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Summary

A new snake robot is to be developed at NTNU/ITK. It will be an intended test-platform
for Hybrid Obstacle Aided Locomotion (HOAL) with snake robotics. HOAL, within
snake robotics, is the concept of artificial impersonation of how biological snakes achieve
propulsion in an unstructured environment, pushing up against objects in the terrain.
The robot needs an advanced intrinsic force-torque sensor system that produces reliable
and accurate measurements to achieve this.

The force-torque sensor system presented is based on commercially available sensor tech-
nology and combines a 3-axis force sensor and a 1-axis torque sensor. Tests conducted on
the sensor system demonstrate that it out-performed and surpassed the project’s expec-
tations. Achieving high accuracy, minimal voltage drift, low time delay, high sensitivity,
and most importantly, producing a reliable measurement signal. Moreover, by comparing
the presented sensor system to the results of the sensor system in the Mamba snake-robot,
the improvements are notable.

Firstly, this paper covers the underlying theory regarding HOAL, importance, and in-
tended usage of force-torque measurements within snake robots. Next, it covers basic
theory regarding the traditional workings of strain-gauge-based force and torque trans-
ducers. Finally, covering sensor solutions from previous snake-robot research.

Secondly, it deeply covers the research process of finding a suitable force-torque sensor
system based on commercially available solutions. It presents suggested specifications
and requirements for such a system to be applicable as an intrinsic sensor solution within
snake robotics. It introduces some alternative solutions and research, apart from commer-
cial strain-gauge-based transducers. Then it presents four commercially available sensor
solutions that meet the set physical requirements and how the project concluded that a
combined sensor solution was the most beneficial.

Thirdly, it deeply covers the steps taken to test and assess the combined sensor solu-
tion—furthermore, testing and design of suggested measurement electronics as projected
by previous research. The sensor system was then tested in realistic conditions, and
its performance was assessed. Finally, its performance was compared to previous tests
conducted on the most current snake-robot at I'TK; Mamba.

Lastly, the paper covers the intentional use of the sensor system and presents suggested
improvements regarding the measurement electronics based on the project’s experiences.
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Sammendrag

En ny slangerobot skal utvikles av NTNU/IKT som en testplattform for HOAB (Hybrid
Obstruksjons Assistert Bevegelse). HOAB bygger pa kunstig etterligning av hvordan
biologiske slanger beveger seg i terreng ved a presse seg mot hindringer. Slangerobotikken
er derfor tungt avhengig av et iboende kraft-dreiemoment system som kan gi ut presise
og palitelige malinger.

Det presenterte kraft-dreiemoment sensorsystemet er basert pa kommersielt tilgjengelig
sensorteknologi. Lgsningen kombinerer en 3-akset kraftsensor med en 1-akset dreiemo-
mentsensor. Tester gjennomfgrt pa systemet viser at det imgtekommer og overgar kravene
satt av prosjektet og oppdragsgiver. Det har hgy ngyaktighet, minimalt med spennings-
drift, lite tidsforsinkelse, hgy sensitivitet og produserer palitelige malinger. Sammenlignet
med det tidligere sensorsystemet i slangeroboten Mamba, sa presterer det bedre pa mange
omrader.

Den fgrste delen av denne prosjektrapporten dekker den underliggende teorien bak HOAB,
samt betydningen av presise kraft-dreiemoment malinger til bruk i slangerobotikk. Videre
dekker den ogsa grunnleggende teori, som ligger til grunn for den tradisjonelle virkematen
til strekklappbasert kraft- og dreiemoment sensorteknikk. Til slutt dekker delen sen-
sorsystemer fra tidligere forskning pa slangeroboter ved NTNU og internasjonalt.

Andre delen av prosjektrapporten gar i detalj pa prosessen bak jakten pa kommersielt
tilgjengelige sensorlgsninger. Krav og spesifikasjonslister er presentert, og knyttes opp mot
behovene til en gitt slangerobot. Videre er det presentert forskning og andre alternative
lgsninger som baserer seg pa a bygge et spesialisert sensorsystem fra bunnen av. Fire
potensielle kommersielt tilgjengelige lgsninger, som mgter prosjektets krav er presentert,
etterfulgt av prosjektets endelige lgsning, som var a kombinere to kommersielle sensorer
som oppfolger de gnskede kravene.

Tredje del dekker prosessen bak testing og vurdering av det kombinerte sensorsystemet.
Den gar dypt inn i prosessen bak design og implementering av maleelektronikk, samt
testriggen, opp mot sensorsystemet. Videre gar den inn i hvordan sensorsystemet ble
testet under realistiske omstendigheter for & vurdere systemets ytelse. Resultatene blir
sammenlignet med tidligere forskning pa et eldre malesystem, i en tidligere slangerobot.
Konklusjonen var at det nye kraft- dreiemoment-malesystemet, funnet av prosjektet,
presterer klart bedre enn det tidligere spesialiserte malesystemet.

Til slutt gar rapporten dypt inn i hvordan dette malesystemet vil kunne brukes i praksis
og trekker frem forbedringspotensialer vedrgrende maleelektronikk, design og produksjon
av fysiske deler.

il
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Nomenclature/Glossary

ITK
HOAL
Force

Torque
OEM
Transducer

F/T transducers

ADC
LSB

Department of Engineering Cybernetics

Hybrid Obstacle Aided Locomotion

An interaction that, when unopposed, will change the motion
of an object.

A force that causes an object to rotate (a rotational force)
Original Equipment Manufacturer

Any device converting one form of energy to another, preferably
electrical energy.

Force-torque transducers capable of measuring both force and
torque.

Analog-to-digital converter

Least Significant Bit. The smallest digitally definable value in
an ADC

Mass

Acceleration

Symbol for torque applied on the n’th joint

Symbol for the constraint force vector applied on the n’th joint
Symbol for external forces vector

Symbol for friction force vector

Symbols for axial forces

Symbols for axial torques

LIST OF TABLES xii



Project Report Spring 2021

1 Introduction

The science of mimicking biological systems, or biomimetics, is an essential theme in
robotics. By utilizing natural selection and millions of years of trial and error progression,
humans can swiftly solve complex design problems. Flight and aerodynamics are the two
fields where this emulation is the most transparent. The earliest flying machines took
heavy inspiration from their biological brethren. Otto Lilienthal was arguably the pioneer
within this field and produced sleek and elegant glider designs with noticeable bird-like
construction. Modern aviation is still heavily inspired by nature, from the crane-like
"neck" on the Sukhoi fighter-jets to the falcon-like cross section of the B-2 bomber. Thus
it is clear that nature is an essential source of inspiration. Perhaps the most remarkable
example of biomimetics in aviation is the Horton brothers Ho 229. As gliding enthusiasts,
the brothers created the world’s first proper flying wing by copying the natural vertical
stability occurring in birds’ body shapes. Perhaps a fascinating aspect was the plane’s
imperviousness to radar. The Hortens had unknowingly minimized the plane’s radar
cross-section by utilizing natural lines and absorbent materials like wood. They granted
the then deeply struggling Nazi regime a stealth aircraft 30 years before any of their
adversaries.

The field of robotics is also embossed with biological inspiration. Although the earliest
examples strived to mimic human behavior and movement, the focus has shifted towards
animals. Recent developments like Boston dynamics robot dog and NTNU’s snake robot
program have proved the concepts of practical usage and paved the way towards an
automated future.

The work on snake-like robots started in the 1970s at the Tokyo Institute of Technology
and has progressed to where multiple universities have taken an interest. As the technol-
ogy is still in its infancy, there is no concrete and standardized solution for the required
sensor system. As a result, all new research on snake robots has developed unique sys-
tems that differ widely, pertained to their theory and research interests. Some of the
more notable ones include the snake robots from Carnegie Mellon University, who utilize
a mechanical gear that compares the actual angle to the commanded angle. The afore-
mentioned, TIT), still sticks to their original Position-Sensitive Detector (PSD) design.

NTNU, along with SINTEF, started their work on snake robots in the early 2000s and
are currently on the 6th iteration named Mamba. Mamba is unique in the world of snake
robots for implementing a force-torque sensor system based on strain gauges.
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1.1 Motivation

In the time of writing this report, the Mamba snake robot developed by Pdl Liljbick in
2011 |1, have reached an age of 10 years, making it old in a technological perspective.
Thus, the development of a 7th generation snake robot at NTNU was initiated. The next
generation snake robot aims to demonstrate Hybrid Obstacle Aided Locomotion (HOAL)
and autonomous navigation in rugged and cluttered terrain. To achieve autonomous
HOAL, the robot needs an advanced sensor system that, through snake slithering, and
movement can gather sufficient data from the environment to plan, calculate and predict
the path of locomotion.

The most crucial part of this sensor system is multi-axis force-torque measurement. The
HOAL team decided that the next generation snake robot shall be developed upon the sen-
sor system, illustrating its importance in HOAL. One of the advancements in the previous
generation, Mamba, was the new force-torque sensor system. In terms of measurement, it
has imperfections and is considered inadequate for use in the next generation [2].

Thus, the target of this project was to find a more suitable solution for force- and torque
measurement. The project’s participants expected that the market for such technology
had advanced since the original iteration of the Mamba snake robot. Therefore it was
desired that the solution works upon commercially available sensor technology. The suc-
cess of finding a suitable commercial sensor would result in a streamlined and simplified
upgrade, build- and repair process, and provide measurements of industrial grade.
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1.2 The thesis assignment

Navn bedrift: Kontaktperson: @yvind Stavdahl
NTNU ITK Epost: oivind.stavdahl@ntnu.no

Tittel pa oppgave:
Intrinsic force-torque sensor system for a next generation snake robot

Hvilken studieretning

passer oppgaven for? | Automatisering Instrumentering
(kryss av for alle Elektronikk | Elkraftteknikk
aktuelle retninger): X X

Short description:

The assignment revolves around the subject of snake robots. Snake robots are hyper-redundant robots
intended to mimic biological snakes. The HOAL project (where HOAL means Hybrid Obstacle Aided
Locomotion) aims to make snake robots autonomously navigate in rugged and cluttered terrain. In the
HOAL project the robot seeks to use the fixed obstacles that it encounters in its path to aid propulsion.
To achieve this goal, though, there is the need for an advanced sensor system that lets the snake robot
gather sufficient information about its environment, information that will then be used to decide how
to move. The core part of this sensor system is then the ability to continuously and precisely sense the
forces and torques acting on each joint. This assignment focuses then on the development of an

improved force-torque measurement system to be implemented in the next generation of snake robots.

Expected key tasks (all of them in collaboration with the HOAL-team):

. Get acquainted with the Mamba robot, and with the previous research on snake robots from the
Department of Engineering Cybernetics.

e Develop a specification for a force/torque measurement system for a novel snake robot.
Investigate the market for commercially available force-torque sensors and identify which ones are
suitable for a novel snake robot.

Build a test model for the force/torque sensor system, test it in real-life conditions, and assess its

performance

As presented in the course document "Bacheloroppgaver 2021"
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2 Background and theory

This chapter covers the fundamental theoretical aspects of the report. It digs deep into
the motivation and purpose of the sensor system with apropos to snake robots and HOAL.
Moreover, it introduces elementary physics knowledge and formulas to explain the work-
ings of a classic force-torque sensor system. Lastly, it briefly presents previous research
and solutions regarding force and torque measurement with snake robotics.

2.1 HOAL - Hybrid Obstacle Aided Locomotion

The main appeal of building an artificial snake is the real life counterpart’s ability to
exploit rough terrain. Snakes move by using friction, where the friction is created using
the scales and scutes on its belly. These scales and scutes are asymmetrically shaped
to only provide friction in a single direction. If this single direction friction were to be
made omnidirectional or removed altogether, the snake would be unable to propel itself
(as demonstrated ) Therefore, snakes heavily exploit the ruggedness in the terrain to
locomote. This is called Obstacle Aided Locomotion and revolves around using the body
to put pressure on irregularities in the landscape to propel itself in its desired direction
. Because snakes can achieve locomotion entirely without relying on friction, it is the
most efficient way a serpent can move.

/L dad

(b) The concept of perception-driven

(a) Snake robot locomotion in an unstruc- obstacle-aided locomotion. It illustrates
tured environment. Courtesy of Pdl Lilje- how the snake robot may use sensor data to
back 2011 navigate the environment, push up against

objects and propel itself. Courtesy of

Figure 2.1: 3D illustrations of Hybrid Obstacle Aided Locomotion with snake robotics

The concept of HOAL is crucial regarding snake robotics, as it is a necessity with regards
to the final goal of fully autonomous snake robots that mimic their biological counterparts.
An essential aspect of HOAL is for the snake robot to be able to measure and analyze the
external forces(f..:) applied on each joint (visualized by the red arrows in Figure [2.1b)).
By summarizing all the external force vectors, the snake robot can calculate, predict and
manipulate the desired path of locomotion.
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Jin
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Figure 2.2: Forces and torques applied on a 2-jointed 2D-snake pushing up against an
object.

2.1.1 The importance of multi-axis force measurement in HOAL

The challenge and aim of the thesis is
through measurement of torque and con-

straint forces on each axis, provide the neces- Frp~0
sary values to calculate the directional exter-
nal force vector on each joint. A simplified YF = ma (2.1)

physical model is derived from Newton’s sec-
ond law applied on the 3-jointed snake
robot in Figure It relies on the assump-
tions that mass(m) is known, acceleration(a)
is measured through an accelerometer, and
the environment is frictionless.

The force vector h,, will be acquired from the multi-axis force-sensor in the joint pushing
up against an object. The force sensor provides a measurement of the magnitude of force
upon each axis within the joints reference frame, respectively F,,, F,, F., . Together
those three measurements will form a 3-dimensional force vector with a scalar length and
two directional components.

b = [Fons Eyny Bl (23) ) = \/Fan + Fpl 4 F? (2.5)

an
= 1 2.4
a = arctan (F > (2.4)

yn B = arcsin (an) (2.6)
I

The h,,_; force vector measurement will be acquired from the sensor in the previous joint.
By referring h,_q, h, as well as the acceleration vector to the same reference frame,
Newton’s second- and third law can be applied, and the external force vector f..; can be
calculated. f..¢, being a vector, has both an angular and a magnitude component, and by
comparing all the external force vectors, a direction- and acceleration of locomotion can
be calculated.
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2.1.2 The importance of torque measurement in HOAL

Torque measurement around the motor shaft axis (defined as the z-axis) is needed to ac-
curately control, measure, and predict the motor output. Moreover, it can also be referred
to the external force vectors, along with joint angle and position to predict and observe
how each motor will influence the snake robot’s propulsion and direction of locomotion
by performing said action.

In a 3D environment, torque measured around the x- and the y-axis is also of great
relevance. For example, it would provide the robot with information regarding rotational
strain on each joint, as each joint’s z-axis may be placed perpendicular to each other in
the robot’s reference frame. Also, as each motor actively attempts to maintain a specified
angle, the robot is relatively stiff. Therefore, the torque produced by a motor in a single
joint may affect other joints.

Th = [Txn7 Tyn, Tzn] (27)

One thing to note is the importance of accurate torque measurements, as explained by
Christian Holden and Oyvind Stavdahl [6]. Given a set of external contact points and
a desired total propulsive force, the article shows which motor torques are necessary
to achieve a satisfactory result. The problem typically presents an infinite number of
solutions and is therefore solved by minimizing the consumed energy (using motor torque
as a proxy).

2.1.3 2D configuration example

T f:S
fcl 2 ‘

Yo
To

Figure 2.3: Simplified example of HOAL on a 2D-surface. The snake is illustrated by the
black line. The gray dots represents obstacles. The red arrows represents the external
force vectors, and the blue arrow represents torque generated by the motor in each joint.
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As shown in Figure and by

summarizing the external force vectors (re-
ferred to the same frame), the snake can
calculate the real-time path of locomo-
tion (fsum), being the direction of force
and thereby the direction of acceleration.
Moreover, by using the torque measure-
ment as feedback, each motor torque out-
put can be regulated to manipulate both
the length and direction of each external
force vector. Therefore, by careful co-
ordination and cooperation between each
joint, a desired path of locomotion can be
planned and executed.

A goal with HOAL is to digitally com-
mand the direction and size of the sum-
of-external-forces-vector (fsum), being the

ch
fCl ./lvwm

f c0
f c2

Figure 2.4: Sum of the external force vectors

from Figure

direction of travel. And through advanced software and regulation of motor torque, di-
rect and proportionate each external force vector so that they in total resemble the com-
manded direction of travel. This illustrates the importance of accurate force and torque
measurement, as a small amount of noise or measurement inaccuracy will amplify into

imprecise and unreliable movement.

2.2 Torque

Torque is a measurement of the force
causing an object to change its angular
momentum. Torque is measured in ei-
ther Newton-meters or foot-pounds. It is
most commonly referenced in the automo-
tive industry, where it describes the avail-
able twisting force an engine can generate
when it exerts itself.

Torque (7) is the time derivative of angu-
lar momentum (L) (2.8). The angular mo-
mentum of a rigid body can be written in
terms of its moment of inertia (J) and its
angular velocity (w) (2.10). If the inertia
is constant for a body, its torque is given
by equation 2.9 By measuring torque, the
angular velocity can be calculated .

Torque

Force

)

%

Figure 2.5: Illustration of relation between
force and torque. Courtesy of
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dL L=Juw (2.10)
= 2.
T= (2.8)
. YT
Sr=Jo=Ja (2.9) w=— (2.11)

2.2.1 Measuring torque

There are several different techniques to

measure torque within the scope of the e L |
two types of torque, static and dynamic.
Static torque is the torque applied when
the torque is in equilibrium with a coun-
tering external torque/forces and therefore
is virtually stationary in terms of rota-
tion. Dynamic torque is the torque ap- Scale
plied to the object when the force applied
is larger than the countering torque/forces
and therefore is accelerating and has an an-
gular momentum that could be measured.
Static- and dynamic torque, in terms of the measurement technique, is drastically differ-
ent, and both can’t usually be measured with the same sensor.

Prony brake
on shaft

Figure 2.6: Illustration of the functionality
of a prony break sensor

Different types of torque sensors: [8|

Absorption type:

Introduces a countering force/torque to a rotating shaft, measures it, and thereby torque
can be calculated based on the size of the force, and distance from the axis of rotation.
Examples are frictional absorption, hydraulic absorption, electromagnetic absorption, and
prony break (Figure . These sensors usually measure dynamic torque.

Transmission type dynamometer:
Measures the shear stress a shaft applies to a surface and thereby measures static torque.
The relation between torque and the parameters of a solid cylindrical shaft under shear

stress is given by (2.12)).

B Grrie

> (2.12)

T

where G is the modulus rigidity of the shaft material.
r is the radius of the shaft.
¢ is the angle of deflection.
[ is the length of the shaft.

The torque is measured by either measuring the deflection angle ¢ caused by a twisting
force or by detecting the effect of this deflection on transducers like strain gauges. The
Mamba robot uses the strain gauge measurement system shown in Figure [2.10]
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2.3 Strain gauges and force measurement

[8] Most commercial force- and torque transducers are based on strain gauges. When a
force is applied to a solid object at rest, it gets mechanically deformed. Depending on the
material being used and force applied, this could be bending in micrometers or contract
in millimeters. Strain gauges exploit this property of materials by measuring the length
of deformation. The applied force can then be calculated by referring the measurement
to known material properties and their elastic constants.

Where o, is the material stress
I (2.13) F'is the force applied
A ' A is the the area the force is applied on
AL €1, is the relative longitudinal strain.
£ = — (2.14) AL is the change in length
L L is the original length
AD ep 1s the relative lateral strain
D= T (2.15) AD is the change in diameter

D s the original diameter

If the relation between €, and o, is linear, Hook’s law is applied (2.16|), where E,, is the
Young’s modulus (elasticity modulus).

0 = Eper, (2.16)
The French mathematician, geometer, and physicist Siméon Poisson showed that the
ratio between lateral strain (2.15) and longitudinal strain (2.14)) is constant for a material.

Shown in equation [2.17] denoted by v as Poisson’s ratio.

€D £D
v=-L D (2.17)
L L

2.3.1 Resistance Strain Gauges

Resistance strain gauges changes resistance as it is bent or flexed. It usually contains a
series of conductive wires mounted on a thin elastic plate (shown in figure 2.7b]). When
the wire is held under tension, its length increases slightly, and as a consequence, the
cross-sectional area is reduced.

As shown in equation [2.18] the nominal resistance of a strain gauge R is directly propor-
tional to the resistivity p, and the ratio between the length of the conductor L and the
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cross-sectional area A. The relation in equation [2.18]is relevant for common metals and
many nonmetals at room temperature when subject to direct or low-frequency currents.
When the sensor is strained, the change in resistance can be expressed by equation [2.19

L
R=p= 2.18
P (2.18)
L L+ AL
AR = p— — A 2.1
R=p3—(p+80) 3 A (2.19)
F
L
Strain Gage
(a) Strain gauge mounted on a cantilever (b) A resistance strain gauge
Figure 2.7: Strain gauge examples
AR AL AA A AA _AD
= — + 22 (220 1 =2 (2:21)
R L A p
AR
= 1A
G =L =1+ 20+ —=L (2.22)
€L €L p

The relation between relative change in resistance and relative change in area
is shown in equation 2.22] G,, is called gauge-factor and describes the sensitivity. The
relative change in resistance given by the gauge-factor and the relative longitudinal strain
is shown in equation [2.23

AR
G Gn
AR = RE—mO'a = RmF (224)

By solving 1|2.23: for resistance change, AR, adding the equation for the relative longitu-
dinal strain ;, (2.14), and adding the formula for material stress o, (2.13)), the resulting
equation ([2.24) gives the relation between resistance change and applied force F'.
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2.3.2 Measuring the change in resistance with a Wheatstone bridge

A Wheatstone bridge is commonly used to detect the measurement signal from strain
gauge sensors, as they are particularly good at measuring changes in resistance. It works
by balancing resistances on two sides of a bridge circuit, where one or more of the resistors
are strain gauges. When one of the resistors changes value, a current will flow from one
side to the other. It is then possible through mathematics shown in [2.25] [2.26] [2.27] and
to deduce the resistance change. 6 of them can be found in each joint of the Mamba
snake robot. The example shown in this section is a Wheatstone Quarter-bridge.

