sensor.

• Magnetometer.

• Capacitive presence/absence or inductive sensor.

• Hall effect proximity sensors.

• Presence/absence inductive sensor.

• Presence/absence switch sensor.

• Presence/absence photoelectric sensor.

• Presence/absence ultrasonic sensor.

• Accelerometer.

• Trackball sensor.

• Magnetostrictive linear position sensor.

• Lead screw linear actuator.

• Rails and timed belt.

• Stepper motor.

• Servo motor.
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3.3.2 Detect the cable end for relative zero setting

This sub-problem refers to the setting of the zero that is going to be used for the relative mea-

surements and is deeply related to the previously discussed, for this reason, later when selecting

the concepts compatibility between this two has to be greatly taken into account. All of the solu-

tions depicted on figure 3.12 are from internal investigation only as when later doing the external

research, no new useful solutions were found.

Figure 3.12: Solutions resulted from internal and external research for the sub-problem "detect the
cable end for zero setting"

3.3.3 Generate, store or receive energy

This refers to the way the electronic components of the system are going to be powered. Internal

research yielded a satisfying amount of results, nonetheless through research it was found that the

device which rotates enabling cable tangling, could also receive energy from a stationary point

(such as a power outlet) using a slip ring that rotationally decouples the cables [25]. Results can be

seen in figure3.13.
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Figure 3.13: Solutions resulted from internal and external research for the sub-problem "generate,
store, or receive energy"

3.3.4 Controlling the system

The designed system needs to have a way of controlling the electronic components within itself as

well as having a way to save memory values and perform mathematical calculations. The different

ways to control this were figured by internal research as external research did not bring any relevant

solutions. This can be seen in figure 3.14.



43

Figure 3.14: Solutions resulted from internal and external research for the sub-problem "controlling
the measuring system"

3.3.5 Change the feed position

Another sub-problem to solve is the automatic control function. There are different automatic

control methods, some of the most important that may be used to solve this are showed in figure

3.15. They are the result from internal and external research [26].

It is worth noting that in an on-off control system the control signal can only be set as two

different values, so gradual speed control is not possible and this will be most likely the case for this

problem as there are only 2 speeds that can be selected. For this reason, in future implementation

on the actual robot, it might be useful to consider a different approach to also control the motors

speed, but that is outside the scope of this project. For now, these other ideas are left as part of the

design process so in future optimization of the design, going back and making changes to this step

can be easily done.
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Figure 3.15: Solutions resulted from internal and external research for the sub-problem "change
the feed position"

3.3.6 Modify the distance of cut

The distance of cut is variable and depends on the cable connector to be used and the clearance it

requires. For this reason, the way this variable is going to be modified is to be figured out. Internal

research gave results, but external research also gave major input to solve this issue. The externally

found solutions are namely: Positioning devices (such as mouses), Styli, Gaze control and Gestures

[27]. The results from this investigations can be seen in figure 3.16.
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Figure 3.16: Solutions resulted from internal and external research for the sub-problem "modify
the distance of cut"

3.3.7 Display the currently selected distance of cut

For this sub-problem, only internal investigation was done as external research did not provide

useful solutions. The results can be seen in figure 3.17
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Figure 3.17: Solutions resulted from internal and external research for the sub-problem "Display
the currently selected distance of cut"

3.3.8 Displaying the current state

This is a sub-problem that needs to be solved as an information giving safety measure for the

device. It is very useful to know when the device is going to move as it might hurt somebody in

that process, this can be seen as an alarm system. The most important thing to keep in mind for

a solution to this sub-problem is that alarm conditions must be easily distinguished from normal

conditions [27]. Using this information, the research yielded the results in figure 3.18.
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Figure 3.18: Solutions resulted from internal and external research for the sub-problem "displaying
the current state"

3.4 Experimenting with the available technologies

It was expressed at some point by the client that already-available at the university premises

is strongly preferred, for this reason an inventory of the available technologies out of the ones

obtained from the research for the sub-problem "track the device’s position" was made by asking

RAM group staff members.

The available position measuring technologies at the university premises are:

• Computer vision camera: CMOS with laser sensor from Microsoft basic mouse.

• Rotary potentiometer: 2000 Ohm unlimited turns rotary potentiometer, unknown brand.

• Encoder: 24 step EC16E20-24P24C mechanical incremental encoder.

• Encoder: 2000 step optical incremental encoder.
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Presence/absence technologies were also available:

• Magnetometer: Hall sensor KY-003.

• Mechanical switch: Switch WLK-4MINI.

• Photoelectric: Laser with light sensor module LM393.

• Inductive sensor: OMRON E1A-M12KS04-WP-B1.

3.4.1 Computer vision camera: CMOS with laser sensor

Many factors contribute to the loss of precision in mouse sensors. The most important are: the

measuring surface, chip selection and irradiance on the sensor [28]. These points were studied via

experimentation as explained in the following paragraphs.

The measuring surface can either be the already-cut white XLPE insulation layer or the black

semi-conductive layer. It is known that rough surfaces and diffuse reflecting is preferred [28], for

this reason, it is expected that the white XLPE will perform better as it has a glossy machined

texture, contrary to the shiny black semi-conductive layer. Experiments were performed on both

surfaces to obtain precision values depending on the surface.

As for the chip selection, a Microsoft Basic laser mouse sensor, rated 800 dots per inch (DPI)

was used. The reason for this is availability, as there was a mouse no longer needed and could be

taken apart.

There are important things that have an effect on irradiance on the sensor, namely: diffuse

reflection efficiency and distance from the lens to the object [28]. This was studied by varying

the distance from the optic sensor to the cable in two different test benches and by changing the

enclosure of the system to allow more light to get in and out.

For all the experiments done with this technology, a computer software that tracks the mouse

cursor position was created, it can be seen in appendix H.1. The cursor is placed at the highest

position of the screen and the total displacement downwards was measured. The goal of this was

to obtain the precision, accuracy was not a concern because repeatability was found crucial while

accuracy would have been fixable through calibration. Precision is calculated by taking 5 measures
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and subtracting the lower value obtained minus the higher. Relative precision is calculated as the

resulting precision divided by the average value obtained.

Test 1: Initially a rapidly 3D printed test-bench (figure 3.19) that enabled a mouse to be attached

to it directly was used. It is worth noting that by design, this test-bench added 1 mm to the distance

from the lens to the object. Another thing worth pointing out is that in this case a Genius GM-

04003A mouse was used instead of the Microsoft Basic, but it has the same working characteristics

and that was not deemed to affect this experiment. A distance of travel (55.00± 0.025)𝑚𝑚 was

measured using a caliper and then marked using a marker to put tape so that the test-bench stops at

after the same displacement every time.

Figure 3.19: Set-up used for test 1 of the CMOS with laser sensor experiment

Test 2: The distance from the lens to the object was changed to nominal with this second

design. The mouse was a Microsoft Basic, like initially intended. The outer carcass was removed

making sure the parts that involved optical sensing were not damaged in the process (as it can be

seen in figures 3.20 and 3.21). Other thing worth mentioning is that this time instead of using

tape to set the start and end of the measurements, 3D printed stoppers were taped to ensure more

reliable readings. The distance of travel also changed to (121.00±0.025)𝑚𝑚, mainly because the

new test-bench is shorter and allows for more movement on the available cable.



50

Figure 3.20: Set-up used for test 2 of the CMOS with laser sensor experiment (top view)

Figure 3.21: Set-up used for test 2 of the CMOS with laser sensor experiment (view from under)

Test 3: The amount of light that can get out or in of the system was reduced using electric tape

to cover all the gaps in the device (figure 3.22). This was the only significant difference from test 2.
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Figure 3.22: Set-up used for test 3 of the CMOS with laser sensor experiment

Test 4: Using the same set-up as the one described in the previous test, the experiment was

repeated but this time on the white XLPE-layer.

The results from the previous tests can be seen in subsection 6.1.1.

3.4.2 Rotary potentiometer

A (2000± 3%)Ω linear rotary potentiometer was used. There were two different experiments

performed in 2 different test-bench set-ups, the data for both was taken using an Arduino Nano

sampling at 100Hz and the code can be seen in appendix H.2. The tests performed were the

following:

Test 1: The first test was performed using the PLA 3D printing test bench shown in figure 3.23.

The wheel is placed on top of the cable by applying forward hand pressure to the potentiometer’s

case. The real distance of travel was measured with a caliper to be (55±0.025)𝑚𝑚 and the start

and ending points were set using tape. The data was taken using an Arduino Nano at 100Hz, which

is well above the Nyquist frequency for this set-up (where the rotation of the wheel is the main

frequency and it does not reach more than 1 Hz).



52

Figure 3.23: Rotary potentiometer experimental set-up for test 1

Test 2: The second test was performed using a Tough PLA 3D printed wheel with the shape of

the cable to help with alignment and also a moving parallel-to-the-ground base to ensure that there

is no rotation from involuntary hand movement (as seen in figure 3.24). 3D printed stoppers were

also used instead of directly using tape as this allows for a better experiment.

Figure 3.24: Rotary potentiometer experimental set-up for test 2
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The results obtained in the tests previously described can be seen in subsection 6.1.2.

3.4.3 Encoder

For the experimenting with the encoder, a two thousand step incremental encoder was used. Two

thousand steps translate to a resolution of 𝜋/1000 radians. Knowing that, it can be calculated

using equation 3.3 (where Δ𝑆 is the linear distance travelled, Δ𝜃 is the change in angle and 𝑟 the

radius) that the maximum radius of the wheel in order to obtain a theoretical resolution of 0.5𝑚𝑚 is

𝑟 = 159.15𝑚𝑚. Therefore, the tests in this section were performed using a metallic (80.0±0.5)𝑚𝑚

diameter wheel found at the university premises. Data was taken using a sampling frequency of

100 Hz with an Arduino Nano; the code can be seen in the appendixes.

Δ𝑆 = Δ𝜃𝑟 (3.3)

Two experiments were done, the procedure and reasoning behind each of them is explained in

the following paragraphs.

Test 1:The set-up for this experiment can be seen on figure 3.25, tests were mainly performed

to see if there were slippage issues between the encoder’s axis and the wheel attached to it. This

was measured with the precision values, as good precision would most likely indicate that indeed

there is minimum slippage. The test done by manually moving the set-up a linear distance of

(180.0±0.5)𝑚𝑚 5 times.

Figure 3.25: Set-up for experiment with encoder wheel
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Test 2: Another test-bench was built for this experiment (figure 3.26), for which a reel that goes

attached to a wheel was built. Testing was performed to see the variables that should be taken into

account if this method is used later. It is worth noting that the linear displacement uncertainty is

also defined by the radius of the reel attached to it, as expressed in Eq. 3.3. The test was performed

by attaching a string to a stationary object and manually rotating the reel to add significant tension

to it, then displacing the set-up a total distance of (180.0± 0.5) mm. The diameter of the reel

is (83.0± 0.5)𝑚𝑚 and is attached to the metallic wheel, which is enough to avoid cable winding

considerations as less than one turn is needed to move the maximum distance of 240 mm.

Figure 3.26: Set-up for experiment with encoder measuring reel

The results from the tests performed can be seen in subsection 6.1.3

3.4.4 Presence/absence detection technologies

For these technologies, the tests were performed by using them in the different objects which they

could eventually detect. This means in general, on the robot and on the cable. All of the available

technologies were tested with the exception of the mechanical switch as it will most likely work on

any solid object. The specific procedure for each technology is briefly explained in the following

paragraphs.

Magnetometer: With the magnetometer the main question was whether or not the ferromag-

netic content of the objects was enough to trigger a response, so it was placed in contact with the

cable peeling machine to see the response. The data was taken using an Arduino Nano on a KY-003

hall sensor.
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Photoelectric: As for the photoelectric LM393 sensor, a through beam set-up was set in place

and the main goal was to observe if the ambient light played an effect on the detection of the laser

signal. The experiments were performed on the side of a window on a sunny day. The data was

taken using an Arduino Nano.

Inductive: Using an OMRON E1A-M12KS04-WP-B1 sensor, the sensing capability was

tested on the metallic components; namely the cable core and the cable peeler, as detection varies

depending on the metal. The data was taken using an Arduino Nano. The maximum distance for

detection was also tested in these two components.

The results from the previously described tests can be seen in subsection 6.1.4.

3.5 Concept Selection

In this section the process behind the concept selection is explained for each of the sub-problems

found at the concept generation step. An effort was made to ensure that all solutions can be

fabricated using already available technologies, but technologies that are easily obtainable via the

preferred suppliers RS-Online and Farnell were also considered.

In order to obtain a final concept, the concept selection was separated into the following 2

different categories: Measuring method sub-problems and other sub-problems. This way, the sub-

problems that involve major changes in the design and working of the system can be addressed first

and the solution to the rest of sub-problems, which are independent of each other is to be selected

later.

3.5.1 Concept selection for the measuring method sub-problems

Initially the principle of measuring sub-problems are to be assessed, these involve which technology

is used and the way it is going to be used for both the zero-setting and the tracking of the robot.

Solutions A, B, C and D involve the use of already available technologies while concept E uses

technology obtainable through the University suppliers, but not readily available, their description

can be seen in table 3.9; to help understand the concept a Solidworks high-level representation was

rendered. The testing performed on the technologies was used determine which concepts were not
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useful and allowed for solutions that would most certainly work, as this project is of an exploratory

nature, experimenting helped the designer in the creative process of making concepts.

Table 3.9: Concepts created for the measuring principle sub-problems

Solution Zero setting Track robot Figure
A Photoelectric to detect cable

ends
First deploying a stopping mechanism with a DC
motor attached to encoder wheel. Stopping the
robot with presence/absence sensors.

3.27
&
3.28

B Detect cable ends using a pho-
toelectric sensor

Rotationally decoupled from the robot axis de-
vice with encoder measuring wheel

3.29
&
3.30

C Use a socket attachment for
the cable end

Encoder with a rotationally detached reel cord
attached to the cable end

3.31
&
3.32

D Presence-absence Adding a caster wheel with swivel and rotation
encoders

3.33
&
3.34

E Detect cable ends using a pho-
toelectric sensor

Using a precise moving mechanism 3.35

Figure 3.27: Isometric render of concept A
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Figure 3.28: Frontal render of concept A

Figure 3.29: First render of concept B

Figure 3.30: Second render of concept B
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Figure 3.31: Render of concept C

Figure 3.32: Sliced view render of concept C

Figure 3.33: Isometric render of concept D
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Figure 3.34: Frontal render of concept D

Figure 3.35: Render of concept E

Using these concepts, a comparison between them was made with a selection matrix that uses

the needs as selection criteria and concept D as reference, as the process was repeated using each

solution as reference and concept D was found to be the most middle-scored. This revealed the

results in table 3.10. It is worth noting that concepts B and C are taken out and no combinations

were done as no advantageous combination possibilities were found due to the very different nature

of each concept.
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Table 3.10: Selection Matrix for the selected concepts

Concepts
Selection Criteria A: Self

deploying
robot

B: Rota-
tionally
decoupled
wheel

C: Reel sys-
tem

D: Extra
wheel
(REF)

E: Lead
screw

Efficient and reliable
Precision + + - 0 +
Lack of human inter-
vention

- 0 0 0 0

Does not add delay - 0 0 0 -
Period between calibra-
tions

0 0 0 0 -

Fast calibration 0 0 0 0 -
Resistance to the ele-
ments

+ 0 0 0 +

Easy to use and handle
Easy to calibrate 0 0 0 0 +
Compactness - - - 0 -
Automation
Easiness to set zero 0 0 + 0 +
Integration
Doesn’t add rotational
inertia

+ - - 0 -

Doesn’t add friction
force

+ - + 0 +

Cable visibility + - - 0 -
Easy to make
Available technologies + 0 0 0 -
Easiness to manufac-
ture

+ - - 0 +

Score 4 -4 -3 0 -1
Rank 1 5 4 2 3
Continue? Yes No No Yes Yes

To choose a winner concept a selection criteria with weighted values was created using the

importance of each need as well as expert criteria. Iterations of this process were made in order to

see the effect of changing the weight of each criteria. The results can be seen on table 3.11
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Table 3.11: Winner concepts according to weighted criteria

Concepts
A: Self deploying robot D: Additional wheel E: Lead screw

Selection
Criteria

Weight Rating Weighted
score

Rating Weighted
score

Rating Weighted
score

Efficient
and reli-
able
Precision 18% 5 0.9 4 0.72 5 0.9
Lack of hu-
man inter-
vention

14% 2 0.28 5 0.7 5 0.7

Does not
add delay

3% 2 0.06 5 0.15 3 0.09

Fast cali-
bration

5% 4 0.2 4 0.2 5 0.25

Resistance
to the
elements

4% 5 0.2 3 0.12 4 0.16

Easy to use
and handle

0 0 0

Easy to cal-
ibrate

4% 4 0.16 4 0.16 5 0.2

Compactness 5% 3 0.15 5 0.25 2 0.1
Automation 0 0 0
Easiness to
set zero

8% 3 0.24 4 0.32 5 0.4

Integration
Doesn’t add
rotational
inertia

4% 5 0.2 5 0.2 1 0.04

Doesn’t
add friction
force

4% 5 0.2 3 0.12 5 0.2

Cable visi-
bility

3% 4 0.12 5 0.15 2 0.06

Easy to
make

0 0 0

Available
technolo-
gies

15% 5 0.75 4 0.6 1 0.15

Easiness to
manufac-
ture

13% 5 0.65 2 0.26 5 0.65

Score 100% 4.11 3.95 3.9
Rank 1 2 3
Continue? No Develop No
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Finally as the system in discussion is to be implemented with other systems, the process was

explained to the client and the best concepts were explained in depth to make a final decision on

the winner concept. Through a long lasting and comprehensive discussion with the client, it was

decided that adding an attached system (instead of a separated system) would give a better image

of the product to investors. This way the winner concept to develop as design proposal is concept

D (Additional wheel), the process of detail engineering design over this concept can be seen in

chapter 4.