+ DR1+ Uout  — [|R2

Ui . -

Rs

Uin Supply voltage

Uoue  Measurement voltage

Rg Variable resistance (resistance strain gauge sensor)
Ry53 Resistors, preferably equal

(2.25)

Uout = U'm < R3 RS )

R, + Ry Ry+ Rg

Assuming Ry = Ry = R3 = R so the bridge is in balance. When in balance, and there is
no change in resistance from the strain gauge (Rg), the output voltage will be U,,;, = 0V

A A
Uout == Um ( h R+ f ) = _Um (—R) (226)

R+R R+R+AR 4R + 2AR

In equation [2.26] assuming R >> AR, (2.27) is the approximated relationship between
the input and output voltage. By inserting the equation for AR in strain gauges (12.24)),
you can approximate the relationship between input- and output voltage as a function of

force in equation [2.28]

AR UinG
muw4%<—0 (2.27)  _ inGim
" R Ut ™ =354 F (2.28)
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2.4 Kulko - Force measurement on a spherical bowl

(a) Kulko. Courtesy of [@]

(b) The sensor system in Kulko. Courtesy
of ﬂgﬂ

Figure 2.8: The Kulko snake robot, and its sensor system

Kulko is the third generation of snake robots developed by the Norwegian University
of Science and Technology (NTNU). Kulko was developed to test a new idea for a snake
robotics environment sensing system using force sensing resistors (FSR). The force sensing
resistors would be implemented as shown in figure [2.8b] where the FSR would be placed
alongside the red aluminum plates.

FSR: Force sensing resistors

An FSR or force-sensing resistors are sensor components that use the piezoresistive effect
to perceive forces that interact with it. When the resistor is exposed to a force of any
kind, the resistor will change its shape and, due to the piezoresistive effect, change its
resistance output. In this fashion, it’s possible to measure the amount of force that affects
the sensor as the change in the resistance output equals the amount of force it is affected
with. Kulko would use the information from the FSR to determine where it made contact
with obstacles and the floor and could, through the use of this information, propel itself
forward.

Issues with Kulko

The theoretical aspect of the system was promising. However, during real-world tests, the
system proved to have some major flaws. The system was prone to inaccurate as well as
nonlinear measurements. This inaccuracy proved it hard to maneuver the robot since the
control system relies on accurate data. Secondly, the system was fragile, which proved a
challenge as the snake robot would be under much stress during use. Kulko was deemed
nonsuitable, with relation to HOAL, and NTNU proceeded with the development of a
new snake robot.
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2.5 Mamba - Resistance Strain Gauge system

2

Mamba is the 6th generation snake robot
at the Norwegian University of Science and
Technology, shown in Figure 2.9 NTNU
used the snake robot for robotic testing
on both ground and in water. One of
the main differences between Mamba and
previous generations was the new intrinsic
force/torque sensor system.

Strain gauges:

The force/torque measurement system in
the Mamba robot is based on strain gauges. Figure 2.9: The Mamba snake robot, cour-
As shown in Figure [2.10] the strain gauges tesy of

are mounted on an aluminum frame per-

pendicular to each other, enabling it to

measure force and torque on three axes, making it a 6-axis/multi-axis force torque trans-
ducer. Figure and Figure presents two different versions of the sensor system,
as there have been several attempts to improve the system and its issues.

(a) 3D-model of an older version(v0) of the (b) The strain gauge sensor system (v3)
force-torque measurement system mounted on the amplifier circuit board

Figure 2.10: The strain gauge sensor system in the Mamba snake robot

The strain gauges are mounted on each side of the aluminum frame, wrapping around a
servo, making it space-efficient. There are two identical strain gauge configurations on
each side of the motor because the sensor system is offset from the center point, and to
distinguish between strain caused by a linear force and strain caused by a rotating force
(torque).

Measurement electronics:

The strain gauges are mounted in pairs for each axis of measurement and amplified through
a Wheatstone bridge, forming a Wheatstone Half-Bridge. This is relatively similar to the
Wheatstone Quarter-bridge covered in the difference being that the resistance R,
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is replaced with an active strain gauge. The Wheatstone Half-Bridge has measurement
benefits in terms of temperature compensation.

2.5.1 Issues with the Mamba force-torque measurement system

Fredrik Veslum conducted several experiments on the Mamba sensor system in the fall
of 2020. Veslum’s report , sheds light on many of the issues with the sensor system.
His findings were important for this project regarding determining the specifications and
needed improvement for the sensor system in a next generation snake robot.

Calibration:

As described in almost every article or re-
port regarding the Mamba robot, the cal-
ibration of the sensor system is a tedious
and difficult process. Shown in Figure[2.11
the calibration system consists of a matrix
of analog potentiometers. Each measure-
ment signal has an adjustable gain, range,
and offset influencing the output of each
amplified signal. There are six signals, re-
sulting in a total of 18 potentiometers per
joint. Each signal on each joint has to be
manually calibrated by adjusting the po-
tentiometers, making calibration a tedious Figure 2.11: The analog potentiometer cali-
and lengthy process. Adding to the te- bration of the Mamba sensor system. Cour-
diousness, when a new joint is mounted, or tesy of

another one is removed, every signal may

need to be readjusted or re-calibrated. Closing the housing with the plastic plate after
calibrating has sometimes shown to provide an error in the measurements (making the
calibration useless).

Temperature tolerance:

The servos in the Mamba robot are prone to produce a lot of heat over a period of
time, as they have a high current draw. Moreover, the motor is placed, along with the
sensor system, in an isolated plastic housing intended to be waterproof. As a result, each
joint quickly warms up, and the sensor system would be exposed to heat substantially
above room temperature. Experiments showed that heat greatly reduces the measurement
accuracy and increases hysteresis (Figure . Several attempts have been made to
improve upon the robot’s ability to dissipate heat, but with limited results.

Noise:

As shown in Figure [2.12] the measured signal is overwhelmed by noise. The noise being
unwanted oscillations in the measurement signal. Veslum |2| conducted frequency analysis
on the different measurements, which showed noise on three different frequencies. One of
the frequencies was determined to likely be a disturbance from the motor shaking, and the
other two are unknown. Other noise sources also seem to relate to the slightly bendable
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plastic shell and motor bracket. Moreover, the impact of noise and disturbance seems to
vary from the different axis of measurement of both force and torque, some axis being
less impacted than others.

Linear and polynomial regression, experiment 4
T T T T T
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Figure 2.12: A graph from Veslum’s experiments, showcasing the noise, inaccuracy, unpre-
dictability, and hysteresis over time, estimated with a linear- and second-order polynomial
regression. The experiment was force measurement on the x-axis. Courtesy of [2]

Inaccuracy:

One of Veslum’s findings was a substantial measurement error/inaccuracy varying greatly
between the different axis. The one with the most error being force and torque measure-
ment around the x-axis. The experiment of force measurement on the x-axis can be seen

in Figure [2.12]

Hysteresis:

As shown in figure [2.12] when the sensor is extruded to a periodic and equal force over
a period of time, the measurement signal is not reproducible. It changes its stationary
measurement value between each iteration, even with the same force being applied. A
linear regression of the presented experiment shows a negative trend over time; this is
called hysteresis. In many cases, the hysteresis is systematic, can be predicted and thereby
attenuated. However, some of the sources of the hysteresis could originate from the
sensor’s material properties, being different in every sensor. Thus reducing the problem
effectively and efficiently is difficult. Pal Liljebdck’s experiments on the sensor systems
also showed that all sensors are unique and behave differently. This is likely linked to
inaccuracy and differences in the assembly process of said sensor.

Conclusion

The Mamba sensor system has several flaws. Many of them are related to the con-
structional design and the inaccuracy of the self-built sensor system. All of these issues
combined make the sensor system practically unusable in relation to the goal of proving
HOAL, which requires accurate and reliable force-torque measurement.
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side the robot was increased.

Figure 2.13: Results of Liljebick’s experiments on the Mamba sensor system analysing
sensor drift /hysteresis. Courtesy of |10]
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3 Finding a commercially available force-torque sensor
solution suitable for a novel snake robot

This chapter deeply covers the process of researching different force-torque sensor solu-
tions. First, it presents suggested specifications for an intrinsic force-torque measurement
solution for a next generation snake robot intended as a test platform for HOAL. More-
over, it introduces the current market for viable commercial solutions and discusses a few
different possibilities the project considered in the selection process. Moreover, it high-
lights different commercially available products in different price ranges that the project
has deemed viable solutions. Finally, it presents the project’s solution and gives reasoning
to the project’s decisions.

3.1 Method

This subsection contains a summary of the steps taken and methods used to research
possibilities for an intrinsic force-torque sensor system for a next generation snake robot.

Determining and prioritizing specifications:

To begin the process of finding a fitting sensor, the project developed a specifications
sheet. The specification sheet laid the groundwork for further research, narrowed down
the number of sensors, and was an important tool to reference when deciding what solution
to proceed with. The prioritized specification sheet can be seen in figure along with
a more detailed description in section [3.2] and a summary of all specifications topics with
values in table B.5.

Researching different F /T transducers and possible solutions:

Step two in the process of finding the sensor was searching the internet for possible F/T
transducers and solutions. Google was the main resource for locating different products,
manufacturers, and second-hand retailers.

Creating a list over possible F/T transducers and solutions:

After the specification sheet was developed, and while researching different solutions,
possible solutions were gathered in an excel sheet. Moreover, each transducer was color-
coded as to how well they met each topic of specification. The resulting Excel sheet is
found in attachment [A.2]

3D-model evaluation:

The majority of the sensor manufacturers openly provide 3D models of force-torque trans-
ducers. By downloading the STFEP-file with accurate measurements of each transducer,
Fusion 360 was used to compare the different sensors to each other. Seeing the sensor
in a digital 3D environment was helpful, as it gave a clearer picture of the design than
comparing sensors only by a simple picture and datasheet. Using the 3D model, the
project attempted to 3D-visualize and designed rough examples of implementation. This
was useful to further analyze the possibilities and limitations of each sensor design.
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Discussion:
Finally, the most relevant sensors and solutions were discussed and evaluated based on
the defined specifications.

Method criticism and uncertainties:

There are several uncertainties in the method of finding and determining the best com-
mercially available sensor solution, the most prominent being the Google algorithm, as it
was the search engine of choice to find the sensors. There might exist more viable sensor
system solutions on the market that are left untouched by this project due to the search
engine only displaying what itself deemed the most relevant in relation to the inputted
search words. Moreover, with regards to the slim market, many of said manufacturers
have old and outdated websites. The same goes for the small second-hand retailers. As a
result, a few sensor systems might have been left out.

3.2 Specifications for an intrinsic force-torque measurement sys-
tem for a next generation snake robot

Prior to determining a sensor system, developing a set of specifications was important.
This chapter presents the project’s opinion regarding specifications for an intrinsic F/T
sensor system for a next generation snake robot, with emphasis on the HOAL-team’s
aspirations. Moreover, it presents each relevant topic and gives reasoning to the project’s
decisions.

Information and specifications regarding the next generation snake robot at NTNU were
gathered through meetings and conversations with Jostein Lgwer and previous research
from the HOAL-team. The design approach is to first develop the sensor system and then
design the snake robot upon the sensor system.

A brief introduction to the next generation snake robot at NTNU:

The appeal of the next generation snake robot is to prove HOAL with snake robots. The
HOAL-team has decided that the next generation snake robot will be an intended test-
platform for demonstrating HOAL, primarily on a flat 2D plane (Figur . Therefore
only requiring two axis of force measurement (F, and F}), and one axis of torque (M.,).
This enables more solutions regarding the sensor system, as it decreases the minimum
amount of measurement-axis required and possibly different combinations of sensors.

Prioritizing different topics of specifications:

Hysteresis was of utmost importance as it was one of the main issues with the previ-
ous sensor system in the Mamba snake robot (as discussed in . As stated by the
HOAL-team, having an accurate and reliable measurement system is the most important
factor. Moreover, hysteresis related to temperature tolerance is one of the main sources of
inaccuracy and unreliability in strain-gauge measurement systems due to temperature’s
effect on electric resistance.
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Figure 3.1: Configuration example of a snake robot intended to operate on a flat 2D-
surface.
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Figure 3.2: The different topics of specifications in prioritized order. It was a helpful tool
in the research process, as it helped evaluate different sensors to each other with regards
to the projects priorities.

Force was bullet point number two. The chosen sensor must have enough axis of force
and torque measurement, high linearity with regards to applied force/torque, an efficient
and reliable method of calibration in the measurement electronics, and high resolution
with regards to the ADC capabilities and measurement amplification.

Accessibility is the subject of delivery and production time. The project had time con-
straints. Therefore, it was vital that the components used for the system could arrive
within a certain time frame. Moreover, it was beneficial that a said replacement (in
future projects) could be reordered swiftly if any problems arose.

Size is the subject of physical dimensions and weight. For an intrinsic force-torque mea-
surement system, it was considered preferable to keep the sensor system as small as
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possible to not limit the future design process and cause complications in terms of robotic
capabilities.

Cost is self explanatory. It was considered the least important subject but proved to be
the most limiting factor when deciding what sensor to proceed with.

3.2.1 Measurement capabilities

For the sensor to be of use, it needs to

Measurement range be able to measure the necessary forces,

F,, F, (F.) [ca. £20N measure them accurately, and be able to
M, (M,, M) | ca. £3 Nm withstand said forces. From Veslum'’s, Lil-
jebdck’s reports, as well as conversations

Bending moments and forces with Jostein Lgwer, some maximum limi-
F,, F, F. ~ 20 N tations in terms of force and torque mea-
M,, M, M, | >3 Nm surement and durability was set. These

limitations are shown in table B.11

Table 3.1: Measurement capabilities
Comparatively to temperature specifica-

tions, these were considered the realisti-
cally feasible limitations with regards to the size requirements. However, as high mea-
surement range and limits as possible were favored.

It’s preferable that each sensor has a relatively high bending moment (Table . For
reference, the servo used in the Mamba snake robot (HSR-5990TG) produces a maxim
torque of 2.95Nm. It’s also obviously preferable that the system won’t self-destruct under
rare but expected load. Therefore it is important that the sensor has a higher maximum
bending moment specification than the motor with a comfortable margin. Because the
sensor is being chosen before the motor, and the motor will be chosen upon the sensor’s
specifications, this subject is relatively open, but the project has decided to use Mamba’s
servo as a reference to not halt or limit the future design process.

The sensor system needs to be able to measure the necessary forces and torques required.
For the system to work as intended, the sensor must, at a bare minimum, be able to
measure torque on the z-axis (M) and force on the x- and y-axis (F,,Fy). Thus, being
the necessary axis to achieve HOAL on a flat 2D configuration. If desired, the robot could
be able to lift itself off the ground, providing 3-dimensional travel, but would require a
third axis of force measurement (F,). F, in 2D configuration is considered redundant with
apropos to HOAL, but including it could provide information regarding strain along the
length of the snake (depending on the way the sensor system is configured).

In addition to these limitations, the sensor also needs to be able to measure accurately
and have as little hysteresis and measurement creep as possible. These properties are
usually given as a certain percentage of maximum measurement output. The project
did not specify specific numbers, but they were compared between the different suitable
Sensors.
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3.2.2 Temperature tolerance

The servo-motor used with Mamba has a high current draw, which results in a lot of
heat being produced. Combined with the fact that the housing is waterproof and made
of plastic, each joint is prone to reach high temperatures. This posed major problems
and was one of the main reasons the system needed reconstruction. Heat dissipation
between the housing and the environment will therefore be an important subject in the
development of the next generation snake robot. Regardless, it’s preferable that the
chosen force-torque transducer can operate in a wide range of temperatures.

Temperature range
Operational | 0°C to 60°C *
Maximum | -10 °C to 80°C *

Table 3.2: Specified temperature range. Operational meaning the range in which the
manufacturers can ensure that the sensor works as intended. Mazimum meaning the
range in which the sensor can operate without being damaged

* Realistically, but preferable as high temperature tolerance as possible

3.2.3 Design, length and width limitations

Design is a crucial aspect for specifying an intrinsic force-torque transducer in a snake
robot. A key part is trying to keep the sensor system as small as possible without influ-
encing other equally important aspects, such as measurement range and accuracy. The
transducer is to fit inside a small space, inside the robotic joint, along with a motor and
other electronic components. The size of the transducer will then greatly influence the
size and design of each robotic joint. For example, having a too wide transducer may in-
crease the distance between each joint, which may increase the number of joints required
to comfortably achieve autonomous HOAL with a snake robot.

Most of the force-torque transducers on the market have a cylindrical shape, much like the
robotic joints in the Mamba snake robot. Therefore, the width and diameter limitation
is based on the Mamba robotic joint design. However, as stated by Lgwer, the next
generation snake robot will likely be significantly larger.

Physical specifications

Height < 40 mm
Diameter(0))/width | < 60 mm
Weight As light weight as possible

Table 3.3: Specifications regarding the physical design of the sensor system

Weight is also an important aspect of the design as the sensor is likely to be offset from
each joint’s center of volume. Therefore, having a too heavy sensor may offset the center
of mass from the center of volume if not compensated for. Moreover, it would increase
the motor-torque requirement.
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The last important aspect of the design is the implement-ability, meaning how suitable it
is for implementation in a compact environment and what type of electronics is required.
Moreover, what alterations and additions may be needed for it to be usable.

3.2.4 Cost and accessibility

The cost was an important factor when it came to specifying a new sensor system. The
main appeal was to stay within the given budget, with room to spare, without affecting
the result. The project was early in the process informed of an approximate value of
around 20000 Kr per sensor. This value ended up being used as an estimated value for
the specification sheet. However, it was more vital to the client that the sensor system
worked rather than its cost, which is why the last point in the specification sheet was
cost. The estimation used for early design is shown in table [3.4]

Early estimated budget for the HOAL transducer purchase:
Price per sensor | Number of sensors | Total
20 000 40 800 000 NOK

Table 3.4: Early estimated sensor budget

The third point in the specification sheet is accessibility. This revolves around factors like
production- and delivery time. The time from ordering the product until reception had
to fit within the timespan of the bachelor thesis, giving enough time for implementation,
testing, and assessment of the sensor system.

Production- and delivery time: < 4 weeks
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3.2.5 Summary of specifications for an intrinsic F /T sensor solution for a
next generation snake robot

This section contains a summary of the specifications set and discussed in this section,
collected in a single table (Table 3.5))

Specifications for a F/T sensor in a novel snake robot

Subject Value

Heigth <40mm

Diameter <60 mm

Weight As light as possible
Measurements Fo, Fy, F, | M,
Capacity ca. £20N | ca. 23Nm
Safe overload > 20N > 3Nm
Operational temp. range | 0°C' to 60°C'

Price <20 000 NOK
Delivery time < 4 weeks

Table 3.5: Summary of specifications for an intrinsic force-torque sensor system in a next
generation novel snake robot
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3.3 A brief introduction to the market for force- and torque sen-
sors

The market for force and torque transducers is mainly specialized within a narrow field
of industries. The sensors are classified by their axis of measurement. This section
briefly introduces the market for the different sensors and presents some of the project’s
experiences.

1-axis static torque transducers:

The 1-axis torque transducers most relevant for the project are static torque transducers,
most commonly referred to as reaction torque transducers. As the name suggests, they
measure torque on l-axis. The most common applications of these sensors are in the
calibration of various hardware, such as accurately calibrating the torque produced by
hand-held drills or measuring the tightening of screws and bolts (Figure . Another
common usage is torque measurement of various motors (Figure .

/]

: /&u
AFS-TRTM f
AFSTRTE 7 _ Reaction Motor Clutch/
TRT shown 4 Toraque B K
with Flange Socket q rea
Adapters from
Accessories-Mechanical
section 4§

(a) Example of use with a TRT re-
action torque sensor, in this example
it’s used to calibrate a manual wrench.
Courtesy of |11]

(b) Illustration of use with a reaction torque
sensor to measure torque produced by a motor.
Courtesy of [12]

Figure 3.3: Examples of common applications of 1-axis torque sensors

Most of the reaction torque transducers on the market are based on resistance strain
gauges. The market for these sensors is fairly versatile, as they are available in a wide
variety of sizes and specifications.

6-axis force-torque transducers:

The 6-axis force-torque transducers/sensors, also known as multi-axis force-torque sensors,
are mainly used in the robotic industry, where the accuracy of touch and placement
is important (Figur . Moreover, they are also used in various fields of scientific
research, such as aerodynamic experiments in wind tunnels (Figure . They are
hyper-sensitive transducers that can measure forces and torques applied to an object in
3-dimensions. They can be used to calculate a force-vector in the XYZ-plane (F,, Fy, F.,)
and simultaneously distinguish torque/momentum around the x-, y-, and z-axis (M,, M,,
M,). They are most commonly based on strain-gauges (covered in , placed in pairs
of 4 to each axis and coupled in a Wheatstone Full-Bridge configuration.
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o«

(b) 6-axis force torque sensor used in a wind tun-
nel to gather data in aerodynamic research, to

(a) 6-axis force-torque sensor mounted study the effects of air moving past solid objects.
on a robotic wrist. Courtesy of Courtesy of

Figure 3.4: Examples of common applications of 6-axis force-torque sensors

The available sensors differ widely in terms of range and size. However, the market for
small sensors suitable for the implementation inside a snake robot is slim, but the project
was able to localize a few of them. The one main similarity between all multiaxial force-
torque sensors is that they are costly, ranging between 20 000 and 100 000 NOK.

Crosstalk:

An important subject regarding multi-axial force-torque measurement is crosstalk. It is
the issue that when for instance, a torque is applied on the z-axis, it would also affect the
force measurement on x- and y-axis. To counteract this, some manufacturers also provide
calibration matrices, that through tests and linear- and nonlinear regression determine
the correlation between the different outputs. By, for example implementing the matrices
through algorithms, the crosstalk can be reduced digitally.

3-axis force transducers:

6-axis force-torque transducers are inherently expensive. This led to the idea of utilizing
the 3-axis force transducers, most commonly referred to as 3-azxis load cells. The relevant
areas in industry and science are roughly the same as with the 6-axis force-torque sen-
sors. However, they only measure force on 3-axis (F,, Fj, F,). The exclusion of torque
measurement makes them a cheaper alternative, but given the specifications and need for
torque measurement, it would have to be combined with a 1-axis torque transducer.

3.4 Strain Measurement with Fiber Bragg Grating(FBG)

Fiber Bragg grating was first demonstrated by Ken Hill in 1978 [15]. It is a method
to measure strain by utilizing single-mode fiber-optic cables and a light signal instead of
the commonly used resistance strain gauges. They are produced by exposing a portion of
a fiber-optic cable to intense light, making a permanent periodic increase in the refractive
index in the fiber’s core (visualized by the dotted lines on the cable in Figure [3.5b)). The
result is a fixed index modulation according to the exposed pattern. The fixed index
modulation is called a grating. As a result of the gratings, when light is transmitted
through the cable, certain wavelengths of light will be reflected back (Figure . These
wavelengths are known as bragg wavelengths. The central wavelength of the reflected
portion of light is satisfied by the Bragg relation Ap,qy (equation in Figure . The
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parameters n(index of refraction) and A(the period of the index refraction of the FBG)
are temperature and strain dependant. Therefore, by straining the FBG, a strain can
be measured as a function of change in bragg wavelengths and a by referring strain to
material constants (similarly to the method used with resistant strain gauges), the force
that causes the strain can be calculated and measured.

]
) p A A, =2nA L
Il
<::> | i fr——
1 Unstrained FBG
Incident spectrum g 1
FBG
Y — : , ‘
P > P — A =2n'A' .
Typical 8 mm Transmitted spectrum i 1
<:> ‘ alhmnm
! Strained FBG

Reflected spectrum 1

(a) Working principle of FBG (b) FBG Response as function of strain

Figure 3.5: Principle of of a fiber brag grating strain sensor. Courtesy of 16|

The future of FBG sensors technology and rel-
evancy:

A whole paper could be written on this subject alone;
the possibilities for FBG in the future are vast. A
subject this report would highlight is the possibility of
contact force measurement along surfaces. The tech-
nology enables several different series of gratings to be
placed along the same fiber and distinguish between
forces at each different grating. In the future, this
could, for example, be utilized to give the robot the
feeling of touch along each contact surface. And by,
for example coupling these fibers in a mesh of wanted
resolution, the robot would be able to gather more in-
formation about the environment and accurately pin-
point the location and size of external forces ( f.,; in Figure . Moreover, the technology
could be used to produce a multi-axis F /T sensor, using only a single cable with multiple
gratings.

Figure 3.6: A fiber bragg grating
strain gauge sensor system pro-
duced by FBGS. Courtesy of |17]

Conclusion:

In summary, FBG-sensors are the optical-fiber equivalent of resistance strain gauge sen-
sors. The technology seems promising, might be hyper-relevant in the future and is a
worthy successor of the regular strain gauge sensor system. However, they are out of the
scope of this project as there are no production-built multi-axis solutions available on
the market at the time of writing (except for sub-millimetric 3-DOF' force sensors |18]).
It would be equivalent to buying regular strain gauges (an example is shown in Figure
3.6) and designing a multi-axis force-torque sensor from the bottom, which was not the
project’s intention. Moreover, the technology is still premature with regards to the cur-
rently available solutions on the market, and the required electronics are large in size and
unsuitable to be implemented inside a snake robot.
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3.5 Tokyo Institute of Technology - Position Sensitive Detec-
tors(PSD)

The snake robot researchers at Tokyo Institute of Technology have developed a spe-
cialized Position-Sensitive Detector system used in their snake robot intended to examine
damage inside Fukushima’s reactors. The system utilizes a moving inner frame, supported
by springs inside a fixed outer frame. LEDs and light sensors are placed between the inner-
and outer frame, on all sides. They measure the internal frame’s position relative to the
outer frame, and by referring it to properties of the spring-loaded system, force may be
calculated on three axes. The indented use is to put the wheel axis, or the motor of the
robotic joint inside the moving housing. TIT claims it has measurement benefits, such
as resistance to temperature and aging, as well as a low measurement inaccuracy.

Fixed outer frame

Moving inner frame

Wheel axis

LED & sensor

(a) Schematic inner segment with (b) Positions of PSDs and flexible parts. Cour-
driven wheel axis. Courtesy of tesy of

Figure 3.7: The concept behind a 3DOF force sensor developed by the Tokyo Institute of
Technology. Courtesy of

3.6 3D printed Low-Cost Force-Torque sensors

Researchers at the University of Hamburgs In-
formatics Department have developed and re-
searched 3D printed multi-axis force-torque sen-
sors . The article presents several different
force-torque sensor solutions intended to mimic
industrial counterparts, but at a substantially
lower cost, using ABS print filament, optical
proximity sensors, and microcontrollers. More-
over, it emphasizes the agility of 3D prints, being
able to produce flexible shapes and spring-loaded
parts with ease. The designs do have some set-
backs, such as their small payload size N, Nm.
The range of the presented prototypes maxes out Figure 3.8: 3D printed low-cost force-
in the 20 Newton range, which is on the low side and tactile sensing sensors. Courtesy of
for use with a snake robot. Including this, dur- [20].

ing a test print of the adjustable-FT (shown in
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figure , it was shown to be slightly wider than other available sensors. However, it
introduces the concept of designing a sensor system specialized to the needs of a novel
snake robot using 3D-printable parts. This would allow for extensive and cheap prototyp-
ing. Moreover, measurement range and limits could be adjusted by changing the design
(i.e., increasing the stiffness by increasing the thickness of said bendable object).

In conclusion, the paper introduces an interesting concept that should be further investi-
gated. The possibility of designing and creating a specialized force-torque sensor system
through the use of 3D prints would be of great interest if practically possible, as well as
providing a major cost reduction. However, as previously mentioned, it is not without

flaws. An excerpt of their researched prototypes is shown in figure [3.9]

Sum |

Figure 3.9: Table of 3D printed sensors and their estimated cost. Courtesy of .
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3.7 Futek

This section briefly introduces Futek as an industrial sensor system manufacturer and
thoroughly covers and assesses one of their sensors considered relevant in the selection

FUTEK

ADVANCED SENSOR TECHNOLOGY, INC.

Futek is one of the leading designers and manufacturers of sensor systems for force
and torque measurement. Futek’s multi-axis sensors became apparent to the project
early in the research process. They seem to be one of very few innovative sensor system
manufacturers on the market. Moreover, their expertise and experience seem unmatched
in relevancy to the needs of the project. For example, they’ve produced multi-axis sensors
for NASA’s Mars lunar rover and currently have 2 sensors on Mars, which illustrates their
capabilities. Futek and its production is located in the US, but they are represented in
Scandinavia through Load Indicator Systems AB .

3.7.1 QMA142 - 6 axis force-torque sensor

(a) 3D model. Courtesy of (b) Implementation example

Figure 3.10: The QMA142 sensor system, and an example of implementation exploiting
the through hole design

Futek has listed several manufacturable models on their website. The QMA142 is
highly relevant in terms of its design, range, and features.
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Futek QMA142 specifications

Subject Value

Heigth 9.5 mm

Diameter 50 mm

Weight 40 g

Material Aluminum 2024-T4

Measurements Fyy F, M, | M,

Capacity 15N | 15N | INm | INm

Overload 100N | 100N | 4Nm | 4Nm

Compensated temperature range | 16 to 71 °C

Operating temperature range -51 to 93 °C

Cable 15 Pin FFC | 0.5mm Pitch , 2 in. (5.08cm) Long
Price Ordered on quota, early estimate 75 000 SEK

Table 3.6: Specifications for the QMA142 6-axis force-torque transducer

Design:

Regarding the design, it has many advantages. Firstly, the casing is one of the slimmest
available. It measures only 9.5mm thick and 50 mm in diameter, advantageous for im-
plementation inside a snake joint, where space is limited. Including this, the sensor only
weighs 40g. Moreover, it has a through-hole, as seen in figure [3.10], which enables the
rotating shaft to be mounted through, something that could help make a final snake-joint
design even slimmer. An example solution shown in figure showcases this. Further-
more, the project has a hypothesis that such a solution has measurement benefits. This is
because a strain gauge transducer relies on the twisting and bending of the sensor itself.
Placing the sensor as close to the shaft and mount as possible, keeping the least length of
material between them along the axis of rotation, will likely reduce the amount of twist
and flex lost through the components linking it to the sensor. For example, measuring the
torque and/or force applied to a servo, mounting the sensor on the bottom would have a
higher amount of loss in measurement to the servo’s shaft and casing twisting along itself.
If very stiff materials are used, this would likely not have a large effect on loss.

Cable:

Many of the sensors available on the market utilize large and old cable mounting adapters
for use with large amplifiers and analog to digital converters usually provided by the
sensor manufacturer. This is far from ideal in a snake robot, as the cable would have to
be manually modified to be fitted on a circuit board, or the project would have to request
design alterations to the manufacturer. However, the QMA142 already has this solved by
utilizing a 15-pin FFC cable, which eases the implementation on a circuit board by just
having to add a small compatible 15-pin mount.

Measurement capacity:

The range of measurement and measurement limits are well within the set specifications
(Table[3.5). It can safely withstand up to 100N of force, equivalent to trying to lift roughly
10kg.
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Temperature range:

As stated in chapter [3.2] it’s important that the sensor system is able to withstand heat,
as the motor, being placed in the same housing as the sensor, has a tendency to reach
high temperatures. Therefore, the QMA142 is quite fitting, boasting one of the highest
temperature ranges on the market, with an operation range between -51 to 93 °C.

Availability:

One of the main issues with this sensor is its unavailability. To order, one would have to
apply for a quota of production, and the pricing is then dependent on the size of the quota
and material cost. In addition, the time it takes to order and for the product to arrive is
also highly unpredictable, and there were concerns that it could take several months. This
was considered problematic for the Bachelor Thesis regarding the final aspect of testing
and assessing a sensor system.

Price:

Price may be a deeming factor for this sensor. LISAB (Futek’s Scandinavian representa-
tive) gave the project an early price estimate of 75 000 SEK per sensor, as it is a custom
build and requires an engineering budget. Regarding the fact that one would need to
order roughly 40 of these sensors, the total expense is staggering.

Conclusion:

It was clear that QMA1/2 sensor was far too expensive for the project. Ordering 40 of
these would total around 3 000 000 SEK, excluding all other costs. Moreover, the project
is not too comfortable handling a sensor costing 75 000 a piece, with the slight risk of
destroying it. However, the sensor is covered here because the project considers it as
one of the most ideal sensors available on the market, excluding the price. Moreover, if a
future project gets sufficient funding, the QAM142 could be an interesting consideration.
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3.8 ATI - Industrial Automation

This section briefly introduces ATT as an industrial sensor system manufacturer and thor-
oughly covers and assesses one of their sensors considered relevant in the selection process.

ATT is a North-America-based manufacturer of robotic accessories

ey and robot arm tooling. They specialize in robotic end-effector

AT . accessories ranging from electric grippers to sensor systems and

: - measurement electronics. They can be seen as a direct and com-
petent competitor to Futek.

INDUSTRIAL
AUTOMATION Sales representatives
Similar to Futek, ATT does not have a webshop but retails through
second-hand industrial retailers where sales representatives can be
contacted. All of their listed representatives are listed in either North- or South America.
Information regarding price and possible inquiry was gathered through Thomasnet
and one of ATI’s sales representatives.

3.8.1 Mini40 - 6 axis force-torque sensor

This section thoroughly assesses the Mini40 transducer from ATI Industrial Automation

with regards to the set specifications and available information and discussions with the
manufacturer.

(b) One of ATT’s F/T transducers configured
with the NETCANOEM-board, with ADC and
components for CAN-bus serial communication.

Courtesy of .
Figure 3.11: Examples of ATI force transducers

(a) The ATI Mini 40. Courtesy of

Design:
In terms of design, the Mini40 has many of the same advantages as the QMA142. It has
a slim, compact design that meets the set specifications with a comfortable margin.

Measurement:

The Mini40 has measurement advantages compared to the QMA142. With a higher
measurement capacity and strong overload protection, with a claimed maximum of 4.2 to
18.9 times rated capacities.
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ATI Mini 40 SI-40-2 specifications

Subject Value

Heigth 12.2 mm

Diameter 40 mm

Weight 499 g

Material Stainless steel

Measurements F,, F, |F, M, M, | M,
Capacity 40N 120N 2Nm 2Nm
Safe overload +810N | £2400N | £19Nm | £20Nm
Temperature range | approx. £25°C' from room temperature
Cable

Price $6500 to $8000 (53 773 to 66 182 NOK)

Table 3.7: ATI Mini 40 SI-40-2 specifications

It uses silicon strain gauges, and ATI claims it has a signal-to-noise ratio up to 75 times
stronger than conventional foil gauges. The amplified signal is said to have a "near-zero
noise distortion".

Temperature tolerance:

The given temperature range was considered slim compared to other sensors. However,
tests would have to be performed to assess this topic accurately and determine if it is
viable.

Electronics:

ATTI excels in terms of OEM measurement electronics applicable for an intrinsic force-
torque sensor system solution. As shown in Figure [3.11b] the Mini 40 can be configured
with a NETCANOEM-board supplied by the OEM(ATI). The board has built-in mea-
surement electronics and enables high-speed RS-485 communication to swiftly enable F /T
data in a selected interface.

Conclusion:

The Mini40 force-torque transducer is considered a highly viable solution for an intrin-
sic force-torque sensor system for the next generation snake robot. With its small and
compact design and preferable measurement capabilities, along with OEM measurement
electronics. It is an all-in-one solution. However, given the high price estimate, it was
considered too expensive to proceed with.
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3.9 ME-meflysteme

=
.
I ME-MeBsysteme

This section briefly introduces ME-mefsysteme as an industrial sensor system manufac-
turer and thoroughly covers and assesses two of their sensors that were considered relevant
in the selection process.

M e-mefysteme has more than 20 years of industry experience regarding sensor systems
and measurement electronics. Their production is based in Germany. They specialize in
sensors and transducers for force, strain, and torque measurement, as well as amplifiers
for said sensors.

3.9.1 KG6D40 - 6-axis force-torque sensor

(a) MP11 cable variant (b) Cable gland (CG) variant

Figure 3.12: The K6D40 multi-axial force-torque sensor system, with it’s two cable con-
figuration variants. Courtesy of

Design:

The K6D/0 has an acceptable design, with a small diameter of 60 mm and 40 mm
thickness making it one of the slimmest on the market. However, it would add more than
40mm to the design in comparison with Futeks QMA142, which makes it slightly less
suited. Exploring the 3D model and assessing its implementation possibilities (shown in
figure , shows that each joint would have to be more than 90mm in z-axial length
(z being the motor rotation axis). This is, of course, dependent on the chosen motor and
the linkage design, but size certainly reduces the possibilities. However, in a 2-axial (flat
plane) snake robot solution, the length is less of a problem.

Cable:

There are two variants of the sensor system, the difference being the cable system (shown
in figure . The cable gland (CG) variant in figure has a fixed cable mounted to
it, and the MP11 variant in figure has an MP11 cable port. Neither is preferable,
as the cable would, either way, have to be modified to fit on a circuit board.
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K6D40 Specifications m

Subject Value

Heigth 40 mm

Diameter 60 mm

Weight 160g

Material Aluminum alloy, stainless steel

Measurements F,, F, | I, My, M, | M,

Capacity 50N | 200N | 5bNm 5Nm

Safe overload 200N | 800N | 20Nm | 20Nm

Rated temperature range -10 to 70 °C

Operating temperature range | -10 to 85 °C

Environmental protection IP65

Cable MP11 24-pole plug, or cable gland (CG)

Base price 1 650 EUR(+430 EUR calibration)(17 192 NOK feb. 2021)
Full price est. 27 018 NOK (march 2021, with shipping and taxes)
Availability 3-4 weeks delivery time

Table 3.8: Specifications for the K6D40-50N/5Nm variant

Measurement:

The measurement range is considered decent. More-
over, it is able to withstand more force and torque
than the Futek QMA142 counterpart. The sensors are
internally coupled in a Wheatstone Full-bridge config-
uration, which enables an output in mV /V.

Price:
This product stands out regarding the price because
it is cheaper than the Futek counterpart. Moreover, it

is the cheapest 6-axis solution that meets the require-

ments of a sensor system in a snake robot. Figure 3.13: Implementation ex-
ample with the K6D40

Availability:

Me-mefSysteme states that it has 3-4 week delivery

time on the product. This is excluding eventual hold

time in Norwegian customs. This short delivery time is considered an advantage.

Conclusion:

The K6D/0 was a highly viable option, as it is one of the cheapest 6-axis alternatives on
the market that meets all requirements in an intrinsic solution. However, by adding tax
and import fees, the project found it to stretch just outside the available budget. Putting
the price in perspective with all possible solutions, it is placed in the medium range.
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3.9.2 K3D40 - 3-axis force sensor

The K3D40 is one of the 3-axis force-transducers considered
by the project.

Design:

The K3D40 sensor has a few weaknesses in terms of design,
but it is overall acceptable. Firstly, the square design is
not preferable in an intrinsic solution, as robotic joints are
preferably cylindrical. Although a width (w) and length (1)
of 40 mm seems slim, by using simple Pythagoras (3.1]) it
shows that a cylindrical joint housing would have to have a Figure 3.14: Picture of the
minimum inner diameter of roughly 57mm to fit the sensor. K3D40 3-axis force-sensor
This is barely within the desired specifications defined in
section [3.2] but was not considered a problem overall.

by Me-mefisysteme. Cour-
tesy of |29

Id = 2\/@)2 + (%)2 —92,/2 (407;"”)2 ~ 57Tmm (3.1)

Secondly, the sensor has a center mounting point, as seen in Figure [3.14] where the 4
screw holes are. Inevitably, the sensor would have to be mounted in a confined space
with objects above and below it with adapter-mounting components between the sensor,
motor, and housing. It is expected that the sensor will flex a certain amount. The exact
amount is undisclosed by the manufacturer. The sensor center mounting point introduces
the need for a certain amount of space between the edge of the sensor and the edge of the
adapter so that the adapter doesn’t collide with the edge of the sensor when extruded with
force, and thereby cutting the measurement. Me-mefisysteme states that the minimum
amount of space required is Imm. This subject, regarding the bending of the sensor and
what effects this may have on the rest of the system, was further investigated during
testing and implementation. It is not considered an issue but something to be aware
of. Moreover, a center mounting point centralizes the strain area, further increasing the
strength requirement for the chosen adapter material.

Cable connection:

The K3D/0 is shipped with a 3 meter long, 12-core MESC-12x0061-PUR cable and
doesn’t come with a standard cable connector configuration. Regardless, the cable would
have to be cut open and each core manually extracted to be implemented on a circuit
board. It has an outer diameter of 3.1 mm and a cable extraction on the side. If, for
example, the chosen housing has the minimum inner diameter of 57mm, the cable has
about 8.5mm of space to bend, which was considered plentiful.

Measurement:

The K3D40 measures force in 3-axis (Fj, F,, F,). The sensor comes in four different
variants with different measurement ranges (+2N,+10N,£20N,£50N). The project
chose the £50N as it seems to serve the purpose with relation to measurement range
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according to the specifications Moreover, according to the K3D/0-+£50N data sheet
[30], it has good accuracy, a high temperature tolerance, and a high enough force- and
torque bending limit. As the K3D/0 only measures force, it would have to be combined
with a torque-sensor to meet the necessary measurement requirements.

Price and availability:

Price was one of the main reasons why this sensor was considered, because if combined
with a l-axis torque sensor, the whole solution would be a couple of thousand NOK
cheaper. In terms of availability, it ships from Me-mefisysteme’s factory in Germany and
has a 3-4 weeks delivery time, including production time.

K3D40-50N specifications [29)]

Subject Value

Heigth 20 mm

Width 40x40 mm

Weight 85g

Material Aluminum alloy, stainless steel housing
Measurements F, B, F,

Rated force +50N

Safe overload 200% F'S (£100N)

Bending moment limit SNm

Rated temperature range -20 to 60 °C

Operating temperature range | -20 to 70 °C

Cable 12-core (MESC-12x0061-PUR). Outer diameter: 3.1mm
Base price EUR 880

Full price est. 11 953 NOK (mar. 2021) /w shipping and taxes

Table 3.9: Specification sheet of the K3D40-50N

3.10 Transducer Techniques

This section briefly introduces Transducer Techniques as an industrial sensor system man-
ufacturer and thoroughly covers and assesses one of their sensors considered relevant in
the selection process.

Transducer Techniques is a designer and manufacturer of force and torque sensor systems.
They are based in California, USA.

3.10.1 TRT-series

"The TRT Series reaction torque sensors offer long-term reliability due to non-moving
parts and state-of-the-art bonded foil strain gages. Whenever possible, the best approach
for precision torque measurements is via reaction torque-sensing, eliminating high
maintenance and high cost of slip rings, bearings and brushes.”