3.5.2 Other sub-problems concept selection

Once the solutions were selected for the sub-problems which define and significantly change the

project development, the rest of concepts were figured out and selected. The list of concepts for this

sub-problems can be seen in table 3.12. These were mostly based on availability of components

and following a "is this enough?" philosophy to avoid over-complicating the final concept.

Table 3.12: Concepts created for the non-measuring principle sub-problems

Concept Energy Controlling
the system

Change feed Modify dis-
tance of cut

Display dis-
tance

Displaying
state

A Receive
from electric
cable using a
slip-ring

Use an Ar-
duino

On-off con-
trol system

Potentiometer Digital num-
ber display

Sound alert
(beeping)

B Store in bat-
teries

Use an Ar-
duino

On-off con-
trol system

Numeric
keypad

Digital num-
ber display

1 LED for
each state

C Receive
from electric
cable

Use a
Raspberry-
Pi

On-off con-
trol system

PC PC Sound alert
(beeping)

As an initial filter, the concepts were compared using concept B as reference. This process

yielded the results in table 3.13. It was noticed that both concepts A and B had qualities that might

be considered beneficial to combine, resulting in table 3.14, with the new concept AB.

Another influential factor is the use of external devices, as it was thought that it might discourage

investors as it may look like extra work. Safety concerns are also deeply taken into account during

the whole process, but specially in this critical step. All those considerations are discussed in

chapter 5.
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Table 3.13: Selection matrix for the non-measuring principle concepts

.

Concepts
Selection Criteria Concept A Concept B (REF) Concept C
Error detection
Error detection success 0 0 -
Easy to use and handle
Easy to change distance of cut - 0 -
Information easily readable 0 0 -
Current state is evident + 0 +
Practicality
Experience with technology + 0 -
Availability of technology 0 0 0
Size + 0 -
Score 2 0 -4
Rank 1 2 3
Continue? Combine Combine No

Table 3.14: Second iteration of secondary concepts

Concept Energy Controlling
the system

Change feed Modify dis-
tance of cut

Display dis-
tance

Displaying
state

A Receive
from electric
cable

Use an Ar-
duino

On-off con-
trol system

Potentiometer Digital num-
ber display

Sound alert
(beeping)

B Store in bat-
teries

Use an Ar-
duino

On-off con-
trol system

Numeric
keypad

Digital num-
ber display

1 LED for
each state

AB Store in bat-
teries

Use an Ar-
duino

On-off con-
trol system

Potentiometer Digital num-
ber display

Sound alert
(beeping) + 1
LED for each
state

It is worth noting that the type of control does not vary between concepts but it’s left as a design

choice for future iterations on the device.

Another important thing that was discovered in next steps of the design process is that I/O

availability is one critical limitation, specially considering that a compact product is one of the

client needs. Therefore, having big micro-controllers is to be avoided and human-machine interfaces

should be simple and require little I/O whenever possible.

Taking the discussed factors into account and the needs gathered before, table 3.15 was created

and repeated until each of the weights assigned represented adequately the importance of each
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factor.

Table 3.15: Winner selection of non-measuring principle concept

Concepts
Concept A Concept B Concept AB

Selection
Criteria

Weight Rating Weighted
score

Rating Weighted
score

Rating Weighted
score

Error de-
tection
Error detec-
tion success

15% 4 0.6 5 0.75 5 0.75

Easy to use
and handle
Easy to
change
distance of
cut

15% 3 0.45 5 0.75 3 0.45

Information
easily read-
able

15% 4 0.6 4 0.6 4 0.6

Current
state is
evident

15% 3 0.45 2 0.3 5 0.75

Practicality
Little I/O
required

10% 5 0.5 2 0.2 5 0.5

Experience
with tech-
nology

10% 4 0.4 4 0.4 4 0.4

Availability
of technol-
ogy

15% 5 0.75 3 0.45 5 0.75

Size 5% 5 0.25 3 0.15 4 0.2
Score 100% 4 3.6 4.4
Rank 2 3 1
Continue? No No Yes

3.6 Concept testing

Using the winning concept from both concept selection categories, an in depth design process was

performed where the device was tested in order to grasp a better understanding of the system’s

behaviour, as little research was available on similar systems due to this being a novelty device.
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In this step the selection process of the main components is also discussed if deemed necessary to

understand the working principle of the device.

All of this crucial information to understand the design process can be seen in chapter 4, as all

testing and study of the system forms part of the same concept where optimization based on new

discoveries was performed.
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C h a p t e r 4

DESIGN PROPOSAL

Using the winner concept, an in-depth design was done taking into account the specifications to

create a product that adequately solves the client’s concerns. The following sections explain the

development of the final design proposal in detail, explaining also problems found in the way and

the solutions taken.

The proposed design uses a caster wheel (seen in figure 4.1) to measure movement. This type

of wheel can be seen in shopping carts trolleys and that’s where the original inspiration comes

from. Said wheels have the characteristic that in ideal conditions and steady state, the direction of

the wheel faces the direction of the velocity of the system. Previous analysis has been performed

on the transient behaviour of this wheel and it was determined that the repeatability of the system

is very high for low angle changes on the swivel [29] which makes it ideal for this design as only

small changes in the advance per revolution are expected. So the angle of the swivel can be used to

indicate the direction of the movement and the rotation of the wheel itself can be used to calculate

displacement, so together it is possible to obtain a displacement vector on the movement of the

system.

Figure 4.1: Main components of a caster wheel [30]
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4.1 Sensing components selection

There are 3 components which mainly define the precision and accuracy of the entire system:

The absolute encoder, the incremental encoder and the presence-absence sensor. Said components

selection process is explained below.

4.1.1 Presence-absence sensors

The presence-absence sensors used corresponds to a WLK-4MINI, seen in figure 4.2.

Figure 4.2: Presence-absence mechanical switch WLK-4MINI used in the final design. [31]

This sensor requires minimum I/O (one ground cable and one signal cable when used in a

pull-up resistor configuration), it is small and easy to mount using a set of 2 mm screws [31]. The

only potential problem found with this method of detecting presence absence is that there was a

small wiggle from side to side, which might decrement the accuracy of the system. Nonetheless

in practice it was observed that the cable detection always happened within a 0.25 mm difference

from one measurement to the other or less when measuring with a caliper in 5 different occasions,

therefore this error was not taken into account.

It is worth noting that initially the use of photo-electric sensors were thought to be used in this

regard, but none of the providers had said sensors with the required range readily available. Apart

from this, no testing was performed on these types of sensors, which in some cases depend on the

light reflection properties of the material, adding to the uncertainty of whether or not they work

for this application. Nonetheless, it might work as a possible solution in future iterations of this

device.
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4.1.2 Incremental encoder

The use of HEDS-550X/HEDM-550X/HEDS560X and HEDS-554X/HEDS564X series or similar

encoders were strongly preferred, as experiments were carried out using similar technology in

previous steps of the methodology and they’re readily available using the preferred distributors of

the University [32].

Taking into account the physical dimensions of the encoders to use (shown in figure 4.3), a

measuring wheel attached to the axis should have a diameter greater than 30 mm to avoid collision

between the encoder and the cable. Therefore a wheel of 35 mm of diameter is going to be used

accounting for possible bending of pieces.

Figure 4.3: Physical dimensions of the incremental encoder used for the system [33]

Using figure 4.4 as reference to calculate a minimum angular resolution, where 𝑟 is the radius

of the wheel, Δ𝑠 is the tangential displacement and Δ𝜃 is the angular displacement. Using Eq. 4.1

the total displacement per degree of rotation can be calculated.

Figure 4.4: Angular to linear displacement conversion
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𝑟Δ𝜃 = Δ𝑆 (4.1)

Using Δ𝑆 = 0.5, assuming a movement parallel to the cable as worst case scenario. It can

be seen that maintaining a constant Δ𝜃, the linear resolution can be incremented by reducing the

radius, therefore a minimal radius is considered optimal. Now substituting the known values,

Δ𝜃 = 5
35 = 0.1428𝑟𝑎𝑑. It must be taken into account that the resolution of a rotary encoder is

usually given in steps per revolution. This means the minimum resolution of the encoder should be

of at least 44 steps per revolution.

Therefore the HEDL-5540#A12 was chosen, with an axis diameter of 6 mm which is easily

obtainable from the university preferred electronic distributors and 500 physical steps per revolution

(2000 virtual steps) [33] which enables for a safety factor of 𝑓𝑠 = 11.36. There are no less-expensive

and less-accurate optical incremental encoders that fulfill this resolution requirement within the

available providers, so this was considered the best option at the time of realization of this graduation

assignment.

4.1.3 Absolute encoder

To choose the absolute encoder 2 main factors were taken into account, namely: the price and the

resolution of the sensor. Even though a budget was never set for the realization of this project, it was

explicitly expressed by the client to invest in components as cheap as possible without jeopardizing

the fulfillment of the project’s objectives.

In order to find an acceptable value of resolution, the following calculations and experiments

were made: Initially the advancement per revolution along the axis was studied to determine if

it was constant or variable and it was found that it varies depending on the clamping force. To

do this the device was turned 5 times and the distance traveled was marked using a pen; this was

repeated 10 times at different clamping forces (seen in figure 4.5). The lowest feed per revolution

was noticed to be around 3.5 mm/rev, nonetheless 3 mm/rev is going to be used as a conservative

design value as this would mean a need for more accurate angle of movement sensing.
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Figure 4.5: Experimenting to observe the effect of clamping force on the advance per revolution
using the first version of the prototype

Therefore starting with equation 4.2.

𝐴 = 𝛼𝑟𝑠𝑖𝑛(𝜃) (4.2)

Where 𝐴 is the displacement along the cable axis, 𝛼𝑟 is the total displacement sensed by the

incremental encoder as seen in figure 4.6 and 𝜃 is the angle sensed by the absolute encoder. Using

an advancement per revolution of 3 mm/rev and knowing that the cable’s diameter is of 31 mm

(in reality is slightly less, but this also serves as a conservative value), therefore its perimeter (one

revolution) is 𝐷 = 31𝜋 = 97.389 rendering equation 4.3 that gives the ratio for a worst case scenario

movement of the robot, with an angle sensed by the absolute encoder of 𝜃 = 0.03079.

𝐴

𝐷
=

3
97.389

= 0.0308 (4.3)
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Figure 4.6: Trigonometry used to calculate the displacement along the axis, r is the radius of the
measuring wheel, 𝜃 is the angle of the absolute encoder, 𝛼 is the angle of the incremental encoder,
D is the distance travelled by rotating around the cable and A is the position along the axis.

Continuing, using the maximum distance the device is going to measure (𝐴 = 240 mm), equation

4.3 gives 𝐷 = 7791.12 mm, therefore 𝛼𝑟 =
√

7791.122 +2402 = 7794.82 mm. The maximum angle

error (𝜃𝑚𝑎𝑥) can be determined transforming Eq. 4.3 to Eq. 4.4.

𝛼𝑟𝑠𝑖𝑛(𝜃 + 𝜃𝑚𝑎𝑥) = 𝐴+𝐸𝑚𝑎𝑥 (4.4)

Where 𝐸𝑚𝑎𝑥 is the maximum allowed error, in this case a goal value of 0.5 mm. Substituting in

Eq. 4.4, 7794.82𝑠𝑖𝑛(0.03079+ 𝜃𝑚𝑎𝑥) = 240.5, living a required resolution described by Eq. 4.5.

𝜃𝑚𝑎𝑥 = 0.0000687 (4.5)

Nonetheless, this is not the resolution required by the sensor itself as a gearbox can be imple-

mented to increase the sensitivity of the sensor with respect to the swivel rotation and as later was

found, the use of multiple sample points reduces the resolution needed.

After researching for the available absolute encoders it was found that a resolution equal or

better than the required can only be obtained using industrial absolute encoders, which are too big

and expensive to be used in this concept. Therefore the sensor AEAT-6012-A06 [34] was chosen

and it is to be implemented using a gearbox to adjust the sensibility to the desired value. This

sensor has 12 bits of resolution or 4096 steps per revolution, which translates to a resolution of

𝜃𝑠𝑒𝑛𝑠𝑜𝑟 = 0.001534.
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4.2 Electronic circuit

An Arduino Nano [35] was used as it is lightweight and compact and it was deemed to have the

necessary I/O and frequency to work on this design.

The different sensors used as well as the interface components must be wired to the Arduino

Nano following the designed circuit in figure 4.7. A brief description of the pin arrangement for

the proposed circuit can be seen in table 4.1.

Figure 4.7: Diagram of the electronic circuit used for the project
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Table 4.1: Pin description for the Arduino Nano micro-controller used in this project

Pin Type I/O Name Description
D0 Digital Input Pullup ∼Known position

reached
Inverted signal, indicates ca-
ble has reached a known posi-
tion to start the relative mea-
surement

D1 Digital Output Buzz Indicates when to make alarm
sound

D2 Digital Interrupt Incremental Encoder A Indicates movement in the in-
cremental encoder

D3 Digital Interrupt Incremental Encoder B Indicates movement in the in-
cremental encoder

D4 Digital Input Pullup RF Enter Button Button that saves the selected
distance and indicates the start
of the motion

D5 Digital Output VSeg[1] Lights 7-segment display
number 1

D6 Digital Output Seg[4] Lights segment 4
D7 Digital Output VSeg[3] Lights 7-segment display

number 3
D8 Digital Output VSeg[2] Lights 7-segment display

number 2
D9 Digital Output VSeg[0] Lights 7-segment display

number 0
D10 Digital Output ∼Stop Inverted signal, indicates

when to change the advance
per revolution to "stop"

D11 Digital Output Chip select Signal that enables the read-
ing of the absolute encoder
(SPI protocol)

D12 Digital Input Absolute encoder posi-
tion

Serial signal that sends the
current position of the abso-
lute encoder (SPI protocol)

D13 Digital Output Absolute encoder CLK Clock for the absolute encoder
(SPI protocol)

A0 Digital Output Seg[6] Lights segment 6
A1 Digital Output Seg[1] Lights segment 1
A2 Digital Output Seg[0] Lights segment 0
A3 Digital Output Seg[5] Lights segment 5
A4 Digital Output Seg[2] Lights segment 2
A5 Digital Output Seg[3] Lights segment 3
A6 Analogue Input Distance Analogue value coming from

a potentiometer
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The signal that indicates the presence of the cable is not wired to the Arduino as it was found

later that not setting the zero, but setting a known distance farther away as a starting point is

more beneficial as it enables the system to collect more samples on the angle before starting the

measurement process. This also makes it so that there is no further delay on the cable detection

signal sent to the depth of cut controlling system of the robot.

It is worth noticing that a 9V battery is used to power the system. The use of batteries enables

the system to rotate freely without cables of the system getting tangled around the XLPE cable

limiting its movement, but it also means that the output voltage of the battery configuration should

be checked frequently to be above 7 V in order to ensure the correct functioning of the system [35].

On the other hand, the lack of actuators in the system also means the total current draw from the

batteries is considerably lower than solutions that involve the use of motors.

Another element worth mentioning is the use of radio frequency (RF signals to control the

device). This is the result of considering the safety regulations for machine control. As the robot

is going to be moving, the access to buttons might be limited in case of a required emergency

stop, therefore wireless and remote access will be used. Details on how this helps from a safety

standpoint are discussed in chapter 5. Note that this RF device is not implemented in the final

prototype as said prototype is moved by hand and stopping of the device can be done by not rotating

it. It is strongly recommended to use it in the final implementation.