- Transducer Techniques |11|
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Figure 3.15: A picture of the TRT-50 reaction torque transducer by Transducer Tech-
niques. Courtesy of [11]

TRT-50 specifications

Subject Value

Height 1 inch (25.4mm)

Diameter () 1.630 inches (41.4mm)

Measurements l-axis of torque (M,)

Rated torque 50 1b-in (5.65 Nm)

Bending moment limit 50 1b-in (5.65 Nm)

Compensated temperature range | 60° to 160° F (15.6° to 71° C)

Safe temperature range —65° to 200° F (—54° to 93° C)

Cable AMX-4 10ft mating cable (4-core) |31|

Base price $675 (est. 8 918 NOK (mar. 2021) /w shipping and taxes)
Full price est. est. 8 918 NOK (mar. 2021) /w shipping and taxes
Availability est. 14 days delivery time

Table 3.10: Specifications for the TRT-50 reaction torque transducer by Transducer Tech-
niques. Courtesy of [11]

Design:

Assessing the design of the TRT-50 was difficult, as the Transducer Techniques does not
have a 3D model of that specific transducer. Therefore, the project may only assess the
design by judging the picture, specifications, and the schematic drawing. However, the
project roughly constructed a 3D model with the available data and imagery.

Overall, the design is considered to suit the project’s specifications. It has a relatively
small diameter and is not too tall. In conclusion, it is suitable for an intrinsic sensor
solution.

Measurement:

The TRT-50 has an acceptable measurement range within the desired specifications. By
only measuring 1l-axis of torque, it is not a stand-alone solution and would have to be
combined with a 3- or 2-axis force transducer to meet the project specifications.

Cable connection:

The TRT-50 has a AMX connector on the side for connection with an AMX cable.
There are different types of AMX connector cables available on Transducer Techniques-
website, the most interesting ones being the A MX-410-90 which has a 90° connector head.

3 FINDING A COMMERCIALLY AVAILABLE FORCE-TORQUE SENSOR 38
SOLUTION SUITABLE FOR A NOVEL SNAKE ROBOT



Project Report Spring 2021

However, a standard AMX-4 10ft connector cable is included with each sensor but has a
straight connector head.

Price and availability:

In terms of price, the TRT-50 was considered well within the desired price range. However,
it is among the more expensive torque-transducers on the market due to its compact
design. The availability is also fairly good, as Transducer Techniques states that it has a
14-day delivery time.

3.11 3-axis force- and 1 axis torque transducer combined solution
(Sandwich Solution)

(a) Example of implementation with
the TRT-50 torque sensor (black) and
the K3D40 3-axis force sensor (bot-
tom)

(b) Combining the TRT-50 reaction torque sen-
sor, with the K8D/0 3-axis force sensor through
a linkage /adapter

Figure 3.16: The 3-axis force sensor and 1-axis torque combined "sandwich" solution

In addition to 6-axis force-torque sensors that measure every axis in a combined solution,
the project was also asked to investigate the possibility of combining different sensors that
in total meets the minimum requirement of measurement axis and provides an acceptable
range of measurement. That is the basis of combining a 3-axis force sensor and 1-axis
torque sensor shown in Figure [3.16] For simplicity, this solution is referred to as the
sandwich solution.

Design:

Compared to the other solutions presented in this section, the sandwitch solution takes
up more space than the counterparts. One of the reasons being that it needs some sort
of linkage between the different sensors. As both the TRT-50 and the K3D40 have
specified connection points on the top and bottom, and taking the need for space for
screw mounting into account, makes the linkage design intricate and difficult. The height
of the linking component will vary according to the required material thickness and the
length of the different screws.
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Sandwich Solution specifications

Subject Value

Heigth 58.4 mm (width the final linkage design)
Diameter/diagonal width 57mm

Measurements F,, F), F, | M,

Capacity +50N S5Nm

Safe overload +100NV 7.5NmM

Rated temperature range 15.6°C to 60°C'

Operating temperature range | —20°C' to 70°C'

Cable 12-core (MESC-12x0061-PUR) and 4-core (AMX-4)
Price estimate 20 871 NOK (march 2021) /w shipping and taxes

Table 3.11: Theorized specifications for the Sandwich Solution (combining the limits of the
K3D40 3-axis force transducer and the TRT-50 torque transducer and adding a linkage)

One of the benefits of the 2-sensor solution is that it can be configured in several different
ways. For instance, the force sensor could be placed in between the joints of the snake
robot.

Measurement:

In total, TRT-50 and the K3D40 meets the specified requirements regarding axis of
measurement and range. However, it’s theorized that it has certain measurement disad-
vantages.

Firstly, as the system is taller than its counterparts and there is a need for material be-
tween the sensors, it’s imminent that the sensor will have a higher and more unpredictable
strain loss. This would have to be accounted for. Secondly, there will certainly be mea-
surement crosstalk between the different sensors and measuring signals. To counteract
this, each sample of the sandwich solution would have to be put through vigorous test
with special equipment to estimate a calibration matrix.

Temperature range:

It has the slimmest temperature range of the solutions presented in this section, with
the lowest maximum and the highest minimum operating temperature. However, it was
considered to be within the required limits.

Price:
One of the main advantages of the Sandwich Solution is that it was within the specified
budget of the project, making the acquirement of a prototype feasible.
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3.12 Discussion and conclusion

This section summarizes the findings in the research process. Moreover, it compares the
different sensor solutions uncovered in the research process and gives reason to why the
project decided to proceed with the Sandwich Solution.

3.12.1 Findings regarding the market for F/T-transducers with relevance to
the needs of a next generation snake robot at NTNU

The project used extensive time researching different possibilities regarding possible F/T-
transducer sensor solutions for a next generation snake robot. At the time of writing,
the overall conclusion is that the market is slim, and the options are few. Moreover, the
most relevant are based on old strain gauge technology. Lastly, suitable sensors for an

intrinsic solution regarding size and accuracy are costly, ranging from 20 000 NOK to 100
000 NOK.

3.12.2 Coherence in industrial sensor-system-solutions regarding multi-axis
force measurements and degree of "how industrially produced"

The whole basis of this project was to investigate the possibilities and different solutions
from different commercial sensor manufacturers. The manufacturers usually have years
of experience concerning the production of said multi-axis sensors. Secondly, they have
expensive equipment that helps them reduce inaccuracy factors in production. This lays
the foundation for the important subject of how much better and how much more efficient
in terms of cost and result. Moreover, industrial manufacturers will produce said systems
better than us, regarding the inaccuracies in the hand-built Mamba sensor-system.

Taking the 6-axis force/torque sensor as an example, it is considered the highest degree
of "industrially produced", because all required axis is included and manufactured in a
single combined solution. Choosing a 3-axis force-sensor would mean a step down in
degree of "industrially produced" because torque measurement is needed and would have
to be added in as a second sensor system that would require custom parts to be produced
to accommodate these two sensors. Producing those custom parts, and aligning the
sensors, could be sources of measurement inaccuracies. Moreover, the calibration matrices
would have to be manually estimated and produced. Referring it to a low degree of
"industrially produced", like the Mamba sensor system or a solution with multiple torsion
bars, introduces several possible sources of inaccuracy in measurement and alignment.

In summary, the report theorizes that a low degree of "industrially produced" will have
greater inaccuracy but may have major deceiving cost benefits. The issue at hand was
finding an accurate measurement system solution that meets the requirements, and at the
same time, was affordable given the limited budget.
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3.12.3 Comparing the different sensors to each other
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Figure 3.17: Comparing the presented sensor system solutions in terms of price, temper-
ature range, and size

With regards to the set specifications, all of the 4 solutions covered fit the desired re-
quirements for an intrinsic sensor system. However, they differ in terms of specified
temperature range, price, and size (Figure [3.17)).

In terms of rated /compensated temperature range (Figure7 the 6-axis F /T-transducer,
K6D40, was seemingly the winner. However, it has the same maximum rated temperature
range as the QMA142. Comparing the sensors in terms of the specified temperature range
can not be deemed accurate because the different manufacturers use different definitions
and likely different methods. Nevertheless, it is a good measurement of the manufacturer’s
confidence in the sensor’s ability to operate at varying temperatures.
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Space is a highly limited commodity concerning an intrinsic robotic joint F/T-transducer
solution. Therefore, comparing size is also important. Figure shows a bar graph
comparing the different sensors in terms of the minimum volume each sensor would con-
sume (side-by-side 3D models can also be seen in Figure . The QMA142 and the
Mini40 take up significantly less amount of space than the two other sensors. By the looks
of the graph, the K6D40 seems to be a clear loser by having the highest volume. How-
ever, by comparing the K6D40 to the Sandwich Solution in terms of height, the K6D40
is shorter, which is considered an advantage.

Price was initially deemed the least important aspect of specification but proved to be a
crucial subject. As it is budgeted to purchase about 40 sensors, a small price difference
between sensors would be greatly amplified. Moreover, the sensors presented here are

costly and vary widely in terms of price (Figure [3.17c]).

Figure 3.18: Size comparison of the three different implementation examples

3.12.4 Deciding what F/T transducer solution to test and assess

Due to the "limited" budget of roughly 20 000 NOK per sensor, the project decided to
proceed with the combined sensor solution covered in section It meets the criteria
of being based on commercially available solutions and fulfills all specifications regard-
ing axis of measurement and range of measurement. However, compared to the 6-axis
F/T transducer solutions presented, it falls short in terms of size. Moreover, requiring
a custom-designed and manufactured part that links the different sensors is considered
a disadvantage due to the probable resulting inaccuracies in strain-loss and alignment.
In conclusion, all covered sensor systems are considered viable and functional solutions.
However, the Sandwich Solution is the only financially realizable solution that is afford-
able given the project’s budget. Disregarding the budget, all the covered 6-axis F/T
transducers are considered better solutions.
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4 Designing the sensor system for testing purposes

According to the given task, the chosen sensor system was to be tested and assessed
in realistic conditions. This chapter thoroughly covers the design process of the sensor
system, test bench, and required measurement electronics.

For the sensor system to be operational, the system needs to be provided with supportive
electronics in the form of power supply circuits and amplifier circuits. The power supply
circuit makes sure the system receives the correct voltage and current, while the amplifier
circuit amplifies the signal from the wheatstone bridges for each measurement axis in the
Sensor.

4.1 Designing the linkage

This section thoroughly covers the design process of the linking/adapter component, called
the linkage, required between the 3-axis force sensor (K3D40) and the reaction torque
sensor (TRT-50). The purpose of the linkage is to transfer strain between the two sensors
and ensure accurate positioning between the sensors for accurate measurement. To assure
the best result, mounting instructions and requirements provided by each manufacturer
were taken into account.

4.1.1 K3D40 requirements

Mounting instructions for 3-axis sensors [32]
Requirements for mounting surface:
e The distance between sensor body and fastening elements must be 1 mm.

Screw depth for thread min. 1.0 up to 1.5 x 0.
Scew depth in the live end / dead end should be 5-7 mm.

High stiffness of the mounting surface, no deformation under load.

Flatness of mounting surface 0.05 to 0.1mm.

Quality of the mounting surface Rz6.30.

Screws

e Position: 1 and 2 (seen in Figure [1.1).
e Type: Cylindrical head screws DIN EN ISO 4762 M3 (requires 3mm hole)
e Material: Aluminium aloy

e Tightening torque: 1 Nm
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Figure 4.1: Instructions for mounting of the K3D40 3-axis sensor system. Courtesy of

32)

4.1.2 TRT-50 requirements

Transducer Techniques does not provide any information on how to mount this sensor.
They had to be estimated with regards to the given dimensions and compared to the
mounting techniques used with socket adapters provided by the same manufacturer.

Dimensions in Inches, TRT-25 through 500

10-32 UNF .200 DEEP ON MATING CONNECTOR WITH 10" 4 CONDUCTOR,
1.00 B. C. BOTH ENDS COLOR CODED, SHIELDED CABLE SUPPLIED
|
""""""" 1.630
125 DIA. .100 DEEP ON L_ 1.00 _.J

1.000 B.C. BOTH ENDS

Figure 4.2: Schematic drawing of the TRT reaction torque sensor. Couresy of

Mounting;:

e Screws: 8 x 10-32 UNF .200 inches deep (5.1mm)
e Postions: 4 points on each side (spiked circles in Figure

e Thru-hole: .250 DIA PILOT thru-hole in the middle. May be utilized to stabilize
the sensor.
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Firstly, since the TRT-50 sensor is American, it needs imperial machine screws. Moreover,
Transducer Techniques does not ship the sensor with screws. The 10-32 UNF is fairly
similar to the M5 screw, but they are not completely interchangeable. Thus, custom
imperial machine screws had to be ordered from England.

4.1.3 3D-design

Figure 4.3: 3D-model of the linkage components that connects the different sensors to-
gether. Shown here is Linkage Type/, it has the benefits of being one continuous part, but
it had mounting difficulties that would result in the part being tall

(b)

Figure 4.4: 3D model of LinkageType7. It has two parts that are mounted to each sensor.
The two parts can then be locked together through screw holes on the side.

(a)

Several linkage prototypes were designed in Autodesk Fusion 360 (Figure and Figure
4.4).

Mounting plates

Each mounting plate (the surfaces in direct contact with the sensors) was designed using
the given sensor specifications and mounting requirements. The project assumed that
3mm thickness would provide enough material stiffness.

Spacer/link

The purpose of this component is to provide the necessary stiffness between the two
sensor-mounting plates. Moreover, to add enough space between the mounting plates so
that it is possible to access the screw holes with screws and mount them sufficiently. The
chosen shape for LinkageTypes was a type of cylinder with a length of 10mm. Access
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holes were cut out to able the mounting of screws. Lastly, the edges were rounded using

the "fillet"-tool.

Linkage Type7 (Figure was designed with another ap-
proach in mind. LinkageTypes and other iterations had
to be fairly tall to accommodate the mounting of screws.
Therefore, creating two objects that are mounted to each
sensor, then locking the two objects together through the
side-mounted screws would have benefits in terms of height
and assembly. As seen, the object is fairly intricate and
complex with grooves to accommodate for the mounting
and collision of screws and has grooves to stabilize the two
parts together.

3D-printed prototype

Using the available PrusaSlicer at the Mamba Workshop,
a prototype was printed using ASA filament. Moreover,
the project conducted tests to determine whether a plastic
model is stiff enough to be utilized further.

Ideal material

Ideally, the linkage needs to be as stiff as possible
to ensure the least strain loss between the sensors.
For testing purposes, given the budget and time
limitations, the project decided to use ASA-plastic-
filament as it is lightweight, stiff, and has a fairly
high temperature tolerance.

The ideal material for this component would be a
type of stiff and lightweight metal, composite or
hard plastic. In cooperation with the machine work-
shop at ITK, a CNC cut prototype was produced
using POM-C' (Figure , a type of hard plastic
with high temperature tolerance and stiffness.

Figure

Figure 4.5: 3D model of
LinkageType7 assembled.

4.6: Linkage (black)

mounted on the 3-axis force sensor.
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4.2 Designing the test bench

In Veslum’s experiments on the Mamba sensor
system, he exploited the robotic snake structure
and shell, placed a joint on the edge of a table,
and applied force using weights. At the time of
writing, the next generation snake-robot is just
an early stage concept, and the joints are yet to
be produced. Therefore, the project had to de-
sign and build a test bench that emulates the
conditions of a snake robot in realistic environ-
ments. Moreover, to reproduce some of the ex-
periments performed by Veslum with the new
sensor system, so that the results could be com-
pared to each other to some extent.

Figure 4.7: A sketched 3D-model of the

test bench

Figure [£.7 shows a sketched 3D model of the test bench. It consists of a vertical plate
with screw-hole mountings for the sensor system. The vertical plate is supported at 90
degrees by a horizontal plate. The plan was that the horizontal plate could be mounted
to a wooden plank that could then be clamped to a table to stabilize the test bench.

To apply known forces and torques, weights could be mounted to the shaft that extends
beyond the table. In this design, a force can be tested on 2 axes (x and y) in the positive
and negative direction, consequently 4 directions. This is achieved simply by remounting
the sensor system 90° to the previous position. To achieve a greater variety of angles
that can be tested, the 90° mounting bracket could be mounted to a ball-jointed clamp

(available in the HOAL-workshop).

To apply known torques, a 90° L-shaped shaft
is used (Figure . By applying weights offset
along the XY-plane, a resulting torque will be
generated around the z-axis.

Figure 4.8: A 3D model of the torque

shaft
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4.3 Designing the power supply circuit

The current iteration of Mamba runs off an external power supply distributing 36 Volts
across the entire robot. These 36 volts are distributed to each joint through a power
supply circuit, transforming down the voltage to a suitable level (7.4 Volts and 3.3 Volts).
These voltage levels are used to accommodate the servo motors need for 7.4 Volts, and
the microcontrollers need for 3.3 volts. However, due to the designed sensor system, the
required voltages are different, therefore the power supply circuit had to be retrofitted.
The new power supply circuit (shown in ﬁgure and was is inspired by the previous
design made by Pal Liljeback. It contains a switching voltage regulator that reduces the
input voltage in the range of 10-36 volts down to 7.4 volts. This is to accommodate the
servomotor’s need for a high voltage supply. In addition, the switching regulator can
deliver up to 6 amperes to the rest of the system, which satisfies the servo’s high power
consumption. Including the first switching voltage regulator, the circuit also contains an
LDO (Low dropout) voltage regulator, which further reduces the voltage down to 5 V
with a maximum power consumption of 1 ampere. These five volts are used to power
both the sensor and the amplifier circuit. It is also important to note that it was chosen
to use two step-down regulators instead of one to reduce signal noise from the power
supply circuit, which could interfere with the measurements. For more information about
the chosen components, see attached document (Appendix .
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Figure 4.9: Power supply circuit schematic

Figure 4.10: Power supply circuit
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4.4 Designing the amplifier circuit

The sensors that provide torque and force measurements rely on Wheatstone bridges to
measure the applied strain (Section. These bridges provide signals in the milli volt-
range. Due to their minuscule size, the output signals are below the threshold for usability
and require significant upscaling to be successfully implemented in valid applications. An
amplifier circuit is therefore required and will aid in increasing the signal amplitude, thus
improving readability. This can be done through a simple operational amplifier circuit,
but due to the presence of Wheatstone bridges, the optimal choice would be to utilize
an instrumentation amplifier instead. Consisting of two amplifiers connected in an input
buffer and a differential amplifier creating a single-ended output, the in-amp benefits from
high input impedance and easy gain regulation through the changing of a single resistor
M.4.2] Retaining the differential amplifier’s common-mode rejection ratio, the in-amp is
less versatile but flourishes in operations that require superior characteristics. Therefore
although more than capable of fulfilling the task, if possible, the standard op-amp will
almost always be neglected in favor of its superior instrumentation brethren. Therefore,
choosing the in-amp allows one to fully capitalize on its features and results in a noise-
canceling amplifier that more than fulfills the requirements of an amplifier circuit.

z
[}
(2]
o~
zZ
[}
%

1111, 3303

269A=Y2~210409

THE BLOCC

aa

Figure 4.11: The completed amplification circuit THE BLOCC. Designed as a testing
circuit, little focus was put on size regulation causing the block like appearance
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4.4.1 Comparing Amplifiers

The original amplification circuit for
mamba utilizes a Texas Instruments

. ) . ) INPUT COMMON-MODE VOLTAGE
INA122 instrumentation amplifier supplied vs OUTPUT VOLTAGE, Vg = 45V, G = 5

by Farnell. The reason for choosing thisex- i
act amplifier is not entirely known but may 5 . T T
have been chosen due to its easy obtain- g 2 Vs = £5V v = +5VI0V REFL 2ev
ability in conjunction with its exceptional g 1 7
single supply properties.. Comm(?nly op- g _:" C v
amps require dual supplies with inverted £ Vier =0V
polarity £5V. This allows the amp to the- £ _5
oretically boost any signal up to the supply = -« M#ﬂrﬁi

. . e . .
voltage 'and thrives in ampllfylgg &gnals . i 4 2 0 1 2 s 4 s
that swing around the center axis. Single Ol Vollage (V]

supply mode connects the negative supply
pin to GND and doubles the positive sup-
ply voltage. This limits the amplifier to
positive signal amplification but allows the
system to run off a simple single supply.

Figure 4.12: Headroom for the INA122 in
singe and dual supply mode [33|

This ability resides within every op/in-amp but suffers due to Headroom. As can be
observed in figure the INA126 is not designed for rail to rail supply and therefore
suffers a limiting output of 0.6V-4.2V. Comparing the INA126 to the more advanced
INA122 pictured in figure [4.12] one can clearly observe the minuscule headroom for both

supply variations.

This exceptional rail to rail performance may explain why Pal chose the INA122 for
the original mamba. However, the INA122 has the unique distinction of achieving the
worst slew rate of any TT instrumentation amplifier currently on the market. Achieving
0.08V/us in a role where reaction time transcends noise reduction, this performance is
unsuitable. Finding a replacement for the 20-year-old INA122 is therefore mandatory
for achieving sufficient results. Due to time constraints and a lack of documentation
denouncing the performance of the INA122, the project did not defer from utilizing it
for test purposes. Regarding its replacement, the rapid evolution of in-amps has led to
the conclusion that close to all TI in-amps produced after 2010 have sufficient rail to rail
and slew rate characteristics. Although up to the next HOAL team, the project strongly
recommends that the INA849 is to be used in the next generation mamba. Achieving
a slew rate of 35V/us in conjunction with excellent rail to rail characteristics (figure
, the INA849 triumphs the INA122 on all fronts and will ensure excellent amplifier
performance.
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(b) INA849 Rail to rail performance. Cour-
tesy of [35]

Qutput Voltage (V)

(a) Headroom for the INA126 in singe and
dual supply mode. Courtesy of [34]

Figure 4.13: Comparison of rail to rail performance between the INA126 and INA849
4.4.2 Digital potentiometers

Successfully capitalizing on the gain regulating possibilities of an 8-pinned in-amp such
as the INA122 requires a load to be applied to the gain setting pin. Commonly this is
done by calculating the desired gain from the formula in the amplifiers datasheet.

200k
Rg

G=5+

The modularity of this system also allows for control via potentiometer. Introducing a
variable load allows for complete control of the gain and can be viable in testing environ-
ments or systems that require rapid calibration measures. The original Mamba utilized
such a system with varied success. Mainly flawed due to analog potentiometers, the origi-
nal system was prone to repeatability and reliability issues, causing major issues for testing
and integrity. These issues arrive from the mechanical design of the potentiometers, as
they are prone to interference through shock or vibrations, causing changes to the position
of the wiper. This will, in turn, cause load changes, resulting in a gain-induced offset to
the measurements. As a direct result of this, the mamba required frequent calibration
of every single joint, a tedious and otherwise insufferable process requiring a screwdriver
and exceptional patience. Mediating the mechanical-related issues is crucial in achieving
a stable and reliable system and can be solved by introducing digital potentiometers.
Functionally equal to their mechanical brethren, the introduction of digital control allows
for higher reliability and accuracy. Working on a timer synchronization, the user controls
the resistance by feeding the d-pot an 8-bit value that controls the position of the wiper.
Having 255 total positions and a range of 0k{2-100kS2, the wiper moves in 390¢) incre-
ments. This causes issues with the accuracy at high gains as the load change required is
tiny. The INA122 would, for example, not be able to go beyond 515 times the input ref
fig whilst the INA849 would have a maximum gain of 15 ref fig [4.14b]
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DESIRED GAIN Re NEAREST 1% DESIRED GAIN (V/V) | STANDARD 1% Rz (Q)
(VIV) () Rg VALUE
1 Mot connected
5 NC NC
10 40K 40.2k 2 .04 k
20 13.33k 13.3k 5 1.50 k
50 4444 4420 10 665
100 2105 2100 20 316
200 1026 1020
500 404 402 50 121
1000 201 200 100 60.4
2000 100.3 100 200 30.1
5000 40 40.2 =00 21
10000 20 20 0 o

(a) Typical gain and load values for INA (b) Typical gain and load values for INA
122 849

Figure 4.14: Gain and load values comparison

This nonlinearity-related issue resides with the nature of gain adjustable in-amps and
will only be solved by utilizing a different dig-pot. Although somewhat limiting the full
potential of the in-amp, the project has anticipated that a gain of 500 will be sufficient in
amplifying the signals into a readable state. Should the next generation group continue
the current usage of dig-pots, it is strongly recommended that a 12- or 16-bit version
should replace the current one as it heavily limits the versatility of the system.

4.4.3 Noise reduction

Fully capable of noise reduction, the measures implemented on the power circuit should, in
theory, suffice to eliminate most of the transmitted noise in conjunction with any internal
sources. Theoretically, this would suffice, but the project decided to implement some
extra safety measures through decoupling capacitors. Connected to the power pins of
important components and/or complete systems, the decoupling capacitor will mediate
power surges in a process called shunting. Both the INA122 and TPL0501 would, under
usual circumstances, be suited with capacitors in compliance to their respective datasheets
ref and . However, due to spatial issues combined with redundancy fears, the
project has decided to only implement decoupling capacitors on the dig-pot. The dig-pot
was prioritized as any variation in voltage would heavily affect the in-amps gain. This
lack of noise reduction was a poor choice as the system was heavily affected. Further
discussed in the source of this noise is external, but the fact that the circuit lacks
recommended noise reduction does not aid the matter.
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4.5 Headers Selection and substitution

Requiring significant wire to board connection points,
the widely used JST connector was chosen due to its
status as one of the industry standards. Offering a
wide selection of connectors series, the project con-
templated utilizing the JST ZH series. Its low profile
provides a sleek design with no downsides from its
contemporaries, however as the correct dimensioned
crimping terminals for the cable were unavailable, the
XH series was determined to be a suitable replace- Figure 4.15: Size comparison be-
ment. Measuring 9.8 millimeters tall compared to the {een the ZH and XH terminals

5.6 of the ZH, it is effectively twice the height of its

contemporary with equal attributes. This switch to

the XH series is, from a research standpoint, no different than if one were to utilize the
ZH series. However, due to the mambas complexity, the project cannot afford the addi-
tional 4.2 millimeters. Limited space makes stacking PCB chips inside the mambas shell
inevitable, and extra height will further complicate the internal design and cause wastage
of valuable space. There is also the issue of bending transmission cables, improper posi-
tioning inside the shell due to height may force bending that exceeds a cable’s maximum
bend radius causing interference or damage. Had the project not been under strict time
restraints, the missing ZH terminals would have been sourced from a different supplier.

4.5.1 Issues

Apart from the aforementioned spacial issues dis-
cussed in the replacement headers came with a
series of foreseen as well as unforeseen issues. The
size difference between the crimping terminals and the
sensor wire diameter combined with the failure to lo-
cate a correct crimping tool forced the terminals to be
manufactured unconventionally. Further discussed in
[.4] the manufacturing process was tedious, long, and Figure 4.16: The headers con-
produced a subpar result. The process of soldering re- nected to the amplifier via the XH
sulted in the cables being restrained by their exposed geries connector. Note the melted
strands. Combined with the heat melting the shield- insulation on the green and or-
ing caused brittle terminals with a high risk of the ange cable and the sharp angle
cables tearing off during handling. Additionally, the caused by twisting on the purple
exposed strands could swing outward and make con- cgble

tact with other strands shorting the cables and ruining

measurements. Linking the cables via the strands also

comes at the cost of maneuverability. Pictured in the purple cable is situated at an
unnatural angle. As discussed in this may cause a multitude of issues as a result
from the strands being twisted. When the terminal is rotated, the strands will retain
their original position, generating stress on the strands. In extreme cases, this will cause

-~
o &
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the cables to break or force steep angles generating interference (4.5)), neither of which
is desired. Although requiring extreme care due to their fragility, the terminals work as
intended and, although not ideal, deliver a stable and precise signal.

4.6 Amplifier offset voltage

|
|
ly
|
B

Figure 4.17: The offset circuit fully connected to the final system through a proto-board

With the amplifier running in single supply mode and the sensor bridge centering around
0V the circuit needs to implement a DC offset to be able to measure negative sensor
voltage outputs on an ADC. Commonly this will be done by applying the pure DC signal
directly to the input. However, as this signal is to be amplified, this measure is unfit
for the current system. It is important to note that the INA122 comes prebuilt with a
designated offset pin. Designated ref the pin is commonly grounded but allows for easy
offset by applying the desired offset voltage. Originally the offset was to be controlled
by the analog pins on the microcontroller, but this quickly fell through due to the raw
noise this configuration produced. The project then decided to proceed with a solution
enabling fully adjustable offsets, working upon a series of digital potentiometers controlling
a voltage divider to provide an accurate and stable offset. Though this was planned, the
project had to abandon the idea due to time constraints. Thus a simple voltage divider
combined with a lowpass filter to eliminate AC-current was implemented. Pictured in
the circuit halved the supply voltage of 3.3V down to 1.65V by using two 27k
resistors and then applied a lowpass of 4Hz (1uf and 39k €2) before supplying the signal
to the INA122. Crude, as it is unable to supply differing offset to each amplifier, the
system will be well-capable as a test bench. Additionally, a microcontroller [4.7] allows for
digital adjustment of the data, allowing measurements regardless of tiny offset differences.
Although not perfect, picking up some major external noise and causing tiny variations in
the individual offsets the system provided enough stability to conduct sufficient testing.
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4.7 Microcontroller

To make use of the information that the sensor system produces, the signal has to be
converted from an analog measurement to a digital value (ADC). For this, the HOAL
team has decided to use the Adafruit Feather M4 CAN Express shown in figure It
is a light and compact microcontroller with many different qualities, including CAN bus
communication support and a 12-bit analog-to-digital converter. Including the ADC, the
microcontroller is also used to control the digital potentiometers referenced in chapter
4.4.2 This is done by running a program made in Arduino IDE, which is shown in
Appendix [A.5] Important side note, the internal logic of the microcontroller runs on
3.3 volts which could be problematic when providing the sensors five volts. For more
information on the microcontroller, see attached document (Appendix .

202389900000

o
-

Figure 4.18: Adafruit microcontroller
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Figure 4.19: Adafruit microcontroller pin layout, Courtesy of
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5 Implementing the sensor system for testing purposes

After completing the design process, the necessary components were ordered. Reception
of the components marked the beginning of the implementation phase. This chapter
thoroughly covers the implementation process of the sensor system to prepare it for the
experiments and initial tests completed on the circuitry.

5.1 Sensor assembly

This section covers how to correctly assemble the Sandwich Solution using Linkage Type7
cut in POM-C (3D-printed ASA-parts were also used).

Parts used for assembly

Part Dimensions Quantity | Available

M3x10 Pan head machine screw | 3x10mm 4 RS PRO [41]

M3x14 Pan head machine screw 3x14mm 4 Arvid Nilssox?[42]7
M3x8 Countersunk machine screw | 3x8mm 4 RS PRO 43] |
10-32 UNF Machine Screws length: 1/4 inch | 4 Spalding Fastners [44]
K3D40 mount - 1 attachments ]
TRT-50 mount - 1 attachments

K3D40 force sensor - 1 [29]

TRT-50 torque sensor - 1 [11]

Table 5.1: The complete list of parts needed to assemble one sensor

The project emphasizes using the correct
screws with the correct length because of -
the compact design. Due to time con-
straints and limited funding, all M3 screws
used were manually cut and ground to the
correct length from the stock available in
the Mamba workshop.

1 - Force sensor linkage mount

The corresponding linkage part was mounted
to the live end (live end marked in Figure
of the K3D40 using 4 M3x10 pan head

machine screws, with a length of 10mm
[41]. Figure 5.1: The K3D40 linkage-part

mounted on the K3D40

5 IMPLEMENTING THE SENSOR SYSTEM FOR TESTING PURPOSES 57



Project Report Spring 2021

2 - Torque sensor linkage mount
The corresponding linkage part was mounted to the TRT-50 sensor using four 10-32 UNF
machine screws (Figure [5.2al).

3 - Lock the sensors together

The sensors were locked together by firstly assembling the two linkage parts, with both
sensors mounted to their corresponding linkage part. Secondly, the linkage parts were
locked together by inserting and tightening four M3x8 machine screws in the lock holes
on the sides of the TRT linkage part.

RN ER et S . e :
(a) The TRT-part mounted to the (b) The sensors fully assembled and
TRT-50 torque sensor locked together with Linkage Type7

Figure 5.2: Full implementation of the linkage mount

5.2 Test-bench assembly

This section covers the building process and assembly of the test bench. As well as the
mounting process of the sensor system with different accessories.

The 90° aluminum bracket was cut out in cooperation with the metal workshop at I'TK.
It is a readily available 65x70mm 90° aluminum bracket, with 4 cut-out M3 holes, spaced
9mm (for the mounting of the K3D40 side of the sensor), and two holes so that the bracket
itself can be screwed to a plank or a table. The special aluminum bracket was screwed to

a plank (Figure and Figure|5.3b)). Figure shows how the test bench was clamped
to a mounting table to enable tests on 1 axis at the time.
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(a) Front view (b) Back view

(c¢) Clamped to a table

Figure 5.3: The test-bench
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5.3 The sensor system and test-accessories

The sensor system was mounted in several different configurations to accurately conduct
different experiments to test the sensor system and assess its performance. This section
covers the assembly process of the different configurations.

The accessories needed to perform the different experiments were 3D printed using the
available PrusaSlicer and Prusament ASA filament.

Mounting the sensor system with accessories:

Mounting the sensor system to the test bench was a straightforward process. Mount
the K3D40 (force-sensor) side of the Sandwich Solution to the test bench using four M3
machine screws (Figure [5.4)).

(a) Viewed from the front (b) Viewed from the back

Figure 5.4: The mounting of the Sandwich Solution to the test-bench

(a) Mounted with the force-shaft (b) Mounted with the torque-shaft

Figure 5.5: The sandwich solution mounted with different accessories for testing
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Mounting the force test-shaft without the torque sensor:
The 10-32 UNF machine screws were severely delayed through Norwegian customs due to
new rules following Britain’s exit from the European Union. Moreover, they are hard to
source within Norway. Therefore, while waiting for the screws that enable the mounting
for the TRT torque-sensor, the project decided to assemble the force-shaft directly to the
force-sensor to commence the initial testing of the sensor system.

(a) Assembling the force-shaft for mount- (b) The force-sensor with the force-shaft,
ing, without a torque sensor mounted to the test bench

Figure 5.6: The force-sensor mounted to the test-bench for tests without the torque sensor

The assembly process is shown in figure[5.6a] Four M5 screws were inserted and tightened
with M5 nuts through the holes initially intended for the mounting of the TRT-sensor.
The assembled force test-shaft and TRT mounting bracket were then assembled with the
K3D40 and then mounted to the test bench (Figure |5.6D)).

5 IMPLEMENTING THE SENSOR SYSTEM FOR TESTING PURPOSES 61



Project Report Spring 2021

5.4 Preparing the measurement electronics

Before being able to run any tests, the measurement electronics, just like the test bench,
also needs preparation. This chapter therefore covers the necessary steps to make use of
the measurement electronics for testing purposes.

Cable core extraction:

The manufacturer-supplied cable of both the K3D40 force sensor and TRT-50 Torque
sensor come pre-stripped from the manufacturer. However, the cables are far too long
and need to be cut down before they could be fitted with terminals. This needs to be done
with caution as scratches on the strands will cause the metal to become brittle and easily
be ripped off. However tempting, the stripping also needs to be done by hand as automatic
cable strippers are far too brutal and will directly rip the cables in half. Utilizing a sharp
diagonal wire cutter and gently applying force with two fingers whilst rotating the two
ends around the diameter of the cable is the optimal solution. One should also refrain
from, if possible, cutting down to the strands because the shielding is brittle enough to
be cleanly ripped off if damaged. Only cutting the shielding will prevent gouging the
strands. Once stripped, the exposed strands should be coated in a thin layer of solder.
This will strengthen the cable and, in some instances, ease the soldering process.

Terminal assembly

Due to the correct crimping terminals being unavail-
able , the XH series was deemed a suitable re-
placement. However, requiring soldering as the sourc-
ing of a suitable crimping tool failed, the process be-
came rather clunky and tedious but sufficient for man-
ufacturing the terminals. Being connected to an alu-
minum strip, one should refrain from detaching the
terminal as the strip provides crucial stability during
the manufacturing process. Furthermore, aluminum
to aluminum soldering is one of the hardest connec-
tions to establish and therefore requires unconven-
tional techniques. Functioning as a heat sink, the tem-
peratures need to be in the 420+ range and combined
with quick and accurate solders as the tin quickly
cakes due to the flux vaporizing. Firstly, one should
attach a generous amount of solder to each terminal. )
This, combined with the coated ends of the cable, Placement When pouring solder
should be sufficient to fully attach the two parts. Im- ?nto the terrpmals. The s.olde?mg
portantly the solder pour should be restricted to the M1 stops tin from leaking into
"legged" area on the terminal as any solder beyond the header connector.

this area will lock up the header entry and render the

terminal useless. The cable should then be pressed into the terminal using the soldering
iron and quickly released as the solder melts. If done successfully, this technique should
provide a stable and somewhat rugged connection whilst keeping cable and isolation dam-
age to a minimum. The completed terminal should then be attached to the housing. This
is done by trimming and bending the "legs" of the terminal to shape and simply sliding

Figure 5.7: Example of proper
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it into the housing until it clicks into place. The terminal is now completed and ready for
use. Although a temporary solution, they provide a somewhat stable platform for testing
purposes and has served the project well.

Creating an external Wheatstone bridge

To not risk damaging the sensors during initial testing, the project decided to create an
external Wheatstone bridge to simulate the signal created by sensors internal bridges.
This external Wheatstone bridge consisted of four analog potentiometers connected to a
breadboard. These potentiometers were then connected to form a working full Wheatstone
bridge where the output signal of the bridge could be shifted by turning the knobs on the
analog potentiometers. The schematic of the external bridge and the working prototype

are shown in figure and respectively.
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(a) Schematic (b) Assembled on a breadboard

Figure 5.8: The external Wheatstone full-bridge used for initial testing of the sensor
system
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5.5 Preparational testing of the power supply circuit

The completed power supply circuit (4.10) requires testing to ensure performance. This
subsection describes the tests conducted as well as a step-by-step guide of the methods
utilized.

For the power supply circuit to be deemed operational, it has to be able to complete two
things. First, it needs to be able to provide a stable output voltage at a set input value
over longer periods of time. Secondly, it has to be able to deliver the same output voltage
with varying input voltages. This is to make sure the circuit is both stable and is able to
reject potential fluctuations that could damage the sensors.

Method:

To test this, the power supply circuit was exposed to two different tests. The first test
consisted of feeding the circuit with a varying amount of input voltage (between 5 and
36 volts) over a short period of time (1 minute). This way, the system gets exposed to
fluctuations and will react accordingly if it cannot handle variations. Test two ran a stable
input value of 36 volts through the circuit for 10 minutes to see if the output value would
deviate from the standard value.

Results:

The results of the test are shown in the Matlab plots in figure and [5.10] As one can
deduce from the figures, the power supply circuit seems to be quite stable. NB! These have
been produced by manually writing down values over time and then plotted via Matlab.
This was due to the lack of an available MyDAQ at the time that would otherwise be
used for testing.

8 Output voltage, Voltageregulator 1
Output voltage, Voltageregulator 2

75

6.5~

Output voltage [V]
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5 10 15 20 25 30 35 40
Input voltage [V]

Figure 5.9: Voltageregulator fluctuation test
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Figure 5.10: Voltageregulator consistancy test

5.6 Preparational testing of the amplifier circuit

The completed amplifier circuit requires testing to ensure its performance. This sub-
section describes the tests conducted as well as a step-by-step guide of the methods used.

Method:

To test whether the amplification circuit was operational, two important aspects had to be
investigated. Firstly, to test if the instrumentation amplifiers (INA122 UA) could amplify
a selected input signal. Secondly, to test whether the gain could be successfully altered
utilizing the digital potentiometers. The following is required to conduct the experiments:

The amplifier circuit shown in figure 4.11]
e The microcontroller shown in figure [4.18]

A simulation bridge of potentiometers shown in figure [5.8a] and [5.8D] to simulate
the signal from a Wheatstone bridge. (Using an analog signal and ground from the
microcontroller does not seem to work due to unknown reasons).

A multimeter to measure the voltage across the input and output pins of the INA122
UA.

Arduino IDE program.
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Figure 5.11: Amplifier test schematic

The circuit should be wired, as shown in figure[5.11]to make sure the signal works correctly.
(NB! Due to a design error, the label on the header input for V/GND on the
amplifier circuit has been flipped. It is, therefore, crucial that the power cable
goes into the labeled GND port and ground goes into the labeled V port). For
the first test (testing if the INA122 UA produces an amplification), follow these steps:

1. Power up the system by connecting the microcontroller to a computer using a USB-C
cable.

2. Set the multimeter in DC mode and read the signal across input terminal 2 and
3 of the INA122 UA shown in the top left of figure [5.11 Record the value for

comparison.

3. Use the multimeter again and read the output signal across output terminal 5 and
6, shown in the top left of figure [5.11} Record the value for comparison.

4. If there is a difference between the input and output voltage of the operational
amplifier INA122 UA, where the output is around 9 times higher than the input,
the INA122 UA works as expected.

For the second test (testing if a program can successfully alter the resistance value of the
digital potentiometers and therefore be able to change the gain), follow these steps:
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1. Set the multimeter in DC mode and read the signal across input terminal 2 and
3 of the INA122 UA shown in the top left of figure [5.11 Record the value for
comparison.

2. Use the multimeter again and read the output signal across output terminal 5 and
6, shown in the top left of figure [5.11] Record the value for comparison.

3. Apply the written code to the system and let it load.

4. Measure the output signal across output terminal 5 and 6 once more and see if the
output voltage has changed. If it has changed, the gain has successfully been set.

Results

After running both tests, the amplifier circuit proves to be able to not only amplify a
signal consistently but is also able to change said amplification through the use of digital
potentiometers. The amplification circuit will therefore be used in further testing since
its functionality has been proven.

5.7 Preparational testing of the 3-axis force sensor with the am-
plifier circuit and a multi-functional DAQ

Since the amplifier circuit was tested and proven to work effectively, it was now possible
to test the available 3 axis force sensor. It was chosen to test the 3 axis force sensor with a
MyDAQ instead of the microcontroller first. This was due to the MyDAQ being a known
quantity and would therefore not introduce any unknown measurement issues.

Method:

The test consisted of a simple force test where the system was connected to the MyDAQ
to record the output data. An unspecified amount of force was then applied to the sensor
in different directions and the readings recorded. This was repeated a couple of times
until enough data had been gathered.

Background noise frequency analysis:

Initial testing showed low-power high-frequency noise on all three measured output signals.
Frequency analysis was performed on the measured signal (Figure , but with limited
results and appearing as white-noise. It could simply be local electromagnetic background
noise inducing current in the wires, a noisy power supply, or related to the DAQ itself. It
was difficult to single out any definite source, as no frequency stood out as more prominent
than others.