In order to use RF signals for the emergency stop (RF RST) and (RF Enter) buttons, an RF

module and a controller must be acquired. After researching into the available options from the

preferred distributors, it was concluded that the FOBOEM-4S4 Remote Control System [36] was

inexpensive, works for the intended purposes and also transmits at a frequency allowed by the

European governments [37], therefore it was selected for this application.

This receiver uses low current and works with voltages from 1.8 to 3.6 Volts [38], which enables

it to be connected directly to the 3.3V pin of the Arduino Nano. Using figure 4.8 as reference,

output 1 and 2 are the digital RF Enter and RF RST signals respectively and will be connected to

its respective tags in figure 4.7.
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Figure 4.8: FOBOEM-4S4 receiver diagram [38]

4.3 Mechanical structure

4.3.1 Gearbox

To compensate for the lack of resolution in the absolute encoder, the sensitivity has to be changed

and for this a gearbox was used, the procedure for calculating the gears to be used was as follows:

The required resolution given by Eq. 4.5 is 𝜃𝑚𝑎𝑥 = 0.0000687, while the resolution of the sensor

is 𝜃𝑠𝑒𝑛𝑠𝑜𝑟 = 0.001534, therefore the turn ratio is shown in Eq. 4.6.

𝜃𝑚𝑎𝑥

𝜃𝑠𝑒𝑛𝑠𝑜𝑟
= 0.04478 (4.6)

This means that a turn relation of around 1:25 should be used for the gear-box to guarantee that the

error is always lower than 0.5. Nonetheless a relation of 1:5 was first tested in a design iteration

and it was found that said value is enough to comply with the specifications of the system set by

the client as multiple sample points are taken and an average is used, therefore 1:5 was left as the

turn ratio of the gearbox in an effort to save space and not add unnecessary weight to the system.

The use of this gear box also implies the presence of backlash [20], for this reason the best 3D

printing configuration available was used to allow for 0.1 mm resolution and less loss of accuracy

and the modulus used was the lower possible with that resolution (modulus of 0.5 mm). The lower

the modulus the less backlash is expected in spur gears [20].
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Further gear mechanical structure analysis is not necessary due to the extremely low power

nature of this application, where the main goal is not to transmit power but to give very accurate

positioning.

4.3.2 Slippage avoidance

One of the most important factors to account for in this section is how to avoid slippage. In the

experimentation previously performed it was found that slippage happened when the friction force

was not enough. For this, the proposed designed uses springs and linear bearings that clamp the

measuring wheel with enough force to avoid slippage. The linear bearings made by Iglidur [39]

were selected because they provide a very low friction coefficient, they are cheap and they require

no lubrication.

To ensure that little to no slippage could happen, experimentation on the XLPE material was

performed using the set-up in figure 4.9 to select springs that could work. An adjustable base and

a block were printed. The inclination angle was changed until the block started moving. Later

the inclination angle was calculated by using trigonometry and a measuring caliper with 0.05 mm

resolution.

Figure 4.9: Set-up used to determine the friction coefficient between Ultimaker’s PLA 3D printed
material and the XLPE polymer of the cable

The experiment gave as result an inclination angle of (12.40𝑜
−0.64

+0.67
)cm which can be used
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to determine the friction coefficient by using Eq. 4.9, where 𝜇 is the friction coefficient and 𝜃 is

the angle of inclination of the set-up.

𝜇 =
𝑠𝑖𝑛(𝜃)
𝑐𝑜𝑠(𝜃) (4.7)

Substituting the known values in Eq. 4.9 yields a friction coefficient of 𝜇 = 0.220± 0.012

between the PLA Tough 3D-printed material and the XLPE cable.

To figure out values for the design of the measuring wheel mechanical system, the first step was

to obtain an estimation of the rotary resistance to be felt by the wheel. For this, a conservative typical

starting torque of 0.63 g.cm was used [20], which translates to 6.18(𝐸 −5)𝑁.𝑚 in SI units. As the

measuring wheel is placed in an axis held by two bearings, the resistance is doubled, rendering a

required starting torque of 𝑀 = 1.24(𝐸 − 4) N.m. A simplified force diagram for the forces that

influence on the moment around point O can be seen in figure 4.10, which renders Eq. 4.8.

𝑀 = 𝑟𝐹𝑤 (4.8)

Using Eq. 4.8, the required friction force on the wheel to avoid slippage between the wheel

and the cable while rotating is 𝐹𝑤 = 3.543(𝐸 −3)𝑁 , which can be obtained using Eq. 4.8. Using

the known friction coefficient and the estimated required friction force, a required normal force of

𝑁 = 0.017𝑁 was obtained.

𝐹 𝑓 = 𝜇𝑁 (4.9)

Figure 4.10: Free body diagram with forces that influence in moment around point O for the
measuring wheel and its axis

It is also necessary to obtain the required normal force to avoid slippage from the swivel’s

perspective (ensure enough friction between wheel and cable for proper swivel axis rotation). For
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this, the simplified free-body diagram from a top view of the gearbox system is used, as it can be

seen in figure 4.11, where a required 𝐹𝑤 can be obtained as a required friction to avoid slippage in

the system. Analyzing body A renders Eq. 4.10, where using the gear relation designed 𝑟1
𝑟2
= 5, the

bearing torque resistance from Machinery’s handbook [20] of 6.18(𝐸 −5)𝑁.𝑚.

Knowing that according to the proposed design, gear A has 3 bearings and gear B has 2, then

the required torques can be approximated as: 𝑀1 = 3 ∗ 6.18(𝐸 − 5)N.m= 1.85(𝐸 − 4) N.m and

𝑀2 = 2 ∗ 6.18(𝐸 − 5) N.m = 1.24(𝐸 − 4)𝑁.𝑚. Therefore substituting known values in Eq. 4.10,

𝐿𝐹𝑤 = 8.05(𝐸 −4)𝑁.𝑚 or 𝐹𝑤 =
8.05(𝐸−4)

𝐿
𝑁.𝑚. At this point it can be noted that the lead distance

(L) influences on the required friction in an inversely proportional manner by changing the torque

sensed by the gears, meaning a larger lead distance would also add more stability by making the

required force to turn the swivel less, therefore making a more stable system.

The lead distance selected was of L = 8.58 mm. Finally, solving for 𝐹𝑤 in Eq. 4.10, 𝐹𝑤 =

0.0938𝑁 . Using the Equation 4.9 to obtain the required normal force, it yields 𝑁 = 0.45 N. This

newly obtained normal force is greater than the one previously calculated, which is why it is going

to be used as the required normal force from the springs. A factor of design of 2.5 is used to

ensure that the normal force will be greater in case of bending of the cable (which is expected to be

minimum as the wheel is very close to the clamping point of the cable), rendering a design normal

force of 𝑁𝑑 = 1.125 N.

𝐿𝐹𝑤 =
𝑟1

𝑟2
𝑀2 +𝑀1 (4.10)

Figure 4.11: Simplified top view free-body diagram for the gearbox including only the forces that
have an effect on the moment around the center of rotation of the gears.

For the selection of the springs, two 10 mm compression springs are used. In order to prevent

finger clamping and require less movement of the system for greater forces the springs are going
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to be pre-loaded by 3 mm leaving a 7 mm gap. Then when the cable is added and the system is

clamped around it, the springs will be compressed 1 more millimeter. As 2 springs are going to be

used, the normal force required can be divided by the two of them, as the multiple spring effect is

additive when used in parallel [40]. Using Hooke’s law [40], Eq. 4.11 can be used to calculate the

required spring constant (k), where x is the spring compression or elongation and F is the resulting

force. Therefore solving for k, with 𝑥 = 0.004 m and 𝐹 = 1.125/2 N, renders 𝑘 = 140.625 N/m as

spring constant.

𝐹 = 𝑘𝑥 (4.11)

Therefore a 10 mm long compression spring with 𝑘 = 140.625 N/m should be used, but one

with a constant slightly above this value may also be acceptable, as a security factor is being used

for the mechanical design.

4.3.3 Torque screwdriver adaptor

When testing was performed (results of this seen in appendix C), it was found out that the clamping

force applied to the device when placing it on the cable had a deep effect in both the advance per

revolution when in position 2 and the behaviour of the swivel angle signal. In general, the stronger

the clamping force the more advance per revolution, but also greater oscillations on the measuring

wheel and a more unpredictable behaviour. Because of this, low and constant clamping forces are

preferred.

Making the clamping force constant is no easy task by hand, as a skilled worker can only try

to set the same torque on a screw every time with around ±33% precision [20]. For this reason,

it was necessary to create an adaptor that enables the clamping screw to be connected to a torque

screwdriver which allows for much greater torque precision. This can be seen in use in figure 4.12
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Figure 4.12: Designed torque screwdriver adaptor

The torque was set to 0.2 Nm in the torque screwdriver and a great increase in repeatability was

observed, as discussed in the results chapter.

4.3.4 Structural analysis by simulation

Structural analysis was performed using Solidworks software. Different materials are used for

manufacturing the pieces of the assembly, namely aluminum for the axis and Tough PLA for 3D

printed designed parts. All standard components are made from a steel alloy unless otherwise

specified in the list of parts, as some washers are made from nylon.

Typical values provided by Solidworks were used for the material properties in simulation,

except for the tough PLA and the material used for the linear bearings by Iglidur, both proprietary

but with publicly available data-sheets. For the Tough PLA, the official data sheet was used [41]

and the more conservative side of values were selected to create a custom material in Solidworks

as seen in figure 4.13, where all values come from the specific material’s data-sheet except for the

Poisson’s ratio which is not there, so it is estimated to be at least the one of regular PLA material

[42]. For the Iglidur bearings, all material data was extracted from its data-sheet [39], seen in

Solidworks as a custom material in figure 4.14.
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Figure 4.13: Tough PLA material properties used for simulation

Figure 4.14: Iglidur bearing material properties used for simulation

The main purpose of the mechanical structure is to measure with precision, therefore as it was

discussed for the gearbox design, power transfer between axis is extremely low, where the most

significant resistance comes from the bearings. Considering the torque applied to said elements is

negligible, it is not necessary to perform simulations or any type of resistance of materials analysis

directly on the gears.

There are two main external forces that will be affecting the system in steady state; the first one

comes from clamping the wheel against the cable as it can be seen in figure 4.15. This clamping

force was determined in order to avoid slippage, therefore the expected normal force was already

calculated earlier in this chapter as 𝐹 = 1.125𝑁 .
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Figure 4.15: External force present from the normal force between the cable and the pressure
applied by the springs

The second external force comes from the limit switches placed for cable detection. According

to the data-sheet, the normal force required to activate the switch is of 1.5 N [31]. As the mechanical

properties of the limit switch are unknown and the switch itself is designed to endure this conditions,

for modeling purposes the normal force will be directly applied to the screw holes on the holder of

the mechanical switch in the assembly.

In order to know where the forces of the mechanical switch are going to act on its holder, a static

stability analysis was performed as shown in figure 4.16, showing the forces on that piece when in

activated position. The reaction forces of the system can be obtained using Eq. 4.12 for the sum of

forces in the tangential direction of the forces and 4.13 for the moment in point 𝑂1. Knowing that

𝐹𝑁 is of 1.5N, the equations in discussion are solved for 𝑅1 and 𝑅2. This yields 𝑅1 = 2.132 N and

𝑅2 = -0.631 N, meaning the initial guess of the direction of 𝑅2 was incorrect.

𝐹𝑁 −𝑅1 −𝑅2 = 0 (4.12)

𝐹𝑁 ∗4+𝐹𝑁2 ∗9.5 = 0 (4.13)
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Figure 4.16: Free-body diagram for the mechanical switch.

As the system is going to be rotating around a cable, a centrifugal force was also added with a

speed of 60 RPM around the cable axis and gravity was also added (with a gravity constant of 9.81

m/s2) to account for the components weight. The device also has surfaces which are fixed to the

peeling device, this are contemplated in the simulation using fixtures.

Only the elements that endure significant external forces and have an impact on the mechanical

stability of the designed system are taken into account for the simulation, leaving the analysis with

the elements shown in figure 4.17, enabling for a clearer view of the important to analyze elements.

Results from this simulation are shown in chapter 6.
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Figure 4.17: Elements included in the computer structural simulation

Other elements such as the HMI carcass that support only the weight of the perforated board

and the electronic components attached to it were excluded from this analysis as it was considered

that their load is so low that using expert criteria for the design and then testing in prototypes is

enough to ensure the adequate structural stability of those components.

The simulations that are going to be performed are vonMises stress analysis to grasp an idea

of which parts of the assembly are subjected to the most stress which might be useful in future

iterations of this project, a displacement analysis to observe if there is significant shaft displacement

or if the wheel is being moved too much as that might have unwanted effects on the behaviour of

the system and finally a factor of safety analysis using Max Shear Stress and Max vonMises stress

as this is one of the indicators for the success of this project. The most conservative value is going

to be used as the FOS of the system.
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4.4 Processing of sensors signals

The signals received from the sensors have to be calibrated and filtered in order to achieve the

desired values of average absolute error. The steps taken in this regard are explained in the

following subsections. The data-gathering circuit using an Arduino UNO seen in appendix G was

used as well as the code in appendix F to obtain the data used for this section.

4.4.1 Filtering

The absolute encoder, which is attached to the swivel of the caster wheel requires extra analysis

regarding both calibration and processing of the sensor output signal. Research on typical behavior

of the caster wheel showed that swivel movement theoretically corresponds to an under-damped

response when the angle is changed [29] and this was observed in the taken data. Analysing the

signal from this sensor, it was noticed that in steady state the swivel of the caster wheel oscillates

in a periodic and significant manner for each turn as seen in figure 4.18.

Figure 4.18: Oscillations present in the swivel angle for 3 turns around the cable in stop position.

The oscillations in steady state reduce the accuracy of the system as they deviate from the

actual angle of movement, which is estimated to be the average of the signal. An FFT analysis was

performed, yielding the graph in fig. 4.19. In this figure, a main frequency can be observed, which

corresponds to a sine-wave with period of around the period of rotation of the system.
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Figure 4.19: Fast Fourier Transformation of signal in figure 4.18 as X(t)

It is desired to obtain the average power of the signal (DC value) to know the angle at which

the device is moving (which might be deviated, but that can be fixed later in calibration). To do

this, Eq. 4.14 is used for discrete signals, where the DC value over a specific period is the average

of the samples in that period of time [43]. For periodic signals the number of samples that must

be used is equal to the number of samples in a period of the fundamental frequency of the signal

[44]. Nonetheless, in the case of systems with unknown or variable frequencies (as in this case), it

is convenient to use a very large number of samples [45].

𝑉𝐷𝐶 =
1
𝑁

𝑁∑︁
𝑖=1

𝑉 𝑖 (4.14)

Different sample numbers for the average calculus of the signal were tested used on the reference

unfiltered signal shown in 4.18. The observed effect can be seen in figure 4.20. It’s important to

point out that a higher number of samples is convenient to obtain the DC value, nonetheless doing

so also implies a significant memory usage, makes the process slower for the micro-controller (as

writing in memory was observed to be a time-expensive process) and also delays the signal.
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Figure 4.20: Effect of using a different number of samples. Average filter signal corresponds to
using all the data previous to a given point as a way of observing the behaviour of very high number
of samples

It was found as a crucial issue that the device is turned by hand when performing testing,

therefore the frequency is expected to be reduced when getting close to the desired position in order

to get as close to it as possible in this hand-made tests. This also changes the initial conditions of the

system and makes it time variant; meaning repeatability is greatly reduced. Using a moving average

filter (which works in a similar way to what’s shown in Eq. 4.14), bias may be introduced to the

average at low speeds as seen in figure 4.21. This newly encountered problem required a custom

solution which involved the use of a variable sampling period described in detail in subsection

4.4.2. Results of filtering after implementing said solution can be seen in subsection 6.4.1. It

was observed that the oscillatory behaviour was almost completely removed and that this method

worked as expected.
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Figure 4.21: Bias seen in orange at the end of the signal, where the device turns at lower speeds
and therefore the average obtained strongly deviates from the average value

Removing the remaining oscillations seen in subsection 6.4.1 would require a much larger

number of samples due to the problem with moving average filters, where the transfer function is

an exceptionally good smoothing filter (the action in the time domain), but an exceptionally bad

low-pass filter (the action in the frequency domain) as seen in figure 4.22, some higher frequencies

are left even for high sample numbers [46].
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Figure 4.22: Frequency response of the moving average filter for different sample numbers [46]

4.4.2 Variable sampling period

As mentioned in subsection 4.4.1, when the device starts moving, the moving average filter is still

biased to 0 because not enough samples have been taken. This also made it so that the initial

conditions of the system heavily influenced the accuracy of the system, as for example, faster

turning speeds meant less samples and larger displacements. A first step to solve this was to modify

the physical design and add another presence-absence sensor, for which the distance to the zero is

already known. Therefore, the filter will start accepting values since the program starts, but the

sensed distance will be changed until the device reaches that sensor, from which point the signal is

mostly stabilized and therefore the accumulative error from this deviation can be reduced.