The issue of noise was resolved by digitally implementing a moving average filter that
takes the average of a specified amount of previous measurement samples to cut off the
unwanted white noise. Its efficiency is shown in Figure Using a moving average filter
is viewed as taboo in scientific and engineering work because of its simplicity. However,
it is highly efficient in terms of results and computing time.
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Figure 5.12: Frequency analysis of a stationary signal (Sampling frequency = 1000Hz),
measured with a DAQ. Comparing a signal digitally filtered with moving average (n = 50)

to the raw signal (Time in seconds)
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5.8 Preparational testing of the microcontroller with the ampli-
fier circuit and the 3 axis force sensor

Previous tests showed that the circuitry worked as expected along with the sensors. There-
fore, testing was commenced with the Adafruit M4 Feather microcontroller. The tests
would check if the microcontroller could provide the same reading capabilities as the
MyDAQ), all while still controlling the digital potentiometers.

Method:

To test the performance with the microcontroller, compared to the MyDAQ), the same test
was completed. The system was wired as shown in figure [5.13] but instead of using the
external Wheatstone bridge, the actual force sensor was used. This provided the system
with three input signals (F,, Fy, F) that needed to be amplified and then read by the
microcontroller. The input signals would be altered by applying pressure to the sensor
in different directions, and the resulting signal was verified through the Arduino serial
monitor. (The test was conducted without the torque sensor attached because the screws
that were needed to fasten the sensor had not yet arrived .
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Figure 5.13: Test schematic of circuitry used during microcontroller test. (The offset pins
were provided 1.65V through the protoboard shown in .

Results:

The microcontroller proved to work as intended for both sending SPI data to the digital
potentiometers consistently and recording and printing data from the output ports of the
amplifier. The microcontroller could therefore be deemed operational and used for further
experiments.
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6 Testing the sensor system

Essential in the process, the sensor solution needed to be tested in order to assess its
performance and control that the complete system met the initial requirements. This
section covers the tests performed with the assembled sensor system, electronics, and test
bench. The methods for performing the tests are described in detail and assessed for
potential shortcomings or issues. Results will be presented but not discussed as that is
covered in section [7l

6.1 Testing equipment

This section covers the different physical configurations of the sensor system and elec-
tronics used to conduct the different tests. Moreover, to produce the different test data
to provide enough information to reproduce the given results.

Configuring the F/T sensor system for the experiments:

Figure|6.1{shows how the F /T sensor system was mounted to the test bench, with differing
test accessories to conduct the different tests. As visible, force and torque were applied
using weights mounted to the force- and torque-shaft.

The weight, attached to a metal wire with a Carabiner hook, weighed approximately 875g.
In the experiments where force was applied perpendicular to the plane of the other axis,
this would translate to a force of approximately 8.58 N (6.1)).

F = mg = 0.875kg x 9.81= ~ 8.58N (6.1)
S

The weight mounting point on the torque shaft was offset 40mm from the z-axis. The
same weight used in the force test was used. This would result in roughly 343Nmm ([6.2))
of torque being applied in the experiments testing torque.

T =F xd=858N x 40mm ~ 343Nmm (6.2)
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(a) The sensor system mounted on the test (b) The force-shaft was replaced with the
bench, configured to measure force on the torque-shaft for torque testing. Torque was
negative x-axis. Force being applied with applied by attaching weights to the torque
weights attached to the force-shaft. shaft.

Figure 6.1: Different configurations for the different experiments using the test bench
clamped to a table while applying a static force/torque using weights.

Electronics used in the experiments:

Figure[6.2] shows the testing circuit used for reading and amplifying the sensor signal. The
system consists of the amplifier circuit, a protoboard designed to hold connections, and the
Adafruit microcontroller. The entire system was powered by the Adafruit microcontroller
due to it being an easy and available power source, aswell as providing low amounts
of voltage noise. Figure [6.3 shows an EasyEDA drawing of the connection to aid in
understanding the circuitry and how to connect it for use. It is vital to note that
the V(Volt) and GND labels have been flipped on the actual amplifier circuit.
This means the V(Volt) output on the protoboard must be connected to the
ground on the amplifier and vise versa.
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Figure 6.3: Schematic of circuitry used during experiments with the sensor. The ISEN+
inputs on the amplifier circuit are the outputs from the force and torque sensors.
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Implementing a moving average filter:

Due to noise issues by virtue of the protoboard, the project decided to implement a simple
averaging filter to be used during testing. The filter consists of an array that records ten
values and then averages them to produce a more stable output signal. To ensure stability,
the filter also included a 1-millisecond delay. Unfortunately, this means that the system’s
reaction time was slightly impaired, which may be noticeable in the results.

Calibrating the F /T sensor system for the experiments:

The final step before testing could commence was the calibration of the sensors and
remapping the signal to display measurements in Newtons (for the force measurements)
and Newton millimeters (for the torque measurement). This step was important to make
sure the sensors both measured in a linear fashion and produced a signal that corresponded
with the applied weights.

To do this, the signal was first remapped from 0 — 4095 to a measurement area of £50N
using the formula shown in[6.3] The formula works by dividing the signal in the measure-
ment area of 0—4095, by 4095 and multiplying it with 100. This changes the measurement
area from 0 — 4095 to 0 — 100. The formula then subtracts 50 to offset the measurement
area to £50N.

ADC value ADC value

= m X Frange — Foffset = ————— x 100 — 50 (6.3)

F N
orce[N] 2005

Equation 3: Equation used to re-map the input signal from bits to newton.

Since the signal had been remapped, it was then possible to calibrate the system using
known weights. The weights were connected to the sensor as shown in figure and
figure [6.1b] The output was measured by the microcontroller and printed to the serial
monitor, along with timestamps using the mullis function.

To calibrate, the digital potentiometers were used to alter the gain of the amplifier circuit.
This was done continuously until the system read as close as possible to the correct
value when the weights were applied. Due to the digital potentiometers having a low
resolution, as discussed in chapter it was impossible to fine-tune the gain for exact
measurements. Therefore a digital gain was used to correct the signal amplification to
an exact amount. Said digital gain can be seen in the equation as the 100 that is
multiplied with the signal. By tweaking this by 41 it was possible to adjust the gain
perfectly. When the weights finally applied the correct amount, the offset was adjusted
by changing the —50 at the end of the equation.

By fine-tuning the gain and offset this way, a minor area of the measurements will be
lost. However, for testing purposes, the measurement area was more than wide enough.
A solution to the digital potentiometer problem, which will unlock the entire signal, can
be read about in section [0.3.21
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6.2 Experiment 1: Periodically applied force and torque

As the first test, the project decided to test how the system would respond to a peri-
odically changing force/torque applied to the sensors. This would reveal hysteresis and
inaccuracies related to a changing force. Moreover, it would reveal any significant delays
in response time.

Method:

The 875g weight was used to provide a periodic force and periodic torque. The weight was
periodically lifted, held for 5 seconds, and then released for 5 seconds. It was the same
method used by Veslum in his assessment of the Mamba sensor system. However, the
project used a smaller time interval and applied more weight due to the higher tolerance
of the new sensor system. The sensor system was configured as seen in Figure [6.1al It
was dismounted, rotated 90°, and reconfigured to perform the different experiments on
each axis in different directions.

Comments regarding the results:

There is visible inaccuracy in the test results around the ON/ONmm mark. This is due
to the sensor’s high sensitivity and difficulty positioning the weights in the same position
when lifted. This would lead to an unpredictable force being applied to the sensor system
when holding the weights. The data of interest is the amplitude response, measurement
error within the time for force (or torque) being applied, and the general response time.

6.2.1 Results: Periodic force experiments on the x-axis
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Figure 6.4: Result from the experiment of applying a periodic force in the positive x-
direction on the force sensor.
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Figure 6.5: Result from the experiment of applying a periodic force in the negative x-

direction on the force sensor.

6.2.2 Results: Periodic force experiments on the y-axis
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Figure 6.6: Result from the experiment of applying a periodic force in the positive y-

direction on the force sensor.
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Figure 6.7: Result from the experiment of applying a periodic force in the negative y-
direction on the force sensor

6.2.3 Result: Periodic torque experiment
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Figure 6.8: Result from the experiment of applying a periodic torque on the torque-sensor
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6.3 Experiment 2: Crosstalk analysis

Due to the sensors being compiled into what has been dubbed the Sandwich Solution.
(see chapter, the possibility of crosstalk needs to be addressed. While some crosstalk
must be expected when combining axial forces as done in the Sandwich Solution, a large
amount or a nonlinear amount could be detrimental for its use as a measurement system.

Method

To test whether or not crosstalk was present in the sensor solution, a statically applied
force or torque would be sufficient. Therefore, the tests have been conducted using weights
to apply said force/torque to the three different axis (M,, F;, and F,). The weights would

be connected as shown in figures and [6.1b] First, the weights were lifted. Then, the
weights were dropped, and the measurement signal on all axis was recorded.

6.3.1 Results: Applying torque

The results of the tests are shown in figure [6.9) Figure [6.9) shows the results without the
reference force plotted to give a better resolution of the effects on each axis. The applied

weight was 875¢ at a distance of 40 mm, which is approximately equivalent to 343Nmm
of torque.
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Figure 6.9: Result of applying 343 Nmm of torque around the z-axis (with the torque-shaft
unsupported, therefore showing F, ~ —8.6N).
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6.3.2

Results: Applying force (X-axis)

The results of the tests are shown in figure[6.10, Figure[6.10[shows the results without the
reference force plotted to give a better resolution of the effects on each axis—the applied
weight of 875¢ which is approximately equivalent to 8.6./V.

6.3.3
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Figure 6.10: Result of applying —8.6/N of force on the x-axis

Results: Applying force (Y-axis)

The results of the tests are shown in figure [6.11] Figure shows the results without
the reference force plotted to give a better resolution of the effects on each axis. The

applied

Force (N)

Torque (N*mm)

weight was 875 grams which is approximately equivalent to 8.6/N of force.
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Figure 6.11: Result of applying —8.6/N of force on the y-axis
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6.4 Experiment 3: Shaking the sensor system

With static tests completed, the project wanted to test how the system would respond to
a dynamic load. This experiment intended to test how the system would respond to rapid
shaking for a long period of time, to perhaps uncover hysteresis. The end goal was to
make it comparable to Liljebdck’s "voltage drift" experiment on the Mamba snake robot
10| (Figure [2.13a)). The rapid shaking is intended to simulate the robot executing rapid,
extensive work, putting a load on all sensors in different directions.

It was performed with the sensor system mounted to the test bench that was clamped
to a table. The measurement electronics were powered with the microcontroller, and all
signals were measured with the microcontroller. The forces were applied by pushing and
pulling the force-shaft, mounted to the sensor, in different directions. Before the test,
each measurement signal was offset to output roughly zero.
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Figure 6.12: Results of shaking the sensor system for a long period of time.
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6.5 Experiment 4: Heating the sensor system

As covered in section regarding the Mamba snake robot, the previous joints were
prone to reach high temperatures due to a lack of heat exchange with the environment.
Therefore, it was of great interest to examine how the selected sensor system would
respond to increasing temperatures.

Method:

The sensor system was mounted to the test bench with the force-shaft attached, however
with no weights mounted. All measurement axis was digitally offset to approximately zero
before the test began. The sensor system had been left at room temperature through the
night, ensuring a start temperature around room temperature (20°C to 25°C). Warm air
was applied to the system by using a 2200W hairdryer on a medium temperature setting.
The hairdryer was configured with a flat nozzle used to distribute hot air evenly across
the sensor system. The heat source was held approximately 20cm away from the sensor
system, and its angle changed throughout the test to ensure even heat distributions on
all sides of the sensor system.

Results of the heat experiment
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Figure 6.13: Result of the temperature experiment conducted on the sensor system. It
shows the measurement value as the sensor system was heated for a period of time

Comments regarding the results:
The visible spikes in the results are due to one of the project’s participants slightly touch-
ing the sensor system. The results of interests are the relative drift over time.
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7 Discussion

This section discusses the results of the experiments conducted on the sensor system in
section @ It also compares the sensor systems performance to the experiments performed
on the previous intrinsic force-torque sensor system in the Mamba snake robot ([2] [10]).

7.1 Experiment 1: Periodically applied force and torque

This section discusses the results from the periodic force and torque experiments (chapter
6.2). And compares the results to Veslum’s experiments and assessment of the Mamba
sensor system [2].

Firstly, in terms of accuracy, the force experiments show that the sensor system performed
exceptionally well. The measurement error was near/at zero when a constant force was
applied. Moreover, it was stable at the given value. However, in some instances, there is
a visible overshoot. This is likely due to the weight being dropped, causing minor spikes
and weak oscillations in the force measurements. However, the torque sensor performed
differently, as there were some noticeable measurement inaccuracies and unpredictabil-
ity. Furthermore, the stationary value differs from the different attempts. This is likely
somewhat linked to the high sensitivity of the torque sensor and that the experiments
were performed at only 6% of the full measurement capacity of the TRT-sensor. Also,
the visible inaccuracy and drift are in meer LSB values of torque measurement .
Moreover, during some of the tests, the project experienced issues with obtaining a stable
offset voltage, which is notable in the results.

T, 2 x 5.65 x 1000[Nmm) Nmm
LSBy, = ——— = ~ 2. 1
5By bit range 4095 70 [ Bit } (7.1)
Franae 2 x 50 x 1000[mN] mN
LSBp = £ = ~ 244 | —— 7.2
"7 bit range 4095 [ Bit } (7.2)

Secondly, in terms of time-delay, (being the time delta between when force was applied
until stationary measurement value), it performs relatively well. An estimated total time
delay can be assumed by measuring the time-width of the spikes in the "measurement
error" plots. For the force measurement experiments, the total time delay (At,,) was
estimated to be roughly 0.5 seconds on average. Contributing to the time delay, there are
several factors, such as the drop of the weight’s time length (Atg..p), delay caused by the
time it takes for metal to bend (At,ea1), calculation delay caused by the micro-controller
(Atcqre). The drop time varied, as the weight was not dropped from the same height
continuously. Moreover, the drop was slightly assisted and held to avoid a pendulum effect.
Drop time can be estimated using the formula for a free-falling object, assuming it was
dropped from roughly 10cm, it totals at almost 0.14 seconds. Lastly, some inaccuracies
were caused by how the experiments were conducted and the way "applied force" or
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"applied torque" was graphically assumed. The total time delay in the torque experiment
was slightly worse (roughly 0.7 seconds on average), leading the project to believe there
is a certain time delay in the straining of metal and plastic components.

Attot = tstationary — 1o

7.3
= Atdrop + Atmetal + Atcalc + tinaccuracy ~ 0.5s ( )

Thirdly, the experiments showed that the sensor systems performed exceptionally well in
terms of hysteresis. With a periodically applied force/torque, the sensor system rapidly
met the applied force and torque value with great accuracy. The subject was further
investigated by calculating the arithmetic mean(average) for each iteration within
the time period of weight being applied, and the measurement signal had stabilized. The
results are shown in Table As seen, there are notable inaccuracies in the calibration.
To analyze the measurement drift between each iteration, it was chosen to use the average
value from the first iteration as reference. The formula is shown in (7.5)).

1
n
1=start

Average value when strained

Iterations
Tests 1st 2nd 3rd 4th 5th 6th
M_[Nmm) 348.7  356.6  354.3 3564 3564  355.2

F,[N] (pos. test) | 8440 8478 8474 8348 8294  8.358
F,[N] (neg. test) | -8.535 -8.539 -8.538 -8.547 -8.546 -8.544
F,[N] (pos. test) | 8.623 8633 8645 8653 8646  8.656

F,[N] (neg. test) | -8.605 -8.609 -8.607 -8.604 -8.600 -8.605

Table 7.1: Average measured value within the time-span of the sensor being strained. Cal-
culated for 6 iteration for the 5 different tests, with the intention of accurately identifying
any measurement drift.

=

S
|
=

ariftamy) = FeM = Fe) 000 (7.5)

The average measurement drift in percent, compared to the first iteration is shown in
Figure [7.1]and [7.2] An interesting observation is that the force test on the x-axis in the
positive direction had a more significant measurement drift compared to the three other
tests. Furthermore, tests performed on the same axis in the negative direction showed
a much less significant measurement drift. This leads the project to believe that the
drift observed in the F, positive test is related to noise in the measurement electronics
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being more prominent during the experiment. Moreover, it is likely also related to the
inaccuracies in the test method and with the previously discussed inaccuracy factors
perhaps being more prominent. In other words, it is likely not linked to the sensor
itself. Regardless, the measurement drift analysis shows that the sensor system is highly
accurate and can reproduce a given measurement value, with a measurement drift in the
per thousand range (%o).

- Measurement drift from 1st iteration

Measurement drift %

B F, positive
I F, negative
-1.57 |:|Fy positive
] F, negative
]

2 3 4 5 6
Iteration

Figure 7.1: Average measurement drift in each iteration (referenced to the first iteration),
compared between the 4 different periodic force tests. Formula seen in ([7.5))

The results of the torque measurement drift analysis are more inconclusive (Figure
due to the limited tested range. Compared to the drift in the force-tests, the torque
measurement drift seems more prominent. It’s important to note that the most prominent
measurement error(compared to the rest) in the torque test was in the first iteration.
Moreover, the short strain-span of the test performed. Shown in , the highest drift
observed (2.25%) equals a change of roughly 3 LSB on the ADC. Therefore, increasing
the chance that the observed drift is meer noise.

Adri ftmaee|Bits] = Tapplied - Bt range X driftq. [ %)

Trange

7.6)
0.343 (
= 5= rg X 4095 x 0.025 ~ 3LSB
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05 Torque measurement drift from 1st iteration

0 I I
2 3 4 5 6

Iteration

Measurement drift %
i (#)]

o
(8]

Figure 7.2: Average torque measurement drift in each iteration referenced to the first
iteration

Lastly, comparing these test results to Veslum’s experiments on the Mamba sensor systems
shows major improvements in terms of the 3 factors discussed in this section. However,
they can’t be directly compared due to a few differences regarding the test circumstances.
In Veslum’s experiment, a major inaccuracy factor besides the sensor system itself was
deemed linked to vibrations from the servomotor. The project experiments were con-
ducted without a servo-motor present and were mounted to a stable test bench. However,
taking that into account, the project’s new sensor system performs remarkably better in
terms of accuracy and hysteresis. The Mamba sensor system struggled to follow said ap-
plied force/torque and had periodic inconsistencies over a period of time and subsequent
iterations. However, the Sandwich Solution consistently follows the applied force with
great accuracy and reproduces the applied-force signal.
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7.2 Experiment 2: Crosstalk analysis

This section discusses the results of the crosstalk experiment shown in section [6.3]

As seen in the results of the experiments, the crosstalk between the axis when different
forces were applied was minimal. In the torque experiment, both the y and z-axis were
almost completely unaffected, and the small changes could be attributed to the design of
the testing equipment. The x-axis measurement does show that a force has been applied
to it. However, this was caused by the design of the test rig (see figure . The x-axis
of the system points downward, which means when the torque was applied as shown in the
figure, it will also be applied to the x-axis. This was, therefore, an expected measurement.

In the force experiments, the same results of minimal crosstalk can be shown. For example,
in the experiment where a force was applied on the x, minimal change appeared in both
the torque, y-axis, and z-axis measurements. The same goes for the y-axis measurements.

Based on the results from the crosstalk experiment, a simple tabular has been created,
which shows the amount of expected crosstalk between the axis. To calculate crosstalk
between the axis, equation ([7.7]) was used.

Measured value on non targeted axis
talk[%] = x 100% 7.7
crosstalk[/] Measured value on targeted axis ’ (7.7)

Affected axis Estimated Percentage
Crosstalk from x to y 3.5%
Crosstalk from x to z 0.6%
Crosstalk from x to torque 0.6%
Crosstalk from y to x 0.6%
Crosstalk from y to z 3.5%
Crosstalk from y to torque 0.1%

Table 7.2: Measured and calculated crosstalk between axis in percent. (The z-axis is not
included due to it not being part of the testing)

It is important to point out that the system was laid on the side when tested for crosstalk,
as shown in figure [6.1al If the system is implemented in a snake robot, the system will
most likely stand upright. This means that different axis would receive different amounts
of crosstalk than what was perceived during testing on the side.
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7.3 Experiment 3: Shaking the sensor system

This section discusses the results from the experiment where the system was rapidly
shaken for a period of time (Section . It compares it to Liljebicks voltage drift
analysis of the Mamba sensor system [10] (result in figure [2.13a]).

Liljebéack’s experiments showed a clear drift in the strain-gauge output voltage as a result
of shaking the sensor system for a period of time. As seen in figure [6.12], the new sensor
system behaves drastically differently. There was little apparent voltage drift (voltage
value was calibrated to display force/torque in N/Nmm for all measurement axis) as a
result of shaking the sensor system.

Average measurement value | F,,(N) | Fy,(N) | F,(N) | M,(Nmm)
Before shaking (¢t < 21.7s) 0.024 | 0.019 | 0.025 -1.51
After shaking (¢t > 51.8s) 0.019 | 0.00 | 0.016 -0.67

Table 7.3: Average measurement values before shaking, and after shaking the sensor
system

By analyzing the average force/torque measurement value from before shaking the sensor
system until after shaking the sensor system (Table [7.3), shows a very slight change
in the average measurement value. This is considered small enough to be a drift in a
couple of LSB measures of the ADC. Moreover, after shaking the sensor system, the
relative measurement trend is inherently flat around the zero-point, with only minor,
highly Gaussian noise oscillations.

In conclusion, the new sensor system, regarding its stiffness and material properties, can
zero itself around the zero points after an extensive and rapidly changing load. Moreover,
it can do so swiftly and with great accuracy.

7.4 Experiment 4: Heating the sensor system

This section discusses the results from the experiment where the system was gradually
heated for a period of time (Section[6.5]). It compares it to Liljebdicks voltage drift analysis
of the Mamba sensor system [10] (result in figure [2.13b)).