The result of this can be seen in figure 4.23, where the distance is not updated (seen in gray)

until the device reaches the new presence absence sensor. This makes it so that initial conditions

play a less significant role in the accuracy of the system. Nonetheless it was found that it was still

significant and the amount of samples before that point was the most significant problem.
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Figure 4.23: Signal filtering using 2 sensors

As the robot is still in development and the device has to be turned by hand, a solution was

designed. At this point the designer thought of a way to make it so that the micro-controller treats

the data as if the speed was constant. In order to do this, the data obtained was analyzed and it was

discovered that at a sampling rate of 30 ms and turning the device as closely as possible to 60 RPM

using a metronome, the mode step amount per sample was of 49 steps. This way, the sampling

period changed from being constant (of 30 ms), to variable and it would take a sample every-time

the amount of steps taken by the incremental encoder counted 49 more steps.

Using this new variable sampling period made the system much less susceptible to human error

and initial conditions as seen in figure 4.24, and now the settling time of the step response was

observed to always be less of the time it takes the robot to reach the presence-absence sensor that

activates the position tracking which is what was being looked for. It can also be noted that the

response to modifying the angle from a starting position corresponds to an under damped second

order step response.



91

Figure 4.24: Step response using the moving average filter with custom variable sampling frequency
method for two separate experiments for 30 RPM (signal 1) and 60 RPM (signal 2). Note: time is
normalized to match the same speed.

4.4.3 Adjusting zero of absolute encoder

As the advancement depends on the sine of the angle of the swivel, the zero of the absolute encoder

should be adjusted so it uses values as close as possible to reality and the equation stays in the linear

zone of sine equations, which happens at very low angles [47].

In order to adjust the zero of the absolute encoder (where there is no advancement), an experi-

ment was conducted where the device was turned 20 times while on the stop position. It was noticed

that the stop position does not represent an advancement of 0, but an advancement backwards; to-

wards the end of the cable. Taking into account that every turn means a rotation equivalent to the

circumference of the circle, using figure 4.6 as reference, the angle of displacement can be obtained

using Eq. 4.15 solving for 𝜃𝑅 using real life measured values as all variables can be measured

using a caliper. Therefore, the difference between the average angle obtained in real life and the

one shown by the robot can be used to set this zero value using both Eq. 4.15 and Eq. 4.16, where

𝜃𝑅 is the angle obtained by doing the procedure previously described and 𝜃𝐷 is the angle detected

by the device.

𝜃𝑅 = arctan 𝐴/𝐷 (4.15)
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𝜃𝑅 = 𝜃𝐷 − (𝜃𝐷 − 𝜃𝑅) (4.16)

The output of the sensor both filtered and without filtering can be seen in 4.25 for a section of

the entire 20 turns as it is easier to appreciate in detail. The average of the filtered signal gave an

average angle of 0.020366 radians.

Figure 4.25: Angle obtained when turning the device 20 times in stop position

Meanwhile, the results of the measurements performed using a caliper can be seen in table 4.2.

It is worth noting that in order to make sure that each turn ended in a very similar angle, a digital

bubble was used which had an uncertainty of ±0.5𝑜, which represents a linear uncertainty of the

order of x10−4. The diameter of the cable was measured to be of (30.7±0.05) mm, rendering then a

circumference of (96.45±0.16) mm using Eq. 4.15 an angle of (−0.00345±0.00004) radians was

obtained. It’s worth pointing out that the uncertainty of this value is much lower than the maximum

error for angle reading according to previous calculations. This way, substituting the now known

values in equation 4.16, a difference of 0.02381 radians was obtained between the sensed angle and

the measured angle.
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Table 4.2: Measurements obtained using a caliper to set the zero of the absolute encoder sensor

Position Real value (mm)
Starting 121.35 ± 0.05
Ending 114.7 ± 0.05
Displacement -6.65 ± 0.07
Displacement per turn -0.3325 ± 0.004

Once this adjustment was made, a test was performed to see the behaviour of the system

when used in position "2", rendering the output from the swivel sensor seen in figure 4.26. The

experiment consisted of moving the device and stopping for a while at positions 156 mm, 171 mm,

185 mm, 200 mm, 216 mm, 231 mm and 243 mm. The maximum error obtained was of 17.66 mm,

which represents an error of 7.27% as seen in figure 4.27. This error is to be reduced through an

adjustment of the output using the calibration curve as explained in the next subsection.

Figure 4.26: Swivel angle with the adjustment when used for typical use in position 2 stopping at
positions 156 mm, 171 mm, 185 mm, 200 mm, 216 mm, 231 mm and 243 mm



94

Figure 4.27: Distance output when in typical usage in position 2 stopping at positions 156 mm,
171 mm, 185 mm, 200 mm, 216 mm, 231 mm and 243 mm

4.4.4 Calibration

Using the same setup and filtering the signal from the absolute encoder as previously described,

the position of the robot obtained without calibration can be seen in figure 4.28, where a linear

behavior was observed when the robot was moved at a constant speed. The robot was stopped at

different known positions between 150 and 240 mm, which is the range in which the robot is going

to work. It can be seen that the sensed distance does not coincides with the measured distance. The

exact sensed distance at which the device stops can be seen in table 4.3 compared to the distance

measured with a ruler with 0.5 mm of uncertainty.
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Figure 4.28: Position of the robot without calibration.

Table 4.3: Data used for initial calibration of the system

Sensed distance (mm) Real distance (±0.5mm) Error (±0.5)
163.49 149.0 14.49
178.77 162.0 16.77
194.03 175.0 19.03
208.34 187.0 21.34
222.01 201.0 21.01
241.63 217.0 24.63
256.55 231.0 25.55
266.39 239.0 27.39

The error explained above may come from different sources, but mainly that the average angle

might deviate from the actual angle of movement due to bending of the pieces or irregularities that

are very hard to model.

As explained in the theoretical framework, using as many points as possible is desirable for

calibration, especially in this case where the pattern used is not certified and has a high uncertainty.

Using the comparison between real and obtained values depicted in table 4.3, a calibration curve

and its equation is obtained and portrayed in figure 4.29.
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Figure 4.29: Calibration curve and equation for the data in table 4.3

As the sensed angles are always extremely low, the sine of said angle will behave in a mostly

linear manner. Therefore, additive and multiplicative error correction can be performed through

calibration using the equation seen in figure 4.29, which has the form seen in figure 4.17, where

M is the multiplicative error correction and A is the additive error correction value, or in numbers,

0.8809 and 4.4998 respectively in this case.

𝑋𝑅 = 𝑋𝐷 ∗𝑀 + 𝐴 (4.17)

This process was repeated several times until a satisfyingly low error was consistently observed

throughout the validation tests, therefore the calibration values seen in appendix E might not be the

same shown in this chapter.

4.5 Micro-controller programming

The micro-controller is in charge of receiving data from the sensors and outputting the corresponding

signals. As it was previously discussed, the micro-controller to use is an Arduino Nano so the

programming language is embedded C++. The code used on the Arduino can be seen in the

Appendix E.
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The main sequence used on the micro-controller is shown in figure 4.30, this will automate the

whole measuring process and detection of the cable end and only requires the distance as human

input.

Figure 4.30: Flow chart for the main sequence to be used on the Micro-controller

Within the main sequence, there is calculus performed to obtain the actual distance travelled

along the axis as seen in figure 4.32. There is also an interrupt procedure, whose inputs correspond
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to the interrupt pins on the micro-controller and enables the device to not miss steps due to the

execution time of the program whose sequence can be seen in

Figure 4.31: Displacement measurement procedure
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Figure 4.32: Interrupt procedure within the Arduino program

4.6 Overview

It can be seen that all main specific elements of the final design have been discussed, which by

themselves are all connected, but at this point it’s also necessary to perform an overview of all of

what has been just talked, mainly the sum of errors which will ultimately determine the accuracy

of the device.

Assuming worst case scenario for every element previously discussed, the maximum error that

could come from the measuring wheel is in theory of about 0.044 mm. From the swivel sensing

assuming a minimum advance rate of 3 mm/rev and without accounting for backlash as it is expected

to be very low the expected error is of around 0.025 mm according to Eq. 4.4 and considering that

a moving average filter with N=100 is used. The sampling rate is variable but it is modelled to be

of approximately 30 ms, which at an expected advance per revolution of 3 mm/rev and 60 RPM,
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yields an advance per unit of time of 3 mm/s which at said sampling period could mean an expected

delay both to detect the cable (zero-setting) and to send the stop signal of around 0.09 mm (using

Eq. 3.2) for each and 0.18 mm both combined. First two errors can be modeled by calculating the

root squared of the sum of squares of the error and it yields an error from the sensors of 𝐸𝑠𝑒𝑛𝑠𝑜𝑟𝑠

= 0.05 mm, whereas the error because of delay can be added to this sum, yielding a total error of

𝐸𝑡𝑜𝑡𝑎𝑙 = 0.23 mm, which is of less than the goal value for accuracy.

The previously calculated error corresponds only to the main systematic error variables that the

designer was able to quantify in this design, and as there is no current state of the art more research

is required to fully obtain and quantify all the systematic error causes. Furthermore for the swivel

angle, an average value of multiple values is used which may help reduce the error but at the same

time creates for varying initial conditions. On the other hand there will be also a non-systematic or

random error component, which mainly comes from the system being turned by hand which greatly

reduces the system’s precision and this is very hard to calculate but it is expected to be reduced

once the system is implemented in the robot.

Further discussion of the fulfillment of requirements using this design can be seen in chapter 6.
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C h a p t e r 5

SAFETY AND ENVIRONMENTAL CONSIDERATIONS

Safety and environmental considerations were taken into account throughout the whole design

process in this project. How this was done is discussed in this chapter for the safety and the

environmental aspects by separate.

5.1 Health and safety considerations

As the project was developed in the European union, the design should follow the health and safety

guidelines and norms taking place in that specific region. For this reason, the Machine Directive

EN60204 of the European Parliament and the Council [48] was used to ensure the fulfillment of

health and safety requirements. This directive describes a machine as an assembly with at least one

moving part [48] and all machines to be used in European countries should adhere to the guidelines

described in it.

In this case, the designed system corresponds to a measuring device with moving parts and a

control system, which are both elements subjected to directive EN60204 [48]. The fulfillment of

requirements is going to be checked following the same order used in the directive.

The following items are the main safety requirements for the control system [48] and how this

is followed or why it does not apply to the project design.

• They should withstand their intended workload and environmental conditions: The

device is to be used in humid environments, nonetheless a protective tent is used in order to

protect both the cable and the peeling device from rainy conditions. None of the elements

used in the design is sensitive to humidity to the point of possible malfunction on typical

real-life usage, so this requirement is met. Temperature working ranges are also taken into

account and that’s in fact one of the specifications for the system.

• The hardware and software of a control system should be safe: The software in this

system is considered very straightforward and no complex actions have to be performed by
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the operator. The hardware used is considered safe with the only concern being the gearbox,

which moves in a very slow and predictable manner and has a protective carcass where the

fingers would otherwise be able to get clamped between gears.

• All possible logic errors in a control system should not escalate to a hazard situation:

As the control system is mainly in charge of making the robot move or stop along the axis, a

logic error could involve a halt in the position tracking due to a cable being disconnected or

a malfunctioning device, this could make the robot reach unexpected positions (aside from a

significant loss in accuracy) which might create a hazard situation. For this reason, the stop

signal is negated and in case of power loss or logic malfunctioning once a reset is received

the system immediately outputs a stop signal.

• All foreseeable human errors should not escalate to a hazard situation: The only human

input in the fully implemented device should be the distance of cut, which is entered using

a potentiometer and pressing a button to confirm the start of the operation. In this process,

the distance could be wrongly entered or the button could be pressed by accident. For this

reason, an easily accessible reset button is implemented in the design and a waiting period

of 5 seconds with an easily noticeable buzzing noise was added before starting the peeling

sequence, which enables the user to react to his mistake and avoid unexpected movement.

• A machine must not start unexpectedly: As discussed earlier, this is fulfilled by adding an

alarm sound for 5 seconds before the movement starts while showing a 0 on the display. This

way the start of the movement can be easily foreseeable and give the user time to take action

accordingly.

• It must not be possible to change a machine’s parameters without supervision if it

can possess a safety risk: In this case, the system should only have one easily modifiable

parameter, which is the distance of cut. All other parameters come from calibration of

the system, which cannot be performed by accident as the user has to access and modify

the Arduino code. This is considered discouraging and difficult enough to avoid unwanted

parameter modification.
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• Stopping of a machine must not be blocked if the power has been switched off: The

designed control system uses 9 Volt batteries to power itself, so it is expected that eventually

the battery will not be able to power the system. For this reason, the stop signal is normally

closed, which means a stop signal will be represented as low (0V), therefore in the case of

power outage or battery fault the control system will output a “stop” position.

• None of the moving or transportable parts must come off or fall down when a machine

is switched off: All moving components are enclosed in the assembly and fastened using

screws and bolts or tight adjustments to avoid this. Screw tightness should be checked if

vibrations are visible in the system when in use. The proposed design does not require to be

left on to ensure the integrity of its parts.

• Automatic or manual stopping of all moving parts must not be blocked: A reset button

is visible and accessible at all times. Nonetheless as the system will be moving, access

to it could be limited. For this reason, a radio frequency control is to be used in a final

implementation design that goes on the robot. This was not considered necessary for the

concept prototype being developed in this project as it is to be moved by hand (the directive

states that manual machines do not need an emergency stop), nonetheless it is necessary for

a final product in a moving and operational and autonomous robot.

• The protective devices used must perform as expected or transmit a stop signal: There

is a protective device around the gearbox, nonetheless the gearbox does not move at sufficient

speeds or has enough torque to produce significant damage on someone. Another error could

be the insertion of a human hand or finger between the cable and the measuring wheel, for

this reason the sliding motion of the wheel is limited to a range of less than 10 mm, which

when tested avoid human parts clamping and avoids hazardous situations.

• The devices connected with the control system must, if deemed necessary, apply to the

entire assembly or a part of it: As this is a control that applies only to two other subsystems,

this safety consideration will have to be revisited once the device is implemented in the robot

where the control system of the various devices will most likely be put together, but for now

it is unnecessary.
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• In case of a wireless control, the machine must stop automatically if there is no correct

signal or data transmission. The control system itself is completely in the device except for

the reset signal of the final design, therefore, to make sure that the signals from the control

are being received, the start button was also added to be part of the wireless control, therefore

the process will not start if the wireless control is not present and is able to also send the reset

signal. It is worth noting that this was not implemented on the prototype of this project as it

is to be moved by hand and no wireless elements are involved.

The guide also includes requirements for the starting and stopping of machines using control

devices, these are contemplated as follows [48]:

• Visible and recognizable and, if necessary, with proper pictographs and text: All the

process that involve human interaction are correctly described using text. The distance of cut

selection potentiometer has the words "DISTANCE" on top of it and the start button has the

word "START" as seen in figure 6.5.

• Installed in a way that their use is understandable, safe, quick and does not cause any

mistakes: This was taken into account during the design process. It was ensured via testing

with random individuals that used it and gave their feedback on ease of use.

• Designed so that the movement of a control device matches its function: The movement

of the device is mostly rotational, for this reason the distance of cut is selected using a rotary

knob, which mimics the rotational movement of the system.

• Placed outside the hazard area, if possible: This would be achieved using a remote

controller for both the start and emergency stop buttons in a final robotic implementation.

• Installed so that their use does not introduce any additional risks caused by the envi-

ronment: As already explained, there are no elements of the design sensible to ambient

humidity or usual temperatures which is expected to be the most important environmental

consideration in normal operating conditions.



105

• Designed so that a risky procedure cannot be performed, unless it is the user’s intention:

Using the buzzing noise and giving the user 5 seconds to act before the device starts moving

is considered to be enough to avoid risky procedures.

• Constructed for their intended use at rated load or overload if switching an emergency

stop device or disconnecting from a power supply can introduce an additional load: No

additional loads that can create a safety hazard are present in the designed system.

• All control devices must be positioned so that their layout, movement and counter-effect

movement are in accordance with the performed actions, at the same time considering

the fundamentals of ergonomics: This is also confirmed using the survey conducted for

ease of use. The HMI components are also easily visible and comfortable to access.

• If a control device is designed and constructed for executing several different commands,

the selected function must be visible and, if necessary, be confirmed by an operator.

For safe use, the machine must be equipped with indicators which the operator can

use to read data: As the machine in discussion will execute various commands after one

single interaction, the current state of the machine is also shown using 2 LEDs. The first one

indicates that the cable is detected, therefore the machine state is to cut cable and the second

one indicates if the robot is in position 2 or stop for its advancement per revolution.

The directive also includes requirements for selecting control modes, nonetheless, there is only

one control mode present in the designed system, therefore those are not taken into account.

Finally, the risk from moving parts must also be taken into account so that they do not cause

injuries. The directive also lists the following requirements for safety guards [48]:

• The affixed protective guards must be secured so that they can be opened or removed

only by using a tool: This was ensured for the gearbox, where the protective guard is attached

with bolts and screws. As for the wheel, the sliding axis can only move clamp a finger if the

protective measure is removed using a tool.

• The protective guards that can be opened should stay connected to a machine. If possible

they should be designed and constructed in such a way that they can only be modified
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intentionally: There are no protective guards that can be opened without disassembly,

therefore this requirement does not apply.

• All adjustable protective guards that provide access to areas near moving parts which

are absolutely necessary for specific operations should be automatically or manually

adjustable without any tools: There are no adjustable or movable protective guards in this

design, therefore this does not apply. This types of protective guards are only recommended

where the operator might need frequent access to a guarded component and this is not the

case of the designed system.

5.2 Environmental considerations

Initially taking a look at current regulations, the European commission has guidelines for energy

consumption of a certain product as an incentive for the reduction of carbon emission (Directive

2009/125/EC of the European Parliament)[49]. In this case, the designed system is not part of

any of the products which are categorized with an energy label. Nonetheless, there is already new

regulation for the coming years, therefore it is going to be used to assess the environmental aspect

of the design.

This new regulation corresponds to the proposal "Ecodesign for Sustainable Products Regula-

tion" [50], which not only takes into account efficiency and power consumption, but the following

points, which are also gonna be explained on how they were taking into account for the design of

the device in discussion:

• Product durability, reusability, upgradability and reparability: A safety factor greater

than 2.5 is used for all the elements subjected to significant forces. Life expectancy of

the product was not calculated as it was considered unnecessary in this early stages of the

concept design. Reusability, upgradability and reparability on the product design are easily

obtainable as the whole design is modular and replacing parts is not hard to do with basic

assembly tools.

• Presence of substances that inhibit circularity: No such substances are present in the

product design, therefore this requirement is inmediately met.
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• Energy and resource efficiency: All electronic components in the design use low power.

The design also uses single use 9V batteries and this is not ideal from an ecological standpoint,

therefore in future iterations of the product it is recommended to use a rechargeable battery.

• Recycled content: All of the designed components are manufactured using either aluminum

or PLA. Aluminum is a material that can be obtained from recyclable sources with relative

ease and PLA is a biodegradable and renewable polyester [51]. Therefore, the designed

product was manufactured using ecological materials and a high recycled content.

• Remanufacturing and recycling: As for remanufacturing and recycling, for the same

reasons depicted in the previous point, aluminum and PLA were used for the design and

therefore most of the elements of the assembly can be easily recycled and use for future

manufacture of different objects.

• Carbon and environmental footprints: Carbon and environmental footprints are kept to a

minimum in the manufacture and usage of the designed system. The only causes for pollution

are the energy used for manufacture on the 3D printers and the utilization of disposable

batteries, which is relatively low for demonstration purporses. For mass production this steps

will have to be revisited.
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C h a p t e r 6

RESULTS AND ANALYSIS

6.1 Technology comparison and winning method description

The results from the technology comparison experiments are shown in the following subsections.

The unprocessed data obtained from the experiments can be seen in annex I.

6.1.1 Computer vision camera: CMOS with laser sensor

Precision values are of most interest in this experiments, as repeatability is what is being looked

for. It is important to keep in mind that the maximum distance to measure will be of 240 mm with

a maximum absolute error of 0.5 mm as goal value, which corresponds to a relative error of 0.21%.

Therefore a good relative precision value would fall under that relative error.

The results obtained can be seen in table 6.1. It can be seen from there that by changing

the distance from the sensor to the object to the same as used in the nominal mouse application,

precision was greatly improved as expected. Nonetheless, when better sealing the system to avoid

light bleeding, precision got worse and there is no certain reason for this as there are many variables

to take into account. There are also errors present in the experiments done as the mouse was moved

manually and the parts of the sensor were attached using double sided tape, meaning parts could

have moved inside the test bench.

Also, precision values did not see a significant increment when using the system on the white

XLPE layer, suggesting that the material is too regular and provides too little diffuse reflection and

too much specular reflection.
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Table 6.1: Results for the experimenting with CMOS laser mouse sensors

Test # Sensor Real (Δ𝑌 ±
0.025)
(mm)

ΔY Avg.
(Pixels)

Precision
(Pixels)

Relative
Precision
(%)

1 Genius
GM-
04003A

55.000 197.8 168 84.93

2 Microsoft
Basic

46.000 663.4 19 2.86

3 Microsoft
Basic

46.000 577.2 48 8.32

4 Microsoft
Basic

46.000 453 17 3.75

The measurements in test 2 were the most accurate and for this reason the movement sensed was

more deeply analyzed as seen in figure 6.1. It is worth clarifying that every sample happens every

time the mouse detects movement, so jumps in the y axis values suggest changes in the sensibility

according to the point of the cable in which the device is. This is just an hypothesis and it could

also be attributed to involuntary hand movements when performing the test.

Figure 6.1: Mouse movement samples for test 2



110

6.1.2 Rotary potentiometer

The results obtained for the tests performed can be seen in table 6.2. Precision was greatly over 0.5

mm, which is the goal precision. It can be noticed that precision descended from test 1 to test 2

and the main hypothesis for this is that the axis had too much play in the second test-bench used,

enabling it to slip and lose friction. This was also observed in the first test but to a lesser extent.

There was also slippage between the wheel and the cable in both tests. Error is attributed mainly

to the slippage in those two contact areas, nonetheless the uncertainty present in the potentiometer

also creates loss in precision and finally the ADC converter has a limited range, using 1024 values

which is a relatively low number when compared to some encoders available.

Table 6.2: Accuracy and maximum absolute error obtained for the tests performed with the rotary
potentiometer

Test # Real dis-
tance ± 0.5
(mm)

Average
(mm)

Standard
deviation

Accuracy
(mm)

Precision
(mm)

Test 1 55.0 55.49 1.05832415 0.49 2.55
Test 2 55.0 46.4608 20.9117795 8.5392 53.98

6.1.3 Encoder

Test 1: By doing the experiment 5 times, the results obtained can be seen in table 6.3. It can be

seen that precision is very good using this method, as it has the same value as resolution. This

indicates that minimum or no slippage may be present, as error most likely had to do with human

involuntary movements when measuring.

Test 2: Also doing this experiment 5 times, it can be seen in 6.3 that there was a significant

accuracy and precision loss; the main causes for this have been identified. The main issue is that

the tension in the cable is not constant, subjecting the system to an unknown and variable play

distance that is not measured before starting moving and when stopping, ultimately reducing the

repeatability of the experiment. There is also human induced error, as the start and end points were

observed without any stopping mechanism.
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Table 6.3: Results obtained for the experiments with the encoder

Real distance ± 0.5 (mm) Average (mm) Precision (mm) Accuracy (mm)
180.0 179.772 0.12 0.228
180.0 179.53 0.81 0.524

6.1.4 Presence/absence detection technologies

The different detecting technologies showed varying results, these are broken down in the following

paragraphs.

Magnetometer: The magnetometer was able to detect the cable peeling machine, but not the

cable. This is probably due to the cable being made out of aluminum, which is not ferromagnetic

[52].

Photoelectric: The photoelectric sensor was able to trigger a signal only when the laser was

pointed at it without issues because of ambient light.

Inductive sensor: Both the cable core and the cable peeler were successfully detected using

the inductive sensor. Nonetheless, the maximum detection distance was of (4±0.025)𝑚𝑚 for the

cable peeler and (2.7±0.025)𝑚𝑚 for the cable core.

6.1.5 Summary

Out of all the measuring technologies, the only one that gave acceptable results for position tracking

was the encoder. It is considered that if an already-available technology is used (which is strongly

preferred), it should be the 2000 step incremental encoder. In the case of the wheel, it is only

needed that the fit between the axis and the wheel is tight enough to avoid slippage (or glued)

and also to take into account that the linear resolution will vary depending on the mechanism that

converts displacement to rotation used. As for the measuring reel that also utilizes the same rotary

encoder, adding a torsional spring should enable the system to maintain tension and get precision

values as good as with the wheel.

From the presence/absence technologies, all of them could be used depending on the concept

selected. Therefore it is not possible to select a best one in this stage, but it is possible to ease the

selection of one in the next design steps when found convenient using the observations gathered

from each of them.
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6.2 Accuracy of the measuring system

In order to measure the accuracy of the measuring system and make sure that the indicator “Average

absolute error is below 1 mm when using the designed measuring technology from 150 to 240 mm

of displacement from the cable end to the device” is being fulfilled, an experiment was conducted

where using the designed measuring technology and the data gathering set-up, the error was

obtained for every 3 turns of the system from 150 to 240 mm repeating this until the amount of

samples was of 100, the results of this extensive experiment can be seen in appendix J.

It can be seen that the accuracy is of 0.679 mm or 0.2829% from its maximum range (240 mm),

which is below the 1 mm value that was set as indicator, showcasing that success was reached for

its corresponding objective. As seen in figure 6.2, the error does not seem to be directly linked to

any side of the measuring range when it’s above 1.5 mm, meaning it is probably of non-systematic

nature and occurs because of random factors.

Figure 6.2: Scatter plot of error vs distance

Some of the factors that are thought may be behind this non-systematic error found through

experience and experimentation on the device:

1. Different clamping force: A different clamping force may create a deviation in the angle.
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2. Different placement on the cable: The device might be initially placed in a crooked position

and that may induce a different behaviour.

3. Errors while visually reading the distance value on the ruler: As the experiment was repeated

so many times, fatigue might provoke wrong readings.

4. External irregularities in the cable: the cable end sometimes presented irregularities that

could trigger a slightly earlier or later detection of itself.

5. Difference in external forces when turning it by hand: There could be forward or backward

force components on the system when pushing which might modify the behaviour of the

system and reduce its accuracy.

Another thing that is important mentioning is that the error obtained is lower than the one that

an operator would get by doing the process by hand as explained in the initial data acquisition.

6.3 Mechanical structure and prototyping

After constructing the mechanical structure in Solid Works, the results obtained for the structural

simulations are the following:

6.3.1 Creation of the prototype

As seen in the drawings for the final solution in appendix K, most of the designed parts for

this project were 3D printed using the Ultimaker S5 3D printer available in laboratory 3 at the

RAM installations using a 0.4 mm nozzle, which allows for layer resolution of 0.02 mm and XYZ

resolution of 0.0069, 0.0069 and 0.0025 mm respectively [53], which makes it great for applications

that involve high precision (i.e low module gears and bearing fits). In cases where close fits are

expected, the lowest resolution setting was used (0.1 mm), this meant low printing speeds but a

very high-quality result.

It is worth pointing out that as a recommendation from the technicians in the laboratory, an

unbranded special spray for 3D printing was used to enhance the printing quality as in some cases

warping in the lower parts of the pieces was observed if said product was not used. Some pieces



114

also required special configuration when slicing them for 3-D printing, these details are on the

drawings for each part on appendix K

As described in subsection 4.3.4 for the computer simulations, the material used in all the

3D printed parts that were subjected to stress was Tough PLA. This material was chosen because

it offers the convenience of PLA with the added toughness and durability needed for assembly,

specially for tight fits in roller bearings, were a bench press tool and sometimes a hammer with a

cloth was used to install them, depending on the accessibility of installation.

As calculating the resistance of materials for assembly processes is outside of the scope of this

project, the creation of prototypes also involved the re-manufacture and re-design of certain parts

due to them breaking when pressing bearings or when introducing an axis to already assembled

bearings as seen in figure 6.3. In this process some bearings were also broken which lead to the

design decision of using tougher and bigger bearings as seen in the final design of the gearbox.

Figure 6.3: Broken gearbox (broken part seen inside the red circle)

Additionally, the wheel axis had to be specially re-designed because it was sliding to the sides

when enough force was applied, this involved the machining of an aluminum rod using a lathe
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present within the building installations as seen in figure 6.4. Also some axis have threads made

using thread dyes on the edges to secure them with nuts.

Figure 6.4: Lathe used to manufacture the custom axis

The final result of this assembly can be seen in figure 6.5 once all the electronic components

are added. It is worth noting that all moving parts behave as expected, no significant resistance

because of interference was found in the gears. Therefore it is considered that this design can be

successfully manufactured within RAM premises following the drawings in appendix K.

Figure 6.5: Resulting assembly of the system’s prototype

A lateral view of the device placed in the cable can be seen in figure 6.6 as well as a rear view
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in figure 6.7 for better visualization of the ending result of the prototype. In future iterations of this

project it is recommended that the cables are cut shorter to enable for less or no cable management

work and a final more clean look. Hanging cables in this case do not represent a problem as all the

signals sent using long cables are digital and interference is unlikely.

Figure 6.6: Lateral view of final prototype when placed on cable
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Figure 6.7: Rear view of final prototype when placed on cable

6.3.2 Mechanical stability simulations

The results from this analysis can be seen in Solidworks archives in appendix K.

Von Mises analysis

When performing a von Mises stress analysis, the results obtained can be seen in figure 6.8. It can

be seen that the stress is very low throughout the piece with the exception of the cable detector

threaded rod, but as this piece is made from a steel alloy this doesn’t suppose an integrity risk as it

can be seen in the rest of the analysis performed.
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Figure 6.8: Von Mises stress analysis on the final assembly

Displacement

According to the simulated results, the displacement of the parts subjected to stress can be seen

in figure 6.9 and figure 6.10. It can also be seen that the maximum displacement occurs in the

Tough PLA presence-absence sensor holders, which withstand the pressure from the zero detecting

sensor, nonetheless its maximum value is of 42.25 𝜇m, which is negligible and would not suppose

any significant accuracy losses.

Figure 6.9: Frontal view of displacement simulation
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Figure 6.10: Rear view of displacement simulation

It is worth mentioning that the axis deformation may cause problems in the gears and bearings

and create unwanted vibrations that might ultimately cause loss of accuracy, nonetheless, this is

generally a problem only on systems were high rotational speeds are reached [20] and for this

application, speeds are not supposed to reach more than 60 RPM and displacements are so low that

this does not suppose a problem.

Factor of safety

Finally, as one of the indicators for the success of this project is a minimum FOS of 2.5 and as it is

an important request from the client to be able to present the prototype without risking the system

breaking in the middle of a presentation with potential investors, the FOS analysis results can be

seen in figures 6.11, 6.12, 6.13 and 6.14. Both analysis show a factor of safety much larger than

2.5. As real-life mechanical testing is outside of the scope of this project the most conservative

result is going to be used as the factor of safety of the system, which is of 11.
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Figure 6.11: Result for the factor of safety utilizing von Mises criterion isometric view

Figure 6.12: Result for the factor of safety utilizing von Mises criterion frontal view
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Figure 6.13: Result for the factor of safety utilizing max shear stress criterion

Figure 6.14: Result for the factor of safety utilizing max shear stress criterion

Having a high FOS value means that the the assembly will not only be able to withstand typical

usage, but also incorrect use which is helpful in the context of a concept design where changes

might be made to it in the future. It is also useful to have this high FOS as 3D printing quality

deficit may occur in future implementations.
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This FOS value also allows for a less accurate selection of springs that create greater forces and

to implement the electronic elements without fearing that the FOS value will drop to a value of less

than 2.5.

This analysis also enables to identify the parts of the assembly that are more likely to eventually

reach the yielding point. It can be seen that the most vulnerable parts are some axis and screws,

therefore if the device is used for a long period of time and erratic behaviour is observed, it would

be a good practice to visually inspect this pieces first.

6.3.3 Integration with the rest of the robotic system

As it was mentioned throughout the document, the design for the rest of the robotic system is still

in development. In spite of this, communication was constant between designers of the different

subsystems to try to avoid future problems when integrating all the concepts into one robotic system.