Linear regression (Figure shows that the outputted measurement value changed in
the negative direction for all axis as the sensor system was heated over a period of time.
This means a reduction in the outputted voltage from strain gauges. The exact causation
for all axis behaving fairly similarly and moving in the negative direction is unknown. It
could be related to uneven heat distribution. Also, the negative trend seems to halt at
around 100 seconds. This could be linked to the sensor system reaching the same value
as the heat source. The slight measurement oscillations may be related to hot turbulent
air from the heat source, causing slight vibrations.
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Figure 7.3: Linear regression of each measurement value from experiment 4. Analyzing
measurement drift as the sensor system was heated

In conclusion, the project shows that the measured values change slightly as the sensor

system is heated. However, the exact amount can not be disclosed without further research
on the subject.
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8 Conclusion

This section contains a summary of the conclusions made in the paper regarding the
research process and performance of the selected sensor system.

8.1 The market for suitable commercially available force-torque
Sensors

This paper shows that there are commercially available force-torque sensor solutions suited
for a novel snake robot on the market. Satisfactory solutions are presented in section
Bl However, regarding the size and weight requirement for an intrinsic solution, such
sensors are still highly expensive. This is somewhat linked to the low demand for these
sensors. Therefore, production quotas for specific products would, in most cases, have to
be reserved. This is one of the factors leading to the high price.

The project identified and designed a cost-effective solution which could be to "sandwich"
two cheaper sensor solutions together to in total meet the required measurement axis
for the next generation snake robot. The proposed solution was dubbed the Sandwich
Solution (Section and consists of a 1-axis torque sensor mounted to a 3-axis force
sensor through a linking component.

8.2 Performance of the selected sensor system

The Sandwich Solution performed beyond the project’s expectations. The experiments
showed that the sensor system has high accuracy, low level of hysteresis to changing loads,
and low time delay. However, the experiments also showed a small presence of crosstalk.
Moreover, it found that heating the sensor system would influence the measurement signal.
Therefore, the project suggests that the subjects of crosstalk and temperature tolerance
related to measurement characteristics should be further examined.

Compared to the Mamba F /T sensor system, the Sandwich Solution performs better in
terms of measurement reliability, accuracy, and hysteresis. However, the true performance
of the sensor system is still highly reliant on how it is implemented in the final snake robot
solution.
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9 Future work

Although considered a success, there are still numerous changes that needs to be done
before the developed system can be utilized. Already mentioned throughout the docu-
ment, this chapter will reiterate the recommended replacements and discuss the existing
problems these will fix.

9.1 Linkage, issues, and possible improvements

This section highlights future needed work and testing regarding the linking components
needed to connect the two sensors.

During testing, the project found that the ASA 3D-printed linkage component (Link-
age Type7) would suffer from material fatigue after a long testing period. The result of
this was that the two linkage components started to move in relation to each other, thus
creating slight measurement hysteresis and time delay. The issue at hand is suspected
to be related to the locking screw holes in the K3D40-linkage part, in Linkage Type7, and
the small amount of material supporting the screws provide. Moreover, it could also be
related to the relatively weak material properties of the ASA-plastic 3D-print. To coun-
teract the issue, the project increased the material thickness around the suspected area by
Imm, making the linkage 1mm taller. Other possible solutions could be to decrease the
locking-hole dimensions and use self-drilling screws to lock the sensors together instead
of M3-screws. However, the best solution would likely be to produce the linkage parts in
solid metal, enabling firm and solid threaded holes.

The machine workshop at I'TK CNC cut a linkage prototype in POM-C hard plastic.
However, the project could not test it or mount it due to the correct countersunk 10-
32 UNF screws never arriving due to issues in customs following Brexit. Therefore, its
performance and durability with the sensor system should also be tested and assessed.

Lastly, the project is confident in the design of the linkage. However, there is still room
for improvement.

9.2 Implementing the Sandwich Solution within a robotic joint

This section covers notes regarding the usage and requirements for future use of the sensor
system in a next generation snake robot.

Firstly, to function properly, all relevant strain must be passed through the strain-gauge-
based sensor system for the sensors to function properly. Meaning, the bottom (K3D40
sensor) requires a firm and stable mount that is separated from the top (TRT-sensor)
where the actively moving components are connected (i.e., a motor and shaft). The
motor needs to be suspended by the sensor system. There is also the possibility of
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dismantling the Sandwich Solution and configuring the K3D40 sensor elsewhere without
the torque-sensor, as long as it can capture the relevant strain.

Secondly, the K3D40-sensor bends slightly (by a few degrees) as it is extruded with force.
This would have to be compensated for so that a connected "shaft" does not collide with
internal objects or the chassis, causing a cut in the measurement range.

9.3 Suggested electronic improvements

The electronics, although providing a respectable testing platform, still contain numerous
areas to improve upon. Mostly down to replacing components and noise suppression, this
chapter will summarize each area of improvement and discuss a series of recommended
solutions.

9.3.1 Switching amplifiers

As discussed in chapter the original INA122 instrumentation amplifier is at the time
of this project over 20 years old. Still retaining excellent characteristics, the technology
has advanced to the point where a replacement is almost necessary. Originally chosen
for its excellent rail to rail characteristics in single supply mode, the INA122 suffers
from an abysmal slew rate. Although the original documentation, i.e., [2] has no mention
of issues regarding the amplifier and the project conducting all its current testing on the
same amplifier. The improvements the current generation of in-amps provide are too
severe not to capitalize on. Retaining most of the INA122 characteristics, the project
strongly recommends the INA849 as a replacement. Better than the INA122 in every
aspect, the two most distinguishing features are the perfect rail to rail performance
and a best-in-the-class slew rate of 35V /us. For perspective’s sake, the original INA122
had a slew rate of 0.08-0,16V /us, which was the in amps major trade-off for otherwise
excellent characteristics. Switching to the INA849 would yield an improved speed of over
250 times the original average, and in a system where speed is key, it is a natural choice.

9.3.2 Replacement of the digital potentiometer

Reliability and repeatability were one of the original project’s biggest issues [2|. Caused
by the usage of potentiometers that needed to be individually adjusted by hand and
would frequently be shaking off course by the snake’s movements. As these controlled the
snake offset, bridge balance, and amplifier gain, the system needed constant recalibration
and tweaking. The project has aimed to solve this by replacing analog potentiometers
with digital substitutes. Discussed in [4.4.2] the digital potentiometers are unaffected by
physical interference and will retain their values until told otherwise. The result is a dead
stable system unaffected by external forces. However, the particular model of digpot
utilized brings some issues when setting the gain of the in-amp. Having 256 steps and a
total resistance of 100k €2, te resistance changes in 390 ohm increments. This, combined
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with the setting of the gain being nonlinear, creates a system that suffers exponentially
reduced precision as the gain increases. The digpot used in this project was the TPL0501
by TI, and when used in conjunction with the INA122, this incrementation limited the
gain to 512, with the final two steps being a jump from 251 to 512 times the input. This
issue is universal and caused by the voltage dividing method responsible for the adjustable
gain on the in-amps. Solving this is can be done by two possible solutions, either choosing
a digpot with a higher resolution or one with a smaller {2 range. However, as different
in-amps have different voltage dividing formulas, the appropriate digpot should be chosen
after settling on an in-amp.

9.3.3 Redesigning the integrated offset

Amplifiers commonly require a dual inverse power supply to portray signals that swing
around the zero axis. However, not all circuits are suited to accommodate dual supplies.
Therefore, most amps are also able to run in Single Supply mode. Discussed in the
single supply mode allows the amp to run off a single supply at the cost of the ability to
amplify negative signals. To accommodate this flaw, all modern amplifiers come equipped
with an offset pin. As the name implies, any DC voltage applied to the pin will result in
a proportional offset applied to the amplified signal. This voltage needs to be stable and
preferably the ability to be adjusted to give the system the ability to calibrate. Mentioned
in [4.6] the original intention was to control the offset directly from the microcontroller,
but due to complications, this idea was scrapped. Time restraints meant that a temporary
solution involving a voltage divider and lp -filter were implemented (ref . This system
would not support individual offset adjustments and would prove to produce some noise
caused by bad connectors and the board acting as an antenna. Although not sufficient to
ruin any measurements, the noise made holding zero almost impossible and calibration
a tedious process. As this was a temporary solution only fit for testing, these issues
were bearable, but a new solution is required for the final system. Discussed in this
system should be controlled by a series of voltage dividing digpots intertwined in the
existing circuit [0.3.4] Preferably the same as the digpots responsible for setting the gain,
these will be able to run off the same timer and bit pin, saving space. The introduction
of a digitally controlled offset would also allow for the development of a self-regulating
system. By reading the offset and comparing it to a point of reference, the system would
be able to increase and decrease the balance on the voltage divider. Crude and flustering
with potential issues this is still an example of the possibilities the introduction of a
digital voltage regulator can have on the system. The offset needs to provide a stable
and adjustable signal, and the introduction of digpot voltage dividers would provide a
sufficient platform.

9.3.4 Noise reduction improvements

The most defining and reoccurring issue the system faced was interference through noise.
Although expected and taken into account when designing the system, the project failed to
realize the severity, resulting in inadequate measures. Manifested mainly in external noise
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and poor connections this issue will be resolved by designing a complete integrated
circuit and replacing the terminals and headers with non-substitutes. As the current
system is configured for testing, vast amounts of cable of varying quality and length
are connected with no regard for noise suppression. Each cable acts as an antenna and will
pick up noise from either other surrounding cables or the environment, which will manifest
itself in the circuit. Additionally, the system is separated on different boards with different
amounts of noise suppression. Both the power supply and the amplification circuit have
copper pours and thin clean traces to prevent noise from leaking between transmission
lines. However, the improvised offset circuit is constructed using a prototype board
and thus lacks these features. This means that the effect of the protection is reduced as
any noise rejected by the two PCB will be picked up by the unprotected offset and taint
the system regardless. For perspective’s sake, the project had to completely recalibrate
the entire system mid measurements because a screwdriver was located too close to the
test rig. Acting like an antenna and picking up external noise, the screwdriver was moved
mid-test and caused the system to lose zero, forcing a re-calibration. Another consistent
issue the project faced was poor connections between terminals and headers. Due to
the difficulty of producing the terminals [5.4] and the usage of old female jumper wires,
the stability of the cable connections where questionable. The aforementioned jumper
wires would frequently "wiggle" or disconnect entirely due to the cable not having a
proper "grip" in the header. This would constantly change the connectivity of the cables
and thus change the signal parameters. The XH-terminals suffered similar issues but
for different reasons. As mentioned in the terminals had an abnormal and difficult
manufacturing process. Manufactured by hand, each terminal would yield a different level
of quality and connectivity. Further discussed in[0.3.5|this difference in quality led to many
of the same connectivity issues as the jumper cables, but were harder to spot and correct
as the terminal was protected and hidden by the housing. As previously mentioned, the
solution to all the project’s noise-related issues is to redesign the entire system into a
single PCB and replace the headers. This will, in turn, eliminate most of the shoddy
wiring and integrate the troublesome offset circuit into the rest of the system, granting
it equal noise-reducing capabilities. As the microcontroller can be soldered directly to
the PCB, the only remaining wires will be the connections between the sensor and the
circuit. These remaining connections will be secured with the proper headers instead of
replacements and thus be manufactured in a way that provides sufficient measurements.
This completed system will therefore, in theory, greatly improve noise imperiousness and
provided a platform that allows the sensors to function at their full potential.

9.3.5 Header and terminal replacement

Discussed in and the complicated production of the headers produced varying
degrees of quality. Unfortunately, this quality variation would lead to a series of issues
causing poor reliability and repeatability when the project tried to conduct testing. The
three most common issues were the cables detaching from the crimping terminal, the cable
not touching the terminal, and the terminal moving in the housing. The two first were
caused by poor soldering whilst the latter was caused by cutting off too much terminal
"leg", which provide stability inside the housing. These issues all caused poor and unsta-
ble connectivity between the terminal and the housing, causing the system to be easily
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influenced by physical conditions. As this issue was mainly caused by being forced to uti-
lize a replacement terminal, [4.5] the issues will mainly be solved by utilizing the correct
terminal and the correct manufacturing tools. The project has already deemed the JST
ZH terminal to be well suited for the project and combined with the correct crimping tool
from JST or similar contemporaries, and the header issues should be solved.
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A Appendices

This section includes code and documentation not included in the report.
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Introduction Test results

» A new snake robot is to be developed at
NTNU. i Periodically applied force in postive y-direction

» The new snake robot will be an indented : J ‘
test-platform for Hybrid Obstacle Aided Lo-
comotion (HOAL).

> Snakes utilize obstacles in the unstructured
environment to locomote. Effective HOAL is
an important milestones towards the future
goal of fully autonomous snake robotics. 0
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Fig. 2: Results from one of the experiments were a periodic force was applied

Findings regarding the market for suitable Discussing the sensor system’s performance

hn-l

fc\‘/ h"

force-torque sensors: » High accuracy.
» 6-axis F/T transducers with acceptable di- » Low time-delay.
mensions are highly expensive. » Redundant and reproducible measurement
» The demand for these sensors are low, signal with little to no hysteresis.
therefore most sensors must be or- » Minor crossfeed between the measurement
Fig. 1: Forces and torques applied on a 2-jointed dered/produced on a reserved quota. axis. o
2D-snake pushing up against an object > A cost effective solution is to join 2 trans- » Increasing temperatures has a minor influ-
ducers that together meets the minimum re- ence on the measurement signal.
Fr~0 quired axis of measurement.
:
F=ma M The Sensor Solution
fext = ma— hp — hy_4 (2) . . [1] Pal Lilieback: Modelling, development,
» Dubbed the Sandwich Solution. and control of snake robots NTNU
> Multi-axis force-torque measurement is a | | » Based on commercially available transduc- » _ https://www.researchgate.net/
ceniral aspect regarding HOAL s || Bamasacionzsonoseas Sheke hobots-
» By comparing the measured to the force ap- » Combines a 3-axis force sensor with a 1-axis -
plied on 2 joints (h, and h,_1) in 2(or 3) di- transmission type torque sensor. [2 é-loék-ejrgrr‘](sftg ?dPgielr'sehelgﬁdagd L(ii:
mensions, an external force vector can be > K3D40 3-axis force sensor(bottomn Fig. jeback: Snake Robot Obstacle-Aided Lo-
estimated (2) [2][3]. 3) [5]- comotion:  Modeling, Simulations, and
» The sum of all external force vectors would » TRT-50 1-axis torque transducer (top Fig. Experiments https://ieeexplore.ieee.
equal a path of locomotion. 3) [4] org/document/4456759
» By regulating the motor torque, using a > Measures: Fy, Fy, F; and M, [3] Christian Holden, @yvind Stavdahl and
torque sensor as feedback, the snake would » Found to likely be the most cost-effective Jan Tommy: Optimal Dynamic Force Map-
be able to regulate the size and direction of commercially available solution. ping for Obstacle-Aided Locomotion in 2D

each external force vector. Thereby, the path Snake Robots http://hdl.handle.net/

. 11250/275548
of locomotion [2](3]. @ [4] Transducer Techniques: TRT Series Torque
gensor// 4 -
i P ttps://www.transducertechniques.
F/T specifications for a snake robot Com/ ATt oTaue. SeNSOr . apX
Specification sheet Last used: May 19, 2021
Subject Value [5] ME-MeBsysteme:  K3D40 3-axis force
- sensor
Heigth <40mm https://www.me-systeme.de/shop/en/
Diameter <60 mm sensors/force-sensors/k3d/k3d40
Weight As light as possible Last used: May 19, 2021
Measurements Fo, Fy,Fz | M,
Capacity ca. 20N ca. 3Nm Fig. 3: The Sandwich Solution, 3-axis force and 1-
Safe overload > 20N >3Nm axis torque sensor
ggfg temp. range Szcotgoeg SOK Sandwich Solution specifications
o - Subject Value
Delivery time < 4 weeks Heigth E8.4 mm
» The sensor system must be small enough to Diameter 57mm
be applicable as an intrinsic solution. Measu_rements F. Py, Fz | My
> Needs to measure the relevant strain-axis Capacity +50N +5Nm
with high accuracy and little hysteresis. Safe overload +100N | £7.5Nm
> Needs to withstand the highly demanding Rated temp. range | 15.6C to 60C
environment of a snake robot, in terms of Op. temp. range —20Cto 70C
temperature and force/torque range. Price estimate 20 871 NOK

» Specifications were determined based on
previous research at NTNU, conversations
with the HOAL-team, and available solutions
on the market.
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A.2 Sensor research Excel sheet
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A.3 Ordering the Sandwich Solution

Written by: Victor Shaw Melhuus (victorme@stud.ntnu.no) Date: 09.05.2021

Ordering the Sandwich Solution

Sensors
Name Comment Links
K3D40-50N Select the +- 50N https://www.me-
3-axis force sensor | variant. systeme.de/shop/en/sensors/force-
sensors/k3d/k3d403
TRT series Select the +-50 |b-in https://www.transducertechnigues.com/trt-
Torque sensor (5.65Nm) variant. torgue-sensor.aspx
The AMX-4 cable is Cable types:
shipped with it stock. https://www.transducertechniques.com/mating-

However, the AMX-4 assembly-amx.aspx
has a straight connector
head. It is crucial that
the AMX-410-90 with a
90 degree connector
head is ordered, due to
space consumption.
That would have to be
negotiated with
Transducer
Technichniques.
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Written by: Victor Shaw Melhuus (victorme@stud.ntnu.no)

Needed screws

Date: 09.05.2021

SCrews

(for mounting the
K3D40 sensor system)
*optional and
depends on how the
sensor system is
implemented in the
snake robot*

Name Req. p. sensor | Thread Length Links

10-32 UNF A2 8 10-32 UNF | 1/4" (6.35mm) | https://www.spaldingfa
Stainless Steel steners.co.uk/10-32-
Countersunk Philips unf-a2-stainless-steel-
Head Machine Screws countersunk-philips-
(For the TRT-sensor) head-machine-screws/
M3 Pan Head Machine | 4 M3 10mm https://no.rs-

screws online.com/web/p/mac
(for K3D40 to linkage hine-screws/0198289/
connection)

M3 Pan Head Machine | 4 M3 8MM https://no.rs-

screws online.com/web/p/soc
(for locking the ket-screws/3044918/
linkage)

M3 Pan Head Machine | 4 M3 14mm https://shop.arvidnilsso

n.com/nb/bult-mutter-
och-bricka/machine-
screws/machine-screw-
pan-head/mrt-i14583-
a4-70-m3x14-t10-
115125.html
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A.4 Component list with description

Power supply circuit
1.1 DC/DC Stepdown converter (36 = 7.4V)
Description:

A DC/DC stepdown converter which is able to reduce a wide array of input voltage levels (7-36 volts)
down to a wide array of output voltages (2.5 to 12.6 volts). The DC/DC stepdown converter can in
addition deliver up to 6 A worth of power, dependent on the output load in the circuit.

Purpose in circuit:

1. Reduces the input voltage from 36 volts down to 7.4 volts to accommodate a potential
servomotor while being able to deliver enough power to run it (3.5 Ampere).

2. Helps with noise reduction by completing the voltage reduction in two steps rather than
one.

3. NB! The component was chosen due to it being used in the previous iteration and it was
therefore easy to implement which saved some time designing a new circuit. It is however
rather expensive and could with some redesign to the circuit be swapped out for a cheaper
option, if necessary, when the complete robot is to be built.

Producer: Texas Instruments

Supplier: Texas Instruments

Texas instrument item description: TEXAS INSTRUMENTS - PTN78020WAD - IC, ISR 6A ADJ O/P,
78020 Cost: kr 296,-

Hyperlink: Texas Instruments, PTN78020WADStep-Down Switching Regulator, 1-Channel 6A 7-Pin,
DIP Module | RS Components (rs-online.com)

STANDARD APPLICATION 1 o1 oL
v PTN78020
|
o 2 o (Top View)
6 Vo
o Q09 e} O]
Inhibit IERERE Vg Sense -
o o~
. Rger" + Cur s}
A & 1%, 0.05 W T A
Ceramic (Required) 330 uF b
(Required) AN (Required)
GND GND
s} O
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In addition, the following components are necessary to enable the IC:
Resistor:

e Purpose: A resistance is needed to decide the output voltage of the DC/DC converter. This
resistance is placed in the position Rset shown in the circuit above. For more information on
which resistance values provides which output voltages, check the datasheet for the
converter.

e Supplier: LCSC Electronics

e LCSCitem description: 7.5kQ +1% 1/16W +100ppm/°C 0402 Chip Resistor - Surface
Mount RoHS

e Amount:1

e Resistance value: 7.5kohm

e Resulting output voltage: 7.405 V

Ceramic Capacitor:

e Purpose: Decoupling capacitor for input voltage

e Supplier: LCSC Electronics

e LCSCitem description: 2.2uF #10% 50V X7R 1206 Multilayer Ceramic Capacitors MLCC -
SMD/SMT RoHS

e Amount: 1

e (Capacitance: 2.2 uF

Electrolyte capacitor:

e Purpose: Decoupling capacitor for output voltage (Chosen for its ability to handle ripple
current, needs to at least be able to handle 250 mArms)

e Supplier: LCSC Electronics

e LCSCitem description: 330uF +20% 16V 20mQ @ 100kHz~300kHz 2.8A @ 100kHz
2.5mm Radial,6.3x8mm Solid Polymer Electrolytic Capacitor RoHS

e Amount: 1

e Capacitance: 330 uF

1.2 LDO DC/DC converter, LP38690DT-5.0/NOPB
Description:

A low dropout DC/DC voltage converter with a fixed output voltage of 5 volts and the ability to
deliver 1 ampere of power.

Purpose in circuit:

1. Reducing the voltage further from 7.4 volts down to 5 volts to accommodate the sensors
excitation voltage aswell as the instrument amplifiers gain.