The only currently finished design is the one for the computer vision chip inspection subsystem,

which was part of a master thesis performed [54], the tool height control subsystem is already

working as expected but modifications might still be performed on it, as for the drive-train testing is

still being performed. It is worth mentioning that the part of the drive-train in charge of physically

modifying the advance per revolution has yet to be designed.

The latest design for the rest of the subsystems of the robotic system can be seen in figure

6.15, where the micro-controllers and other electronics have been removed as they can be later

rearranged and/or combined. Both the tool height control and the computer vision chip monitoring

systems are located in the higher part of the assembly. The drive-train however takes a lot of space

in the form of two motors seen in figure 6.15 on the back of the assembly. The use of two motors

(instead of one) was a recent addition to better distribute the forces along the cable and minimize

damage possibilities and a rearrangement of components to locate the second motor on the other

upper wheel instead of the lower wheel, completely removing the wheel or the use of 3 smaller

motors are options still considered.
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(a) Isometric view (b) Frontal view

Figure 6.15: Latest design iteration for the rest of the subsystems of the robotic system

An analysis looking for interference between the designed systems was performed, rendering

the results seen in figure 6.16. With the exception for electronic component holders, which as

mentioned earlier are going to be modified in the final integration of the system, it can be seen that

the only interference that affects the correct functioning of the robot occurs between the DC motor

on the lowest wheel and the measuring wheel. This is because the decision to add an extra motor

there was made recently once the final design proposal was already finished and validated.
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(a) Lateral view (b) Frontal view

(c) Rear view

Figure 6.16: Interference between subsystems when implementing this project’s design in the latest
design iteration of the robotic system. In green the mechanical structure for the chip monitoring
system and in red for the drive-train and depth of cut control

In order to solve this interference three different solutions are proposed, namely:

1. Removing the newly proposed motor: This newly added motor was added as a precautionary

measure to avoid damage on the cable, nonetheless empirical evidence has still to be gathered
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to determine if this has a meaningful impact, therefore it is recommended that first testing is

performed using only one motor to move the device as originally intended. It can be seen in

figure 6.17 that this immediately solves the issue as the proposed design was based on using

only one motor.

Figure 6.17: Interference analysis when removing the newly proposed motor

2. Moving the motor to the other wheel: Moving the motor to the other wheel is another

possibility as this would require minimal modifications in the overall design and would also

completely avoid interference. This can also be seen in figure 6.17 as this modification would

represent a symmetrical reflection of the motor in a plane in the middle of the two upper

wheels, therefore not representing an interference to the correct functioning of the mechanical

structure.

3. Moving the measuring wheel away from the interference: This would require modifica-

tions in the design proposed in this project as seen in figure 6.18, but this does not represent

a risk to the proper functioning of the device as a mechanical analysis was effectuated and a

minimum factor of safety of 9.5 and a maximum displacement of 63.7 𝜇m was obtained for
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the mechanical structure following the same steps for simulation used for the design proposal,

where the results can be seen in figure 6.19.

Moving the measuring wheel farther along the cable also means that it is going to be more

susceptible to the cable’s curvature (which was previously negligible). This curvature is

expected to be of a minimum radius of 4 meters, which means that the cable can move up

and down 2.08 mm from the measuring wheel’s perspective (as seen in figure 6.18). This

can make the measuring wheel slip, but it can be fixed by not pre-loading the springs so the

movement of the anti-slippage system can be of 3 mm and changing the spring constant to

562.2 N according to Eq. 4.11 so that it maintains the minimum required normal force. This

also means that the force on the springs can be 2 times higher at times so the maximum force

was used for the simulation shown in figure 6.19. The system will most likely have to be

calibrated again and as this is a novelty concept, the behaviour should be studied to see if

there are more implications attributed to this change, but that is outside of the scope of this

project.

Figure 6.18: Result of moving the measuring wheel to the right to avoid interference. The maximum
displacement of the cable at the wheel due to curvature is marked with annotations.
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(a) FOS analysis (b) Displacement analysis

Figure 6.19: Mechanical analysis of displacing the measuring wheel to the right

6.4 Software routine capable of controlling the feed position

Throughout the validation phase of this project, the software routine was used and it worked

flawlessly. As requested by the client, the required output signals of this project were the indication

that the cable has been end has reached the cutting tool and that the final position has been reached

in order to change the feed per revolution to stop.

The subsystems of the robot that will receive signals from the designed device will act according

to the truth table in 6.4, which uses only two bits as specified in early stages.

Table 6.4: Truth table for the control of the subsystems within the robotic system

∼STOP ∼Cable detected Drive-train action Cutting tool control system
0 0 FPR in stop Cut
0 1 FPR in stop Do not cut
1 0 FPR in "2" Cut
1 1 FPR in "2" Do not cut

In order to indicate this, the outputs are represented using LED lights. This corresponds to the

HMI seen in figure 6.5, where using the dial, the desired distance can be modified while reading the

7 segment LED display and once the red button is pressed, the system makes a loud alarm noise for

safety reasons explained in chapter 5, afterwards the measuring can be started. In order to use the

full potential of this HMI, the current position is also constantly displayed on the LED 7 segment

display. This entire process worked without any perceivable software issues or bugs.
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The designed on-off control system effectively uses a software routine that only receives the

distance of cut as input, the user press enter and the measuring is then performed in an autonomous

manner as the user only has to turn the device. This measuring system could also be implemented

in the intended robotic system and therefore enable the entire process after placing the robot

completely autonomous, where the drive-train subsystem would receive a start signal when enter

button is pressed (and should wait 5 seconds to start the motors) and then receive a stop signal once

the device needs to continue rotating but in a still position.

Still more research has to be done to determine the time it takes for the device to change from

position “2” to position “stop” and effectively stop, but at the moment this is not possible as that

part has yet to be designed by the client and therefore is outside of the scope of this project.

6.4.1 Results of signal processing

Using the variable sampling frequency and the filters explained earlier in the design proposal, the

combined result to obtain the DC component can be seen in 6.20. Notice that if the device is

stopped, bias is minimum. The resultant DC value of the signal (obtained using the moving average

filter) contains around 0.94 E-03 rad of amplitude oscillations along the signal, as seen in the FFT

in figure 6.21. Even though the amplitude of these oscillations is greater than the accepted error for

the angle according to previous calculations, as this signal is symmetrical along the true DC value

of the signal and the angle is very low (meaning a linear behaviour), the accumulative error should

be negligible leaving only the error from the last cycle, which is extremely low.

Another thing worth noticing is that as seen in 6.21, the frequency of this peak in oscillations

is of almost 1, meaning that the device successfully gathers data as if it was turning at an almost

constant speed of about 60 RPM as intended. Nonetheless it was observed when performing testing

(as seen in appendix C) that for higher speeds there is an erratic behaviour and the turning speed is

no longer constant at 1 Hz. This shouldn’t be a problem as the robot will be turning at around 60

RPM.
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Figure 6.20: Results of filtering the signal with a 100-sample moving average filter and using a
variable sampling period

Figure 6.21: Filtered swivel angle in the power domain using a 100-sample moving average filter
and a variable sampling period

Through the use of the average value of the signal, an increase in accuracy was observed. This is

estimated to be because various periods of the signal are taken into account, therefore the resolution

of the swivel angle is lower than the resolution of the sensor itself. This is thought to enable the use

of a 1:5 relation for the gearbox instead of 1:25. More research is advised to study the behaviour of

the signal to improve accuracy.
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6.5 Validation

As specified in the objectives, one of the deliverables corresponds to a validation document. This

document is the result of testing and simulations performed to the final version of the device designed

in this project. Initially, to get to a final version that is as optimized as possible and to figure out

possible external variables that influence on the system’s precision, testing was performed. The

results of these tests can be seen in appendix C. Once the optimization was done, the final testing

was finished and the results of this can be seen in appendix A. Finally, to make sure that the client is

able to use the device properly, a manual of use (appendix B) was also made and a final spec-sheet

is shown in the validation document. In the following subsections the results obtained for both the

testing and for the validation document are discussed separately.

6.5.1 Optimization testing

As seen in the appendix C, three different test were performed on the system and these had the

following implications in the final design:

1. Clamping force heavily influences the behaviour of the system and it is directly related to the

repeatability of the measurement process.

2. The variable sampling frequency seems to not work properly when turning the device at very

high frequencies, probably due to the high amount of interrupts which might influence the

sampling rate of the swivel angle sensing.

3. A rounded wheel will not work with the system as any tangential force to the wheel moved

it to an unusable position.

Testing was deemed necessary to obtain such accurate results and optimize the design to

the current level. Mainly to determine the influence that clamping force has on the system, as

before testing it was thought to barely modify the system’s behaviour but in reality using a torque

screwdriver greatly increased accuracy.
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6.5.2 Validation document

According to the tests and simulations performed for validation seen in the validation document

on appendix A, all specifications discussed with the client throughout the design process were met

when comparing with the original specification sheet (Table 3.8).

Some validation results show that the device even surpasses goal values discussed with the

client, and when he was presented with the working device he was clarified been very much

satisfied with the result.
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C h a p t e r 7

ECONOMICAL ANALYSIS

In this chapter an economical analysis is performed in order to justify the implementation of this

product as an eventual solution for some of Alliander’s cable installation problems.

7.1 Cost Analysis

It can be seen according to the table of costs portrayed in table 7.1, that the total cost of the design

proposal is of =C17,396.72, nonetheless the software was already available at no extra cost for the

university and the labor costs are an estimation as in reality the designer was not compensated,

therefore the real cost was of =C177.72, a very small sum considering the level of accuracy that the

robot achieves and its complexity. Note that the estimated salary comes from a starting salary as

Mechatronics Engineer in The Netherlands [55].

Table 7.1: Cost of production and development of the product

Type Name Amount Price unit Total price Provider

RS PRO Deep Groove

Ball Bearing - Sealed

End Type, 6mm I.D,

19mm O.D

4 =C 2.49 =C 9.96 RS Online

Seeed Studio Grove-

Buzzer Module

1 =C 2.09 =C 2.09 Farnell

Igus GFM-0608-04,

Bearing with 8mm

Outside Diameter

4 =C 1.52 =C 6.08 RS Online

Broadcom Absolute

Mechanical Rotary

Encoder with a 6 mm

Plain Shaft

1 =C 32.48 =C 32.48 RS Online
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HEDL-5540#A12 1 =C 57.54 =C 57.54 Farnell

WLK-4MINI Switch 2 =C 0.94 =C 1.88 Stores U.T.

Arduino Nano 1 =C 3.64 =C 3.64 Stores U.T.

LED 7 segment 13mm

Common Anode Red

4 =C 0.74 =C 2.96 Stores U.T.

Switch momentary

make contact

1 =C 0.51 =C 0.51 Stores U.T.

Potmeter 5KΩ Lineair

metal

1 =C 0.38 =C 0.38 Stores U.T.

Resistor 330Ω 5%

0.25Watt

2 =C 0.05 =C 0.10 Stores U.T.

Resistor 1kΩ 5%

.25Watt

8 =C 0.06 =C 0.48 Stores U.T.

El
ec

tro
ni

c
C

om
po

ne
nt

s

1W LED 2 =C 0.06 =C 0.12 Stores U.T.

NMB Radial Ball Bear-

ing - Shielded End

Type, 6mm I.D, 10mm

O.D

3 =C 6.39 =C 19.17 RS Online

M6 Steel Hex nut 17 =C 0.04 =C 0.60 RS Online

Stainless steel threaded

rod M6 1 meter

0.08 =C 5.80 =C 0.46 RS Online

M6 steel washer 10 =C 0.02 =C 0.20 RS Online

M6 nylon washer 4 =C 0.10 =C 0.40 RS Online

M6x30 Steel hex head

screw

1 =C 0.21 =C 0.21 RS Online

Slot Pan Brass Ma-

chine Screws DIN 85,

M6x12mm

2 =C 0.67 =C 1.33 RS Online
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M6x25 Steel hex head

screw

4 =C 0.17 =C 0.68 RS Online

6 mm Aluminum rod 61

cm

0.35 =C 10.22 =C 3.62 RS Online

Potmeter knob push fit 1 =C 0.73 =C 0.73 Stores U.T.

Ultimaker 2.85mm

Black Tough PLA 3D

Printer Filament, 750g

0.63 =C 48.34 =C 30.68 RS Online

M
ec

ha
ni

ca
lC

om
po

ne
nt

s

10 mm Aluminum rod 1

m

0.03 =C 43.04 =C 1.42 RS Online

Solidworks annual li-

cense

0.33 =C2797 =C932.33 N/A

So
ftw

ar
e

Matlab annual license 0.33 =C860 =C286.67 Mathworks

Labor Hour of work 640 =C 25.00 =C 16,000.00 N/A

Total =C 17,396.72

7.2 Revenue Analysis

Calculating the revenue can be done in different ways as this subsystem could be used by itself to

increase precision and efficiency in the measuring of the distance of cut or as part of the robotic

system.

According to the interview performed to Alliander Employees as part of the determination of

needs procedure, an estimate of 2.5% of all insulation defects are due to measurements, which

represents a rough estimate of 250 thousand euros in damage from all cables, from which 158

thousand euros can be attributed to the 240 mm² XLPE cable directly. As it is expected from

Alliander to double the amount of medium voltage cable connectors by 2050 [6] it can be estimated

that this number may be doubled if solutions are not implemented, making it around 500 thousand

euros by that year or 316 thousand euros directly attributed to the cable in question. It is estimated

that by implementing the device designed in this project, the accuracy of distance of cut is enough

to avoid cable installation issues and eliminate all of this losses, effectively winning the company
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said amounts as revenue by just adding this system to the currently used device.

As also discussed in the identification of needs step of the methodology, the measuring of the

distance process takes around 1 minute per cable, and considering that the process is performed

around 12 times a day according to employees, which represents a total time of 3120 minutes or

52 hours annually. The designed device on the other hand takes around 5 seconds per use, which

represent 4.33 hours of work annually plus calibration which takes around 257 seconds and if

performed daily (which is more than necessary) represents 18.56 hours, for a total of 22.89 hours

annually. Therefore an estimate of 29.11 hours of work are saved using this device, which at an

hourly salary of =C16.9 (estimated from national average [56]) signifies a total annual saving of
=C491.959.

Finally once this device is implemented in the robotic system, it will enable the robot to perform

the peeling of the insulating layer process in a totally autonomous manner, which would not be

possible without it as it is required to control the movement of the robot and also to detect the

presence of the cable. This way, knowing that annually an estimated =C1.250 million euros are lost

(including both fixing costs and cost of lost minutes of electricity) because of incorrect peeling of

the semiconductor during the cable installation procedure, from which 80% are XLPE cables and

79% from those are 240 mm² size, which means that improving the success rate of the current

process from 99.9% to 100% represents a saving of =C790 thousand euros [4].

Therefore the revenue can be divided in two categories, the first one is the revenue if the designed

system is used by itself and not with the robotic system, which would create an annual revenue of

around =C158,491.96 as seen in table 7.2. On the other hand once the system is slightly modified to

fit with the rest of the robotic system the annual revenue is expected to reach =C790,491.96 as seen

in table 7.3.

Table 7.2: Expected first year revenue of implementing the designed device as an addition to the
current technique

Description Revenue
Damage reduction =C 158,000.00
Employee time saved =C 491.96
Total =C 158,491.96
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Table 7.3: Expected first year revenue of implementing the designed device in the cable peeling
robotic system

Description Revenue
Damage reduction =C 790,000.00
Employee time saved =C 491.96
Total =C 790.491.96

7.3 Financial Viability

As for financial viability, two different scenarios are proposed to illustrate the high viability of

implementation of this project. These are: Using the designed system as an addition to the current

technique and using it in the cable peeling robotic system that is currently under development.

To analyze the profitability of this investment, a return on investment metric (ROI) is used. ROI

helps understanding how much profit or loss an investment will earn. It is presented as a percentage

and calculated using Eq. 7.1 [57].

𝑅𝑂𝐼 =
𝑁𝑒𝑡𝑃𝑟𝑜 𝑓 𝑖𝑡

𝐶𝑜𝑠𝑡𝑂 𝑓 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
∗100 (7.1)

Therefore, if the device is used as an addition to the current technique, the return of investment

can be calculated as ROI = (=C 158,491.96 - =C 17,396.72)/=C 17,396.72 that is ROI = 811% which

is a very good number in terms of ROI and given the context, meaning the inversion is completely

justified. On the other hand, the ROI if the system is implemented in the robot cannot yet be

calculated because it is necessary to know the cost of investment associated to the rest of the robot,

so that cost is going to be left as a variable, yielding ROI = (=C 790,491.96 - =C 17,396.72 -𝐶𝑅𝑒𝑠𝑡)/(=C

17,396.72 + 𝐶𝑅𝑒𝑠𝑡) = (=C 790,491.96)/(=C 17,396.72+𝐶𝑅𝑒𝑠𝑡)- 1.

It is worth noting that the ROI will be lowered if the device breaks because of too many cycles,

as life expectancy was not calculated. In this case, the ROI would be reduced by 1% per extra

device in the first scenario (used as an implementation on the current device) and even less in the

second scenario, which does not represent a significant risk to the investment’s viability.
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7.4 Other benefits

As this project is a first iteration of a highly innovative device, it is going to be left at the University

of Twente to be used in future research. This means that the value of this device and this document

is beyond monetary as it will provide enough intellectual material to continue upgrading it over the

course of time.

For the University of Twente this represents a great deal as this will create more opportunities for

graduation assignments for both Bachelor’s and Master’s students, ultimately increasing the research

output of the university and the laboratory. This is because as described in previous sections, the

real cost of this project is relatively low, therefore the required budget is highly accessible and

because a highly iterative methodology was used throughout the design, it is possible to make

changes from any point of the design process and upgrade it accordingly.

Finally, the university often organizes tours in the RAM laboratory, showcasing some of the

inventions and discoveries made within the group. The author of this project already conducted

some presentations in the “Open House Day” at the University of Twente for the general public

where the designed device was presented and explained to people from all backgrounds and ages,

undoubtedly rising awareness over different problems being solved at RAM which ultimately works

as publicity, probably increasing investment from companies and student recruitment rates. The

designed device is likely to be used in future tours and presentations adding on to this benefit for

some time.
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C h a p t e r 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Through a comparison of all the available and easily obtainable technologies at the University of

Twente premises, the rotary encoder was found as the best for position tracking of a device that

displaces and rotates around the cable as its main limitation for this application is that slippage may

occur, while it was found that a CMOS sensor with laser as light emitter is not accurate enough due

to the light properties of the cable materials, a rotary potentiometer was limited by the resolution of

the potentiometer, by the ADC resolution of the controller, potential axis slippage and its relatively

high tolerance. As for detection of the cable there was not a clear winner as all the available

technologies could be used in different ways, so ultimately a presence-absence switch was chosen

because of its ease of use and as it is accurate enough to detect the starting point of the measuring

without affecting the overall accuracy of the system by a significant margin.

Using the winning technologies from the technology comparison and selecting from the totality

of created concepts the one that could use said technologies, a measuring system was designed and

a prototype was built which enabled for data gathering and observation of the system’s behaviour.

The prototype of the designed system is capable of tracking the device position along the cable

with an accuracy of 0.679 mm or 0.28% of its max range using a novelty position tracking system,

which involves the use of a caster-wheel where the rotation of the wheel and the swivel angle are

sensed to obtain the displacement in the along-the-cable direction using trigonometry.

An on-off control system was used to control the feed position between two different positions

as this enables for easier later modification and integration in a fully automated robot. In order

to do this, the signals from the sensors had to endure a special type of processing that used a

variable sampling frequency allowed for variable speeds when rotating the device around the cable

manually and also served to obtain the DC value of the signal to get the real advance per revolution

and perform calculus for the position of the robot and finally send a stop signal when the desired

distance was reached. This sequence requires only the distance selection input to automatically



139

measure the position of the device once correctly placed and calibrated, and that eliminates most

human intervention which is the main cause for error.

A mechanical structure that integrates with minimal modifications in 3 different ways with the

latest iterations of the robotic system was created and analyzed. Said structure involved a mechanical

gear to increase the sensibility of angle sensing and a slippage accuracy loss avoidance system,

designed with a factor of safety of 11 according to computer simulations, enabling the system to

withstand not only typical usage but also incorrect use and manufacturing problems that may lead

to a decrease in the resistance of the material. This will enable the client to present the project

several times without the risk of a part suddenly breaking. As part of this mechanical structure, a

special adaptor that enables the system to be clamped with relatively constant clamping force was

designed as it was determined that a constant clamping force greatly increases the accuracy of the

system.

Finally, through extensive testing on the final prototype of the design proposed in this project and

knowing that this product is of innovative nature and there is no current state of the art, the creation

of experiments to make a validation document of the entire system enabled not only to ensure that

the client’s specifications were met adequately but also characterized the system and identified main

loss of accuracy causes for future optimization of the device. As the final prototype was tested

with all of its components assembled, this enabled also to test for correct mechatronic integration,

where all of the elements work together to make a working solution for real-life applications.

8.2 Recommendations

Throughout the design of the cable peeling device tracking device and advance per revolution

control, the following recommendations for future research were found:

First of all, the system was never tested while also cutting the cable as this would have required

the waste of unavailable amounts cable, so calibration and testing will have to also be performed

with the cutting tool on in future implementation.

Second, as clamping force was found to be so relevant to determine the system’s behaviour and

calibrate it, a fully automated device should also automate the clamping process and try to achieve

a constant torque in future implementations.
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Third, this system doesn’t necessarily has to be implemented in a fully automated cable splicing

system but can also be used as a visual aid for the technicians when cable cutting in order to

increment the distance of cut accuracy and reduce the lost time from measuring.

Fourth, once the system is implemented in the fully automated robotic system, considering a

different approach than on-off control and use the position data to control the motors as well as the

feed lever might improve accuracy results.

Finally, calibration patterns recognized by a national or international entity should be used to

calibrate the system and reduce the systematic calibration error, this was not done in this project

because of lack of resources, but a better calibration may decrease the error to a more acceptable

value.
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A p p e n d i x A

VALIDATION DOCUMENT

A.0.1 Validation by simulation

In order to test the FOS of the device, a Solidworks force analysis was performed, and the results

can be seen in figures for both von Mises and max shear criteria. Using the most conservative value

as result, the minimum factor of safety for the device according to simulation is of 11.

Figure A.1: Result for the factor of safety utilizing von Mises criterion isometric view
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Figure A.2: Result for the factor of safety utilizing von Mises criterion frontal view

Figure A.3: Result for the factor of safety utilizing max shear stress criterion
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Figure A.4: Result for the factor of safety utilizing max shear stress criterion

A.0.2 Validation by prototype testing

In this subsection of the validation document all the real-life tests performed for validation are

discussed. It is worth mentioning that tests that involved the use of the cable were done without

peeling the cable. Validation test 1: Using the final prototype measure 5 times the force

required to start the rotation of the device on its initial position attaching a string with a

bottle whose weight is known using a scale with 1 gram of uncertainty to the handle and

adding a small force component with a newtonmeter of range 0-10N and uncertainty of 0.2N.

The set-up for this experiment can be seen in figure A.5 and the results of this validation can be

seen in A.1. The average force is of (7.1 ±0.2) N using the combination of uncertainty of tools and

the precision of the average as uncertainty. This value is way below the 148 N set as marginal and

goal value, therefore this validation was successful.
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Figure A.5: Set-up for validation test 1

Table A.1: Force required to start the rotation of the system validation

Experiment # Newtonmeter force (± 0.2N) Bottle weight (± 1 g) Force (±0.2N)
1 1.6 532
2 1.8 532
3 1.8 531
4 2.2 530
5 2.0 534
Average 1.9 532 7.1

Validation test 2: The designer performs the calibration procedure explained in appendixB

at 60 RPM and records the time it takes to do using a chronometer. The result of this test was

of four minutes and 17 seconds, and as there are not many variables involved in this process, one
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experiment was considered enough. It’s worth noting that this time falls below the 900 seconds (or

15 minutes) set as marginal value considerately.

Validation test 3: The completely assembled final prototype is weighted 5 times and then

the original cutting tool without the project additions is also weighted. The difference of the

average is used to obtain the weight of the designed device. The table with results can be seen in

table A.2. Notice that the total weight of the designed device is of (680.0 ± 1.4) g, which is below

the 1 kg requirement for weight. The goal value was not reached, nonetheless it is still considered

very much acceptable by the client.

Table A.2: Validation of the weight of the designed device

Experiment Weight without de-
vice (± 1 g)

Weight with device
(± 1 g)

Weight of only the
designed device (±
1.4 g)

1 664 1345
2 664 1345
3 663 1343
4 665 1345
5 665 1343
Average 664 1344 680.0

Validation test 4: Using the functional prototype of the system on the cable peeling tool

without the cutting tool, the system is placed in its initial position and advance per revolution

position 2, it is set at a given distance 5 mm longer every experiment and rotated at a hand-felt

constant speed until the designed device outputs the stop signal. The difference between the

selected distance of cut and the measured distance with a ruler is used as error. Between

experiments no calibration is allowed as a way of determining the amount of cycles before

calibration and the cable is inspected on the look for damage. The results obtained for this

validation test can be seen in A.3. It can be observed that no cable damage was present after 19

experiments, therefore the device is capable of maintaining cable integrity adequately. As for the

error, it never reaches 3 mm of maximum error, which is the marginal value for this parameter

and the average of this error is of 0.52 mm, which is below the 1 mm marginal value for this

other parameter. After 19 experiments the error never reaches an error of more than 3 mm, it is

considered that the marginal value of the cycles between calibration is met. The goal value might

also be met but there is need for further testing to confirm this.
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Table A.3: Validation of accuracy, cycles between calibration and avoidance of cable damage

Experiment Sensed value Measured value (± 0.5 mm) Error (± 0.7 mm) Cable damage visible?
1 150 150.0 0.0 No
2 155 155.0 0.0 No
3 160 160.0 0.0 No
4 165 165.0 0.0 No
5 170 170.0 0.0 No
6 175 175.0 0.0 No
7 180 180.0 0.0 No
8 185 186.0 1.0 No
9 190 191.0 1.0 No
10 195 195.0 0.0 No
11 200 200.0 0.0 No
12 215 216.0 1.0 No
13 205 206.0 1.0 No
14 210 212.0 2.0 No
15 220 221.0 1.0 No
16 225 225.0 0.0 No
17 230 231.0 1.0 No
18 235 236.0 1.0 No
19 240 241.0 1.0 No

In order to know if the amount of samples taken is adequate, knowing that 0.0526 of samples

have an error of more than 1 mm and it is not desired for that number to be more than 50%

(𝑒 = (0.5−0.0526)/0.0526 = 8.5057 ), it is possible to refer to Eq. 2.1. A quick observation can be

made as values on the numerator of the equation are much lower than the error on the denominator,

therefore n is less than 1 and just taking 1 sample would be enough for this specific case. Therefore

this validation has more than enough samples than it needs.

Validation test 5: A survey aiming to grasp an understanding on the level of easiness of

use of the device was performed. The questions asked as well as the results were the following

seen in A.4. Before making the questions a basic explanation on how to use the device was made.

Survey title: Satisfaction with HMI of product survey.

Description: The objective of this survey is to find out the experience the user will have when

using the HMI in the cable peeler tracking tool. Based on "Smart and adaptive interfaces for

INCLUSIVE work environment" by Prof. Cesare Fantuzzi for the European Union’s Horizon 2020

research and innovation programme under grant agreement N723377.

Scale goes as follows (5 point likert scale): 0 = Not at all 4 = Completely
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Note: In parenthesis the questions from the original survey from which this is based of.

Table A.4: Results of survey for level of easiness

ID Academic
level

Age How safe
does this
device look
and feel?
(4.4.1)

How clear
and visible
would you
qualify
this in-
terface?
(4.4.2)

How easy
is it to
modify
values?
(4.4.3)

How easy
is it to
identify
what is
about to
happen?
(4.4.3)

Average

1 Master
student

26 3.00 2.00 4.00 3.00 3

2 BSc. 22 2.00 4.00 4.00 4.00 3.5
3 BSc. Stu-

dent
25 4.00 3.00 4.00 4.00 3.75

4 MSc. 24 4.00 3.00 4.00 4.00 3.75
5 MSc. 25 4.00 4.00 4.00 4.00 4
Average 3.40 3.40 4.00 3.80 3.65

An average of 3.65 as easiness of use was obtained, and given the sample size, using 2.1 to

calculate the margin of error, knowing that 1 of the results yielded a 3 which is under the accepted

value according to the specification sheet, this corresponds to a proportion of 80%. Therefore it is

possible to be 95% confident that the results are within 35% of the initially obtained proportion.

This level of error is very high but due to the low amount of available participants it is not possible

to get more samples and increase the accuracy of this test. Nonetheless even if the proportion drops

to 45% it is likely that the average would still be above 3.

Validation test 6: Using the zero detection system, the device is rotated very slowly until

the zero is detected. Once it is detected the device is stopped and the distance from the actual

zero to the cable end is measured using a ruler of 0.25 mm of uncertainty. This process is

done 10 times and the average value is noted. The results for this validation test can be seen in

table A.5. It can be seen that the goal value is met even on the high side of the uncertainty with an

average of (0.1 ± 0.15) mm, using average absolute deviation as uncertainty.
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Table A.5: Results for zero detection accuracy validation

Experiment # Measured distance (±0.25 mm)
1 0.0
2 0.0
3 0.0
4 0.5
5 0.0
6 0.0
7 0.0
8 0.5
9 0.0
10 0.0
Average 0.1

A.1 Final specification sheet

Finally, using the results from the tests performed for validation a final specification sheet is

constructed, showing the actual numerical values that were obtained for the specifications set

throughout the process. This can be seen in A.6.

Table A.6: Final specification sheet

# Metric Units Value Note

1 Total delay produced by the measuring cycle s ∼ 0 1

2 Force required to start moving the device when in

feed position "2"

N 7.1

3 Working temperatures Celsius [-25,58] 2

4 Total calibration time s 257

5 Number of cycles before a calibration curve ad-

justment is needed

Cycles 19 3

6 Weight kg 0.68

7 Minimum visible already-cut cable from 150 to

240 mm distance of cut

% 79 4

8 Minimum distance of cut from which the most

recently cut cable can be seen during the process

mm 31.57 4
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9 Maximum absolute error for position tracking the

robot

mm 2.0

10 Average absolute error for position tracking the

robot

mm 0.52

11 Average absolute error for zero detection mm 0.1

12 Sub-processes where human interaction is re-

quired

List Distance

selection

13 Output bits bits 2

14 Resolution of the distance selector mm 1.0

15 Range of measurements that can be selected mm [150,240]

16 Sampling period s 0.03 5

17 Level of easiness to modify the distance measure-

ment

subj. sur-

vey Lick-

ert scale

3.65

18 Safety factor for the mechanical structure non-

dimensional

11

19 The cable’s XLPE layer is unharmed during the

process

Binary Yes

A.1.1 Notes on the final specification sheet

Note 1

The real total delay produced by the measuring cycle is of 5 seconds because there is a waiting

period where a sound is reproduced for security reasons. Apart from this waiting period, the

measuring occurs without any further delay on the process.

Note 2

Assuming the system is calibrated at ambient temperature (to account to changes in the system’s

behaviour due to metal expansion or similar phenomena), this can be verified checking the working

temperatures for the main electronic components used for measuring as follows:
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• Arduino Nano: -40 to 85 𝑜C [35].

• HEDL-5540#A12: -40 to 100 𝑜C [33].

• AEAT-6010/6012: -40 to 125 𝑜C [34].

• Presence-absence switch WLK-4MINI: -25 to 65 𝑜C [31].

Another element that was checked for temperature range of use were the Iglidur linear bearings,

as temperature may effectively add friction to said components and limit the efficacy of the anti-

slippage system, but its working range was found to be from -40 to 130 𝑜C [39]. Temperature

resistance of Tough PLA (main structural material of the design) makes it usable on temperatures

of less than 58 𝑜C.

This way using all the information described under this note, the working temperatures defined

by the components present in the design are from -25 to 58 𝑜C.

Note 3

Actual number of cycles could be higher but that would require more time-consuming testing which

at the moment is not available.

Note 4

Minimum visible already-cut cable from 150 to 240 mm was calculating using the Solidworks

model of the device. Using figure A.6 as reference, it can be seen the area of the already-cut cable

that is blocked by the designed device. There’s a point when rotating the device around the cable

where the entire segment of the cable is blocked as seen in figure A.7. This distance is also used

for the minimum distance from which the cable is visible.
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Figure A.6: Already-cut cable visibility obstruction dimensions

Figure A.7: Already-cut cable maximum visibility obstruction

Therefore the worst case scenario for cable visibility would be when the less cable has been

cut (150 mm of already cut cable) and the most amount of cable is obstructed. This way 150 mm

being the distance of cut cable and 31.57 mm being the distance of cable visually obstructed, this

corresponds to a 79% minimum visibility of cable after 150 mm.