2. Helps reduce noise in the circuit by completing the step down in two steps instead of one
(The first DC/DC converter works as step one).



Producer: Texas Instruments
Supplier: Texas Instruments

Texas instruments item description: TEXAS INSTRUMENTS - 1-A, 10-V, low-dropout voltage regulator
Cost: kr 12,-

IN ouT O

LP38690
SNS™

1 pF* GMND L g e

—
—|

In addition, the following components are necessary to enable the IC:
Ceramic capacitor:

e Purpose: Decoupling capacitor for input and output voltage

e Supplier: LCSC Electronics

e LCSCitem description: 1uF £10% 16V X5R 0402 Multilayer Ceramic Capacitors MLCC -
SMD/SMT RoHS

e Amount: 2

e (Capacitance: 1 uF

Microcontroller

2.1 Adafruit Feather M4 CAN Express with ATSAME51

Description:

A small and compact microcontroller with many digital and analog input/output pins as well as being
CAN-buss compatible. Perfect for use in a robot due to its small size.

Purpose in system:

In the system the microcontroller is used for two things, providing analog to digital conversion and
running the digital potentiometers. By being able to run the potentiometers from the microcontroller
instead of using regular analog potentiometers the system becomes way easier to calibrate.

Producer: Adafruit



Supplier: Adafruit

Adafruit item description: Adafruit Feather M4 CAN Express with ATSAMES1, Cost: 25.00 $

Hyperlink: Adafruit Feather M4 CAN Express with ATSAMES1 : ID 4759 : $24.95 : Adafruit Industries,
Unique & fun DIY electronics and kits
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Amplifier circuit

3.1 INA122UA, Single Supply, Micropower Instrumentation Amplifier

Description:

The INA122 is a precision instrumentation amplifier for accurate, low noise differential signal
acquisition. Its two-op-amp design provides excellent performance with very low quiescent current
and is ideal for portable instrumentation and data acquisition systems.

Purpose in circuit:

Receive and amplify the signals coming from the sensor and suppress any occurring noise through its
CMMR capabilities. Should the system run in single supply mode the INA122 is also tasked with
receiving and setting the applied signal offset.

Producer: Texas Instruments
Supplier: LCSC Electronics
Texas instrument item description: TEXAS INSTRUMENTS - INA122UA/2K5 - Cost: kr 33 ,-

Hyperlink: INA122UA/2K5 | Buy Tl parts | Tl.com
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In addition, the following components are necessary to enable the IC:

TPLO501:

e Purpose: Connecting to the two gain pins (1 and 8), enabling gain control.
e Supplier: LCSC Electronics

e LCSCitem description: SOT-23-8 Digital Potentiometer ICs RoHS

e Amount: 1

e Resistance: 0-100KQ

3.2 TPLO501 256-Taps, Single-Channel, Digital Potentiometer with SPI Interface
Description:

The TPLO501 device is a single-channel, linear-taper, digital potentiometer with 256 wiper positions.
This device can be used as a three-terminal potentiometer or as a two-terminal rheostat.

Purpose in circuit:

Responsible for setting and controlling the resistance between the two gain pins (1 and 8) on the
INA122. Giving the TPLO501 the sole task of regulating the gain on the system.

Producer: Texas Instruments
Supplier: LCSC Electronics
Texas instrument item description: TEXAS INSTRUMENTS - INA122UA/2K5 - Cost: kr 5,1 ,-

Hyperlink: TPLO501 256-Taps, Single-Channel, Digital Potentiometer With SPI Interface datasheet
(Rev. C)




vDD HA

SCLK ' '
WIPER g

-

DIN SPIINTERFACE |quip|  WIFER ] S - WA

cs { } '
[

- -

GND LA

Copyright © 2016, Texas Instruments Incorporated

In addition, the following components are necessary to enable the IC:
Adafruit Feather M4:

e Purpose: Allowing control over the digital wiper

e Supplier: Adafruit

o Adafruit item description: Adafruit Feather M4 CAN Express with ATSAMES1
e Amount: 1
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A.5 Arduino code

1 #include<SPI.h>

2 //The csPin commandlines declares which output ports on the

adafruit microcontroller the chip select pins on the digipots
will recieve the signal from.

3 //It is important that it is a digital output port that is chosen,
but which ones that are chosen are completely up to the user.

14 const int csPinl=10;

5 const int csPin2=11;

6 const int csPin3=12;

7 const int csPind4d=13;

s // Defines which input pins shall recieve signal from the sensors
Recommended to use analog pins)

9o // It’s important that the name matches the inputsignal so it is
easy to comprehend the outputdata

10 int Torque=A5;
11 int Xaxis=A4;
12 int Yaxis=A3;
13 int Zaxis=A2;
14 unsigned long
15 int counter=0;

time;

16

17

15 const int numReadings = 10; //
program uses to average

19 int Torque_value [numReadings]; //
sensor

20 int Xaxis_value [numReadings]; //
of the force sensor

21 int Yaxis_value [numReadings]; //
of the force sensor

22 int Zaxis_value [numReadings]; //
of the force sensor

23 int readIndex = 0; //
measurement

24 int Torque_total=0; //The total
torque sensor

25 int Xaxis_total=0; //The total
axis of the force sensor

26 int Yaxis_total=0; //The total
axis of the force sensor

27 int Zaxis_total=0; //The total
axis of the force sensor

2s int Torque_average=0; //Holds the
the torque sensor

20 int Xaxis_average=0; //Holds the
the x axis of the force sensor

30 int Yaxis_average=0; //Holds the
the y axis of the force sensor

31 int Zaxis_average=0; //Holds the
the z axis of the force sensor

32

33 void setup () {

34 Serial.begin (9600);

35 pinMode (¢csPinl , OUTPUT) ;

36 pinMode (¢sPin2, OUTPUT) ;

37 pinMode (esPin3 , OUTPUT) ;

35 pinMode(csPind , OUTPUT) ;

the number of readings the

the measurement from the torque
the measurement from the x axis
the measurement from the y axis
the measurement from the z axis
the index of the current

of the measurements from the

of the measurements from the x
of the measurements from the y
of the measurements from the z
average of the measurements from
average of the measurements from
average of the measurements from
average of the measurements from
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pinMode (Torque , INPUT_PULLUP) ;
pinMode (Xaxis , INPUT_PULLUP) ;
pinMode (Yaxis, INPUT_PULLUP) ;
pinMode (Zaxis , INPUT_PULLUP) ;
analogReadResolution (12);

//SPI.begin initialises SPI communication with the digipots.

SPI.begin () ;
SPI.setBitOrder (MSBFIRST) ;
SPI.setDataMode (SPIIMODEQO) ;

//Resets the the measurements registers before running the program

}

for (int thisReading = 0; thisReading < numReadings; thisReading
++) {
Torque_value [thisReading]| = 0;
Xaxis_value [thisReading] = 0;
Yaxis_value [thisReading] = 0;
Zaxis_value [thisReading] 0;

}
while (! Serial);

void loop () {

//Sets the resistance value for the digipots by changing the
wiper position based on the middle inputvalue

//To find which wiper position gives which resistancevalue , take
the total potmeter value and divide it by 255.

//PS! To calculate which gain requires which resistance value, it
is possible to use the formula Resistance=200000/(Gain—5)

DigitalPotWrite (0x00, 1, csPinl);

DigitalPotWrite (0x00, 1, csPin2);

DigitalPotWrite (0x00, 1, csPin3);

DigitalPotWrite (0x00, 1, csPin4);

// subtract the last reading from the arrays after it has been
filled once
if (counter>=10){

Torque_total = Torque_total — Torque_value[readIndex];
Xaxis_total = Xaxis_total — Xaxis_value[readIndex];
Yaxis_total= Yaxis_total — Yaxis_value [readIndex |;
Zaxis_total= Zaxis_total — Zaxis_value[readIndex];

// Read from the sensors:

Torque_value [readIndex] = analogRead (Torque);
Xaxis_value [readIndex] = analogRead (Xaxis);
Yaxis_value [readIndex] = analogRead (Yaxis);
Zaxis_value [readIndex] = analogRead (Zaxis);

// Add the readings to the totals:

Torque_total = Torque_total + Torque_value [readIndex];
Xaxis_total = Xaxis_total + Xaxis_value [readIndex];
Yaxis_total = Yaxis_total + Yaxis_value[readIndex];
Zaxis_total = Zaxis_total + Zaxis_value[readIndex];

// Advance to the next position in the array:
readIndex = readIndex + 1;
// Resets the readIndex when at the end of the array:
if (readIndex >= numReadings) {

readIndex = 0;

// calculates the averages:



91 Torque_average = Torque_total / numReadings;

92 Xaxis_average = Xaxis_total / numReadings;

93 Yaxis_average = Yaxis_total / numReadings;

94 Zaxis_average = Zaxis_total / numReadings;

95 // Changes the average value from an int to a float

96 float Torque_float=float ( Torque_average);

o7 float Xaxis_float=float (Xaxis_average);

08 float Yaxis_float=float (Yaxis_average);

99 float Zaxis_-float=float (Zaxis_average);

100 // Remaps the siganl from 0-4095 to +—50 newton or newton

millimeters.
101 float Torque_new_average=(Torque_float/4095.00)%10000.00—5000.00;
102 float Xaxis_new_average=(Xaxis_float /4095.00)%100.00—50;
103 float Yaxis_new_average=(Yaxis_float/4095.00)%100.00—50;
104 float Zaxis_new_average=(Zaxis_float /4095.00)%100.00—50;

105 //sends the averages to the computer to be plotted:

106 time=millis () ;

107 Serial.print (time);

108 Serial.print (7 7);

109 Serial.print (Torque_new_average) ;

110 Serial.print(” 7);

111 Serial.print (Xaxis_.new_average);

112 Serial.print(” 7);

113 Serial.print (Yaxis_.new_average);

114 Serial.print (7 7);

115 Serial.println (Zaxis_.new_average);

116 // delay in between reads for stability

117 delay (1)

118 // Counts upwards to ten to start the value subtraction loop at
the top

119 if (counter <=10){

120 counter=counter+1;

121 }

122

123 //Code that uses SPI to send a posistionvalue from 0—255 to the
digipots.

124 void DigitalPotWrite(int cmd, int val, int CS_PIN)

125 {

126 // constrain input value within 0 255

127 val = constrain(val, 0, 255);

128 // set the CS pin to low to select the chip and allow transfer:
129 digitalWrite (CS_PIN, LOW) ;

130 // send the command and value via SPI:

131 SPI.transfer (emd);

132 SPI.transfer (val);

133 // Set the CS pin high to execute the command:
134 digitalWrite (CS_PIN, HIGH) ;

135 }
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A.6 Matlab code: Plotting periodic experiment

Function to calculate a time vector from Arduino millis

AW N e

function vec = timeVec (data)

timestamps = data(:,1)"';

vec = (timestamps - timestamps(1l))./1000;
end

Plotting Fy

N o R W N e

43

clc
clear
data_raw = load('data.yneg.periodisk.txt'); %Loading data file

data = data-raw (40000:end, :); %$Trimming the data file

y-akse = data(:,2)"'; %Assigning the y-axis

time = timeVec (data); %Using the timeVec function to generate
the time-array

apf = zeros(l,length(time)); %Preamble of applied force array.
for i = l:length(time)-1 %Inserted the estimated time for when

force was applied
if time(i) > 2.41 && time(i) < 7.35

apf (1) -8.63;
end
if time(i) > 12.44 && time (i) < 17.41
apf (i) = -8.63;
end
if time(i) > 22.42 && time (i) < 27.23
apf (i) = -8.63;
end
if time(i) > 32.36 && time(i) < 37.37
apf (i) = -8.63;
end
if time (i) > 42.37 && time (i) < 47.27
apf(i) = -8.63;
end
if time (i) > 52.23 && time (i) < 57.21
apf(i) = -8.63;
end
if time (i) > 67.29 && time (i) < 72.28
apf (i) = -8.63;
end
if time(i) > 77.58 && time (i) < 82.16
apf (i) = -8.63;
end

end

subplot (2,1,1)
plot (time,apf, 'r', 'LineWidth',1.5); %plotting applied force

hold on
plot (time,y_-akse, 'b', 'LineWidth',1.5); %plotting y-axis force
measurement
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44 %Setting labels and setting graph limits

45 ylabel ('Force (N)'")

46 xlabel ('Time (seconds) ')

47 title('Periodically applied force in negative y-direction')
48 x1im ([0 60])

49 ylim([-9 11)

50 legend('Applied force', 'Measured force')

51

52 subplot(2,1,2);

53 error = apf- y_akse; %Calculating the error graph
54 plot (time,error, 'LineWidth',1.5)

55

56 $Adding labels and limits

57 ylabel ('Force (N)")

58 xlabel ('Time (seconds)')

59 title('Measurement error')

60 ylim([-10 101])

61 x1im ([0 60])

Same process repeated for each periodic force test.




Calculating average value when strain is applied

1 S%preamble

2 clc

3 clear

4

5 %Force in positive y direction

6 data = load('data.ypos_perdiodisk.txt');

7 y-akse_data = data(:,2)"';

8 y-akse = y_akse_data(l:end);

9 time = timeVec (data); %Sets start time to 0, and converts to seconds

10

11

12 y-akse_apf = zeros(6,length(time));

13 ¢ = ones(l,6); %$Array with counters

14 for i = l:length(time)-1 %Inserted the estimated time for when
force was applied

15 if time(i) > 8.4 && time(i) < 12.33

16 y-akse_apf(l,c(l)) = y-akse(i);

17 c(l) = c(1) + 1;

18 end

19 if time (i) > 18.4 && time (i) < 22.44

20 y-akse_apf (2,c(2)) = y-akse(i);

21 c(2) = c(2) + 1;

22 end

23 if time (i) > 28.2 && time (i) < 32.01

24 y-akse_apf (3,c(3)) = y-akse(i);

25 c(3) = c(3) + 1;

26 end

27 if time (i) > 38.3 && time (i) < 42.45

28 y-akse_apf (4,c(4)) = y-akse(i);

29 c(4) = c(4) + 1;

30 end

31 if time(i) > 48.2 && time(i) < 52.3

32 y-akse_apf (5,c(5)) = y-akse(i);

33 c(5) = c(5) + 1;

34 end

35 if time (i) > 58.2 && time (i) < 62.24

36 y-akse_apf (6,c(6)) = y-akse(i);

37 c(6) = c(6) + 1;

38 end

39 end

40 y-akse_apf_.s = y_akse_apf (:,1:2576); Strimming the data
41

42 avg = zeros(6,1);

43

44 for k=1:6

45 avg (k) = sum(y_akse_apf_s(k,:))/length(y_akse_apf_s(k,:));
46 end

Same process repeated for each test




Plotting measurement drift from 1st iteration

© W N e oA W N

clc; clear;

%Average iteration data
torque = [348.7248 356.6058 354.2615 356.3847 356.3594 355.2107];

f_x_pos = [8.4398 8.4784 8.4738 8.3475 8.2939 8.3575];
f_x_neg = [-8.5345 -8.5387 -8.5378 -8.5471 -8.5456 —-8.5444];
f_y_pos = [8.6233 8.6326 8.6452 8.6531 8.6459 8.6562];
f_y-neg = [-8.6050 -8.6094 -8.6065 -8.6041 -8.6004 -8.6047];

%$Calculating deviation in percent of 1st iteration.

t_error_.perc = ((torque - torque(l))./torque(l))~*100;
fxp_error_perc = ((f_x_pos - f_x_pos(l))./f_x_pos(l))=*100;
fxn_error_.perc = ((f_x.neg - f_x_neg(l))./f_x_neg(l))*100;
fyp.error_perc = ((f_.y.pos - f_.y_-pos(l))./f_y_-pos(1l))=*100;
fyn_error_perc = ((f_.y.-neg - f_.y_-neg(l))./f_y_-neg(l))=*100;
%Plotting
b_graph = [fxp_error._perc(2:end)' fxn_error_perc(2:end)'’
fyp_error_perc(2:end)' fyn_error_perc(2:end)"'];

bar (b_graph)

$bar (t_error_perc', 'BarWidth',0.5)

title ('Measurement drift from 1lst iteration')

ylabel ('Measurement drift $')

xlabel ('Iteration')

xticklabels (2:6)

legend ('F_x positive', 'F_x negative','F_.y positive', 'F_y negative')
$x1lim([1.1 6.9])
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Matlab code: Crossfeed analysis

Plotting the crossfeed test

%$preamble
clc
clear

%Force in negative y direction
data =
Torque_-akse_data = data(:,2)"';
x_akse_data = data(:,3)"';

9 vy-akse_data data(:,4)"';

10 z_akse_data = data(:,5)"';

11 Torque_akse = Torque_akse_data(l:end);
12 x_akse = x_akse_data(l:end);

13 y-akse = y_akse_data(l:end);

14 z_akse = z_akse_data(l:end);

Lo - R N

16 time = timeVec (data); %Sets start time to O,
18 %$Plotting Toruge

19 subplot (2,2,1)

20 plot (time, Torque_akse, 'b', 'LineWidth',1.0);
21 title('Subplot 1: Torque measurement')
22 xlabel ('Time (s)');

23 ylabel ('Torque (N»xmm)');

24 %Plotting X

25 subplot(2,2,2)

26 plot (time, x_akse, 'b', 'LineWidth',1.0);
27 title('Subplot 2: X-axis measurement')
28 xlabel ('Time (s)');

29 ylabel ('Force (N)'");

30 %Plotting Y

31 subplot (2,2, 3)

32 plot (time,y-akse,'b', 'LineWidth',1.0);
33 title('Subplot 3: Y-axis measurement')
34 xlabel ('Time (s)');

35 ylabel ('Force (N)'");

36 SPlotting Z

37 subplot(2,2,4)

38 plot (time, z_akse, 'b', 'LineWidth',1.0);
39 title('Subplot 4: Z-axis measurement')
40 xlabel ('Time (s)'");

41 ylabel ('Force (N)'");

load('Sensorlogdata_Crossfeed.maling_l_Yaxis Negativ.txt');

and converts to seconds
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A.8 Matlab code: Plotting shaketest

g the results from the shaketest

Plottin
1 clc
2 clear
3
4 data =
5
6 time =
7
8 torque

9 x_axis
10 y-axis
11 z_axis

load('Sensorlogdata_-Ristemaling_1_Alle_Akser.txt');

timeVec (data) ;

data(:,2
data(:,3
4
5

= data(:,
= data(:,

subplot (2,2,1)

plot (time, torque, 'LineWidth',1.5)
xlabel ('Time (Seconds) ')

ylabel ('Torque (Nmm) ')
title('Torque measurement (M_z)"'")
x1im ([0 707)

subplot (2,2,2)

plot (time, x-axis, 'LineWidth',1.5)
xlabel ('Time (Seconds) ")

ylabel ('Force (N)")

title ('Force measurement (F_x)')
x1im ([0 701)

subplot (2,2, 3)

plot (time, y.axis,'LineWidth',1.5)
xlabel ('Time (Seconds) ')

ylabel ('Force (N)")

title('Force measurement (F_y)')
x1im ([0 707)

subplot (2,2,4);

plot (time, z_axis,'LineWidth',1.5)
xlabel ('Time (Seconds) ')

ylabel ('Force (N)")

title ('Force measurement (F_z)')
x1im ([0 701)
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A9

Matlab code: Plotting temperature experiment

Plotting the results from the temperature experiment

12 subplot(2,2,1) SPlotting torque

13 plot(time, torque, 'Linewidth',1.5)

14 xlabel('Time (Seconds)"')

15 ylabel ('Torque (Nmm) ")

16 title('Torque measurement (M.z)')

17 ylim([-50 357)

18 x1im ([0 2507)

19 hold on

20 m-reg = polyfit (time,torque,l); %$Linear regression
21 torque_reg = polyval (m_.reg,time);

22 plot (time, torque.reg,'r', 'LineWidth',1.5) %Plotting lr

24 subplot(2,2,2)

25 plot (time, x.axis, 'LineWidth',1.5)

26 xlabel ('Time (Seconds)')

27 ylabel ('Force (N)'")

28 title('Force measurement (F_x)"')

29 ylim([-1 0.51])

30 x1im ([0 250])

31 hold on

32 fx_reg = polyfit (time,x_axis,1l);

33 fx_reg.vals = polyval (fx_reg,time);

34 plot(time, fx_reg._vals,'r', 'LineWidth',1.5)
35

36 legend('Measurement value', 'Linear regression')
37

38 subplot (2,2, 3)

39 plot (time, y-axis, 'LineWidth',1.5)

40 xlabel ('Time (Seconds) ')

41 ylabel ('Force (N)")

42 title('Force measurement (F_y)'")

43 ylim([-1 0.51])

44 x1im ([0 2501])

45 hold on

46 fy_reg = polyfit(time,y-axis,1l);

a7 fy_reg_vals = polyval(fy-reg,time);

48 plot (time, fy.reg.vals,'r', 'LineWidth',1.5)
49

50 subplot(2,2,4);

51 plot (time, z_.axis, 'LineWidth',1.5)

52 xlabel('Time (Seconds) ')

53 ylabel ('Force (N)")

1 clc

2 clear

3

4 data = load('Sensorlogdata_-temperatur_maling_1_Alle_akser.txt');
%$Loading data

5

6 time = timeVec (data); %Calculatime time vector from millis

7 torque = data(:,2)'; %Seperating measurement data

8 x_axis = data(:,3)"';

9 y-axis = data(:,4)"';

10 z_-axis = data(:,5)"';
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54

o
&

56
57
58
59
60

title ('Force measurement (F_z)')

ylim([-1 0.

51)

x1lim ([0 2507)

hold on

fz_reg = polyfit (time,z_axis,1l);

fz_reg_vals
plot (time,

= polyval(fz_reg,time);
fz_reg.vals, 'r','LineWidth',1.5)
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