Note 5

Sampling period is variable, nonetheless at a nominal speed of 60 RPM, the sampling period is of

around 0.03 s and the delay for 0 detection is virtually non-existant. According to Eq. 3.2, using

the average error 0.52 mm and knowing that the nominal speed is of 𝑇1𝑚𝑚 = 0.33 s, the fulfillment

of the in-equation can be verified as 0.03 ≤ 0.1584 which is true, therefore the requirement for the

specification is met.
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A p p e n d i x B

MANUAL OF USE

B.1 Set-up

In order to set-up the device with the US-7000 cable peeling tool, only three steps are required once

the device components are fully assembled.

Step 1: Place and press firmly the position tracking device on the US-7000 device as seen in

figure B.1.

Figure B.1: First step to set up the designed device on the peeling tool

Step 2: Place the base fixture on top of the US-7000 tool so that the holes on the base carcass

and the base fixture align and screw the M6x30 screw through said holes as seen in figure B.2.
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Figure B.2: Second step to set up the designed device on the peeling tool

Step 3: Finally, place the torque screwdriver adaptor on top of the clamping knob of the US-

7000 as seen in figure B.3and turn it until one of the holes of the adaptor aligns with the hole in the

knob. Once the holes are aligned, place a 2 mm metallic pin or any pointy and long metallic object

until the knob and the adaptor turn without any perceivable slippage. Tape can be used to secure

the inserted object.

Figure B.3: Third step to set up the designed device on the peeling tool



160

Once this steps are completed the device is ready to use. Make sure that the battery is well

connected to the electronic circuit and with a voltage of more than 7 V. To place the device on the

cable, a torque screwdriver has to be used and set to 0.2 Nm as seen in figure B.4. Place the device

so the first presence absence sensor slightly touches the star of the cable but it’s not activated.

Figure B.4: Clamping the device to the cable

B.2 Calibration

Once the previously stated steps have been followed and the designed device is placed on the cable

adequately using the torque screwdriver, to perform calibration the following procedure must be

performed:

Step 1: Using a spare piece of a as straight-as-possible 240 mm² XLPE cable with at least 300

mm of available space to account for the space taken by the measuring wheel. Measure with a 0.5

mm of uncertainty ruler a distance of 150 mm from the cable end and carefully mark it with a white

pen making sure it is drawn as accurately as possible checking multiple times, then do the same at

a distance of 240 mm.

Step 2: Turn the device until it cuts through the the 150 mm marking, stop and measure the real

value with the ruler and read the sensed value and mark both down on an Office Excel or similar

software sheet.

Step 3: Turn the device 3 times and save the sensed and real values in an Excel sheet and repeat

this step until it reaches the 240 mm marking.

Step 4: Construct a calibration curve using the real distance as Y value and the sensed distance

as X value. A linear function will appear, obtain the equation for said function using Excel graph
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tools.

Step 5: Disconnect the battery from the electronic circuit and connect the Arduino Nano to

a computer with Arduino IDE. Modify the code seen in E and change the m as the multiplicative

error and b as the additive, where it is clearly marked as follows:

//////////////////////////////////////////

//Calibration Eq./////////////////////////

//////////////////////////////////////////

distance = distance*m+b;

/////////////////////////////////////////

Once all the previous steps have been completed, compile the code into the Arduinuo. The

device is now calibrated.

B.3 Use of the device

Once the device is calibrated and placed on the cable, in order to activate the measuring procedure

the following steps have to be followed:

Step 1: Press the reset button.

Step 2: Select a distance moving the knob and observing the screen. Units are in mm.

Step 3: Press the start button.

The device is now ready to be used as intended.
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A p p e n d i x C

OPTIMIZATION TESTS

C.1 Effect of different turning speeds on the system

The following test was performed to obtain at which speeds the system behaves the better and take

action according to that:

Put the cable peeling device in position 2 with the data-gathering set-up and use as in-

tended. Perform an FFT analysis on the swivel angle without filtering to obtain the amplitude

of vibrations for 3 different rotational speeds using an auditory guide (metronome). Results

for this can be seen in table C.1.

Table C.1: Testing performed to observe the effect of turning speeds on the system’s behaviour

Average speed (RPM) DC component (E-
03 rad)

Amplitude of main
frequency (E-03
rad)

FFT

30 21.9365 20.1068 Figure C.1
60 26.2384 19.4776 Figure C.2
100 21.711 6.49917 Figure C.3

Figure C.1: Power spectrum of the swivel signal for around 30 RPM of turning speed
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Figure C.2: Power spectrum of the swivel signal for around 60 RPM of turning speed

Figure C.3: Power spectrum of the swivel signal for around 100 RPM of turning speed

The results of this testing meant a few things which might be useful for future development of

this project, namely:

• Lower speed of rotation mean stronger vibrations on the swivel of the caster wheel, which is

undesirable and might reduce accuracy.

• After analyzing the amplitude spectrum of the swivel angle, it was observed that higher

speeds seem to make the frequency of vibrations be higher, even though this was thought
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accounted for with the variable sampling rate, this might be due to the increment in frequency

of interrupt procedures, which might also ultimately disturb the sampling of the swivel angle.

This past points do not represent a needed change in the system’s design because the abnormal

behaviour was mostly seen at above 100 RPM, which is considerably above the 60 RPM at which

the system is expected to be used. Also, other variables might be affecting the results of this tests,

as using a constant clamping force was not yet possible at the time of realization, so this could be

reducing the accuracy of the system.

C.2 Effect of different clamping forces

The following test was performed to observe the effect of changing the clamping force of the system:

Put the cable peeling device in position 2 with the data-gathering set-up and use as

intended. Analyze the amplitude of the main frequency vibrations and the DC component

for 3 different hand-felt clamping forces with an FFT analysis for the swivel angle without

filtering. The results of this tests can be seen on figure C.2.

Table C.2: Results of testing performed to observe the effect of clamping force on the system’s
behaviour

Clamping force DC Component (E-
03 RAD)

Amplitude of main
frequency (E-03
RAD)

FFT

Light 21.49 6.49 Figure C.4
Medium 27.84 9.28 Figure C.5
High 35.74 13.05 Figure C.6
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Figure C.4: Power spectrum of the swivel signal for a low clamping force

Figure C.5: Power spectrum of the swivel signal for a medium clamping force
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Figure C.6: Power spectrum of the swivel signal for a high clamping force

The past results had a serious implication in the design of the system: The clamping force means

a significant change in the entire system’s behaviour. Therefore, this test helped to encounter one

of the main sources for lack of repeatability in the system. Once it was ensured that the clamping

force was almost constant, the system accuracy and precision greatly increased.

Apart from this, some other observations can be made for future improvement of the device,

namely:

• Higher clamping forces increment the DC value of the signal, which means the system detects

a higher advance per revolution. Nonetheless it has yet to be studied if this coincides with

the actual advance per revolution. Testing suggests this is not the case as with high clamping

force the angle is 1.66 times the low clamping force swivel angle and the advancement per

revolution was definitely lower than this value. More testing has to be performed with more

accurate clamping values and less external variables to determine for sure this influence.

• Higher clamping forces seem to also have an influence in the amplitude of main frequency,

but this has yet to be ensured using a system with a linear time invariant behaviour.
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C.3 Effect of different wheel shape

Most commercially available caster wheel use a rounded shape approach, but as this is a novelty

product used for accurate measuring, the question of whether or not the use of said wheel might

improve or decrease the accuracy of the system. The test performed is the following:

Using two different measuring wheel shapes, the behaviour of the caster wheel was visually

inspected.

Table C.3: Results of testing performed to observe the effect of the wheel shape on the system

Wheel type Observations
Rounded Edges The tangential force to the rounded edges tends

to move the axis in a lateral direction, forcing the
whole swivel of the caster wheel to move into the
direction of the movement and therefore rendering
this rounded design unusable.

Cylindrical There is still some lateral forces that seem to cre-
ate an offset resulting angle and that might be seen
as an offset in the swivel angle signal, nonetheless
this might be fixable through calibration. There-
fore this wheel-type has to be used.

Using this results, the final design has a cylindrical wheel without any rounded shapes.
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A p p e n d i x D

TESTBENCH 3-D MODELS

All the archives with the models used for the 3-D printed test-benches can be found in the following

hyperlink:

Testbench 3-D Models

https://estudianteccr-my.sharepoint.com/:f:/g/personal/lucasduboisc_estudiantec_cr/EkgT1kojBE5GgA3plCL5bjQBX5EehqMnjEVPIA_A9iRNnA?e=aTIAgc
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A p p e n d i x E

ARDUINO MICRO-CONTROLLER CODE FOR FINAL DESIGN

Code implemented in Arduino Nano in final design can be seen in the following github URL:

Arduino Micro-controller code

https://github.com/esteeslucas/FGP/tree/e30414c9ed791672be9847f0ae44087c25a2fdc8/Code%20used%20in%20Final%20Implementation
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A p p e n d i x F

ARDUINO CODE FOR DATA GATHERING USING SD CARD

Code implemented in Arduino UNO for data gathering using SD card can be seen in the following

URL: Arduino code for data gathering

https://github.com/esteeslucas/FGP/blob/e30414c9ed791672be9847f0ae44087c25a2fdc8/Code%20used%20for%20data%20aquisition/DataAquisitionCode.ino
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A p p e n d i x G

ELECTRONIC CIRCUIT USED FOR DATA GATHERING

The electronic circuit shown in figure G.1 was used to obtain the data for the analysis of the sytem

and accuracy validation using an Arduino UNO.

Figure G.1: Electronic circuit used for data gathering
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A p p e n d i x H

CODE USED FOR TESTING THE TECHNOLOGIES

H.1 Code used for the CMOS sensor

The code used to track the movement of the cursor when moving the mouse for testing of said type

of sensors can be seen in the following URL: Code for mouse as CMOS sensor

H.2 Code for rotary potentiometer angle detection

The code used to track the angle of a potentiometer used for testing of a rotary potentiometer can

be seen in the following URL: Rotary Potentiometer angle detection code

H.3 Code for measuring magnetism using the hall effect proximity sensor

The code used to test the hall effect proximity sensor can be seen in the following URL: Code for

measuring Magnetism using the hall effect proximity sensor

https://github.com/esteeslucas/FGP/blob/e0253a4b4411a5fcb953ba7cadd75804e4e6e9af/Using%20mouse%20as%20sensor/MouseAsSensor.cpp
https://github.com/esteeslucas/FGP/blob/e0253a4b4411a5fcb953ba7cadd75804e4e6e9af/Measuring%20angle%20and%20rotations%20with%20potentiometer/MeasuringTurnsPot.ino
https://github.com/esteeslucas/FGP/blob/e0253a4b4411a5fcb953ba7cadd75804e4e6e9af/Testing%20on%20magnetic%20sensor/MeasuringMagnetism.ino
https://github.com/esteeslucas/FGP/blob/e0253a4b4411a5fcb953ba7cadd75804e4e6e9af/Testing%20on%20magnetic%20sensor/MeasuringMagnetism.ino
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A p p e n d i x J

SENSING PORTION OF THE SYSTEM ACCURACY STUDY

Results of the experimenting with the measuring device to obtain the average error of the system as

accuracy can be seen in table J.1 for 107 samples, giving an average error of 0.679 mm, a maximum

error of 2.55 with 77.57% of the error values below 1 mm.

This proportion of samples below 1 mm can be used to determine if the amount of samples taken

is enough or if further experimentation should be done. Using Eq. 2.1 shown in the theoretical

framework, knowing that if more than 50% (𝑒 = (0.7757− 0.5)/0.7757 =) of samples have an

error above 1 mm the device is likely to not fulfill the indicator of accuracy in position tracking,

using Table A.3 from [13] for 𝑎𝑙 𝑝ℎ𝑎 = 0.025 for a confidence of 95%, yields z = -1.9., and finally

substituting in Eq. 2.1, 𝑛 =
(−1.9)20.7757∗(1−0.7757)

0.35542 = 5, the number of samples necessary is of 5,

which is way below the actual number of samples taken, rendering this validation adequate.

It is important to clarify that this experiment was performed without calibration in between

measurements, but the first 2 experiments were used to calibrate (not shown as they do not represent

the accuracy of the system).

Table J.1: Results for obtaining the accuracy of the measuring system

Experiment # Sensed distance (mm) Real distance (± 0.5mm) Error (mm)

3 156.59 155.0 1.59

3 164.06 162.0 2.06

3 171.55 169.0 2.55

3 178.97 177.0 1.97

3 186.11 184.0 2.11

3 193.32 192.0 1.32

3 200.61 199.0 1.61

3 208.65 207.0 1.65

3 216.04 215.0 1.04

3 223.71 222.0 1.71
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3 231.5 229.0 2.5

3 239.25 237.0 2.25

4 151.98 152.0 0.02

4 159.06 159.0 0.06

4 166.43 167.0 0.57

4 173.85 174.0 0.15

4 180.85 181.0 0.15

4 187.79 188.0 0.21

4 194.73 195.0 0.27

4 202.38 203.0 0.62

4 210.47 210.0 0.47

4 218.03 218.0 0.03

4 225.66 225.0 0.66

4 233.18 233.0 0.18

5 151.58 152.0 0.42

5 158.81 160.0 1.19

5 166.29 167.0 0.71

5 174.07 175.0 0.93

5 181.65 182.0 0.35

5 188.77 190.0 1.23

5 196.24 198.0 1.76

5 204.24 205.0 0.76

5 212.45 213.0 0.55

5 220.43 221.0 0.57

5 228.37 229.0 0.63

5 236.59 237.0 0.41

6 154.97 155.0 0.03

6 162.23 162.0 0.23

6 169.98 170.0 0.02

6 177.81 178.0 0.19
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6 184.99 185.0 0.01

6 192.46 193.0 0.54

6 199.68 200.0 0.32

6 208.32 208.0 0.32

6 215.88 216.0 0.12

6 223.63 224.0 0.37

6 231.16 232.0 0.84

6 239.08 239.0 0.08

7 152.7 153.0 0.3

7 159.84 160.0 0.16

7 166.75 167.0 0.25

7 173.98 174.0 0.02

7 181.19 181.0 0.19

7 188.13 188.0 0.13

7 195.21 195.0 0.21

7 202.7 203.0 0.3

7 211.37 210.0 1.37

7 218.55 218.0 0.55

7 226.04 225.0 1.04

7 233.25 232.0 1.25

7 240.93 239.0 1.93

8 154.99 156.0 1.01

8 162.98 164.0 1.02

8 171.33 172.0 0.67

8 179.52 180.0 0.48

8 187.32 188.0 0.68

8 195.11 196.0 0.89

8 203.44 204.0 0.56

8 212.21 213.0 0.79

8 220.46 221.0 0.54
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8 228.65 229.0 0.35

8 236.72 237.0 0.28

9 149.23 150.0 0.77

9 157.19 158.0 0.81

9 165.47 166.0 0.53

9 173.59 174.0 0.41

9 181.56 181.0 0.56

9 189.17 189.0 0.17

9 196.71 197.0 0.29

9 204.81 205.0 0.19

9 212.73 213.0 0.27

9 220.42 221.0 0.58

9 228.18 229.0 0.82

9 236.69 238.0 1.31

10 151.79 151.0 0.79

10 159.65 159.0 0.65

10 167.67 167.0 0.67

10 175.8 175.0 0.8

10 183.58 183.0 0.58

10 190.84 191.0 0.16

10 198.05 197.0 1.05

10 205.85 206.0 0.15

10 213.93 214.0 0.07

10 221.48 222.0 0.52

10 229.54 230.0 0.46

10 237.25 238.0 0.75

11 154.05 154.0 0.05

11 162.09 162.0 0.09

11 170.59 170.0 0.59

11 178.92 178.0 0.92
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11 186.93 186.0 0.93

11 194.21 194.0 0.21

11 202.1 203.0 0.9

11 210.72 211.0 0.28

11 218.8 219.0 0.2

11 226.87 228.0 1.13

11 235.26 236.0 0.74
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A p p e n d i x K

DRAWINGS FOR THE FINAL SOLUTION MANUFACTURING

A single file to 3D print all the manufactured pieces in one print with their specific configuration

can be found in the following hyperlink: 3DPrintingCuraArchive

The Solidwork models, assemblies and simulations can be found in the following hyperlink:

Solidwork archives

https://estudianteccr-my.sharepoint.com/:f:/g/personal/lucasduboisc_estudiantec_cr/Ei_k7EQw2QtIghYe8wdhY6IBqDzIvQQWtiem7Dka0U_cKw?e=oeR8Gk
https://estudianteccr-my.sharepoint.com/:f:/g/personal/lucasduboisc_estudiantec_cr/Ej3LXCWJj3lJjmw1PdHXZ4oBESrQor9_Ym6W0pFO06MPRA?e=SWeINs
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